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 ABSTRACT 

Microalloying elements are added to plate steels to improve the mechanical properties through grain 

refinement and precipitation strengthening.  In industrial practice, such refinement is obtained by controlling the 

rolling near critical temperatures in austenite.  Generally, a large amount of hot deformation is desired below the 

no-recrystallization temperature (TNR) to increase the grain boundary area to promote fine ferrite grains upon 

transformation during cooling.  Ideally, a high TNR is desired for increased deformation below TNR at minimal rolling 

loads and minimal loss of productivity.  To increase TNR, microalloying elements such as Nb, V, and Ti are used.  The 

primary purpose of the current study was to determine the effect of multiple microalloying elements on the 

mechanically determined via torsion testing no-recrystallization temperature (TNR_Tor) in Nb-bearing plate steel.  This 

project focused on the influence of alloying elements and deformation parameters on TNR_Tor.  The main objective was 

to experimentally determine the TNR_Tor for various laboratory-grade steels with systematically varying amounts of 

Nb, V, and Ti, with C and N held constant.  The synergistic effects of these microalloying elements were evaluated.  

Another objective was to determine the TNR_Tor with systematically varied deformation parameters for the same set of 

steels.  Comparisons of the measured TNR through two different mechanical tests were conducted.  Finally, a 

microstructural evaluation around the mechanically determined TNR_Tor via multistep hot torsion testing was made.  To 

accomplish these objectives six Nb-bearing steels were laboratory produced with 0.065 wt pct C, 0.044 wt pct N, and 

varying amounts of Nb, V, and Ti.  Multistep hot torsion tests were conducted using the Gleeble® 3500 

thermomechanical simulator between the temperatures of 1200 and 750 °C.  The mean flow stress was calculated for 

each deformation step and plotted against the inverse absolute temperature.  The TNR_Tor was determined by finding the 

intersection point of two linear regressions fit to the data.  The TNR_Tor values were compared with measured TNR 

values from double-hit compression tests and with predicted values using empirical equations from the literature.  

Light optical micrographs and electron backscatter diffraction scans were examined for samples quenched from just 

above and just below the experimentally determined values of TNR_Tor for the high Nb, low Ti, and commercially 

produced 10V45 alloys to help verify the prior austenite grain morphology.   

For all processing conditions, the low Nb alloy was the least effective in increasing TNR_Tor and the high 

additions of Ti were the most effective at increasing TNR_Tor.  The additions of V were not significantly effective in 

altering TNR_Tor and it is believed the Nb overpowered any influence the V additions may have had on TNR_Tor. An 

increase in strain or an increase strain rate decreased TNR_Tor.  The TNR values measured from multistep hot torsion 

testing were lower than the TNR values measured from double-hit compression tests. The use of the mean flow stress 

versus inverse temperature curve to determine TNR_Tor does not correlate to the microstructural meaning of TNR (i.e. no 

recrystallization).  The transition from completely recrystallized grains to less than complete recrystallization is not 

properly modeled by the intersection of two linear regions and is more gradual than the mechanical test implies.  From 

the microstructural analysis of a10V45 steel, there is evidence of recrystallization at temperatures 200 °C below the 

measured TNR_Tor.  The slope change on the mean flow stress versus inverse temperature curves is believed to be, in 

part, accumulated strain as well as refinement of continuously recrystallized grains causing a Hall-Petch type strength 

increase. 
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CHAPTER 1 : INTRODUCTION 

Microalloying is widely used in low-carbon high strength low alloy (HSLA) plate steels to increase their 

strength.  The main goal of the microalloying additions is final ferrite strengthening through grain refinement, 

precipitation strengthening, and/or solid solution strengthening.  Microalloy additions can also allow for weight 

reduction, while maintaining or improving the performance of the steel in a variety of applications.  Typical 

applications of HSLA microalloyed plate steels include marine applications, pipeline steels, construction steels, and 

machinery steels [1], [2].  Microalloyed steels have small additions of niobium (Nb), vanadium (V), and/or titanium 

(Ti) to improve mechanical properties through grain size control and precipitation strengthening [1].  For example, 

microalloying is used in API X-70 and X-80 line pipe steels to modify ferrite-pearlite or bainite steel to improve 

strength and toughness [3]. 

For a rolling mill metallurgist, it is essential to determine or estimate the no-recrystallization temperature 

(TNR) as a function of the microalloying elements in the steel and the processing conditions in order to determine 

rolling schedules to produce desired properties and microstructures.  The current investigation was initially designed 

to provide insights into the synergistic effects V and Ti on the TNR in Nb microalloyed plate steels.   

The current study focuses on the influence of V and Ti on the TNR_Tor (no-recrystallization temperature 

determined by torsion testing) of Nb-bearing microalloyed steels.  If processed correctly, the steels should meet the 

requirements of API X-70 grade [4].  The primary purpose of this study is to characterize and understand high 

temperature properties during rolling.  The focus is not mechanical properties at room temperature, but rather on 

microstructural changes and mechanical behavior that occur during hot rolling.  The current study examines different 

alloying elements, different processing parameters and correlates the results for the traditionally calculated TNR_Tor 

using multistep hot torsion tests. 

In many studies of HSLA steels and the role of microalloying on recrystallization, only one microalloying 

element was studied at a time: this was typically Nb, although V and Ti have been identified as useful alloying 

elements [5]–[10].  Some studies have included multiple microalloying elements, primarily Nb and V [11]–[13].  

However, these studies focused on the synergistic effects of the alloying elements on recrystallization kinetics and 

precipitation.  The current study focuses on the synergistic effects of the alloying elements on the TNR_Tor.  The 

alloying elements are known to interact by forming complex precipitates [12].  The current study investigates the ways 

in which multiple microalloyed steels respond to various processing parameters, and identifies trends in the TNR_Tor 

based on alloying elements and processing conditions. 

Processing parameters are known to influence recrystallization.  The higher pass strains are expected to have 

the lowest values of TNR_Tor due to their increased dislocation densities.  The increase in strain rate is also expected to 

decrease the measured TNR_Tor.  The change in TNR_Tor based on processing parameters is expected to be of similar 

order of magnitude for each alloy. 

Existing literature does not always clearly define the no recrystallization temperature designated as TNR.  The 

definitions range from the temperature below which complete recrystallization ceases to occur, to the temperature 
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below which no recrystallization can occur.  These inconsistencies make it difficult to correlate the definition to a 

microstructural meaning.   

Generally, the no recrystallization temperature is experimentally determined through mechanical testing.  

The mechanical test methods often infer a microstructural meaning based on flow behavior.  Actual microstructural 

verification can be difficult as it requires revealing prior austenite grains from highly deformed grains, and generally 

low alloyed steels.  In addition, no standard exists to analyze the data, which increases the opportunity for uncertainties 

across different studies.  The current study provides insight into the use of the multistep hot torsion test and the 

common analytical approach on the actual microstructural meaning of the no recrystallization temperature. 

Multistep hot torsion testing on a Gleeble® 3500 is used to determine experimental values of TNR_Tor.  The 

mean flow stress is calculated from the stress strain curves and plotted against inverse absolute temperature.  Different 

stages are observed on the mean flow stress plots where the transition between the first two stages is identified as 

TNR_Tor. 

Empirical formulas have also been developed based on these experimental results; but these formulas have 

limited ranges of accuracies based on alloy content and processing parameters.  The use of these formulas for alloys 

outside the range of the original experimental data may not provide accurate results.  The current study investigates the 

applicability of these formulas for the alloys being investigated.  

The present study will investigate the effect of alloying additions and processing parameters on TNR_Tor, with 

the following objectives: 

 Determine the synergistic effects of Nb-V and Nb-Ti on TNR_Tor. 

 Determine the effect of processing parameters (strain and strain rate) on TNR_Tor. 

 Compare the measured values of the no recrystallization temperature obtained from different mechanical 

test methods. 

 Identify the microstructural meaning of the mechanically determined TNR_Tor. 

The no recrystallization temperature is strongly influenced by alloying additions and processing parameters.  

Thus, a range of characterization techniques and mechanical tests were conducted to develop the alloying- processing- 

microstructure relationships. 

Chapter 2 provides background information and a literature review that is relevant to the results obtained in 

the study.  The background includes an overview of recrystallization, microalloyed plate steels, defining the no 

recrystallization temperature, the effect of alloying elements on the no recrystallization temperature, the effect of 

processing parameters on the no recrystallization temperature, the effect of test methods on the no recrystallization 

temperature, and analytical aspects with regard to the no recrystallization temperature measurement methods.  

Additional discussion of the literature is given with the discussion of the results of the current work. 

Chapter 3 outlines the experimental procedures used for thermomechanical processing and microstructural 

characterization.  The experimental alloys were processed in a Gleeble® 3500.  The microstructural characterization 

procedures using light optical microscopy (LOM) and electron backscattered diffraction (EBSD) are outlined.  
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Chapter 4 presents the results of the thermomechanical processing and material characterization.  The TNR_Tor 

was measured for each alloy under each testing condition.  Prior austenite grain sizes were determined using both 

LOM and EBSD. 

Chapter 5 discusses: 1) the synergistic effects of alloying on TNR_Tor; 2) the effect of processing parameters on 

TNR_Tor; 3) the effect of testing methods on the no recrystallization temperature; and 4) the microstructural meaning of 

the mechanically determined TNR_Tor from multistep hot torsion tests.   

Chapter 6 provides a summary and important conclusions derived from the results of this project.  

Finally, Chapter 7 outlines future work that could be considered based on the findings from the current 

project. 
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CHAPTER 2 : BACKGROUND 

Microalloyed high strength low alloy (HSLA) steels have become increasingly popular, particularly in plate 

and pipeline steel applications where larger diameter pipes are being developed with the need for increased strength, 

formability, and joinablilty [14].  In combination with processing parameters, small additions of V, Nb, and Ti to 

HSLA steels are designed to achieve higher strength while minimizing required plate thicknesses for the desired 

application.  Microalloying additions are generally used for grain refinement, to influence recrystallization behavior, 

and for precipitation strengthening through the formation of carbides or nitrides [14].  Each element contributes to the 

various strengthening mechanisms differently. 

This chapter provides background regarding concepts and current research into the no-recrystallization 

temperature (TNR) of multiple microalloyed plate steels that are relevant to the research of this thesis.  Specifically, hot 

rolling, recrystallization, the effect of processing on recrystallization and the behavior of V, Nb, and Ti in 

microalloyed plate steels are discussed.  Methods to determine the no-recrystallization temperature and issues 

associated with these methods are also presented.  

 Hot Rolling 2.1

Rolling is a process of plastically deforming a material passed through two or more rotating rolls.  Hot 

rolling, as with all hot-working processes, requires elevated temperature control, generally in the range 

850 °C-1320 °C (1562 °F-2408 °F) for steel [14].  The lower flow stress of the material at elevated temperatures 

requires lower tool forces and power to deform the plate [15].  The workpiece is heated to a uniform elevated 

temperature in the austenite region, typically above the no recrystallization temperature.  The no recrystallization 

temperature for the steel is alloy dependent [14], [16], [17] and also dependent on the deformation parameters [9], 

[14], [18]–[20] .  For microalloyed steels, the reaustenitizing temperature, or soak temperature, is often between 

1200 °C and 1320 °C (2192 °F and 2408 °F) [14].  The steel is then cooled and rolled at a given deformation 

temperature. 

Depending on desired properties, hot rolling can be terminated approximately 50 °C to 100 °C (90 °F to 

180 °F) above the no recrystallization temperature to ensure uniform fine grains and prevent the possibility of 

strain-hardening during rolling [21].  Deformation below the no recrystallization temperature leads to work hardening, 

and therefore the formation of “pancaked” grains, i.e. elongated in one direction and deformation bands [16], [18], 

[20], [22]–[24].  The increased grain boundary area increases the number of nucleation sites for the austenite-to-ferrite 

transition and may promote a fine grained microstructure producing a plate with a good balance of strength and 

toughness properties. 

 Recrystallization 2.2

Recrystallization is the formation of new strain-free, equiaxed grains.  Recrystallization occurs when a 

material has undergone a certain amount of deformation and is heated to a point where sufficient atomic mobility is 

available to accomplish recrystallization.  For plate steels, the deformation is typically imparted by rolling.  The 
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deformed grains that have been pancaked, have a high dislocation density, which creates nucleation sites for new 

grains [25].  The new grains typically have the same composition and phase as the parent grains with lower stored 

energy.  The lower-energy material is accompanied by a decrease in strength and a simultaneous increase in ductility 

from the parent structure.  For ferrite-pearlite steels, an increase in crystalline defect content in the austenite will 

provide nucleation sites for ferrite [26].  As industry places greater requirements on the mechanical and physical 

requirements of metals, even greater interest in understanding, predicting, and utilizing recrystallization is necessary.   

Often times, recrystallization is a way to increase ductility of a cold-worked product via grain refinement.  

The product is heated after cold working to create more driving force for recrystallization.  This process can also be 

called “recrystallization annealing” [27] and is utilized in the ferrite region.  While the mechanisms are the same, this 

type of recrystallization is different than the focus of the current study.  The current study focuses on recrystallization 

during hot rolling of austenite where some cooling can occur rather than during an isothermal heat treatment.  

Recrystallization is expected to occur during or immediately after rolling between rolling passes, if deformation and 

temperature are sufficiently high 

Figure 2.1 schematically presents the normal sequence and mechanisms for the recrystallization process in a 

simplified fashion.  Figure 2.1a shows a deformed structure.  Figure 2.1b shows the effects of recovery where 

subgrains have formed in the deformed regions.  Figure 2.1c shows nucleation of strain-free grains to form a partially 

recrystallized structure.  Figure 2.1d shows a fully recrystallized structure with fine equiaxed grains.  It should be 

noted that these mechanisms can occur simultaneously.  The recrystallization process can occur statically, 

dynamically or meta-dynamically.  Time and temperature also play a significant role in these individual steps and 

hence in the overall recrystallization process. 

 

Figure 2.1 Schematic diagram of recrystallization sequence (a) deformed grains, (b) recovered grains, (c) 
partially recrystallized, (d) fully recrystallized [28]. 

 

During hot rolling, hot steel with large grains enters the roll bite where the material is deformed, “pancaking” 

the grains.  After leaving the rolls, the grains recrystallize in a process known as static recrystallization [14], [28], [29] 

and begin to grow.  This step is typically followed by further deformation and the process repeats until the temperature 
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of the material cools to a point where recrystallization is not completed, often 50-100 °C (122-212 °F) above the 

normally defined recrystallization temperature (Tr) [21]. Figure 2.2 shows a schematic of the hot rolling process and 

static recrystallization with large austenite grains before the plate enters the roll bite, deformed grains in the roll bite 

and recrystallized grains after the material has left the roll bite.  Recrystallization during deformation (while the 

material is in the roll bite) can occur if enough strain has accumulated prior to deformation, and is called dynamic 

recrystallization [14], [29].  Dynamic recrystallization is followed by a combination of static recrystallization or 

metadynamic recrystallization [25], [30], [31].  Metadynamic recrystallization differs from static recrystallization first 

in kinetics [25].  Metadynamic recrystallization is sensitive to prior pass strain rate, but is relatively insensitive to prior 

strain and temperature.  This dependency is in contrast to static recrystallization which is dependent on prior strain and 

temperature, where strain rate plays a lesser role.  Metadynamic grains form a necklace at the old grain boundaries and 

unrecrystallized regions may be left at the center of the old grains [30].   

 

 

Figure 2.2 Schematic representation of the hot-rolling process, showing deformation and recrystallization 
of the rolled metal [21]. 

2.2.1 Recrystallization Kinetics 

The rate of recrystallization depends on time, temperature, and the amount of strain (deformation) within the 

material.  Isothermal recrystallization normally has an Avrami or sigmoidal behavior with time, starting slow, 

accelerating and plateauing near the end [18], [32]–[34].  Figure 2.3 shows recrystallization kinetics for pure copper 

with percent recrystallized as a function of log time for various temperatures where the copper was deformed at room 

temperature and subsequently heated to the given temperatures.  The same type of model holds true for steel.  Each 

curve represents an isothermal condition.  At higher temperatures recrystallization occurs faster than at lower 

temperatures.  In Figure 2.3 the higher temperatures are on the left side of the graph, signifying a shorter time for 

complete recrystallization. 
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Figure 2.3 Isothermal transformation (recrystallization) kinetics for pure copper [33]. 

 

Another major factor in recrystallization kinetics is the original grain size.  Generally, fine-grained materials 

recrystallize faster than coarse-grained materials.  This shorter recrystallization time in fine-grained materials is 

mainly due to increased grain boundary area providing more “nucleation” sites for the recrystallized grains [28].  The 

effects of grain size on recrystallization kinetics can be summarized as: 

 Smaller grain size leads to an increase in stored energy of a metal deformed to low strains. 

 Deformation and shear bands form more readily in coarse grains, which increase the number of sites for 

nucleation. 

 Finer grains have a larger grain boundary area than coarse grains, which are the preferred nucleation 

sites. 

Two main methods have been used to quantify recrystallization kinetics[25], [26], [28], [35].  The 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) model based on fraction of recrystallized material, and a more complex 

model, microstructure path methodology (MPM), which uses additional microstructural parameters.  Both models 

have limitations in handling the recrystallization kinetics for inhomogeneous recrystallization and for recrystallization 

concurrent with recovery [28], [35]. 

A significant amount of work has been done over the years to understand the recrystallization behavior of 

microalloyed steels [9], [20], [30], [36], [37].  Work has also been completed focusing on recrystallization kinetics.  

Figure 2.4 shows a plot of recrystallized fraction as a function of hold time for a 0.02 Nb bearing steel, as determined 

from double hit tests.  As expected, as temperature decreases, the time for complete recrystallization increases, e.g. the 

recrystallization kinetics slow down.  For the Nb steel, a plateau in the amount of recrystallization forms, which 

interrupts the sigmoidal shape of the curve.  This stasis is evident in the 850 and 875 °C curves in Figure 2.4.  This stop 

in recrystallization is due to precipitates pinning the grain boundaries.  Under certain conditions, for example 

increased precipitate-forming alloying, the precipitates may inhibit recrystallization at high temperatures and long 

hold times- 1075 °C and 10,000 s, respectively [19].  For microalloyed steels, there is an interaction between hold 

times, precipitation, and recrystallized fraction.  Figure 2.5 shows a schematic on how deformation affects 

precipitation and ultimately recrystallization kinetics [20].  In an undeformed material, as temperature decreases, the 

time for recrystallization gradually increases and precipitation begins at some temperature.  With deformation, 
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precipitation occurs earlier, and pushes the recrystallization finish temperature to longer times.  RS is recrystallization 

start, Rf is recrystallization finish, P is precipitation.As change in recrystallization time is not a main focus of the 

current study, it will not be discussed in more detail.  

 

Figure 2.4 Recrystallized fraction as a function of hold time for a 0.02 Nb-bearing steel.  Adapted 
from [19]. 

 

 

Figure 2.5 Schematic showing how deformation affects precipitation and ultimately recrystallization kinetics.  
In an undeformed material, as temperature decreases, the time for recrystallization gradually 
increases and precipitation begins at some temperature.  With deformation, precipitation occurs 
earlier, and pushes the recrystallization finish temperature to longer times.  RS is recrystallization 
start, Rf is recrystallization finish, P is precipitation. Adapted from [20]. 
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 Microalloyed Plate Steels 2.3

Microalloyed steels use small additions, often on the order of 0.1 wt pct or less, of alloying elements such as 

V, Nb, and Ti to improve mechanical properties through precipitation strengthening and grain size control.  Grain 

refinement is typically achieved through microalloyed carbide, nitride or complex carbo-nitride(C,N)  precipitation at 

high temperature to control austenite grain size and morphology during processing [14], [26].  Studies have also 

shown complex precipitation where, for example, V will precipitate with Nb(C,N) creating a complex 

Nb/V(C,N) [12], [38], [39]. 

2.3.1 Product Applications 

High strength low alloyed steels have many applications, most notable in creating large diameter pipe for the 

oil and gas industry.  Other applications include construction materials for high-rise buildings, bridges, offshore 

structures, farm machinery, automotive applications, and transmission towers.  Niobium and other microalloying 

elements provide strength with lower carbon levels to help with weldability in pipeline steels and increase strength and 

toughness, allowing ships and buildings to use less steel for the same strength, and better corrosion resistance [40].  

The HSLA steels may have additions of chromium, nickel and copper for improved atmospheric corrosion resistance 

and may be classified as “weathering steels” [41].  

2.3.2 Solubility of Microalloying Elements 

Understanding how microalloying elements influence the microstructure and properties of a particular steel 

is important.  The MA elements are well known for affecting properties of steel through solution strengthening and 

precipitation as carbides or nitrides.  The equilibrium amount of the compound in Fe-C-M or Fe-N-M ternary systems 

(where M is the microalloy element) can be predicted with equilibrium constants for the compound being investigated.  

The inverse of the equilibrium constant is often referred to as the solubility product, Ks, and is commonly expressed as 

a function of temperature given by, 

� = � [ ][ ] = −  
(2.1) 

where Ks is a product of the metallic microalloying elements, M, and the interstitial, X (i.e. C or N), in wt pct, A and B 

are constants and T is absolute temperature [14], [42].  Table 2.1 shows the equations for K  , where  indicates 

austenite solubilities for the precipitates of interest in the current study [14], [42].  Since the coefficients A and B were 

found experimentally, there are some discrepancies among the values in the literature [26], [39], [42], [43], but the 

summary by Turkdogan [42] has been used in many reports from the literature [12], [14], [37] and will be used in the 

present investigation.  Discrepancies may exist due to the method used to obtain the solubility product such as 

thermodynamic calculations, chemical separation and isolation of precipitates, hardness measurements, and statistical 

treatment of previous solubility products [31], [43] resulting in differences in the activities.  The NbC and VC 

compounds have exponents on the C-term of 0.87 and 0.75, respectively.  These exponents indicate that the 

compounds are not in a 1:1 ratio.  Instead, the commonly occurring precipitates in HSLA steels are actually Nb8C7 and 

V4C3.  For simplicity, the precipitates will be referred to at NbC and VC in the current study. 
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Table 2.1 – Solubility Equations [42] 

Solubility Product Log10 Kγ 

[Ti][N] . − T  

[Nb][N] . − T  

[V][N] . − T  

[Al][N] . − T  

[Ti][C] . − T  

[Nb][C] 0.87 . − T  

[V][C] 0.75 . − T  
 

 

 

Precipitates play a significant role in austenite recrystallization through grain boundary pinning.  The 

effectiveness of grain boundary pinning for grain size control is a function of the precipitate’s solubility, alloy 

composition, and particle coarsening rate [1], [14].  Fine particles retard austenite grain growth better than coarse 

precipitates.  Solubility of alloy elements and interstitials, which combine to form precipitates, in austenite is 

important, because as the temperature decreases, the solubility product also decreases, until eventually the austenite is 

supersaturated with the alloying elements, and thus precipitation will occur.   

For thermomechanical processing of austenite, whether for research or in a rolling mill, the lowest 

temperature that dissolves the microalloying elements should ideally be used as the initial soak temperature.  For many 

steels this temperature is generally determined by the amount of Nb and C in the steel.  Titanium forms a very stable 

nitride, which usually remains undissolved [14], [20], [26] at high soaking temperatures.  The TiN compound can limit 

austenite grain growth at high soaking temperatures and may consume most of the free N, thereby limiting the 

formation of other nitrides, most notable NbN, at lower temperatures. 

Figure 2.6 shows the general influence of V, Al, Nb, and Ti additions on the grain coarsening characteristics 

of austenite on heating.  The line labeled C-Mn indicates a plain carbon steel where the austenite grain growth is not 

inhibited by second-phase particles.  The plain carbon steel exhibits larger grain sizes with increasing temperature.  

Additions of V, Al, and Nb show a temperature range with abnormal grain growth.  Abnormal grain growth is a 

commonly described phenomenon in microalloyed steels [1], [20], [25], [44], [45], where only a few austenite grains 

grow in a relatively stable matrix of fine austenite grains.  The hatched regions show the temperature range where 

precipitates dissolve, and grain growth is no longer inhibited.  Ti forms a very stable nitride that can inhibit grain 

growth to very high temperatures.   
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Figure 2.6 Schematic of relative grain-coarsening characteristics of various microalloyed steels adapted 
from [1]. 

Figure 2.7 shows the relative solubility products for the precipitating compounds of interest in the current 

study as a function of temperature [42].  It is clearly seen that the solubility product of VC0.75 is many orders of 

magnitude higher than the solubility product of the stable TiN.  It is therefore expected that most of vanadium will be 

in solution, even at low finishing temperatures.  Titanium nitrides can form at high temperatures, even in liquid steel.  

Niobium is expected to be in solution during typical reheating operations, but will precipitate upon cooling during 

rolling.  While Al forms more stable nitrides than Vσ, the process is generally considered “sluggish” in austenite.  The 

slow kinetics are believed to be, at least in part, due to the different structure of AlN than other nitrides.  AlN has a 

different crystal structure--hexagonal closed packed-- compared to the NaCl-type cubic structure of the Nb, V and Ti 

carbide/nitrides [46].   

 

Figure 2.7 Equilibrium solubility products of carbides and nitrides in austenite, adapted from [42]. 
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Precipitation can occur in two ways: First forming purely on cooling, and second forming during or after 

rolling.  This second mode of precipitation is known as strain-induced precipitation or dynamic precipitation [26], 

[47]–[50].  The first precipitation mode is not believed to be very significant in commercial rolling as precipitation in 

recrystallized austenite is typically sluggish [26]. 

2.3.3 Carbon Equivalency 

While the current study is not specifically focused on final product applications, it is of interest to point out 

certain aspects that do affect product application, such as carbon equivalency.  Carbon equivalency (Ceq) is a guideline 

established by the International Institute of Welding (IIW) to help determine weldability of a steel product [4], [51].  

Weldability is affected by multiple alloying elements, most notably C, but is also influenced by Si, Mn, Cu, Ni, Cr, 

Mo, V and B.  Depending on the carbon content, the other elements affect weldability and Ceq differently.  If the C 

content is less than 0.12 wt pct, Ceq is known as Ceq Pcm and is given by 

�  � = + � + + + � + � + + +  (2.2) 

where all elements are in wt pct.  If the C content is greater than 0.12 wt pct, the Ceq is denoted by Ceq IIW and is given 

by 

�  ��� = + � + + + � +
 (2.3) 

where all elements are in wt pct.  The maximum Ceq for Ceq Pcm is 0.25 % and the maximum Ceq for Ceq IIW is 0.43 %.   

 Defining the No Recrystallization Temperature (TNR) 2.4

Multiple critical temperatures exist during hot rolling.  During cooling, the first is known as the 

no-recrystallization temperature (TNR) where complete static recrystallization no longer occurs for a given hold time.  

The second critical temperature is known as the recrystallization temperature or recrystallization stop temperature (Tr) 

where no recrystallization occurs for a given hold time.  As a rule of thumb, Tr is roughly 75 °C below TNR [2], [52].  A 

third critical temperature is the Ar3 where the austenite starts to transform to ferrite, followed by the Ar1 the eutectoid 

temperature, which is the temperature at which transformation of austenite to ferrite or to ferrite plus cementite is 

complete during cooling. 

Deformation above the TNR allows for recrystallization, resulting in equiaxed grains.  Without further 

recrystallization, the grains could become large through grain coarsening.  Deformation below Tr results in elongated 

grains and the formation of deformation bands, which act as nucleation sites for ferrite transformation.  If the starting 

grains were the same size, rolling below the TNR would result in finer ferrite grains than rolling above the TNR because 

the ratio of grain boundary surface area to grain volume is increased.  The higher nucleation density leads to smaller 

ferrite grains [2].  Deformation between TNR and Tr results in a mixture including some recrystallized grains and some 

deformed grains.  Since some deformation is accumulated, complete recrystallization is not possible. 

Figure 2.8 shows an illustration of recrystallization rolling above TNR, rolling between TNR and Tr, and rolling 
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below Tr. between two passes.  In Figure 2.8a, rolling occurs above TNR where equiaxed austenite grains enter the roll 

bite and are deformed.   

 

Figure 2.8 Schematic representation of deformation (a) above TNR where complete static recrystallization 
takes place between rolling passes i and i+1, (b) between TNR and Tr where partial static 
recrystallization takes place between rolling passes i and i+1, and (c) below Tr where no static 
recrystallization can occur between rolling passes i and i+1.  Ferrite nucleation is depicted after 
rolling pass i+1 for each representation.  Adapted from [20], [23]. 

 

Between passes, recrystallized grains start to form on the grain boundaries of the elongated grains.  Complete 

recrystallization occurs before the material enters the second rolling step.  In this schematic, ferrite nucleation occurs 

sometime after the second deformation step.  In Figure 2.8b, rolling takes place between TNR and Tr, where equiaxed 

austenite grains enter the roll bite and are deformed.  Between passes, recrystallized grains start to form, but only 

partial recrystallization occurs before the second rolling step.  Thus, a duplex grain structure is entering the subsequent 

rolling pass.  This duplex structure leads to a combination of fine grains and very deformed grains.  In Figure 2.8c, 

rolling takes place below Tr where equiaxed austenite grains enter the roll bite and are deformed.  The deformed grains 

do not have enough driving force for recrystallization before the next rolling pass.  Instead, only grain growth occurs 

Above TNR 

Between TNR and Tr 

Below Tr 
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before the second rolling pass.  The extra deformation and increased grain boundary area of the elongated grains leads 

to finer ferrite grains. 

2.4.1 Discrepancies with the Definition of “TNR” 

While some of the literature readily defines TNR [20], [52]–[54], other articles allow the reader to assume a 

definition based on the reader’s own knowledge [22], [23], [55]–[57].  TNR is often defined as the “no/non 

recrystallization temperature” or the “recrystallization stop temperature”.  A point to note, “recrystallization stop 

temperature” has also been used in the literature to define Tr [2], [52].  Adding to the inconsistencies, TNR has also 

been described as the point at which complete recrystallization stops (<100% RXN) [9], [20], [52], the point at which 

5% precipitation of (C,N) ≤ 95% RXN, or the temperature above which the recrystallization fraction is ~50% [53]; 

hence, there no precise meaning of TNR that is uniformly applied in the literature.  For the current work, TNR_Tor is the 

no-recrystallization temperature determined from a multi-step torsion test.  This definition follows the example and 

test method of Bai and coworkers [52].  The additional subscript of "Tor" is used to clearly indicate that the 

temperature was determined via the traditionally accepted multi-step torsional test method. 

Figure 2.9 shows a schematic of a rolling schedule identifying TNR, Tr and the Ar3 in relationship to rolling 

passes and rolling temperatures [52].  In general, roughing passes take place above TNR and finishing passes take place 

below Tr and finish above the Ar3- before forming ferrite.  This schematic can be referenced for the definition of TNR 

and Tr where TNR is the higher temperature and Tr is the lower temperature for recrystallization.  

 

Figure 2.9 Schematic of a rolling schedule identifying TNR, TR and the Ar3 in relationship to rolling passes 
and rolling temperatures [52]. 

2.4.2 Empirical TNR Determination 

An empirical formula to determine or estimate the no recrystallization temperature (TNR) is a useful tool, 

especially for rolling mill metallurgists needing to design a rolling schedule to produce steel with certain properties 

without extensive laboratory testing.  This subsection introduces equations for the no recrystallization temperature 

from the literature and discusses the benefits and shortcomings of each equation.  Composition limits are available in 
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the literature. 

The Boratto equation [18], [54], [57], [58] is well known for estimating TNR as a function of alloy content and 

is given by, 

�� = + + ( − √ ) + ( − √ ) + � + − � 
(2.4) 

where TNR is °C, C, Nb, V, Ti, Al, and Si are the elements in wt pct of the steel.  It should be noted that the Boratto 

equation does not include N, well known for precipitation and thus altering TNR, even though N is almost always 

present in low carbon commercial steels [39].  Zaky [56] has found discrepancies with the Boratto equation at low 

levels of Nb and V (0.01 and 0.10 wt pct, respectively) and high levels of C (above 0.17 wt pct) [56].  A simplified 

equation by Bai et al. [9], [52] has been shown to produce reasonable TNR estimates when the Boratto equation differs 

from experimental results.  The Bai 2011 equation is given by, 

�� = log [ ( + )] +  (2.5) 

where Nb and C are the elements in wt pct of the steel and N is the free N remaining after TiN precipitation.  Another 

TNR equation developed by Fletcher [59], used a database of 59 different TNR values for 17 alloy steels.  A stepwise 

regression was based on the Boratto equation, ignoring pass strain: 

�� = − + √ +   = .  
(2.6) 

where C, Nb, and¸ V are the elements in wt pct. 

Deformation parameters are known to influence TNR.  A strain-based model was developed by Bai [9] given 

by 

�� = − . 6�
 (2.7) 

where  is an alloy-dependent coefficient, calculated to be 1103 °C, 1088 °C, and 1078 °C for the steels studied by 

Bai et al. and ε is strain.  The coefficient  was assumed to be 1100 °C for the initial analysis.  This model shows that 

small changes in pass strain can significantly affect the TNR.  Fletcher also developed a TNR model based on pass strain 

and alloy content using a similar regression model as Equation (2.6), following the example of Equation (2.7) [59]: 

�� = − − √ + √ + − . 6� (2.8) 

where C, V, and Nb, are the elements in wt pct and ε is the pass strain.  A point of caution to Fletcher’s analysis: the 

sign on the carbon term for both Equation (2.6) and Equation (2.8) is negative, which is counterintuitive as increased 

carbon is known to increase precipitation thus inhibiting recrystallization and increasing the TNR.  While the empirical 

regression models may be useful to quickly predict the TNR for the range of alloys used in the particular studies, they 

may not accurately predict TNR for alloy ranges outside the studies because the empirical constants and coefficients 

have no true physical meaning. 

2.4.3 Multistep Hot Torsion Methodology 

Multistep hot torsion testing has been used extensively to simulate hot rolling and to study recrystallization 

and microstructural evolution during hot rolling [9], [54], [60], [61].  Torsion tests are able to impose large amounts of 
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strain with control of the temperature and strain rate.  Torsion tests are used to simulate complete rolling schedules by 

varying temperature, strain, strain rate and interpass time for each step to match the conditions of an industrial rolling 

mill.  If the deformation passes have constant strain, strain rate, and interpass times, information regarding the 

microstructural evolution can be found.  More specifically, multistep hot torsion testing is a simple way to determine 

three critical temperatures for hot rolled microalloyed steels: TNR_Tor, Ar3, and Ar1 [9], [53], [62]–[64]. 

One focus of the current study is on multistep hot torsion tests to measure TNR_Tor and to interpret the meaning 

of the results relating to industrial hot rolling.  Multistep hot torsion tests simulate the rolling process through a series 

of deformation steps (i.e. “hits”) and continuous cooling for a given set of parameters, such as �, �̇, interpass time, and 

temperature range.  The torque and the amount of twist are measured and converted into equivalent stress and 

equivalent strain.  One sample is used for the entire temperature range and is deformed to temperatures below the 

TNR_Tor.  Table 2.2 shows deformation parameters used in multistep hot torsion tests and the range of those parameters 

commonly used in the literature. 

From the literature, a torsion test to determine TNR_Tor  normally has between 17 and 25 passes [9], [20], [22], 

[53], [54], [61].  The number of passes is determined by the temperature range and cooling rate for the given test.  

Strain per pass,, interpass time and cooling rate are generally held constant throughout a single test but may change 

within a study, as these parameters have an effect on TNR_Tor.  At least three replicate tests are done to ensure 

reproducibility of the results.   

 

Table 2.2 – Multistep Hot Torsion Parameters from the Literature [9], [18], [47], [60], [61], [63], [65], [66] 

Deformation Parameter Unit Low High 

Reaustenitizing Temperature  °C 1175 1250 

Reaustenitizing Time  s 10 30 

Cooling Rate  °C/s 1 18 

Pass Strain (�) % 0.1 0.7 

Pass Strain Rate (�̇) s-1 0.1 10 

Change in Temperature (ΔT) °C 15 30 

Interpass Time (tip) s 3 400 

Number of Passes # 17 25 

Final Temperature °C 550 800 
 

 

To determine TNR_Tor via multistep hot torsion tests, the torque-twist data are converted to stress-strain.  The 

area under each stress strain curve is calculated and divided by the pass strain to calculate the mean flow stress (MFS) 

and plotted against the inverse absolute temperature.  Figure 2.10 shows an example of a multistep hot torsion test (a) 

stress strain curves and (b) MFS versus inverse absolute temperature [60].  Distinct regions, or stages, are seen on both 

the stress-strain plot and the MFS versus 1/T plot.  Stage I is inferred to indicate complete recrystallization per pass.  

Stage II is inferred to indicate incomplete or no recrystallization per pass.  The intersection between Stage I and 
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Stage II is identified as TNR_Tor.  The intersection between Stage II and Stage III is inferred as the Ar3 temperature, 

followed by the intersection of Stage III and Stage IV, which is inferred as the Ar1 temperature.   

The increase in MFS during Stage I is entirely due to cooling.  The austenite completely recrystallizes 

between passes and there is no accumulation of strain (i.e. work hardening and an accumulation of dislocations).  In 

Stage II, the change in slope indicates an accumulation of dislocations and therefore an accumulation of strain.  The 

flow stress increases more quickly with decreasing temperature because recrystallization is inhibited between passes.  

Stage III is characterized by a significant decrease in MFS and corresponds to the beginning of the austenite to ferrite 

transformation.  Stage III is the temperature region where intercritical two-phase rolling takes place [20].  Stage IV 

corresponds to temperatures below Ar1.   

 

(a) 

 

(b) 

Figure 2.10 Example multistep hot torsion (a) stress-strain curves  and (b) mean flow stress versus inverse 
absolute temperature from [60].  Note: the value labeled Tnr in the figure is really TNR_Tor. 

 

TNR_Tor is calculated by the intersection of two straight regression lines fitted to Stages I and II.  The TNR_Tor 

value is dependent on chemistry, cooling rate, interpass time, and applied strain (reduction).  Use of the hot torsion test 

to calculate TNR_Tor is straight forward and relatively inexpensive when compared with other laboratory methods to 

determine TNR.  The TNR_Tor can be calculated from a single test with high repeatability of results.   

It should be noted that the “true” MFS versus 1/T relationship in Figure 2.10b is actually curved in the 

vicinity of the vertical TNR_Tor line.  That is, Vervynckt et al. [20] postulate the actual behavior is not correctly 

described by the two straight lines intersection between Stage I and Stage II.  Instead, the transition is the 

recrystallization behavior is more gradual than shown.  This curvature will be discussed later in the current study. 

2.4.4 Physical Metallurgy Associated with TNR 

The value of TNR is influenced by the interaction of four different mechanisms: Recovery, recrystallization, 

solute drag, and precipitation.  Each mechanism depends on the others and all depend on preceding deformation, 

characterized by the deformation temperature (Tdef), strain, strain rate, and composition.  Figure 2.11 shows a 

schematic of the synergistic effects of recovery, recrystallization, deformation, and precipitation on each other.  The 

white arrows show an accelerating effect and the grey arrows show a retarding effect.  The focus of the current study is 

primarily the effects of precipitation on recrystallization, with constant deformation parameters.  The interactions of 
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interest in the present study are circled.  The influence of deformation of interest in this study primarily relates to 

precipitates, whether strain induced precipitation or a lack of precipitation at higher temperatures.  Consequently, the 

role of precipitation is critical in recrystallization through grain boundary pinning causing inhibition of 

recrystallization.  An increase in precipitation may decrease solute drag effects.  As temperature decreases, 

recrystallization kinetics (rate) also decreases. 

 

 Synergistic Effect of Alloying Additions on TNR  2.5

Microalloying elements are known for their effects in steel.  Some effects are common for all MA elements, 

while other effects are more unique for a particular element.  This subsection describes some of the characteristics of 

the MA elements of interest in the current study.  The present study focuses on the synergistic effects of V, Nb, and Ti 

on the TNR_Tor.  Each of the MA elements is a transition metal and forms solid solutions with iron [26].  Vanadium, Nb, 

and Ti are all known for grain refinement strengthening through grain boundary pinning and precipitation 

strengthening through the formation of carbides, nitrides, or a combination called carbo-nitrides (C,N). 

Austenite grain growth is also inhibited through solute drag effects if the dissolved alloying elements 

segregate to the austenite grain boundaries [20], [67], [68].  The alloying elements at the grain boundaries reduce the 

grain boundary interfacial energy and mobility.  The solute atoms cause a non-linear boundary velocity, shown by a 

resistance to grain boundary motion.  Thus, the recrystallization rate decreases for a given temperature.  The greater 

the difference in atomic radius of the solute atom versus the iron atom, the greater the effects of solute drag on grain 

boundary and dislocation motion [20], [68].  The solute drag effect is limited by the solubility limit of the specific 

element.  At temperatures below the solubility limit, precipitation can occur and these precipitates may dominate grain 

boundary mobility.  Table 2.3 shows the atomic radii in nm for Fe, V, Nb, Ti, C, and N.   

 

 

Figure 2.11 Schematic illustration of synergistic effects of recovery, recrystallization, deformation, and 
precipitation on each other.  The white arrows show an accelerating effect and the grey arrows 
show a retarding effect [20]. The red ellipse is the primary focus of the current study 

Accelerating Effects 

Retarding Effects 
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Table 2.3 – Atomic Radii of Elements of Interest in the Current Study: Fe, V, Nb, Ti, C, and N [69] 

Element 
Atomic Radii 

(nm) 

Fe 0.134 

V 0.133 

Nb 0.148 

Ti 0.147 

C 0.070 

N 0.068 
 

 

Figure 2.12 shows the effect of the common MA elements on TNR as a function of initial solute content in a 

steel with 0.07 C, 1.4  Mn, and 0.25 Si in wt pct [70].  Niobium shows a much greater effect in increasing the TNR than 

Ti, Al, and V.  From the graph, it takes approximately 0.25 atomic pct of V to increase the TNR to roughly 875 °C, 

where it only requires approximately 0.05 atomic pct Ti for the same increase in temperature.  This same increase in 

TNR can be achieved with only 0.005 atomic pct Nb, an order of magnitude less than Ti.  The atomic radius of Fe is 

very close to the atomic radius of V, which perhaps explains part of the reason V is not as effective at increasing TNR as 

Nb and Ti. 

 

Figure 2.12 The effects of microalloying content on the no-recrystallization temperature of austenite in a 
0.07 C, 1.4 Mn, 0.25 Si steel (in wt pct).  Adapted from [70]. 

2.5.1 Niobium 

Niobium has been used as a microalloying element for many years.  It has many attractive properties 

including significantly increasing the strength of ferrite-pearlite steels and a more recent use of Nb as a stabilizing 

element, along with Ti to reduce the amount of free-carbon in solution [26], [71].  Niobium carbo-nitrides are very 

effective in pinning austenite grain boundaries.  Solubility product calculations show Nb will precipitate as NbC and 

NbN at moderate rolling temperatures, usually between 1000 °C and 800 °C [14], [46], which is within the full 

deformation temperature regime for hot rolling.  At low temperatures, undissolved carbo-nitrides act as effective grain 



 20 

refiners and can retard recrystallization if they are finely dispersed [14], [20], [49].  Both solute Nb and precipitation 

of Nb(C,N) increase strength.  Vervynckt et al. [20] indicated that strain-induced Nb(C,N) precipitates may be on the 

order of 20 nm, and are too large to significantly contribute to strength increases through precipitation hardening.  The 

low temperature precipitates are much finer and contribute to more strength increases.  Niobium in solution, however, 

is also effective in retarding static recrystallization through solute drag effects [20], [49].  Niobium can retard the 

austenite-ferrite transformation, even though Nb is a ferrite stabilizer by exerting solute drag on the moving phase 

boundary [20]. 

In order for precipitation to occur in austenite, there must be adequate levels of both supersaturation and 

interpass time.  The conditions for extensive static precipitation are suitable in come in processes which take more 

time, such as reversing plate mill operations.  However, fast processing, such as strip or bar rolling, is less conducive 

for extensive precipitation.  Therefore, it is reasonable to assume Nb will influence austenite first as a solute and 

precipitate in plate rolling, but may precipitate to a lesser degree in strip and bar rolling [71]. 

2.5.2 Vanadium 

Vanadium has a very high solubility in austenite.  Even VN, whose solubility is comparable to that of 

Nb(C,N), is over three orders of magnitude higher than the stable TiN [42].  Vanadium is expected to be in solution 

until rolling temperatures below 1000 °C for typical plate steel compositions.  While solute V is not a strong grain 

boundary inhibitor through solute drag effects, the lower dissolution temperatures can still play a significant role in 

austenite conditioning through strain-induced precipitation [46].  The lower precipitation temperatures ensure the 

particles are finely dispersed throughout the austenite matrix and thereby are effective in pinning grain boundaries.  

The likelihood of forming VN is influenced by the amount of free-nitrogen remaining in the austenite after TiN and 

NbN formation, making N a key element in V-MA steels [46].  Aluminum can also affect free N available to form VN 

since Al has a greater affinity for N than V. Aluminum can also affect the amount of NbN.  Since TiN precipitates are 

so stable, VN precipitation involves controlling both N and Ti levels where Ti is low and N is high.  The VC 

compound is also not as stable as the VN.  While solute V may play a less significant role in retarding recrystallization 

[46], [70], [71], the austenite is able to recrystallize between each rolling pass, thereby refining the austenite grains 

before transforming to ferrite.  The grain refinement can continue to much lower temperatures than is possible in a 

Nb-bearing steel.  A study by DeArdo et al. [43], showed that extended austenite recrystallization can produce ferrite 

grains roughly the size of the grains produced through Nb(C,N) pinning grain boundaries, providing more nucleation 

sites for fine ferrite to form, as small as 4 μm.  In contrast, σb(C,σ) precipitates are effective in retarding austenite 

recrystallization, thereby forming long, flat grains with increased nucleation sites for ferrite formation [46].  However, 

the limited precipitation of V in austenite means more V is available to form V(C,N) in ferrite which can significantly 

increase strength.  

2.5.3 Titanium 

Titanium has a strong affinity to form nitrides, oxides, and even sulfides before forming carbides [26].  The 

nitrides are stable at high temperatures which can control austenite grain size at reheating temperatures.  With fast 

enough post-solidification cooling, TiN will be finely dispersed.  However, long reheat soak times may coarsen the 
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precipitates and then pinning effects are reduced.  Coarse TiN particles can have edge lengths around 5-10 µm [14].   

If Ti levels are above the stoichiometric levels for TiN, Ti will also form carbides.  Titanium may form low 

temperature carbides and even carbosulfides which are important strengtheners [20].  There are differing views in the 

literature as to the amount of Ti for the most beneficial results [14], [20], [72].  Titanium additions less than ca. 

0.04 wt pct have shown to have very little effect on recrystallization and grain growth and may act like plain carbon 

steel, especially when nitrogen levels are less than 0.01 wt pct [14].  When Ti levels are around 0.10 wt pct, the effects 

on recrystallization are similar to Nb-bearing steels with a retardation of recrystallization due to solute Ti [14].  

Titanium also plays a role controlling the austenite grain size during reheating, particularly in the heat-affected zone 

during welding [20]. 

2.5.4 Mixed Microalloying 

Some work has been done on multiple microalloyed steels [11], [12], [24], [53], [61], [73].  These studies 

focus on complex precipitation and recrystallization kinetics.  Speer et al. [12] showed complex Nb/V(C,N) formation 

and those precipitates were more V-rich at the grain boundaries and more Nb-rich in the matrix.  Medina and 

Quispe [74] showed the influence of strain rate on recrystallization-precipitation for single microalloyed steel is 

similar as multiple microalloyed steel.  The increase in strain rate leads to a reduction in time necessary for 

precipitation to complete and an increase in recrystallization rate.  

 Effect of Processing Parameters on TNR 2.6

It is well known that deformation parameters influence TNR.  This section summarizes the main deformation 

parameters and the effects each parameter plays on TNR.  Many conclusions made regarding the various deformation 

parameters were made in previous studies that primarily used Nb-only containing steels.  The current study examines 

the synergistic effects of Nb-V-Ti in microalloyed plate steels.   

During rolling, the strain, the strain rate, and the interpass time, tip, are unique to each pass.  For multistep hot 

torsion testing, deformation parameters are typically held constant for all passes while the sample continuously cools 

between passes.  This methodology ensures consistency and comparability between tests with different parameter 

values.   

2.6.1 Strain 

Bai et al. [9] completed a study on the effects of deformation on TNR_Tor in Nb-microalloyed steels.  They 

found that TNR_Tor significantly decreases with increasing pass strain.  These results have been confirmed on Nb-steels 

by Jiang et al. [47].  Figure 2.13 shows how TNR_Tor decreases with increasing pass strain for three Nb-containing 

steels.  The amount of Nb does not appear to significantly affect the influence of pass strain on decreasing TNR_Tor.  

High pass strains lead to more recrystallization, thus smaller grains.  The increase in grain boundary area and increased 

dislocation density lead to more nucleation sites and thus a higher driving force for recrystallization, resulting in lower 

values for TNR_Tor [9], [47].  Higher strains also promote strain induced coarsening of the precipitates [9]. 

Many studies in the literature focus primarily on static recrystallization - recrystallization that occurs between 

rolling passes [16], [25], [53], [55], [75]–[77].  Dynamic recrystallization, recrystallization that occurs during rolling, 
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is not studied as often.  Doherty et al. [25] explain differences between static and dynamic recrystallization in greater 

detail, which will not be discussed here.  However, lower pass strains have been found to suppress dynamic 

recrystallization as the deformation is not as great, thus limiting the driving force for recrystallization to occur during 

deformation [47]. 

 

Figure 2.13 Influence of pass strain on TNR_Tor for three Nb-bearing microalloyed steels.  Adapted from [9] 

2.6.2 Strain Rate 

Until recently, strain rate was not believed to have a significant effect on TNR [25], [47], [78].  Bai et al. [9] 

found that the influence of strain rate on TNR_Tor increased as strain increased.  Figure 2.14 shows a plot of TNR_Tor as a 

function of pass strain for four different strain rates of a Nb steel [9].  The greater the pass strain, the larger the 

difference in TNR for the different strain rates.  It is believed the higher strain rate leads to less restored and more highly 

work-hardened austenite, thus an increase in driving force for recrystallization, which decreases TNR_Tor [9].  This 

effect of strain rate has been confirmed by a more recent study by Medina and Quispe [74] where the steels in the study 

were V, Nb, and V-Ti..   

 

Figure 2.14 Plot showing the effect of strain and strain rate on TNR_Tor.  Adapted from [9] on Nb-bearing steel. 



 23 

2.6.3 Interpass Time 

Interpass time is the time interval between deformation steps.  Many studies can be found in the literature 

where interpass time is varied [9], [16], [18], [32]–[34], [47], [77], [79].  These studies primarily focus on 

recrystallization kinetics and not necessarily TNR and mainly utilize single microalloying elements .  Interpass times 

vary greatly depending on the product and rolling mill used.  For example, the interpass times for a reversing mill can 

be relatively long (8 to 20 s) [80], whereas interpass times for a strip mill are relatively short (0.4 to 4 s) [55], [80].  

Conclusions regarding how tip influences TNR can still be inferred.  Short tip’s (<12 s) retard recrystallization 

via solute drag and recrystallization may not have time to occur [9].  As tip increases to 12 s, TNR decreases.  Medium 

tip’s (12 to 50 s) allow for fine precipitates to form and TNR increases as tip increases to 50 s.  Long tip’s (>50 s) give 

ample time for precipitates to coarsen, thus lower the ability to inhibit recrystallization and thus, TNR decreases with 

higher values of tip.  Jiang et al. [47] found precipitates coarsen if tip is greater than 20 to 30 s.  Figure 2.15 shows the 

effect of TNR with increasing interpass time (tip) and its relationship to precipitation.  In the short interpass times, 

precipitation cannot occur and recrystallization is inhibited via solute drag.  After approximately 12 s, precipitation is 

able to take place and TNR increases as the fine precipitates inhibit recrystallization at lower temperatures.  At longer 

interpass times, precipitates coarsen beyond effectiveness at pinning grain boundaries, and thus recrystallization can 

be completed at lower temperatures.  The dotted line in Figure 2.15 is the expected TNR if precipitation did not occur 

and recrystallization was inhibited via solute drag alone. 

 

 

Figure 2.15 Plot showing the effect of TNR with increasing interpass time (tip) and its relationship to precipitation 
of a Nb-steel.  Adapted from [9]. 

 

When the interpass times are short, such as rod rolling, there may be insufficient time for static 

recrystallization to take place, as well as any strain induced precipitation.  Therefore, strain is accumulated [9], [80].  

In the absence of precipitation, dynamic recrystallization is possible during rolling, followed by metadynamic 

recrystallization between passes.  During intermediate interpass times, two kinds of behavior are possible [9], [80]: if 
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strain-induced precipitation does not occur, recrystallization will continue as more likely with a rod mill.  However, if 

strain-induced precipitation takes place, the grains will become elongated as the precipitates pin grain boundaries, and 

therefore the TNR is increased.   

The effect of tip on TNR is a trade-off between recrystallization kinetics and precipitation.  There must be 

enough time and energy (heat) to move the grain boundaries with a given tip.  Grain boundary movement can be 

impeded if precipitation occurs, thereby adding another level of complexity to the system.  Small precipitates can pin 

grain boundaries, causing the TNR to increase, but given enough time, the grains will recrystallize and/or the 

precipitates will coarsen to sizes that would diminish their effectiveness.   

 Effect of Test Methods on TNR 2.7

The value of TNR can be determined or estimated through many methods.  From the literature, TNR can be 

estimated through empirical formulas and laboratory methods.  The Boratto equation [18], [54], [57], [58] is arguably 

the most known empirical formula to estimate TNR.  The laboratory methods to determine TNR include [5], [9], [19], 

[20], [22], [43], [81]–[84]: Double-hit deformation testing, multistep hot torsion testing, stress relaxation testing, 

tension-compression testing, laboratory rolling, and mathematical modeling.  The most commonly used methods are 

double-hit deformation testing and multistep hot torsion testing.  Examples of both testing procedures have been found 

in the literature, but no ASTM or ISO standards have been found for the determination of TNR.  The current study 

focuses on multistep hot torsion testing to determine TNR_Tor.  

For some time, a significant amount of effort has been put forth to understand and predict the final 

microstructure of hot rolled products as a function of chemical composition and processing parameters.  Empirical 

equations are used to predict critical temperatures such as the TNR, and recrystallization/precipitation kinetics [9], [18], 

[20], [52]–[54], [62], [85].  Experimental procedures to verify the aforementioned models range from 

stress-relaxation, compression, tension, hot torsion, to laboratory rolling [5], [9], [19], [20], [22], [43], [81]–[84].  

Some efforts have been made to compare various testing procedures [18], [36], [57], [79], concluding that direct 

comparisons cannot easily be made. 

2.7.1 Multistep Hot Torsion Testing 

Multistep hot torsion testing is an easy way to impart significant deformation to a sample without the worry 

of deforming into instability of the sample, e.g. necking of a tensile test.  Torsion testing can also be used to simulate 

industrial rolling schedules to gain insight into flow behavior and microstructural evolution during rolling.  An 

example of this is the use of multistep hot torsion tests to determine TNR_Tor.  The torsion test imparts many 

deformation passes, and therefore the grains are expected to recrystallize several times before the TNR_Tor is reached.  

The large amounts of strain create a larger driving force for strain-induced precipitates.  While strain induced 

precipitates can be effective at pinning grain boundaries, and therefore increasing TNR_Tor, large amounts of strain may 

also coarsen precipitates passed effective grain boundary pinning [9].  The increased strain also increases the driving 

force for recrystallization.  Both these factors decrease TNR_Tor.   

Since multistep hot torsion testing was the primary experimental method used in the current study, specific 

details about this testing method are described in the next chapter on Experimental Procedures in Section 3.2.1 
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2.7.2 Double Hit Deformation 

The second most common method of experimentally measuring no recrystallization temperature is the 

double hit compression test.  The method is describe in this subsection, because the experimental results from the 

torsion testing will be directly compared to earlier results obtained by this double hit deformation testing methodology 

conducted in a previous study [86] 

(a) Methodology 

Double-hit deformation tests use cylindrical specimens in an axisymmetric compression test.  The test 

involves reheating to ensure most precipitates dissolve back into solution, cooling to deformation the temperature 

(Tdef), compressing with given strain and strain rate, holding for an interpass time (tip), deforming the specimen again 

holding everything else constant, and measuring the percent recrystallized or fraction of softening (FS) [7], [19], [26], 

[84], [87]–[89].  Typical ranges for the testing procedure are similar to the multistep hot torsion testing parameters.  

Figure 2.16 shows a time-temperature schematic of a double hit deformation test.  The sample is reheated to the 

reaustenitizing temperature for a given amount of time, cooled to the Tdef, deformed, held for a given interpass time, 

deformed again and cooled.   

The time between deformation hits simulates interpass time, allowing static recrystallization to occur [71].  

The first deformation strain approximates a rolling pass strain, and double-hit deformation tests typically measure the 

fraction of softening.  The softening fraction is determined by comparing the flow stress of the first and second 

deformation steps [84], [90].  The shape of the second curve is influenced by the amount of recovery and 

recrystallization and the interpass time between deformation steps.  If the interpass time is long enough, complete 

recrystallization can occur and the flow curves should be identical.  If no recrystallization or softening occurs, the 

second curve will be an extrapolation from the first with continually higher flow stress.   

 

 
Figure 2.16 Time-temperature schematic of double-hit deformation test. 
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Figure 2.17 shows an example of flow stress curves with various amounts of recrystallization and softening.  

Four samples of a Nb microalloyed steel were tested with various tip ranging from 2 s to 1000 s with a Tdef of 

1000 °C [91].  All samples had roughly the same flow stress for the first deformation, as expected.  After the 

respective interpass times, the samples were deformed again and their flow stress measured.  The sample with tip equal 

to 2 s had a high flow stress for the second deformation, as if a continuation from the first deformation pass.  The 20 s 

interpass time sample shows some softening, calculated to be 10 % using the 2% offset method [90].  The sample with 

an interpass time of 200 s showed 40 % softening with the flow curve having slightly lower yield strength than the first 

deformation pass.  The 1000 s interpass time sample had 100 % softening since the flow curve for the second 

deformation is almost identical to the curve for the first deformation.   

 

 
Figure 2.17 Example of flow stress for double-hit deformation tests comparing different tip’s with the 

fraction of softening for a Nb microalloyed steel deformed at 1000 °C.  Percent softening 
was calculated following the 2 % offset method [91]. 

 

The amount of softening is often plotted against tip for a given temperature to examine recrystallization 

kinetics.  When studying no recrystallization temperature, it is often helpful to hold tip constant and plot fractional 

softening against Tdef.  Figure 2.18 shows percent FS as a function of Tdef.  In this example, Palmiere et al. followed the 

previously determined method that 20 % of softening is due to recovery [26], [84], [87], therefore TNR is the 

temperature where the fractional softening is equal to 20 %.  All softening greater than 20 % is attributed to static 

recrystallization.  From this example, the TNR for the E0-0.09C steel is lower than 900 °C but the point where the curve 

crosses the 20 % level is not shown on the plot.   
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Figure 2.18 Fractional softening plot for several microalloyed steels.  TNR is denoted by the dotted line at 
20 %. fractional softening (FS).  Adapted from [84]. 

 

(b) Effect on TNR 

Double hit deformation tests are an easy way to measure static recrystallization and the effect of interpass 

time on recrystallization kinetics and ultimately TNR.  However, the tests are limited because only a certain amount of 

deformation can be imparted on the sample.  The strain rate is also limited by the sample dimensions and the machine 

used for compression testing.  Therefore, rolling schedules cannot be directly measured as a new sample is required for 

each deformation temperature. 

It should be noted that each sample employs the same reaustenitizing time at temperature, thereby potentially 

creating extremely large grains, prior to deformation.  The large grains may affect the recrystallization behavior.  The 

analytical approach is also very important.  While many methods exist to determine the fractional softening, some are 

better than others [90].  For example, the 2 % offset method and 5 % true strain method for comparing the two flow 

curves have been found to minimize the effect of recovery and still calculate an accurate fractional softening.  The 

back extrapolation method requires the 0.2 % offset of the initial flow curve, which is not enough to overcome the 

effect of recovery, as well as an extrapolated flow curve onto the second flow curve, thereby requiring a “fitted” flow 

curve and potentially introducing unwanted uncertainties to the calculations.  There is also some discrepancy in the 

literature as to the actual amount of softening for TNR ranging from 20 to 30% [26], [84], [87], [92], [93].   

All these characteristics influence the measured TNR.  When compared with multistep hot torsion testing, the 

TNR is expected to be higher due to the limited deformation, resulting in large grains, potentially very small 

precipitates, and very little opportunity for dynamic recrystallization.  The precipitation interaction between multistep 

hot torsion and double hit is also quite different.  Multistep hot torsion tests undergo large amounts of deformation, 

creating large dislocation substructures for strain induced precipitation.  If the precipitates formed at high 
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temperatures, e.g. 1000 °C, they are likely to coarsen, albeit at a slower rate, as the sample cools to the subsequent 

deformation temperatures.  This is in contrast to double-hit tests.  While strain induced precipitates are expected, and 

the size is dependent on the tip, the rate for precipitation is not as high because the amount of deformation is not as 

high.   

 Analytical Aspects 2.8

Thermomechanical processing, specifically of multistep hot torsion tests, is frequently employed to simulate 

flow behavior of the rolling process.  The flow characteristics are often used to make inferences about the resulting 

microstructure, but frequently the microstructure is not directly examined.  This section highlights the use of effective 

radius to calculate the stress and strain of a torsion specimen and the reason to use the effective radius for 

metallographic analysis, as well as a technique about expected microstructure of the torsion specimens.  This section 

also briefly addresses electrochemical dissolution and its uses for precipitate analysis.  

2.8.1 Effective Radius 

Difficulty can arise in interpreting mechanical data from torsion tests used to simulate the rolling process as 

strain and strain rate vary with radial position [60], [94], [95].  Shear strain is a function of angle of twist and radius.  

While the angle of twist is the same across the specimen, the amount of shear strain will vary from zero in the center to 

a maximum value at the surface of the specimen.  This strain gradient leads to a microstructural gradient in the 

specimen.  Torsion tests are used to measure TNR_Tor, and TNR_Tor is a function of the microstructure.  Therefore, 

microstructural gradients within a torsional specimen require the identification and selection of a specific radius for 

analysis.  Following a procedure outlined by Barraclough et al. [94], the radius of interest is called the effective radius 

(a*) and is positioned at 72.4% of the gauge radius.   

The shear stress ( ) of a torsion specimen is a function of the shear strain ( ) and shear strain rate (̇), given 

by, 

 τ = K ̇  (2.9) 

where K is a constant, m is the strain-rate sensitivity, and n is the strain-hardening exponent, and  and ̇  are functions 

of the angle of twist given by, 

 γ = �
 (2.10) 

and 

 γ̇ = �̇
 (2.11) 

at an angle of twist � and a twisting speed �̇ for a specimen of gauge length l and radius a .  The resisting torque in the 

cross section of a bar is given by 

 Γ = π ∫ �� � 
(2.12) 
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where Γ is the torque and r is the radial distance from the center of the bar [96].  Shear stress can be related to torque 

(Γ) by, 

 τ = Γ� [ + + ] (2.13) 

At hot working temperatures, m >n. 

The von Mises criterion can be used to convert shear stress and shear strain into equivalent stress and 

equivalent plastic strain by [94] 

 σ = √ � (2.14) 

 

 ε = √  
(2.15) 

and 

 ε̇ = ̇√  
(2.16) 

 

A study by Fields and Backofen [95] showed how to determine surface shear stress from torque-twist data, 

and the dependence of the m and n exponents on shear stress as a function of testing temperature.  The study also 

showed that at intermediate temperatures, m and n were both significant and varied with the amount of strain.  While 

their method simplified shear stress calculations compared with other methods at the time, multiple torsion tests were 

required to identify the strain hardening exponents.  Even then, conversion is tedious and variations in m and n can 

result in difficulty of accurately determining shear stress from the measured torque.  The final relationship for torque 

and shear stress found by Fields and Backofen is given by, 

 Γ = ���+ + � + [ + + − + + ] 
(2.17) 

where �� is the shear stress at a given radius � for a tubular specimen with an outer radius of  and inner radius of 

.  For solid specimens, =  and = .  For this relationship, m and n must be known. 

Barraclough and coworkers found a simpler alternative method for converting torque-twist data into effective 

stress-effective strain with the concept of the effective radius [94].  Since there is a strain and therefore stress gradient 

along the cross section of the torsion specimen, it is necessary to understand the effect of the strain hardening and the 

strain rate hardening exponents as a function of the radial position in the specimen.  Barraclough and coworkers 

investigated the effect of m and n by first assuming a constant value of shear stress throughout the section, *, where = = .  Eq. ((2.13) can then be rewritten as 

 τ∗ = Γ�  (2.18) 

 

For a given amount of torque from Eqs. ((2.17) and ((2.18), 
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τ∗�� = + + [ + + − + + ]� +  

(2.19) 

Replacing � with the effective radius, ∗, which is defined as the radius at which τ∗ ��⁄ = , ∗ can be 

found by, 

 ∗ = { + + [ + + − + + ]} / +
 

(2.20) 

Figure 2.19 shows the ratio τ∗ ��⁄  as a function of position along the radius from the center to the surface ( �⁄ ) of a solid specimen for various values of m + n.  All values of m +n converge subsurface at �⁄ = 0.724.  

This convergence also occurs at �∗ ��⁄ = , where the constant shear stress, τ∗, is equal to the applied shear stress, ��, 

at a given radius, �.  Figure 2.19 also shows that the shear stress at the effective radius is insensitive to the value of (m 

+ n) and hence the structural gradient within the sample.  Therefore, it is advantageous to calculate the deformation 

parameters at this radius rather than at the surface.  Another advantage to using the effective radius is that 

metallographic observations at this position in the sample can be related directly to flow stress, which is more difficult 

to complete when making observations at the surface of a torsion specimen, where the values of m and n need to be 

known to obtain such relationships. 

 

Figure 2.19 Plot of */ x as a function of radius.  Adapted from [94]. 

2.8.2 Analyzing Torsion Specimens 

TNR_Tor is often defined as the temperature below which full recrystallization is no longer possible, and 

therefore below which strain is accumulated in the grains causing “pancaking” [9], [52].  Many studies denote the 

inflection point between Stage I and Stage II on the mean flow stress (MFS) versus inverse absolute temperature (1/T) 

plot as TNR_Tor but do not relate the value of TNR_Tor to the microstructure.  Figure 2.20 shows an example of the MFS 

versus 1/T for a 15Mo steel [61] with the inflection point identified as TNR_Tor.  Medina [53] suggested that the 
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inflection point between Stage I and Stage II in the MFS versus 1/T plot is not the temperature below which full 

recrystallization is no longer possible, but really the temperature below which only 50% recrystallization takes place.  

The current study explores the definition of TNR_Tor as it relates to the inflection point in the MFS versus 1/T plot.   

It should be noted that some of the earliest studies, which first identified multistep hot torsion testing as an 

easy way to measure TNR_Tor, do provide details of microstructural features to verify TNR_Tor by looking at the austenite 

grain size and morphology above and below the inflection point on the MFS versus 1/T curves.  However, the 

temperatures at which those features were examined are either not reported [54], or not explained why certain 

temperatures were chosen [22], making it difficult to verify the results.   Regardless of the actual microstructural 

meaning of the inflection point on the MFS versus 1/T curves, the point will be called “TNR_Tor” in the current work. 

 

Figure 2.20 Plot showing MFS as a function of 1/T for a 15Mo steel to show the inflection point between Stage I 
and Stage II known as “TNR_Tor”, adapted from [61]. 

 

Figure 2.21 shows a schematic representation of the austenite microstructure resulting from various 

deformation conditions [71].  The temperature for initial suppression of recrystallization (<95% RXN) and complete 

suppression of recrystallization (<5% RXN) decreases as pass strain increases.  While the concept of Figure 2.21 is not 

new, it helps show an issue with the MFS versus 1/T plots from hot torsion testing, i.e. TNR_Tor.  The question arises as 

to where on the dashed line between initial suppression of recrystallization and complete suppression of 

recrystallization does the inflection point TNR_Tor lie?  That is, how much have the grains recrystallized at the TNR_Tor?  

This question must be examined through microstructural analysis of multistep hot torsion tests.  It has been suggested 

by Vervynckt et al. [20] that the “true” MFS versus 1/T relationship in Figure 2.20 is actually curved in the vicinity of 

TNR_Tor and the transition in recrystallization behavior is more gradual than shown. 
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Figure 2.21 Schematic representation of the austenite microstructures resulting from various deformation 
conditions.  Adapted from [71]. 

 

No standard exists to analyze the microstructure of multistep hot torsion tests.  An obvious issue is that the 

plane of interest, regardless of chosen radius, is a curved plane, which cannot easily be examined.  Therefore, a flat 

cross section with some amount of strain gradient must be chosen.  Since the current study uses Barraclough’s notion 

of effective radius, it makes sense to examine the microstructure at this point. 

Some consideration must be made when deciding how to section samples for metallographic analysis.  A first 

approach is to section the sample perpendicular to the torsional axis and examine the microstructure along the circle at 

the effective radius.  This cross section, however, only shows equiaxed grains [97].  A cross section along the torsional 

axis or even along the 45° plane also does not provide adequate insight into the microstructural evolution from a hot 

torsion specimen.   

Whitley et al. [98] provided new insight into sectioning and analyzing a torsion specimen.  The sample is 

sectioned parallel to the torsional axis at the effective radius.  Good agreement was found between the total imparted 

shear strain and the inclination angle of manganese sulfides (MnS).  Figure 2.22a shows the inclination angle of MnS 

on an as-polished sample.  Deformed grains also followed an inclination angle.  Figure 2.22b shows the inclination 

angle for prior austenite grains after multi step hot torsion testing.  An interesting point to note is the differences in 

inclination angle and associated grain elongation gave insight into the amount of recrystallization and work hardening 

various grains underwent, although this technique is suggested for total γ <4.  The labels in Figure 2.22b correspond to 

A- MnS inclusion; B- austenite grains with total imposed shear strain without recrystallizing; C- austenite grains 

which deformed after some amount of recrystallization; and D- newly recrystallized grains following the final 

deformation pass.  The study also examined the microstructure at three locations within the specimen.  As expected, 

more recrystallization took place near the surface due to larger imparted strains than closer to the center. 
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(a) 
 

(b) 
Figure 2.22 Example multistep hot torsion (a) stress-strain curves  and (b) mean flow stress versus inverse 

absolute temperature from [98].  The labels correspond to A- MnS inclusion; B- austenite grains 
with total imposed shear strain without recrystallizing; C- austenite grains which deformed after 
some amount of recrystallization; and D- newly recrystallized grains following the final 
deformation pass. 

 

2.8.3 Electrochemical Dissolution 

Electrochemical dissolution, also known in the literature as selective potentiostatic etching by electrolytic 

dissolution (SPEED) [99], is used to dissolve ferrite and liberate the Nb, V, Al, and even Ti precipitates from the steel 

matrix.  Typical electrochemical dissolution consists of three main components: 1) dissolving selected material into an 

electrolyte, 2) filtering the solution to collect undissolved precipitates, and 3) digesting (dissolving) the filter paper 

and precipitates in a strong acid to form a liquid for analysis.  The SPEED method is a preferred dissolution method for 

microalloyed steels as the electrolyte is methanol-based and therefore the water-soluble AlN are able to be analyzed..  

More details are presented in Appendix A. 
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CHAPTER 3 : EXPERIMENTAL METHODS 

This chapter discusses experimental materials and methods used to determine microalloying effects on 

TNR_Tor.  The testing methodology and characterization techniques are presented in detail.    

 Material Design 3.1

Material for this study was laboratory produced hot-rolled microalloyed plate steel.  The laboratory heats 

were Nb-microalloyed plate steel to meet API X-70 specifications if processed approppriately.  Table 3.1 gives the 

chemical composition of the ten alloys that were produced.  Each alloy is a Nb-bearing steel with varying amounts of 

Ti and V.  The other alloying elements, e.g. C, Mn, N, etc., are relatively constant.  Table 3.1 also gives the descriptive 

labels that will be used to identify each steel. 

The specific alloys were chosen to characterize solute effects on TNR_Tor.  A constant level of 0.06 wt pct Nb 

was chosen as a base level.  The effect of V on TNR_Tor will be seen in the changes in TNR_Tor by comparing the Lo V, 

the Hi V and the other alloys with trace amounts of V, i.e. the alloys containing less than 10 ppm V.  Since Ti 

preferentially precipitates as TiN, the Hi-Ti alloy is expected to have most of the N in TiN, which will inhibit other 

nitrides from forming, thereby focusing on the effect of solid solution elements on TNR_Tor
 or the possible formation of 

TiC.  Solubility calculations were carried out using equations presented by Turkdogan [42].  Appendix B shows the 

equations used and graphs of the solubility calculations used in the current study.   

Table 3.1 – Chemical Compositions of Laboratory Nb-Bearing Microalloyed Steels in wt pct 

Material ID C Mn Si Ti Nb V Al  N S P 

Lo-Nb 0.063 1.47 0.019 0.006 0.027 <0.001 0.030 0.0041 0.0017 0.012 
Hi-Nb 0.066 1.46 0.020 0.007 0.060 <0.001 0.028 0.0039 0.0017 0.011 
Lo-V 0.065 1.46 0.016 0.005 0.060 0.021 0.030 0.0046 0.0017 0.012 
Hi-V 0.068 1.46 0.017 0.005 0.061 0.056 0.029 0.0040 0.0017 0.012 
Lo-Ti 0.062 1.48 0.018 0.028 0.060 <0.001 0.032 0.0050 0.0018 0.011 
Hi-Ti 0.065 1.48 0.019 0.099 0.059 <0.001 0.030 0.0040 0.0019 0.011 

 

 

3.1.1 Laboratory Heats 

The laboratory heats of 60 kg each were cast into 30 kg ingots with low and high amounts of Nb, V, and Ti, 

respectively.  The chemical compositions were determined through standard procedures and verified through standard 

Leco and spark optical emission spectroscopy (OES).  Four additional ingots were supplied for additional study, e.g. 

additional low and high Ti and low and high Ti with low V and used in a previous study [86].  The ingots were then 

rolled to approximately 30 mm (1.18 in) thick plate.  Figure 3.1 shows the Lo-Nb alloy as-received plate from the top.  

The approximate dimensions of each plate were 1016 mm ± 25 mm (40 in ± 1 in) long, 102 mm (4 in) wide, 30 mm 

(1.18 in) thick.  The marked grid designates the portion of the plate from which torsion specimens were machined.  

The designation letter (C in Figure 3.1) was an alloy designation for the machine shop reference.  The identification 

lettering in yellow (V55014A) was the alloy designation from the producer.  Appendix C shows all as-received 

material photographs. 
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Figure 3.1 Top view of as-received Lo-Nb steel.  The approximate dimensions of each plate were 1016 mm 
±25 mm (40 in ± 1 in) long, 102 mm (4 in) wide, 30 mm (1.18 in) thick.  The marked grid 
designates the portion of the plate from which torsion specimens were machined.  The designation 
letter (C in this case) was an alloy designation for the machine shop reference.  The designation 
lettering in yellow (V55014A) was the alloy designation from the producer. 

3.1.2 As-Received Material Characterization 

Two sections from each plate were cut and sent for chemical analysis to verify the chemical composition.  

Standard Leco combustion analysis and optical emission spectroscopy (OES) were used to confirm the carbon, 

nitrogen, sulfur, and remaining elements, respectively.  The samples were approximately 25.4 x 25.4 x 3.2 mm 

(1 1 x 1/8 in) for Leco and 38  x 38 x 25.4 mm (1.5 x 1.5 1 in) for OES analysis.  The sections were taken from the 

middle of the plate width. 

 Laboratory Testing to Determine TNR 3.2

Multistep hot torsion tests were completed on the Gleeble® 3500 in the torsion module to determine TNR_Tor 

of multiple microalloyed steels.  Compression testing was also completed, as a continuation of precipitation analysis 

from a previous study [86] 

3.2.1 Multistep Hot Torsion 

With the torsion capabilities of the Gleeble® 3500, the following procedure was used: 

 Heat to austenitizing temperature of 1250 °C (2282 °F) at 10 °C/s (18 °F/s). 

 Soak at 1250 °C (2282 °F) for 10 minutes to ensure most precipitates have gone into solution. 

 Cool to first deformation temperature of 1200 °C (2192 °F). 

 Deform to a set strain (�) with a  set strain rate (�̇). 
 Continuously cool by 25 °C increments and deform with same parameters through 750 °C. 

 Air cool sample to room temperature. 

Two samples of each alloy were tested at each temperature to ensure reproducibility of results.   

The strain and strain rate are held constant for a given test.  Ideally the study would include low and high 

strains (0.05 and 0.5, respectively), and low and high strain rates (1 and 20 s-1, respectively) along with the 

deformation parameters used in a previous study with a strain of 0.2 and strain rate of 5 s-1 [86].  However, the 

Gleeble® 3500 was unable to record data for the low strain-high strain rate condition of �: 0.05 �̇: 20 s-1 due to the 

speed of the test and the limited amount of strain.  The other proposed conditions were used for the duration of the 

study.  Therefore, some comparisons can be made by increasing strain and increasing strain rate in a systematic 
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manner.  Table 3.2 shows the strain and strain rate combinations used in this study.  Appendix D shows the Gleeble® 

programs used for all test conditions.  

 

Table 3.2  – Testing Conditions and Identification for Multistep Hot Torsion Testing 
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Figure 3.2 shows a schematic of the heating and deformation schedule for the multistep hot torsion tests.  The 

parameters chosen in this study fall within common parameter ranges for both double hit deformation testing and 

multistep hot torsion testing [9], [22], [71], [83], [84], [90], [91].   

 

 

The reaustenitizing soak temperature was chosen to ensure most precipitates dissolve back into solution.  The 

exception includes TiN for most alloys, see Section 2.2.1.  A soak time of 10 min was commonly used in the 

literature [9], [91] for the specimen geometry chosen, which ensures uniform heating throughout the gauge section.  

The cooling rate of 1.25 °C/s is consistent with a previously determined cooling rate for multistep hot torsion testing, 

 

Figure 3.2 Schematic of multistep hot torsion test, reheating to 1250 °C for 10 minutes, cooling to first 
deformation temperature and continuing to cool and deform the sample from 1200-750 °C. 
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which gives a tip of 20 s for torsion testing when deforming at 25 °C decrements [9], [18], [47], [61], [63], [65], [66], 

[90].  The � and �̇ are typical values for both double hit deformation testing and multistep hot torsion testing [9], [90], 

[91]. 

 Specimen Geometry  3.3

This section provides background into the specimen geometry and comparing the standard sized torsion 

specimens with sub-sized specimens. 

3.3.1 Standard-Sized Torsion Specimens 

Standard torsion specimens were machined according to DSI Gleeble® specifications.  The gauge length was 

20 mm with a gauge diameter of 10 mm.  Standard-sized torsion specimens were used in the initial torsion study for 

this project, undergoing the deformation parameters utilized in previous work [86] to compare TNR_Tor values from 

multistep hot torsion to TNR from double-hit compression tests.  Figure 3.3 shows a schematic of the standard sized hot 

torsion specimen.  Figure 3.4 shows a photo of a machined torsion specimen to be used in the Gleeble®. 

 

Figure 3.3 A schematic of a Gleeble® 3500 hot torsion specimen as specified by DSI.  The hollow ends ensure 
a consistent cross-sectional area throughout the entire sample for uniform heating during 
testing [100]. 

 

 

Figure 3.4 Photograph of a machined Gleeble® 3500 torsion specimen. 

3.3.2 Sub-Sized Torsion Specimens 

In order to conserve material, sub-sized torsion specimens were also machined and tested.  The gauge length 

to gauge diameter ratio for both full size and sub-size specimens is 2:1, where the standard specimen has a gauge 

length of 20 mm and a gauge diameter of 10 mm and the sub-sized specimen has a gauge length of 14.4 mm and a 

gauge diameter of 7.2 mm.  Figure 3.5 shows a schematic of a sub-sized torsion specimen. 
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Figure 3.5 A schematic of a Gleeble® 3500 hot torsion specimen as specified by DSI.  The hollow ends ensure 
a consistent cross-sectional area throughout the entire sample for uniform heating during 
testing [100]. 

Since the gauge length to gauge diameter ratios are the same for standard and sub-sized specimens, and the 

calculation of equivalent stress and strain is a function of the gauge length to gauge diameter ratio, the use of the 

different sizes should not impose a difference in results.  To verify this assumption, however, sub-sized specimens 

were tested at conditions previously used in the current study.  Figure 3.6 shows MFS vs 1/T for (a) standard torsion 

specimens and (b) sub-sized torsion specimens tested with a pass strain of 0.2, pass strain rate of 5 s-1, and an interpass 

time of 20 s.  The average TNR_Tor for the standard specimens was measured at 957 °C.  The average measured TNR_Tor 

for the sub-sized specimens was 955 °C.  Given the uncertainty range in the pyrometer, the results are consistent and 

comparisons can be made between the two geometries without further duplicate testing. 

 

(a) 

 

(b) 

Figure 3.6 Plots showing TNR_Tor for (a) standard-sized samples with 20 mm gauge length and 10 mm diameter 
and (b) sub-sized samples with 14.4 mm gauge length and 7.2 mm diameter.  The gauge length to 
diameter ratios are the same, and the measured TNR_Tor are very similar, so comparisons can be made 
between the two sample sizes. 
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 TNR_Tor Determination 3.4

Multistep hot torsion tests output data in terms of torque-twist data, which must be converted to equivalent 

stress-equivalent strain.  One sample is used for the entire temperature range and is deformed through the TNR_Tor, in 

comparison to compression testing which requires a new sample for each deformation temperature.  Figure 3.7 shows 

an example of the data collected from a multiple step hot torsion test.  Using a procedure outlined by Richardson et al. 

the torque-twist data can be converted into equivalent stress- equivalent strain [101]  The Von Mises equivalent stress, �, is given by, 

 � = √�  (3.1) 

where T is torque (N-m) and a is the radius (m) of the gauge section.  Equivalent strain, �, is given by,  

 � = . �√  (3.2) 

where � is the angle of twist (radians) and l is the length of the gauge section (m).  Figure 3.8 shows the results of 

converting the torque-twist data into stress-strain data.  The mean flow stress (MFS) is given by, 

 � = � − � ∫ � ��
�  (3.3) 

where �  and �  are the final and initial strains per pass and � is the summation of the stress per pass.  Once the MFS 

is calculated, it is plotted against the inverse of absolute temperature.  Multiple stages are seen in the MFS graph, and 

TNR_Tor can be determined from the transition between two of these stages.  Figure 3.9 shows an example of MFS 

versus the inverse absolute temperature.  The transition between Stage I and Stage II is the TNR_Tor. 

 

Figure 3.7 Example of torque-twist data from multistep hot torsion test [61]. 
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Figure 3.8 Example of equivalent stress-strain calculated from torque-twist data shown in Figure 3.7 from a 
multistep hot-torsion test [61]. 

 

 

Figure 3.9 Example of mean flow stress versus absolute temperature calculated from equivalent stress-strain 
data in Figure 3.8 [61]. 

3.4.1 Analyzing TNR_Tor from Mean Flow Stress (MFS) Plots 

There are many methods to determine MFS and subsequently TNR_Tor reported in the literature [9], [20], [48], 

[61], [66], [102], [103] and previous reports [104], [105].  When MFS is plotted versus the inverse of absolute 

temperature, there are two linear regions called Stage I and Stage II.  The intersection of the linear regions is defined as 

TNR_Tor.  For most reported TNR_Tor results, the linear regions are quite distinct.  However, there still lies ambiguity in 

properly identifying the linear regions.  This section aims to clearly explain the method for determining the 

intersection of linear regions and thus determining the value of TNR_Tor in more detail.  The method described herein 

was developed for the current study as no such detailed explanation has been found in the literature.  
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Once the MFS is calculated from multistep hot torsion tests, two linear regressions are completed for the two 

stages.  The method begins by considering the first two data points as Stage I, skips the third data point and the 

remaining 16 data points are used for Stage II.  This process is repeated using the first three data points as Stage I, 

skipping the fourth and the remaining 15 as Stage II, and so forth until Stage I consists of the first 16 data points and 

Stage II consists of the last two data points.  The data point separating the two stages is always skipped to remove the 

possibility of forcing the intersection to that point.   

For each linear regression set, the coefficient of determination, r2 value, is calculated for both stages.  The r2 

values are then multiplied together and the two values are also summed.  The linear regression set with the largest r2 

product is used to determine TNR_Tor.  If two data sets have the same r2 product, the data set with the largest summed r2 

is used.  In most cases, the regression set with the largest r2 product is the same as the r2 summation.  This method to 

calculate TNR_Tor from MFS data was developed to decrease the human subjectivity of the analysis and make the 

analysis more objective and repeatable.   

Table 3.3 shows an example data set used to determine TNR_Tor from MFS data for the Hi-Nb alloy.  The 

linear regression data set with the largest r2 product is near 950 °C, which happens to also be the data set with the 

largest r2 summation.  The resulting intersection for the two regions is at 975 °C.  There are no data for the first row as 

two data points are needed to fit a line, hence 1200 and 1175 °C.  There are no data for the last three rows, because 

775 °C is skipped and there is not another data point after 750 °C to fit a line. 

 

Table 3.3  – Example MFS Data Set and Linear Regression Calculations to Determine TNR_Tor 

Temp 
(°C) 

104/T MFS r2 Sum 
r2 

Product 
Intersection 

(°C) 

1200 6.789 60.958  - - 

1175 6.906 66.905 1.977 0.977 857 

1150 7.027 70.887 1.966 0.966 974 

1125 7.153 74.035 1.958 0.959 1002 

1100 7.283 77.457 1.966 0.967 1002 

1075 7.418 84.450 1.977 0.977 982 

1050 7.559 86.634 1.982 0.982 979 

1025 7.704 91.971 1.989 0.989 971 

1000 7.855 98.227 1.992 0.992 966 

975 8.013 103.207 1.993 0.993 970 

950 8.177 110.667 1.994 0.994 975 
925 8.347 123.906 1.983 0.983 976 

900 8.525 139.139 1.966 0.966 971 

875 8.711 154.382 1.955 0.955 962 

850 8.905 169.406 1.951 0.951 947 

825 9.107 184.221 1.955 0.955 891 

800 9.320 199.303 - - - 

775 9.542 213.561 - - - 
750 9.775 230.635 - - - 
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Figure 3.10 shows visually how TNR_Tor is determined by (a) fitting a linear curve to the first two data point 

and last 15 data points, (b) fitting a linear curve to the first 16 data points and last two data points, and (c) fitting a 

linear curve in the optimal spot for high and low temperatures.  The linear fits are extended to show the intersection 

point.  It is clear that the fits for Figure 3.10(a) and (b) are not ideal.  The analysis is completed mathematically; 

Figure 3.10 shows the process visually for explanation.  Appendix E shows the MFS data for all the tests along with 

strain per pass, strain rate per pass and average measured temperature per pass. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.10 Plots visually showing how TNR_Tor is determined for (a) fitting the first two points and last 16 points, 
(b) fitting the first 16 points and last two points, and (c) the ideal fit with largest r2 product. 
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3.4.2 Austenite Grain Morphology Evaluation 

The testing procedure in Section 3.2.1 was repeated on additional samples, where quenching was employed 

to “freeze” the austenite grains although the quench produces martensite.  The microstructural changes were examined 

in samples quenched above and below the measured TNR_Tor.  The laboratory-made steels have low impurities, coupled 

with low carbon, providing limited hardenability and difficulty revealing prior austenite grains.  Heat treating of the 

specimens prior to grinding and polishing was necessary to better reveal the prior grains.  Specimens were heat treated 

at 500 °C (958 °F) just below the embrittlement nose [1], [106], [107] for 72 hours to allow phosphorous and other 

tramp solute atoms to diffuse to the prior austenite grain boundaries.   

 Microstructure Verification 3.5

Light optical microscopy (LOM) was used to characterize both the as-received material and the quenched 

multistep hot torsion specimens.  As received specimens were analyzed transverse to the original plate rolling 

direction.  Multistep hot torsion specimens were sectioned parallel to the torsional axis near the effective radius for 

LOM.  Figure 3.11 shows a schematic of how the torsion specimen was machined for microstructural analysis.  

Samples were cut in half along the cross section and then milled to the effective radius.  The other half of the torsion 

specimen was saved for further analysis.  Torsion specimens were also prepared for electron backscatter diffraction 

(EBSD) to help analyze the PAGs.  

 

Figure 3.11 Schematic showing how the torsion specimens were sectioned for PAG analysis. 

3.5.1 LOM of As Received Material 

As received material was cut into approximately 1 cm3
 sections.  The sections were mounted in standard 

32 mm (1.25 in) Bakelite® mounts, ground flat, and polished to a 1 µm finish with diamond suspension.  The samples 

were etched with a 2 % nital solution for 3-5 seconds, rinsed with methanol and dried with compressed air.  Slight 

variations in the etching conditions were sometimes required to delineate the prior-austenite grain boundaries in 

different samples.  



 44 

3.5.2 LOM of Quenched Multistep Hot Torsion Specimens for PAGs 

The quenched multistep hot torsion specimens were used to determine prior austenite grain (PAG) size and 

morphology.  A modified Béchet–Beaujard reagent [20], [106], [108], [109] was used as the etching solution. The 

etchant contains a 4 % saturated aqueous solution of picric acid, 2 % hydrochloric acid, 2 %Teepol (a wetting agent) 

and 92 % deionized water.  The etchant was heated to 65-70 °C and agitated lightly.  Samples were immersed for 

20-30 s, rinsed with methanol and dried with compressed air.  Some samples required light back polishing to remove 

the appearance of martensite while retaining the PAGs. 

3.5.3 EBSD of Quenched Multistep Hot Torsion Specimens for PAGs 

Revealing PAGs can be difficult to achieve with standard LOM techniques, even on tempered steels.  A 

different approach using EBSD capabilities to reconstruct the PAGs has been used more recently to identify the 

PAGs [110]–[112].  This approach was streamlined through an iterative process by Tuomo Nyyssönen at Tampere 

University of Technology, Finland [112].  Scans were performed on a FEI Helios NanoLab 600i focused ion beam 

(FIB) microscope equipped with a Hikori camera and EDAX OIM-DC 7.0 collection software.   

Samples were prepared in a vibratory polisher with 0.04 μm colloidal silica solution for two hours and placed 

in a plasma cleaner for thirty minutes to remove remaining dust particles.  Cleaned samples were mounted in a 70° 

pre-tilt holder.  Samples were oriented so the torsional axis was parallel to the y-axis, e.g. a vertical line in the image.  

The working distance was 15 mm with a 0.4 μm step size with a voltage of 20 keV over an area of 280 x 300 μm. 

The algorithm for prior austenite grain reconstruction was written on Matlab using the MTEX texture and 

crystallography analysis toolbox developed by Bachmann et al. [113].  A grain map was assembled from the 

orientation pixel map with a 3° minimum grain boundary threshold.  The orientation relationship between austenite 

and martensite was determined iteratively using the method by Nyyssönen et al. [112].  The prior austenite grain map 

was reconstructed by assembling a graph where each martensitic grain became a node in the graph.  The grain 

boundaries became edges connecting neighboring nodes together.  Each edge received a value determining the 

likelihood of the connected grains having originated from a common parent austenite grain.  Markovian cluster 

analysis [114] could then be used to group the martensitic grains together into clusters, similarly to the method by 

Gomes and Kestens [115].  The parent austenite orientations could then be calculated separately for each cluster and a 

new parent austenite grain map was assembled from this data. 

3.5.4 Expected Grain Size 

Recurring recrystallization leads to refined grains.  Empirical equations are available in the literature to help 

determine austenite grain size after recrystallization and the growth of the austenite grains after the interpass time.  The 

austenite grain growth after recrystallization is given by [116], 

 = + ′′′  � (− ��) (3.4) 

where d is the grain size, d0 is the starting grain size, A’’’ is a constant of value 3.87x1032 μm10/s1, t is interpass time, 

Qgg is the activation energy of grain growth with a value of 400 kJ/mol, R is the universal gas constant, and T is 

absolute temperature.  To calculate d0, the following relationship is used [67] 
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 =  � (− + + � + � + ) .  (3.5) 

where C, Ni, Cr, and Mo are the concentration of the elements in wt pct, t is the time at absolute temperature T. 

The increased temperature increases the kinetics of grain growth.  Grain growth kinetics is somewhat 

difficult to model since the multistep hot torsion tests involve continuous cooling.  However, since the specimens used 

for PAG analysis were interrupted and quenched, the actual temperature just prior to quenching (25 °C below the last 

deformation step) was used as a starting point.   
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CHAPTER 4 : RESULTS 

This chapter presents the experimental results obtained from the characterization and laboratory testing 

described in Chapter 3.  Metallography and material characterization of the as-received material are presented 

followed by the TNR_Tor values obtained from multistep hot torsion testing.  The effects of alloying elements, 

processing parameters, and differences in testing methods are examined.  The microstructural evolution within the 

torsion samples above and below the measured values of TNR_Tor is also presented. 

 As-Received Material Characterization 4.1

The as-received material was sectioned to determine chemical composition through combustion analysis and 

optical emission spectroscopy (OES) testing.  Light optical microscopy was also performed on the as-received steels.  

Procedures for these analyses are described in Chapter 3. 

4.1.1 Chemical Analysis 

Two sections from each plate were submitted for chemical analysis.  Standard combustion analysis tested the 

amount of C, S, and N in the steel.  Optical emission spectroscopy (OES) was used to confirm the remaining elements.  

Appendix B shows the original chemical analysis provided by the supplier along with the results from the subsequent 

chemical analysis.  The results from the combustion analysis confirmed the concentration of C, S, and N provided by 

the supplier.  The remaining elements are in good agreement for all alloys, with the exception of the V content.  The 

OES analysis for V content was consistently higher by 20-30 ppm for each alloy.  This result may be due to a 

calibration discrepancy or specimen location in the plate. 

Since the difference was consistent in all alloys and the variation in the V measurement is still low, the results 

are not expected to significantly impact the value of TNR_Tor.  Any effect would be in the same direction by 

approximately the same magnitude for all alloys in question.  The overall chemistries are in agreement so the original 

alloy compositions have been used for calculations. 

Table 4.1 shows the values of carbon equivalency for the six alloys used in the current study.  Since the 

carbon content is less than 0.12 wt pct for all alloys, the Ceq Pcm equation was used.  For weldability, the maximum 

allowable Ceq Pcm is 0.25 %.  Each of the steels has less than the maximum allowable carbon equivalency, posing no 

serious problems for welding of these alloys. 

Table 4.1 – Carbon Equivalency for Alloys in Study  

Material ID 
Ceq Pcm 
(%) 

Lo-Nb 0.137 
Hi-Nb 0.140 
Lo-V 0.141 
Hi-V 0.147 
Lo-Ti 0.137 
Hi-Ti 0.140 

Equation for carbon less than 0.12 wt pct 
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4.1.2 Microstructure 

Metallographic samples of the six alloys in the as-received condition were used to obtain approximate grain 

sizes and general microstructural constituent identification.  The expected microstructure for each alloy was primarily 

ferrite with some pearlite or bainite colonies from the air-cooled hot-rolled condition.  Figure 4.1 shows representative 

light optical micrographs for the as-received (a) Lo-Nb and (b) Hi-V alloys from the center of the plate width etched in 

a 2 % nital solution for 3-5 s.  As expected, the microstructure is mostly ferrite with some pearlite or bainite colonies.  

Appendix B shows the as-received micrographs for all alloys tested in the current study.   

 

 Multistep Hot Torsion Tests 4.2

Following the procedure presented in Section 3.4.1, TNR_Tor was measured for the �: 0.05, �̇: 1 s-1 condition; 

the �: 0.20, �̇: 5 s-1 condition; the �: 0.50, �̇: 1 s-1 condition; and the �: 0.50, �̇: 20 s-1 condition for all six alloys.   

4.2.1 Data Conversion to Measure TNR 

Figure 4.2 shows a representative torque-twist plot of the Hi-Nb alloy for the �: 0.20, �̇: 5 s-1 condition.  

Figure 4.3 shows a representative equivalent stress-equivalent strain plot from the torque-twist data shown in 

Figure 4.2.  Figure 4.4 shows the mean flow stress (MFS) versus inverse temperature (1/T) plot for the Hi-Nb alloy 

from the equivalent stress-equivalent strain data shown in Figure 4.3.  Figure 4.5 shows the MFS versus 1/T curves for 

all three Hi-Nb samples for the �: 0.20, �̇: 5 s-1 condition.  There is very good agreement for the three replicate 

samples, providing a high repeatability for the measured TNR using this methodology.  Appendix E contains all the 

MFS versus 1/T data for each alloy at each condition. 

 

(a) 

 

(b) 

Figure 4.1 Representative light optical micrographs for the as-received (a) Lo-Nb and (b) Hi-V alloys from the 
center of the plate width etched in a 2 % nital solution for 3-5 s. 
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Figure 4.2 Representative plot showing torque-twist data from a torsion test of the Hi-Nb alloy tested at a pass 
strain of 0.2 and pass strain rate of 5 s-1. 

 

 

 

Figure 4.3 Representative plot showing equivalent stress-equivalent strain from a torsion test of the Hi-Nb 
alloy tested at a pass strain of 0.2 and pass strain rate of 5 s-1. 
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Figure 4.4 Representative plot showing mean flow stress versus inverse temperature for the Hi-Nb alloy tested 
at a pass strain of 0.2 and pass strain rate of 5 s-1.  TNR_Tor is measured at 975 °C. 

 

 

 

Figure 4.5 Plot showing TNR for all Hi-Nb alloy samples tested at a pass strain of 0.2 and pass strain rate of 5 s-1.  
The average TNR_Tor is measured at 976 °C. 

 

4.2.2 Comparing Testing Conditions 

Figure 4.6 shows the MFS versus 1/T for the Hi-Nb alloy under (a) the �: 0.05, �̇: 1 s-1 condition; (b) the �: 0.50, �̇: 1 s-1 condition; and (c) the �: 0.50, �̇: 20 s-1 condition.  TNR_Tor for the two replicate tests is indicated on 

these plots.  Note how the curvature for each test condition differs from the other test conditions.  Figure 4.6a is 

essentially a straight line, with no inflection.  The higher strain for the test in Figure 4.6b has a curvature, but it is not 

as distinct as for the �: 0.20, �̇: 5 s-1 condition seen in Figure 4.5.  Deformation at the higher strain rate, shown in 

Figure 4.6c exhibits the most distinct transition of the three conditions shown in Figure 4.6 (i.e. the clearest and 
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sharpest inflection point).  All alloys showed similar behavior with respect to strain and strain rate as seen in 

Figure 4.5 and Figure 4.6.   

 

 

(a) 

 

(b) 

 

(c) 
 

Figure 4.6 Representative plots showing mean flow stress versus inverse temperature curves to find TNR_Tor   
the Hi-Nb alloy under (a) the �: 0.05, �̇: 1 s-1 condition; (b) the �: 0.50, �̇: 1 s-1 condition; and (c) the �: 0.50, �̇: 20 s-1 condition.  TNR_Tor between the two replicate tests is indicated on the plots. 
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Figure 4.7 shows the average MFS vs. 1/T for the Hi-Nb alloy for (a) all the processing conditions, and (b) 

three processing conditions: the �: 0.05, �̇: 1 s-1 condition, the �: 0.50, �̇: 1 s-1 condition, and the �: 0.50, �̇: 20 s-1
 to 

provide a better visual comparison.  As expected, increasing strain and increasing strain rate, increased the MFS 

response of the material.  Since the �: 0.05, �̇: 1 s-1 condition did not show a distinct inflection point, this test condition 

is omitted from further comparisons, although the data are presented in Section 4.2.3 for reference.  This trend was 

predicted by Bai and coworkers [9] where a pass strain of less than 0.15 is not enough deformation for recrystallization 

to occur.  

 

 

 

(a) 

 

(b) 

Figure 4.7 Plot showing TNR_Tor comparing (a) all the testing conditions, and  (b) only the three testing 
conditions of �: 0.05, �̇: 1 s-1; �: 0.50, �̇: 1 s-1 ; and �: 0.50, �̇: 20 s-1

 for the Hi-Nb alloy. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.8 shows the MFS vs. 1/T for the three processing conditions for all six alloys: the �: 0.2, �:̇ 5 s-1 

condition, the �: 0.50, �̇: 1 s-1 condition, and the �: 0.50, �̇: 20 s-1 condition.  As the strain rate increases, the inflection 

point is more pronounced, however the linearity of the two stages in �: 0.2, �̇: 5 s-1 is much more evident than the other 
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conditions.  The microstructural evolution associated with the use of multi-pass hot torsion testing to measure TNR_Tor 

for hot rolling of microalloyed steels is presented in more detail in Section 5.5.  Comparing the three testing 

parameters, for each alloy, TNR_Tor decreases as strain increases, and TNR_Tor decreases as strain rate increases. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4.8 Plot showing mean flow stress vs. inverse temperature for the ε: 0.2, ε̇: 5 s-1 condition, the ε: 0.50, ε̇: 
1 s-1 condition, and the ε: 0.50, ε̇: 20 s-1 condition for (a) the Lo-Nb alloy, (b) the Hi-Nb alloy, (c) 
the Lo-V alloy, (d) the Hi-V alloy, (e) the Lo-Ti alloy, and (f) the Hi-Ti alloy. 
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4.2.3 Measured TNR_Tor 

Table 4.2 to Table 4.5 show the measured TNR_Tor values for each sample along with the average TNR_Tor for 

the �: 0.05, �̇: 1 s-1 condition; the �: 0.20, �̇: 5 s-1 condition; the �: 0.50, �̇: 1 s-1 condition; and the �: 0.50, �:̇ 20 s-1 

condition, respectively.  Table 4.6 shows the tabulated TNR_Tor results for the all testing conditions.  Figure 4.9 shows 

bar graphs for each alloy at each condition for a graphical representation of the data presented in Table 4.6.  The 

uncertainty is the range of the measured TNR_Tor for each condition.  In most conditions, the range is very small.  For 

each testing condition, the Hi-Ti alloy has the highest TNR_Tor with the Lo-Nb alloy having the lowest TNR_Tor, with the 

exception of the �: 0.05, �̇: 1 s-1 condition.  However, since there is no obvious inflection point, the data cannot be 

used to understand trends in TNR.  The same method was used to determine TNR for the �: 0.05, �̇: 1 s-1 condition and 

the reported values had the highest R2 value as discussed in Section 3.4.1   Discussion of these results is in Section 5.1 

and Section 5.2.   

 

Table 4.2 – Measured TNR_Tor Values for the �: 0.05, �̇: 1 s-1 Condition* 

Material ID 
Sample 1 

TNR_Tor (°C) 
Sample 2 

TNR_Tor (°C) 
Average 

TNR_Tor (°C) 
Lo-Nb 875 894 885 
Hi-Nb 873 874 874 
Lo-V 879 879 879 
Hi-V 875 873 874 
Lo-Ti 865 845 855 
Hi-Ti 873 890 882 

*Because of the very low amount of strain each pass, this condition will not be included in the discussion of trends. 

 

Table 4.3 – Measured TNR_Tor Values for the �: 0.20, �̇: 5 s-1 Condition 

Material ID 
Sample 1 

TNR_Tor (°C) 
Sample 2 

TNR_Tor (°C) 
Sample 3 

TNR_Tor (°C) 
Average 

TNR_Tor (°C) 
Lo-Nb 932 936 932 934 
Hi-Nb 975 977 976 976 
Lo-V 966 967 966 968 
Hi-V 982 975 973 977 
Lo-Ti 975 969 981 975 
Hi-Ti 1026 1027 1027 1027 

 

 

Table 4.4 – Measured TNR_Tor Values for the �: 0.50, �̇: 1 s-1 Condition 

Material ID 
Sample 1 

TNR_Tor (°C) 
Sample 2 

TNR_Tor (°C) 
Average 

TNR_Tor (°C) 
Lo-Nb 860 857 859 
Hi-Nb 916 914 915 
Lo-V 882 882 882 
Hi-V 896 892 894 
Lo-Ti 906 904 905 
Hi-Ti 946 946 946 
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Table 4.5 – Measured TNR_Tor Values for the �: 0.50, �̇: 20 s-1 Condition 

Material ID 
Sample 1 

TNR_Tor (°C) 
Sample 2 

TNR_Tor (°C) 
Average 

TNR_Tor (°C) 
Lo-Nb 822 824 823 
Hi-Nb 872 875 874 
Lo-V 863 859 861 
Hi-V 879 873 874 
Lo-Ti 892 890 891 
Hi-Ti 913 919 916 

 

Table 4.6 – Average Measured TNR_Tor Values for the Various Testing Conditions 

Material ID 
�: 0.05, �̇: 1 s-1 

TNR_Tor (°C) 
�: 0.20, �̇: 5 s-1 

TNR_Tor (°C) 
�: 0.50, �̇: 1 s-1 

TNR_Tor (°C) 
�: 0.50, �̇: 20 s-1 

TNR_Tor (°C) 
Lo-Nb 885 933 858 823 
Hi-Nb 874 976 915 874 
Lo-V 879 968 882 861 
Hi-V 874 977 894 874 
Lo-Ti 855 975 905 891 
Hi-Ti 882 1025 946 916 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4.9 Bar graphs comparing the measured TNR_Tor values for (a) the �: 0.20, �̇: 5 s-1 condition; (b) the         �: 
0.50, �̇: 1 s-1 condition; and (c) the �: 0.50, �̇: 20 s-1 condition for all six alloys. 



 57 

Table 4.7 shows the average pass strains, pass strain rates, and difference in measured temperature from 

program temperature (∆ ).  The uncertainty was calculated using standard deviation values for each measurement 

type.  The results were calculated from each deformation step from each sample.  The sample size is around 900 

deformation passes.  Most of the pass strains are very close to the programmed value, with the exception of the �: 0.50, �̇: 20 s-1 condition.  The average pass strain for the �: 0.50, �̇: 20 s-1 condition is 0.34 ± 0.080.  It is likely that the 

Gleeble® was unable to complete the programmed deformation before moving to the next line of code due to the 

higher strain rates as well as limitations in data acquisition rates.  For the same condition, the strain rate is less than the 

programmed value.  This difference is attributed to the coupler ram slowing down toward the end of deformation to 

ensure the ram stops at the designated strain value.  These results are discussed further in Chapter 5. 

 

Table 4.7 – Deformation Parameters from the Programmed Values 

Test Condition Average �/pass 
Average �̇/pass 

(s-1) 
Average ∆  /pass 

(°C) �: 0.05, �̇: 1 s-1 0.05 ± 0.004 1.43 ± 0.72 0.75 ± 2.17 �: 0.20, �̇: 5 s-1 0.18 ± 0.010 5.01 ±  0.18 1.64 ± 1.02 �: 0.50, �̇: 1 s-1 0.42 ± 0.070 1.04 ±  0.02 3.73 ± 2.42 �: 0.50, �̇: 20 s-1 0.34 ± 0.080 16.61 ±  3.72 2.64 ± 4.22 
 

 

 Effect of Test Methods on Measured TNR 4.3

Identifying an accurate TNR and using that calculated or measured value for other process conditions, whether 

changes in deformation parameters or actual testing procedures, is not a straight forward task.  This section highlights 

variations in TNR_Tor for different multistep hot torsion conditions.  It compares results of multistep hot torsion tests to 

double-hit deformation tests, and it also compares the measured TNR_Tor values to empirical TNR equations found in the 

literature. 

4.3.1 Hot Torsion Simulations 

Figure 4.10 shows bar graphs of the �: 0.20, �̇: 5 s-1 condition; the �: 0.50, �̇: 1 s-1 condition; and the �: 0.50, �̇: 20 s-1 condition for (a) the Nb alloys, (b) the V alloys, and (c) the Ti alloys.  Comparing the three testing parameters, 

for each alloy, TNR_Tor decreases as strain increases, and TNR_Tor decreases as strain rate increases.  These trends follow 

the patterns reported by Bai et al. [9].   

Table 4.8 shows the difference in measured TNR_Tor between the alloy sets for each condition.  For example, 

the difference in TNR_Tor between the Hi-Nb and Lo-Nb alloys for the �: 0.20, �̇: 5 s-1 condition is 44 °C.  This result is 

similar to the difference between the Nb alloys for the other conditions.  The difference between the V alloys for the 

three main conditions is between 9 and 13 °C.  This difference is much closer than the Nb-alloys.  The Ti-alloys follow 

a similar trend as the Nb-alloys, having a difference of 41 to 50 °C in the �: 0.20, �̇: 5 s-1 and  �: 0.50, �̇: 1 s-1 

conditions.  However, the difference in TNR_Tor for the �: 0.50, �̇: 20 s-1 condition in the Ti-alloys is smaller at 25 °C.  

More discussion of the TNR_Tor differences is in Section 5.1 where the synergistic effects of the alloying additions on 

TNR_Tor are discussed. 
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Table 4.9 shows the difference in measured TNR_Tor for all the alloys compared with the “base” alloy Hi-Nb 

for each testing condition.  These results show trends away from the baseline to draw conclusions of the effect of 

alloying additions on TNR_Tor.  For example, the difference in TNR_Tor between the Lo-Ti and Hi-Nb alloys for the �: 0.20, �̇: 5 s-1 condition is -1 °C, where the TNR_Tor for the Lo-Ti alloy was 1 °C lower than the Hi-Nb alloy.  

However, the difference between the Lo-Ti and Hi-Nb alloy in the �: 0.50, �̇: 1 s-1 condition changes to -10 °C.  The 

difference is even greater in the �: 0.50, �̇: 1 s-1 condition with the Lo-Ti alloying having a measured TNR_Tor of 18 °C 

higher than the Hi-Nb alloy.  These results indicate that the processing parameters are playing a role in the measured 

TNR_Tor, however the changes in measured TNR_Tor are is not consistent for the processing parameters for different 

alloys.  Discussion of the effect of alloying additions and possible effects of testing conditions is considered and is 

addressed in Section 5.1 and Section 5.2. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.10 Bar graphs comparing the measured TNR_Tor values for (a) the Nb alloys, (b) the V alloys, and (c) the Ti 
alloys for the three testing parameters measured thus far. 
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Table 4.8 – Difference in Measured TNR_Tor Values for the Various Alloy Groups (Hi-X Minus Lo-X) 

Material ID 
�: 0.20, �̇: 5 s-1 
Δ TNR_Tor (°C) 

�: 0.50, �̇: 1 s-1 

Δ TNR_Tor (°C) 
�: 0.50, �̇: 20 s-1 

Δ TNR_Tor (°C) 

Lo-Nb 
44 57 51 

Hi-Nb 
Lo-V 

9 12 13 
Hi-V 
Lo-Ti 

50 41 25 
Hi-Ti 

 

 

Table 4.9 – Difference in Measured TNR_Tor Values from the “Base” Hi-Nb Alloy 

Material ID 
�: 0.20, �̇: 5 s-1 
Δ TNR_Tor (°C) 

�: 0.50, �̇: 1 s-1 

Δ TNR_Tor (°C) 
�: 0.50, �̇: 20 s-1 

Δ TNR_Tor (°C) 

Lo-Nb -44 -57 -51 
Hi-Nb - - - 
Lo-V -8 -33 -13 
Hi-V 1 -21 0 
Lo-Ti -1 -10 17 
Hi-Ti 49 31 42 

 

 

4.3.2 Comparing Multistep Hot Torsion to Double Hit Compression Testing 

In the current sub-section, the designation “TNR” will be used to indicate both TNR_Tor and TNR from 

double-hit.  The method to determine TNR is indicated clearly.  Table 4.10 shows the TNR data for multistep hot torsion 

and double-hit compression for the six alloys in the current study under the �: 0.20, �̇: 5 s-1 condition.  Appendix F 

outlines the double-hit compression procedure in more detail.  The compression tests were conducted for a previous 

study [86].  

The data exhibit the expected trend, having a lower TNR from multistep hot torsion than from double-hit 

deformation tests.  Figure 4.11 shows a moderate correlation between the data for hot torsion and double-hit tests.  

There appears to be no clear indication of how much influence hot torsion tests have on TNR compared with double-hit 

deformation tests, i.e. the difference of TNR between hot torsion and double-hit tests is not consistent.  However, the Ti 

alloys appear to be within reasonable agreement of the measured TNR.  Further discussion of the comparison is in 

Section 5.3 

Table 4.10  Comparison of TNR Determination Through Multistep Hot Torsion  
and Double-Hit Compression 

Material ID 
Torsion 

(°C) 
Double-Hit 

(°C) 
ΔT 
(°C) 

Lo-Nb 933 953 -20 
Hi-Nb 976 1000 -24 
Lo-V 968 995 -27 
Hi-V 977 1025 -48 
Lo-Ti 975 981 -6 
Hi-Ti 1025 1026 -1 
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Figure 4.11 Comparison of the experimental TNR for multistep hot torsion tests and double-hit deformation 
tests.  The strain and strain rate for each test was 0.2 and 5 s-1, respectively.   

 

4.3.3 Comparing Multistep Hot Torsion TNR Results to Empirical Formulas 

Many equations are available in the literature to predict TNR based on alloy content and limited deformation 

parameters.  The equations were presented in Section 2.4.2.  Limitations of this analysis include the fact that most of 

the equations are based on alloy content alone.  Under a given set of deformation parameters, one equation may predict 

TNR within reasonable expectations; changing one deformation parameter, however, may cause the same equation to 

be unable to accurately predict TNR for a given steel composition.  

In the current sub-section, the designation “TNR” will be used to indicate both TNR_Tor and TNR from empirical 

equations.  Figure 4.12 shows plots comparing empirical equations from the literature with the measured TNR values 

for (a) the �: 0.20, �̇: 5 s-1 condition; (b) the �: 0.50, �̇: 1 s-1 condition; and (c) the �: 0.50, �̇: 20 s-1 condition for all six 

alloys.  The dotted line is a 1:1 line.  Table 4.11 shows the predicted values of TNR from equations from the literature.  

Figure 4.12 shows plots comparing empirical equations from the literature with the measured TNR values for (a) the �: 0.20, �̇: 5 s-1 condition; (b) the �: 0.50, �̇: 1 s-1 condition; and (c) the �: 0.50, �̇: 20 s-1 condition for all six alloys.  

The dashed line is a 1:1 line.  It is clear that the Boratto equation [54] overestimates TNR in each condition.  In the �: 0.20, �̇: 5 s-1 condition, the Bai [9], Fletcher 1 [59] and Fletcher 2 [59] equations more accurately predict TNR.  

However, with the higher pass strains, those equations also overestimate TNR.   
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(a) 

 

(b) 

 

(c) 

Figure 4.12 Plots comparing empirical equations from the literature with the measured TNR values for (a) the �: 0.20, �:̇ 5 s-1 condition; (b) the �: 0.50, �̇: 1 s-1 condition; and (c) the �: 0.50, �̇: 20 s-1 condition for 
all six alloys.  The dotted line is a 1:1 line. 

 

Table 4.11 - TNR Predictions from the Empirical Equations from the Literature  

Material ID 
Boratto[54] 

Eq (2.4) 
Bai 1[52] 
Eq (2.5) 

Fletcher 1 [59] 
Eq (2.6) 

Fletcher 2 [59] �: 0.20 
Eq (2.8) 

Fletcher 2 [59] �: 0.50 
Eq (2.8) 

Lo-Nb 994 965 938 927 862 
Hi-Nb 1156 1029 992 979 914 
Lo-V 1138 1029 999 958 893 
Hi-V 1148 1033 1011 944 879 
Lo-Ti 1175 1022 993 980 915 
Hi-Ti 1233 1024 991 978 913 
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 Microstructural Meaning of the Mechanically Determined TNR_Tor 4.4

The words “no-recrystallization temperature” imply a microstructural meaning, though up to this point all 

results have used mechanical behavior to identify TNR.  Due to questions around the use of MFS versus 1/T plots to 

find TNR, the current study has attempted to identify the microstructure near the inflection point.  Since the �: 0.20, �̇: 5 s-1 condition had the most distinct inflection point, that condition was chosen for microstructural analysis, which 

should have the most distinct changes in microstructure.  The Hi-Nb and Lo-Ti alloys were selected for analysis, 

having similar results for the �: 0.20, �̇: 5 s-1 condition.  The torsion tests were repeated and interrupted to quench the 

austenite microstructure above and below TNR.  The quench temperatures for both alloys were: 1025, 1000, 975, 950, 

and 925 °C.   

To verify the microstructure, samples were sectioned and etched, following the procedure outlined in 

Section 3.5.2, which can be difficult for a one-armed researcher [61], [117]–[119].  Figure 4.13 shows the MFS versus 

1/T curves for the Hi-Nb and Lo-Ti alloys with the quench locations circled.  To allow for recrystallization, the 

samples were cooled to the next deformation step in the 20 s tip and He quenched when the next deformation should 

have occurred.  Figure 4.14 shows a temperature-time schematic with the quench identified for graphical 

representation.   

 

 

(a) 

 

(b) 

Figure 4.13 Plot showing quenched samples on the MFS versus 1/T curves for the Hi-Nb and Lo-Ti alloys under 
the �: 0.20, �̇: 5 s-1 condition. 
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Figure 4.14 Temperature-time schematic showing the quench occurs after the tip prior to the next deformation 
pass to allow time for recrystallization. 

 

4.4.1 Microstructure 

To verify TNR_Tor as it relates to TNR, the microstructures were examined for each alloy above and below the 

measured TNR_Tor.  Using an aqueous picric solution outlined in Section 3.4.2, the prior austenite grains (PAGs) were 

revealed and photo micrographs were taken on the light optical microscope (LOM).  Challenges arise when trying to 

reveal the prior austenite grains.  The samples were He quenched from the deformation temperature and tempered at 

500 °C near the embrittlement nose to help trace elements segregate to the prior austenite grain boundaries.  Initially, 

samples were tempered for 24 h.  The PAGs were still difficult to reveal and a longer temper of 72 h was used.   

Figure 4.15 and Figure 4.16 show micrographs for the Hi-Nb and Lo-Ti quenched torsion specimens under 

the �: 0.20, �̇: 5 s-1 condition.  The samples were machined to the effective radius before standard grinding and 

polishing procedures were followed for LOM analysis.  Microhardness indents are used as a reference to the centerline 

and torsional axis.  In many of the micrographs, the grain boundaries are not smooth, as expected of the PAGs.  It is 

possible the He quench was insufficient to completely “freeze” the austenite structure and some non-martensitic 

features are present, causing the jagged grain boundaries.  Most of the non-martensitic features are believed to be 

acicular ferrite.  Some conclusions can still be inferred from the LOM images.  Table 4.12 shows the predicted grain 

size from empirical formulas and the measured average grain size using the intercept method. 

In the Hi-Nb alloy at 1025 °C, large, relatively equiaxed grains are visible.  The grains appear to be aligned at 

some angle relative to the torsional axis.  The grains are on the order of 60 μm.  This size is similar to the expected 

grain size from Eq. (3.5 of 60 μm.  A few clusters of finer grains are present.  The finer grains show areas where the 

recrystallized grains did not have enough time to grow before quenching.  Regions of finer grains are also present in 

the Hi-Nb 1000 °C material.   
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At 1000 °C after another deformation step, the grains remain relatively equiaxed with an average grain size 

of 59 μm, as compared to the predicted grain size of 56 μm.  At 975 °C, which is the mechanically measured TNR_Tor, 

finer grains are present with an average grain size of 50 μm.  Darker regions, or bands, are more evident at this 

temperature.  Since 975 °C is the measured TNR_Tor, complete recrystallization is not expected at lower temperatures, 

and complete recrystallization is expected at higher temperatures.  At 950 °C, 25 °C lower than the measured TNR_Tor, 

the grain boundaries are very jagged.  Some grains are around 20 μm, while others are closer to 40 μm and there are a 

few large grains over 60 μm.  The grain boundaries are not very clear, thus the grain size measurements have a low 

level of confidence.  At the lowest deformation temperature of 925 °C, the grains are finer, on the order of 30 μm.  

Banding is more evident at the lowest temperature.   

The Lo-Ti alloy follows a similar trend.  Equiaxed grains are present above the measured TNR_Tor.  The grains 

are larger than the Hi-Nb alloy at the same temperatures.  At 950 °C, a bimodal grain size relationship appears to be 

present.  Some grains are quite large, around 100 μm, while others are closer to 25 μm.  At 925 °C, the banding is 

much more evident. 

 

Table 4.12  Measured Grain Size Compared with Predicted Grain Size for Recrystallized Austenite Grains 

Tdef  
(°C) 

Predicted 
(μm) 

Measured 
Hi-Nb 
(μm) 

Measured 
Lo-Ti 
(μm) 

1025 60 62 88 
1000 56 59 83 
975 52 50 67 
950 48 49 64 
925 45 30 43 

 

 

To provide more insight into the microstructural evolution, electron back scattered diffraction (EBSD) scans 

were obtained for the Hi-Nb alloy.  The EBSD scans were completed by Singon Kang.  Figure 4.17 shows the EBSD 

inverse pole figure maps with reconstructed PAG boundaries overlaid on the images.  The PAG reconstruction from 

EBSD data was performed by Tuomo Nyyssönnen.  To eliminate possible distractions from the inverse pole figure 

maps, Figure 4.18 shows the reconstructed prior austenite grain boundaries. 

The main observation is the refined grain structure as the deformation temperature decreases.  Large grains 

on the order of 50 to 100 μm are observed in the 1025 °C and 1000 °C conditions.  Smaller, equiaxed grains are 

observed in the 975 °C condition.  The 950 °C and 925 °C conditions show large elongated grains surrounded by 

regions of refined equiaxed grains.  The large grains are on the order of 75 μm.  The smaller grains range from around 

10 μm to 30 μm.   
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Figure 4.15 Light optical micrographs of the Hi-Nb and Lo-Ti alloys at each quench temperature (QT) under the �: 0.20, �̇: 5 s-1 condition.  The microhardness indents are a reference line for the center of the 

sample, parallel to the torsional axis, at the effective radius.  Part 1 of 2. 
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Figure 4.16 Micrographs of the Hi-Nb and Lo-Ti alloys at each quench temperature (QT) under the �: 0.20, �̇: 5 s-1 condition.  The microhardness indents are a reference line for the center of the sample, 

parallel to the torsional axis, at the effective radius.  Part 2 of 2. 

The key assumption in the algorithm is that the grain map assembled from the EBSD dataset contains only 

grain boundaries between martensitic laths and parent austenite grain boundaries.  Features such as acicular or 

allotriomorphic ferrite will introduce uncertainty to the reconstruction result by altering the regularity of the 

misorientation dataset; similarly, any heat treatments affecting the martensitic orientations will introduce uncertainty 

into the result.  In the reconstructed boundary maps, this will show as raggedness of the reconstructed grain boundaries 

due to boundary misindexation or errors in clustering.  An assessment of the reliability of the reconstruction can be 

made by calculating the mean of the deviation angles between individual reconstructed orientations and the mean 

orientation of a reconstructed parent austenite grain, with a higher angle meaning more uncertainty in the result.  The 

mean deviation angle for the data was around approximately 3 degrees, indicating a satisfactory reconstruction result. 

The main observation is the refined grain structure as the deformation temperature decreases.  Large grains 

on the order of 50 to 100 μm are observed in the 1025 °C and 1000 °C conditions.  Smaller, equiaxed grains are 

observed in the 975 °C condition.  The 950 °C and 925 °C conditions show large elongated grains surrounded by 

regions of refined equiaxed grains.  The large grains are on the order of 75 μm.  The smaller grains range from around 

10 μm to 30 μm.  A discussion of the results is presented in Section 5.4.2.  Appendix G shows all inverse pole figure 

maps and the reconstructed PAGs for the Hi-Nb alloy. 



 67 

  

  

 
Figure 4.17 Reconstructed PAGs from EBSD scans of the Hi-Nb deformation temperature (Tdef) under the �: 0.20, �̇: 5 s-1 condition, courtesy of S. Kang (EBSD scans) and T. Nyyssönen (reconstructions).  

(color image- see pdf) 
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Figure 4.18 Reconstructed PAGs from EBSD scans of the Hi-Nb deformation temperature (Tdef) under the �: 0.20, �̇: 5 s-1 condition, courtesy of S. Kang (EBSD scans) and T. Nyyssönen (reconstructions).  

(color image- see pdf) 
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CHAPTER 5 : DISCUSSION 

This chapter discusses the experimental results presented in Chapter 4.  Discussion of the synergistic effects 

of alloying elements on the measured TNR_Tor is made, followed by the effect of processing parameters on TNR_Tor and 

testing methodology on the no-recrystallization behavior.  Finally, the microstructural meaning of the inflection point 

of the MFS versus 1/T is analyzed.  Further experimentation of a commercial grade 10V45 steel with microstructural 

analysis is also presented. 

 Synergistic Effects of Alloying Elements on TNR_Tor 5.1

Following the procedure outlined in Section 3.4.1, TNR_Tor was measured for the �: 0.05, �̇: 1 s-1 condition; 

the �: 0.20, �̇: 5 s-1 condition; the �: 0.50, �̇: 1 s-1 condition; and the �: 0.50, �̇: 20 s-1 condition for all six alloys.  This 

section discusses the effect of processing conditions on the measured TNR_Tor.  Figure 4.9 and Figure 4.10 can be used 

as a visual reference for the discussion.  As expected, the Hi-X alloys had higher values of TNR_Tor as compared to the 

Lo-X alloys for each processing condition due to the increase in alloying additions.  It was anticipated that the Hi-V, 

Lo-V, and Lo-Ti would have somewhat higher values of TNR_Tor than the Hi-Nb due to the additions of V and Ti.  

However, the TNR_Tor values are all similar for these alloys.  It appears the V additions does not play a significant role 

in increasing TNR_Tor.  The Hi-Ti had the highest TNR_Tor for each processing condition, but the Lo-Ti had unexpected 

effects, which are described in more detail below.   

5.1.1 Effect of Niobium 

Niobium is a very strong microalloying element, requiring only small amounts to inhibit recrystallization in 

steels, as compared with Ti and V.  This section discusses some of the effects of Nb additions by comparing the Lo-Nb 

and Hi-Nb alloys to each other.  The results obtained in the current study follow predicted trends as documented in the 

literature. 

The Lo-Nb alloy, having only 0.027 wt pct Nb and neither V nor Ti additions, behaves most closely to a plain 

C-Mn steel within the current study.  The Lo-Nb steel was expected to have the lowest TNR_Tor for each testing 

condition, and it followed this predicted trend.  The lower amount of alloying elements reduces the inhibition of 

recrystallization due to fewer precipitates and less opportunity for solute drag.  While strain-induced precipitation 

allows for precipitation over a shorter time as compared with isothermal holds, there was insufficient Nb in the Lo-Nb 

alloy to significantly increase TNR_Tor as compared to the Hi-Nb base alloy, therefore the measured TNR_Tor was the 

lowest among the alloys studied.   

The Hi-σb alloy is considered the “base” alloy for the current study.  When compared with the Lo-Nb alloy, 

the TNR_Tor for the Hi-Nb alloy was approximately 50 °C higher than the Lo-Nb alloy for each testing condition (see 

Table 4.8).  Therefore, the increase in Nb from 0.028 wt pct to 0.060 wt pct Nb had a significant impact on the 

recrystallization behavior of the steel.  The difference in TNR_Tor was reasonably consistent for each testing condition, 

showing the relative effect of increased amount of Nb on TNR_Tor is fairly independent of processing conditions.   
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5.1.2 Effect of Vanadium 

Vanadium is known to have high solubility limits in austenite, and is not expected to precipitate in the 

thermal range of hot rolling without the help of large amounts of strain to create strain induced precipitates.  Even then, 

strain induced precipitation would be expected to form NbN, NbC, and Nb(C,N) prior to precipitating V.  Therefore, 

the actual effect of V in these steels does not appear to play a significant role in inhibiting recrystallization.  The Hi-V 

alloy does have a higher TNR_Tor than the Lo-V, indicating the V may be playing a small role; however, the range of 

TNR_Tor values for these two alloys does not appear to be significantly different 

The V alloys contain the base amount of Nb: 0.06 wt pct Nb.  It might be expected that the Hi-V alloy would 

show similar results as that of the Hi-Ti alloy.  In a previous study [86], the Hi-V alloy had a measured TNR from 

double-hit compression, similar to the Hi-Ti alloy indicating a complex interaction of V and Nb affecting TNR.  

However in the current study, the Hi-V alloy had the same or lower TNR_Tor when compared to the base Hi-Nb alloy 

under each testing condition.  Thus, indicating that the role of V is too slight to observe with the given amounts of Nb 

present.   

Comparing the Lo-V alloy to the Hi-Nb alloy, the TNR_Tor results are all lower, ranging from -8 to -33 °C 

differences.  The differences seem counter-intuitive as the additional alloying of V should create more precipitation 

and therefore more grain boundary pinning and ultimately a higher TNR_Tor.  However, the current study shows that the 

additions of V to a Nb-bearing steel do not appear to inhibit recrystallization, and may actually promote 

recrystallization at lower temperatures.  One explanation could be an increase in precipitation and size of the 

precipitates.  A study by Speer et al. [12] showed in a Nb-V-C-N containing steel, precipitates at grain boundaries 

were more V-rich than precipitates in the matrix.  Vervynckt et al. [20] showed that typical strain induced precipitates 

were on the order of 20 nm which are too large to significantly pin grain boundaries.   

Although not confirmed experimentally, the Lo-V alloy, with 0.021 wt pct V, may have precipitated complex 

Nb/V(C,N) which consumed some of the Nb and made the V containing precipitates too large to inhibit grain 

boundary motion.  Thus, the measured TNR_Tor was lower than the Hi-Nb for every condition.  The extra V in the Hi-V 

alloy (0.056 wt pct V) may have enough V to form fine precipitates to make up for possible larger complex 

precipitates.   

The Hi-V alloy has the same measured TNR_Tor as the Hi-Nb alloy in the �: 0.20, �̇: 5 s-1 and �: 0.50, �̇: 20 s-1 

conditions, but has a significantly lower TNR_Tor in the �: 0.50, �̇: 1 s-1 condition.  The hypothesis mentioned above 

regarding the Hi-V alloying having enough alloying to counter act possible large precipitates may be examined further 

through looking at the processing parameters.  The �: 0.50, �̇: 1 s-1 condition imparts a large strain per pass with a very 

slow strain rate.  The larger deformation per pass will increase the driving force for both precipitation and 

recrystallization.  This condition gives the same amount of deformation as the �: 0.50, �̇: 20 s-1 condition, so the 

driving force solely from strain is the same.  However, the slower strain rate may allow sufficient time for more 

precipitation to occur and coarsen during each step, whereas any precipitation which occurs during the �: 0.50, �:̇ 

20 s-1 condition will be much finer due to the higher strain rate.  More discussion of the effect of processing parameters 

is presented in Section 5.2. 
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5.1.3 Effect of Titanium 

Titanium is a strong nitride former as well as having a strong influence on recrystallization behavior.  The Ti 

alloys were expected to have an increased TNR_Tor for each processing condition due to the extra alloying.  The Hi-Ti 

alloy behaved as anticipated. 

The higher TNR_Tor of the Hi-Ti alloy can most easily be explained by the addition of 0.099 wt pct Ti as 

compared with the Hi-Nb alloy.  The C and Nb levels are otherwise the same as for the other alloys.  Therefore, the Ti 

is playing a role in the increase of TNR_Tor.  Solubility calculations indicate that all the N should precipitated as TiN.  As 

most TiN precipitates are believed to be too big to affect TNR_Tor, other considerations must be made.  Some Ti is 

predicted to remain in solution, therefore, the role of Ti inhibiting recrystallization could be y 1) as solely a 

substitutional element, 2) as TiC, 3) as a complex Ti(C,N), or 4) as a more complex TiNb(C,N).  Due to the significant 

amount of deformation, strain induced precipitates, especially carbides would be expected.  Overall, the Hi-Ti alloy 

produced results as expected- the increase in alloying additions increased the measured TNR_Tor for every condition.  

The Lo-Ti alloy showed similar TNR_Tor results as the Hi-Nb and Hi-V alloys for all conditions.  When 

compared with the Hi-Nb alloy, the measured TNR_Tor had a range of -10 to +18 °C.  Some of this variation may be due 

to the specifics of the processing parameters, which are discussed in more detail in Section 5.2.  However, it appears 

the processing parameters played a significant role in the precipitation, grain growth, and ultimately recrystallization 

behavior of the Lo-Ti alloy.  As mentioned in Section 2.3.2, there is no consensus in the literature as to the amount of 

Ti for the most beneficial results.  Therefore, the ideal amount of Ti may be dependent on processing conditions.  The 

results in the current study show for moderate strain/strain rate conditions, the Lo-Ti alloy responds similarly as the 

Hi-Nb alloy where the effect of Ti is relatively insignificant, as suggested by Gladman [14].  With higher strains but 

low strain rates, the addition of Ti may coarsen precipitates beyond effectiveness.  At the higher strains and higher 

strain rates, the additional Ti may form more finely dispersed precipitates to help pin grain boundaries. Ultimately, 

further microstructural analysis is needed to confirm the presence of precipitates, the identity and size of the 

precipitates and ideally the location of the precipitates- at the grain boundaries or within the grains for all conditions. 

 Effect of Processing Parameters on TNR_Tor 5.2

Following the procedure outlined in Section 3.4.1, TNR_Tor was measured for the �: 0.05, �̇: 1 s-1 condition; 

the �: 0.20, �̇: 5 s-1 condition; the �: 0.50, �̇: 1 s-1 condition; and the �: 0.50, �̇: 20 s-1 condition for all six alloys.  This 

section discusses the effect of processing conditions on the measured TNR_Tor.  Figure 4.9 and Figure 4.10 can be used 

as a visual reference for the discussion.  As expected, increasing strain decreases TNR_Tor and increasing strain rate 

decreases TNR_Tor.  This trend held true for each alloy.  These trends follow the patterns seen by Bai et al. [9].  The 

increase in strain creates more driving force for recrystallization at lower temperatures.  The more times the material 

recrystallizes the more refined the grains become.  The increase in grain boundary area from the extensive refined 

grains increases nucleation sites for further recrystallization, thus decreasing the TNR_Tor further. These grain 

boundaries could also provide nucleation sites for precipitates and increase TNR_Tor.. Because experimental 

measurements showed a decrease in TNR_Tor, the use nucleation sites for recrystallized grains appears to be dominant. 

A microstructural as well as a precipitate analysis would need to be done to confirm these ideas. 
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5.2.1 Testing Condition of �: 0.20, �̇: 5 s
-1 

The testing condition of �: 0.20, �̇: 5 s-1 was used in a previous study [86] and was chosen, in part, as a 

comparison to the previous study.  Discussion of the comparison is in Section 5.2.1.  The parameters are typical of 

multistep hot torsion testing, having roughly the median values for strain and strain rate found in the literature. 

This test condition was used as the “base” condition, relating most observations to this condition.  The MFS 

versus 1/T curves had the most distinct inflection point.  This point could be attributed to a combination of strain and 

strain rate (i.e. amount of deformation and speed of deformation) having the most distinct transition from completely 

recrystallized to incompletely recrystallized.  Further analysis and discussion of this transition is found in Section 5.4. 

In the �: 0.20, �̇: 5 s-1 condition, the Hi-Nb, Lo-V, Hi-V, and Lo-Ti alloys all had similar measured TNR_Tor 

values.  Although the Lo-Nb alloy had the lowest measured TNR_Tor for all testing conditions, the measured TNR_Tor 

value for the �: 0.20, �̇: 5 s-1 condition was higher than the Hi-Nb alloy at the other testing conditions.  Under this 

condition, the Nb in the Lo-Nb alloy was able to inhibit recrystallization.  This condition could indicate a good 

processing window where the effects of strain induced precipitation, precipitation coarsening, and grain boundary 

pinning are favorable to increase TNR_Tor.  This trend is seen for the V and Ti alloys, as well.  Even though the strain 

rate is higher than the �: 0.50, �:̇ 1 s-1 condition, the strain is not enough to overcome the strain rate increase, and 

TNR_Tor is higher.  These results confirm what is seen in the literature [9] that the effect of strain rate on TNR_Tor is not as 

strong as the effect of strain on TNR_Tor.  The effect of strain rate on TNR_Tor is more evident at higher pass strains. 

5.2.2 Testing Condition of �: 0.50, �̇: 1 s
-1

 

The �: 0.50, �̇: 1 s-1 condition had the most unique values of measured TNR_Tor for each alloy.  The Hi-Ti had 

the highest TNR_Tor at 946 °C, followed by the Hi-Nb at 915 °C, the Lo-Ti at 905 °C, the Hi-V at 894 °C, the Lo-V at 

882 °C, and lastly the Lo-Nb at 858 °C.  It has been established in the literature that an increase in pass strain can have 

a large effect in lowering TNR_Tor [9].  This strong decrease in TNR_Tor with increasing pass strain can be attributed to 

several factors, such as grain refinement, increased dislocation density, and precipitate coarsening.  These three factors 

all play interconnected roles and ultimately influence recrystallization and the measured TNR_Tor.  Grain refinement is 

due to the extent of recrystallized grains where finer grains are produced via static recrystallization.  The fine grains 

have more nucleation sites for subsequent recrystallization and are likely to soften more quickly.  An increased 

dislocation density due to the higher strains, and more deformation also promotes more rapid recrystallization.  

Precipitate coarsening occurs when the dislocation density is increased and the increase in dislocation density can also 

increase the coarsening rate.  The coarse precipitates are less effective at pinning grain boundaries, and as such, 

recrystallization can be completed at lower temperatures.   

When comparing the �: 0.50, �̇: 1 s-1 condition to the �: 0.20, �̇: 5 s-1 condition, a decrease in TNR_Tor is 

observed for all alloys and the decrease is attributed to the factors listed above.  When TNR_Tor comparing the �: 0.50, �̇: 1 s-1 condition to the �: 0.50, �̇: 20 s-1 condition, the �: 0.50, �̇: 1 s-1 condition has a higher TNR_Tor for all alloys.  

This trend is reported in the literature.  The higher strains of the �: 0.50, �̇: 20 s-1 condition have higher dislocation 

densities, and it is believed the precipitates are coarser than the �: 0.50, �̇: 1 s-1 condition.   
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An interesting observation of the �: 0.50, �̇: 1 s-1 test is that the average ∆ /pass is relatively high.  This value 

is the difference between the measured specimen temperature from the pyrometer and the programmed temperature.  

In many cases, the measured temperature deviated from the programmed temperature over 5 °C.  This deviation only 

took place at the lower temperatures, less than 850 °C.  The maximum difference was around 8 °C.  The total strain of 

a specimen tested in the � : 0.50, �̇: 1 s-1 condition is 9.5.  For this specimen geometry, that is a total of 14.5 

revolutions, which is almost 91 radians.  Without forced cooling, it is easy to believe with this amount of work it might 

be hard to dissipate the heat generated.  Before each deformation step, the samples were within 5 °C of the 

programmed temperature at each pass.  The increase in temperature is believed to be only attributed to the work put 

into the sample and the machine’s inability to cool adequately due to the large volume of material in the grip section 

and the grips themselves being made of a tool steel and not a cooled copper grip.  This temperature difference from the 

programmed temperatures is not believed to significantly alter the measured values of TNR_Tor.   

5.2.3 Testing Condition of �: 0.50, �̇: 20 s
-1

 

The �: 0.50, �̇: 20 s-1 condition had the lowest measured values of TNR_Tor as compared with the other testing 

conditions.  These results follow trends in the literature where higher pass strains and pass strain rates decrease the 

TNR_Tor.  The Hi-Ti alloy had the highest TNR_Tor and the Lo-Nb alloy had the lowest TNR_Tor.  The Lo-Ti alloy had the 

second highest TNR_Tor of 891 °C, 17 °C higher than the Hi-Nb and Hi-V at 874 °C, followed by the Lo-V at 861 °C.   

The MFS of the �: 0.50, �̇: 20 s-1 condition tests were higher than the �: 0.50, �̇: 1 s-1 condition tests.  This 

increase is because there is greater restoration of the grains due to dynamic recovery at the lower strain rates.  The 

more highly work hardened austenite in the � : 0.50, �̇ : 20 s-1 condition has an increased driving force for 

recrystallization and therefore a lower TNR_Tor [9], [120].   

When examining the difference in TNR_Tor based on alloying addition, the V and Ti alloys each have a 

difference of around 20 °C between the Hi and Lo alloys.  However, the difference between the Hi-Nb and Lo-Nb is 

50 °C.  It is believed the complex Nb/V or Nb/Ti precipitation is having an effect on the V and Ti alloys, causing the 

difference in TNR_Tor to be less dramatic than the difference in the Nb-only alloys. 

For the Hi-Nb alloy (Figure 4.10a), the difference in TNR_Tor between the �: 0.50, �̇: 1 s-1 condition and the �: 0.50, �̇: 20 s-1 condition is approximately 40 °C.  The difference between the two conditions for the Lo-Nb alloy is 

about 35 °C.  Both V alloys show a difference of 20 °C and the Ti alloys have a difference of 15 °C for the Lo-Ti and 

30 °C for the Hi-Ti.  There does not appear to be a consistent difference in decrease of TNR_Tor across the alloys for the 

increase in strain rate.  

A major issue in the �: 0.50, �̇: 20 s-1 condition is the lower values of recorded pass strain.  After further 

examination of the data, it is believed to be a combination of programing and a limitation of the data acquisition rate.  

During the deformation, an acquisition rate of 10,000 Hz was chosen.  For a strain of 0.5 with a strain rate of 20 s-1, the 

time for each deformation pass is 0.025 s.  With a data acquisition rate of 10,000 Hz, each stress strain curve should 

have approximately 250 data points, which is more than sufficient for analysis.  To minimize file size, the program 

decreases the data acquisition rate after the deformation step.  It appears the strain jumps almost 0.2 in one line of data, 

which is over 2 rad, or 120°.  The acquisition rate for the deformation steps is at 10,000 Hz, so the Gleeble is fully able 

to collect sufficient data.  However, the Gleeble® is unable to output the required data acquisition before moving to 
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the next line of code.  To make up for this limitation, a longer hold before backing off the coupler and decreasing 

temperature should be implemented for the higher strain rate tests.  It is believed the program did actually deform the 

specimens to the programmed strain of 0.5 close to the programmed strain rate of 20 s-1 and the reported average strain 

per pass is only part of the strain imparted on the specimen.   

This issue poses the question about the MFS.  As the entire stress-strain curves could not be analyzed, the 

presented MFS values are incomplete.  How would the curves differ if the entire stress-strain curves were presented?  

Would the change in slope from Stage I to Stage II be more distinct?  Would the difference in MFS between the �: 0.50, �̇: 20 s-1 condition and �: 0.50, �̇: 1 s-1 condition increase, especially at the lower temperatures?  It is believed 

the general trend of lower TNR values in the �: 0.50, �̇: 20 s-1 condition would still hold true.  Since all alloys were 

tested with the same program, conclusions between the alloys for this processing condition can still be made as 

comparisons.  

 Effect of Test Methods on Measured TNR 5.3

Following the procedure outlined in Section 3.4.1, TNR_Tor was measured for the �: 0.20, �̇: 5 s-1 condition for 

torsion specimens.  The data were compared with the measured TNR from double-hit compression tests with the same 

deformation parameters and empirical formulas from the literature.  This section discusses the comparison of the 

different methods to determine TNR with TNR_Tor from multistep hot torsion tests.  To reduce confusion in this section, 

TNR will be used for TNR_Tor and TNR from double hit and empirical equations. 

5.3.1 Comparing Multistep Hot Torsion to Double Hit Compression Testing 

The TNR values for hot torsion tests were expected to be lower than the double-hit tests due to an expected 

difference in grain size at the no recrystallization temperature.  At the measured TNR, the torsion samples have already 

undergone a large number of deformation passes with a large amount of total deformation.  Multiple recrystallization 

cycles have taken place, leading to grain refinement in the austenite.  The grain size in the double hit compression 

sample prior to the first deformation step is expected to be quite large due to the high reheating time and temperature.  

With the refined grains in the torsion sample, more nucleation sites are available for recrystallization, leading to a 

lower TNR.  

Other factors may be contributing to the reported values of TNR.  For example, double-hit deformation tests 

generally only measure static recrystallization (recrystallization which occurs between passes), while hot torsion tests 

may experience dynamic recrystallization (recrystallization which occurs during deformation) due to a buildup of 

strain at lower temperatures, near and below TNR [102].  Multistep hot torsion tests undergo multiple deformations, 

leading to refined grains, whereas each double-hit deformation test has a long hold time at high temperatures, allowing 

large grains to form.  The increased grain boundary area in the torsion tests leads to more nucleation sites for 

recrystallization at lower temperatures, thus driving TNR down.  Other considerations include the temperature for the 

double-hit deformation tests were controlled using type-K thermocouples, while a dual-frequency pyrometer was used 

for the hot torsion tests.  There is some evidence in the literature to suggest a “break-down” of the type-K 

thermocouples at high temperatures for long hold times [121].  Other possibilities may be contributed to 

inconsistencies in test set-up, such as ensuring isothermal tests, use of Ni-paste, tantalum foil, and grafoil to provide a 
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barrier to C diffusion from the WC platens and test sample, extended period of time necessary to run the tests, 

extending over weeks, resulting in various opportunities for inconsistencies.   

The thermocouples used in the double-hit deformation tests have an uncertainty of ± 5 °C.  Additional 

uncertainty can be attributed to the analysis methodology.  The pyrometer used in the multistep hot-torsion tests also 

has an uncertainty of ± 5 °C.  Since a more direct method was used to determine TNR, the uncertainty of the test is less 

than that of the double-hit deformation study.  The average difference of calculated TNR values of the multistep hot 

torsion tests for a given alloy is 2 °C, while double-hit deformation tests have a difference around 15 °C.  The variation 

in TNR range may be contributing to the analysis method of the two testing procedures.  The double-hit tests were 

analyzed following the 5 % True Strain method to determine FS.  This method required an extrapolated power 

function line of the first stress-strain curve as well as the stress value at 5 % true-strain for both curves.  The hot torsion 

tests were analyzed by determining the MFS.  The area under each stress-strain curve was determined and normalized 

by dividing the stress by the amount of strain per pass.  The total stress per pass normalized by pass strain appears to 

lead to a more robust analysis procedure. 

5.3.2 Comparing Multistep Hot Torsion TNR Results to Empirical Formulas 

Many empirical formulas are found in the literature to help predict TNR.  These can be an easy, 

straightforward and cost-effective way to predict TNR for a given alloy and deformation parameters.  It should be kept 

in mind that while models are useful, they usually do not explain the actual physical phenomenon occurring and may 

be applicable under different conditions.  None of the empirical equations evaluated in the current study accurately 

predict the measured TNR values, but some come close.  The main reason the equations are not able to accurately 

predict TNR_Tor is that they are based solely on chemical composition and do not account for deformation parameters.  

Other factors are discussed below.   

The Boratto equation, which is arguably the most well-known equation in the literature to predict TNR greatly 

overestimates the measured TNR for all alloys under each testing condition in the current study.  The Bai equation more 

closely matched the measured TNR, only being slightly high for all alloys.  The Fletcher 1 and Fletcher 2 equations 

consistently predict lower values of TNR than the other two equations, with similar slopes as the Bai equation.  

The Boratto prediction for the Lo-Nb steel is the closest prediction of 994 °C (1821 °F) for any of the three 

testing conditions, but is still significantly higher than the experimentally determined TNR.  The predicted TNR for all 

other alloys using the Boratto equation are exceptionally high.  These discrepancies are believed to occur due to the 

lack of accounting for nitrogen in the Boratto equation.  Nitrogen is a known precipitate former, and the nitrides 

respond differently than the dissolved compounds.  Niobium is known for its strong influence on TNR, and is shown in 

the equation having an order of magnitude higher coefficient than the other microalloying elements.  It appears this 

value is slightly exaggerated as the TNR for the alloy with the least Nb was most closely predicted.  The composition of 

the steels used in the current study fall within the range used to determine the Boratto equation except for Si being an 

order of magnitude lower.  Silicon is also a major contributor to the Boratto equation, with a rather large negative 

effect.  The V content for all alloys in this study is lower than the necessary 0.1 wt pct V to overcome the negative 

effects of the radical in the equation.  These smaller values for V mean the calculated TNR would be higher due to the 

V, not lower.  When V is absent, the calculated TNR is higher.  
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In the Bai equation, the nitrogen content is the effective free nitrogen remaining after subtracting nitrogen 

combined with Ti from the total nitrogen from the experimental steels studied by Bai et al.[9].  In their study the Ti 

was held constant at 0.015 wt pct.  The Ti content in this study ranges from 0.005-0.110 wt pct.  Interestingly, the alloy 

with the closest Ti content to Bai et al.’s steels, the Lo-Ti alloy with 0.028 wt pct Ti, was not the closest predicted 

value of TNR.  The Hi-Ti, Hi-V, and Lo-Nb alloys were most closely predicted, all within 5 °C (9 °F).  Overall, the Bai 

equation is a fairly good estimator of TNR.  Ideally the equation would include V and Ti, along with carbide and nitride 

formation for the V and Ti.  However, since Nb has the strongest influence retarding TNR, the equation is able to 

accurately predict TNR without including the other microalloying elements. 

While the Fletcher 1 equation includes C, Nb, and V, it still lacks Ti and N.  Both Ti and N are well known for 

their role in retarding TNR.  For C, the Fletcher 1 equation predicted TNR values with moderate accuracy.  For the other 

testing conditions, the predictions were still higher than the experimental values of TNR.   

The Fletcher 2 equation is consistent in predicting lower TNR values than the other empirical equations used 

in the current study.  The Fletcher 2 equation had similar trends in TNR predictions as the Fletcher 1 equation for the �: 0.20, �̇: 5 s-1 condition, but lower.  The predictions for the �: 0.50, �̇: 1 s-1 condition and the �: 0.50, �̇: 20 s-1 

condition are much closer to the measured values of TNR and even toggle the 1:1 line showing the higher accuracy in 

predicting TNR.  It is clear that empirical formulas must take deformation parameters into account for accurate 

predictions of TNR. 

It is apparent that the Boratto equation is not sufficient to predict the TNR values for the alloys in this study.  

The Fletcher 1 equation and the Bai equation do a reasonably good job of predicting the values for TNR for the steels in 

the current study.  For the high strain conditions, the Fletcher 2 equation shows reasonable results.  There is a 

difference in slope of the Fletcher 2 equation and the 1:1 line.  It is believed minor adjustments to account for strain 

rate may help adjust the equation to even more accurate predictions. 

 Microstructural Meaning of the Mechanically Determined TNR_Tor 5.4

Presently, no standard exists to define or determine TNR_Tor through mechanical testing.  The use of multistep 

hot torsion testing to generate MFS versus 1/T curves to determine TNR_Tor has been used since the 1980’s.  It is a 

straightforward way to run mechanical tests and determine microstructural features.  However, a question has been 

posed to the validity of the test, specifically surrounding the transition from Stage I to Stage II, i.e.. “TNR_Tor”.  To help 

validate the use of this technique, interrupted torsion tests were completed on the Hi-Nb and Lo-Ti alloys for the �: 0.20, �̇: 5 s-1 condition.  These alloys were chosen since they had similar measured values of TNR_Tor.  The �: 0.50, �̇: 1 s-1 condition was chosen since it had the most distinct inflection point on the MFS versus 1/T curves.   

5.4.1 TNR_Tor Results 

An interesting observation is the distinctness of the transition between Stage I and Stage II decreases with 

decreasing MFS.  This feature might be explained, in part, by using the definition of Stage I and Stage II.  In Stage I, 

complete recrystallization occurs between passes.  The increase in MFS is due to a decrease in temperature only.  In 

Stage II, complete recrystallization between passes does not occur.  Some recrystallization may take place between 

passes, along with some recovery of the grains due to the thermal driving force.  The increase in MFS is partly due to 
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lower temperature, but the change in slope is due to an increase in dislocation density, and thus higher forces are 

required to deform the material.  In the �: 0.50, �̇: 1 s-1 condition, complete recrystallization is believed to occur above 

928 °C for the Hi-Nb alloy.  With the less than sharp transition into Stage II, where complete recrystallization does not 

occur, more dynamic recrystallization may be occurring.  One hypothesis is that inadequate deformation occurs for 

each pass, and therefore strain accumulates until the driving force for recrystallization is adequately high for 

recrystallization to occur.  The definition of TNR is the temperature at which complete recrystallization no longer 

occurs.  Deformation slightly below TNR_Tor brings about a mixed microstructure where some recrystallization occurs, 

and some elongation of grains would be observed.  At some temperature below TNR, no recrystallization occurs 

between passes.  This temperature is sometimes called the recrystallization temperature (Tr).  A general rule of thumb 

is Tr is approximately 75 °C below TNR [52].  Rolling passes generally do not take place in the mixed microstructure 

zone as material properties are harder to predict.  For the high strain- low strain rate condition, it is possible that the 

mixed microstructure region is larger than 75 °C.  Another possibility is recovery is playing a larger role since the low 

strain rate allows for more time during deformation for dislocations to move. 

Comparing the three testing parameters, for each alloy, TNR_Tor decreases as strain increases, and TNR_Tor 

decreases as strain rate increases.  These trends follow the patterns seen by Bai et al. [9].  The increase in strain creates 

more driving force for recrystallization at lower temperatures.  The more times the material recrystallizes the more 

refined the grains become.  The increase in grain boundary area from the extensive refined grains increases nucleation 

sites for further recrystallization, thus decreasing the TNR_Tor further.   

5.4.2 Microstructure of Hi-Nb and Lo-Ti Alloys 

In trying to observe the prior austenite grains (PAG), there was difficulty etching to produce microstructures 

of suitable quality.  There are many studies in the literature to reveal prior austenite grains, especially in low-carbon, 

high purity alloys.  The challenge was evident in the micrographs presented.  Through a combination of PAGs 

reconstruction via EBSD and more traditional methods using picric acid and light optical microscopy, some 

observations can be made. 

At higher temperatures, the PAG size was relatively high.  Grain growth kinetics are somewhat difficult to 

model as the multistep hot torsion tests are continuously cooling.  However, since the specimens used for PAG 

analysis were interrupted and quenched, the actual quench temperature (25 °C below the last deformation step) was 

used as a starting point.   

In most of the micrographs, jagged boundaries are observed.  This feature may indicate the presence of 

tempered martensite or potentially an insufficient quench, causing acicular ferrite formation.  Helium was used as the 

quench agent.   

La rge, relatively equiaxed grains are observed at the higher temperatures.  In the EBSD reconstructions, a 

few elongated grains may be present at the higher temperatures.  As the temperature decreases, regions of small, 

equiaxed grains are present.  The small grains appear to form bands in the microstructure.  These bands may be 

evidence of prior shear bands, where localized plastic deformation occurs.  The deformed regions will have a higher 

dislocation density, and thus increase the driving force for recrystallization.  Due to the increased grain boundary area 

from the refined grain regions, these regions will be areas which will recrystallize first.  
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As the temperature decreases, the grains become more refined.  This refinement is due in part to the increased 

deformation and in part to the decreased temperature which decreases the grain growth kinetics.  It is believed the 

refined grains cause an increase in flow stress, not elongated grains which accumulate strain and therefore increase the 

work hardening rate.   

Therefore, the inflection point on the MFS versus 1/T curve is not the point at which recrystallization no 

longer occurs.  It is closer to the more widely used definition of where recrystallization is no longer complete.  

However, there is evidence that some grains at temperatures above the measured TNR_Tor are not recrystallized and 

therefore the inflection point is not a distinct microstructural transition.  Instead, the change from complete 

recrystallization to zero recrystallization is more gradual and explains, in part, the differences in the curvature of the 

various processing conditions.   

 Microstructure of 10V45 Multistep Hot Torsion Tests 5.5

Due to the limitations in etching response of the current laboratory steels and evidence that recrystallization 

was not completely suppressed, a commercial medium-carbon steel was used to examine the deformation of the 

austenite grains.  A commercial 10V45 was tested following the �: 0.50, �̇: 1 s-1 condition.  Following the procedure 

outlined in Section 3.4, TNR_Tor was measured to be 995 °C for the 10V45 material.  To ensure deformation would be 

observed, samples were quenched approximately 200 °C below the measured TNR_Tor at 800 °C, but before possible 

ferrite formation.  Figure 5.1 shows the MFS as a function of 1/T for the 10V45 material under the  �: 0.50, �̇: 1 s-1 

condition.  Similar to the laboratory steels used in this study, the 10V45 material for the  �: 0.50, �̇: 1 s-1 condition 

showed a gradual slope change instead of the distinct linear regions as seen in the  �: 0.20, �̇: 5 s-1 condition. 

 

 

Figure 5.2 shows PAGs for the 10V45 material quenched after 800 °C deformation step at (a) low 

 

Figure 5.1 Plot showing MFS as a function of 1/T for the 10V45 material under the  �: 0.50, �̇: 1 s-1 condition. 
The measured TNR_Tor is 995°C.  . 
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magnification, and (b) higher magnification.  Fine, elongated grains are observed at some angle to the torsional axis.  

A reference line parallel to the torsional axis can be made drawing a line connecting microhardness indentations.   

 

5.5.1 Inclination Angle As It Relates to Accumulated Strain and TNR_Tor 

Following the procedure outlined by Whitely et al. [98], the inclination angle was measured for both the 

grains and the manganese sulfides (MnS) in the 10V45 steel.  The inclination angle should give insight into the amount 

of strain each grain accumulated since its last recrystallization step.  The accumulated strain, converted to shear strain, 

can then provide evidence of a temperature at which the grains started to accumulate strain and ultimately help better 

understand how the microstructure and the MFS versus 1/T curve are related to recrystallization and the 

no-recrystallization temperature.  The relationship between shear strain and inclination angle is given by, 

 � = arctan  (5.1) 

where θ is the measured inclination angle in degrees, and  is the shear strain. 

Table 5.1 shows the relationship between imparted effective strain, sample revolutions, shear strain and 

predicted inclination angle.  The inclination angle was calculated using Eq. 5.1.  While each pass of the torsion 

schedule was 0.5 strain, the table is in increments of 0.2 strain to better draw conclusion about the amount of strain 

each grain accumulated.   

Figure 5.3 shows the relationship between measured angle of MnS and predicted shear strain [98].  There 

appears to be good agreement between the measured inclination angle and the shear strain.  This method will be used 

to obtain insights into the amount of strain each grain accumulated since it last recrystallized.  From Figure 5.3, it is 

clear the relationship between inclination angle and shear strain starts to plateau or saturate around a shear strain of 

2.5, which is around 70°.  As the ability to accurately determine the amount of strain a grain accumulated decreases as 

 

(a) 

 

(b) 

Figure 5.2 Representative light optical micrographs for the 10V45 torsion specimens tested at the �: 0.50, �̇: 1 s-1 condition and quenched after the 800 °C deformation step.  Samples were etched in a picric 
solution to reveal the PAGs with original magnifications of (a) 200 X and (b) 500 X. 
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the angle increases.  As no standard for this methodology currently exists, multiple measurements of grain inclination 

angle were made to have better statistical results.  

 

Table 5.1 – Relationship Between Effective Stain, Shear Strain, and Inclination Angle of Grains 

Effective Strain Revolutions 
Shear Strain 

(γ) 
Inclination Angle 

(°) 

0.2 0.30 0.69 34.72 

0.4 0.61 1.39 54.18 

0.6 0.91 2.08 64.31 

0.8 1.22 2.77 70.16 

1.0 1.52 3.46 73.90 

1.2 1.83 4.16 76.47 

1.4 2.13 4.85 78.35 

1.6 2.44 5.54 79.77 

1.8 2.74 6.24 80.89 

2.0 3.05 6.93 81.79 

2.2 3.35 7.62 82.52 

2.4 3.66 8.31 83.14 

2.6 3.96 9.01 83.66 

2.8 4.26 9.70 84.11 

3.0 4.57 10.39 84.50 

3.2 4.87 11.09 84.85 

3.4 5.18 11.78 85.15 

3.6 5.48 12.47 85.42 

3.8 5.79 13.16 85.66 

4.0 6.09 13.86 85.87 

4.2 6.40 14.55 86.07 

4.4 6.70 15.24 86.25 

4.6 7.01 15.93 86.41 
 

 

Figure 5.4 shows a representative micrograph of the 10V45 material tested at the �: 0.50, �̇: 1 s-1 condition 

and quenched after the 800 °C deformation step.  The microhardness indents create a reference line at the effective 

radius parallel to the torsional axis.  The lines on the micrograph (1 through 4) indicate differences in inclination angle 

of various grains.  The circle labeled “5” highlights a region where the grains appear equiaxed and therefore 

recrystallized with no accumulated strain.  The grain indicated by label “6” shows evidence of a larger equiaxed grain.  

It is evident from Figure 5.4 that regions of fine grains are present and form bands at an angle, see point 5.  While the 

grains themselves are equiaxed and do not appear to have a specific orientation with the torsional axis, the refined 

grains form bands which do appear to have an orientation with the torsional axis.  It is likely the recrystallized grains 

were once part of a grain or cluster of grains which did accumulate strain, and therefore had an inclination 

angle-relationship to the torsional axis before recrystallizing.   
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Figure 5.3 Inclination angel of manganese sulfide inclusions as a function of total shear strain measured at the 
effective radius of torsional specimens.  The dashed line represents the predicted inclination angles 
and the solid symbols represent measured inclination angles of MnS. [98] 

 

Figure 5.4 Representative light optical micrograph for the 10V45 torsion specimens tested at the �: 0.50, �̇: 1 s-1 condition and quenched after the 800 °C deformation step.  Microhardness indents indicate 
reference line for effective radius and are parallel to torsional axis.  The lines on the micrograph 
indicate variations in inclination angle of the grains. 

1 

2 
3 

4 

5 

6 
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The inclination angle was measured for the 10V45 torsion specimens quenched after the 800 °C deformation 

step.  Figure 5.5 shows histograms of inclination angle of the 10V45 torsion specimens following the  �: 0.50, �:̇ 1 s-1 

condition and quenched after the 800 °C deformation step of (a) the PAGs and (b) the MnS.  The MnS should not 

recrystallize, and therefore the elongation should indicate the total amount of shear strain, and thus the total 

accumulated strain.  The inclination angle of the MnS can be used as a reference when looking at the inclination angle 

of the grains.  As MnS are not expected to recrystallize, but the grains are, differences in accumulated strain based on 

the inclination angle can help draw conclusions as to the amount of strain the grains accumulated. 

From Figure 5.5a, two peaks in inclination angle frequency are observed.  The first peak includes angles from 

50 to 55°, which corresponds to a shear strain of approximately 1.38, which is an effective strain of 0.4.  The second 

peak including angles of 65 to 70° corresponds to a shear strain of approximately 2.42, which is an effective strain of 

0.7.  Some grains have inclination angles large than 80°, which corresponds to grains accumulating more than a strain 

of 2.0, or four passes under the chosen test condition of 0.5 strain per pass.  The correlation of inclination angle and 

shear strain saturates around 70° with shear strains near 2.  Therefore, definitive conclusions about the actual amount 

of accumulated strain above 75-80° are difficult to make. 

 

 

However, from the information currently available, it appears that many grains have inclination angles 

corresponding to accumulated strains around 0.7, which is between one and two deformation passes.  Therefore, many 

grains started to accumulate strain one to two passes before the quench, which would be somewhere between 825 and 

850 °C, which is 145 to 170 °C below the measured TNR_Tor.  The inclination frequency peak between 50 and 55° 

correlates to an effective strain of 0.4, which is just less than one complete deformation pass.  This means the strain 

 

Figure 5.5 Histograms of inclination angle of the 10V45 torsion specimens following the  �: 0.50, �̇: 1 s-1 
condition and quenched after the 800 °C deformation step of (a) the PAGs and (b) the MnS. 
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started to accumulate near 825 °C, which is 170 °C below the measured TNR_Tor.   

The 50-55° peak means the grains only accumulated one pass of strain, so these grains recrystallized until 

825°C.  The higher peak whwew the grains accumulated approximately 0.7 strain is between one and two passes.  For 

many grains, recrystallization continued until about 850 °C.  There is limited evidence of grains accumulating much 

more strain.  The higher inclination angles, above 80° do indicate some grains accumulated more strain, however the 

amount is difficult to reliably calculate, as the relationship between inclination angle and shear strain saturates around 

80° at a shear strain of 1.3, or effective strains between 1.5 and 2.0.  However, the angles do point to higher 

accumulated shear strains, which could be anywhere from 4 to 12 passes, which correlates to the strain starting to 

accumulate anywhere from 1100 °C to 900 °C.  As a reminder, TNR_Tor for the 10V45 material tested following the �: 0.50, �̇: 1 s-1 condition is 995 °C.  Microstructures were not analyzed above the inflection point.  Due to the large 

amounts of energy at the high temperatures, followed by significant deformation, it is unlikely that grains started to 

accumulate strain at 1100 °C without recrystallizing further at some point before the quench after the 800 °C 

deformation step.   

While there is evidence from the microstructures that the grains accumulated strain, the inclination angles 

suggest many grains only started to accumulate strain one or two passes above the final deformation step, which is 

approximately 150 °C below the inflection point on the MFS versus 1/T plots where TNR_Tor has been identified.  There 

may be evidence from the higher inclination angles that grains started to accumulate strain at temperatures near the 

TNR_Tor.  However, due to the relationship between inclination angle and shear strain, it is difficult to accurately 

determine the amount of accumulated strain the grains have with the large amounts of strain imparted on the 

specimens.   Therefore, it is not clear where incomplete recrystallization started.   

5.5.2 Other Microstructural Observations of the 10V45 Steel 

The 10V45 material showed similar microstructural features as the Hi-Nb alloy.  For example, there are 

regions of very small, equiaxed grains around larger, elongated grains.  This arrangement was also observed in the 

EBSD data for the Hi-Nb alloy.  It is believed the refined grains are the primary cause of increased strength, and hence 

increased MFS as temperature decreases.  More information is required to fully explain the increase in MFS versus 

1/T.  However, it is believed to be a function of grain size creating a Hall-Petch-like strengthening mechanism.  The 

reason the MFS versus 1/T curves are not as distinct with higher pass strain is due to the more complex grain size 

distribution.  Increased strain increases recrystallization, and therefore the grains are expected to be finer.   
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CHAPTER 6 : SUMMARY 

The primary purpose of the current study was to determine the effect of multiple microalloying elements on 

the no-recrystallization temperature (TNR) in Nb-bearing plate steel.  Recrystallization is influenced by both alloying 

elements and deformation parameters.  This project focused on the influence of alloying elements and deformation 

parameters on TNR, primarily using torsion specimens.  The no-recrystallization temperature from torsion tests 

(TNR_Tor.) was the main measurement made.  One objective was to experimentally determine the TNR_Tor for various 

laboratory-grade steels with systematically varying amounts of Nb, V, and Ti, with C and N held constant.  The 

synergistic effects of these microalloying elements were examined.  Another objective was to determine the TNR_Tor 

with systematically varied deformation parameters for the same set of steels.  Comparisons of the measured TNR 

through two different mechanical tests were conducted as well as a validation and comparison of empirical TNR 

formulas from the literature.  Finally, a microstructural evaluation around the mechanically determined TNR_Tor via 

multistep hot torsion testing was made. 

Six Nb-bearing steels were laboratory produced with 0.065 wt pct C, 0.044 wt pct N, and varying amounts of 

Nb, V, and Ti.  Multistep hot torsion tests were conducted using the Gleeble® 3500 thermomechanical simulator 

between the temperatures of 1200 and 750 °C.  The mean flow stress (MFS) was calculated for each deformation step 

and plotted against the inverse absolute temperature (1/T).  The TNR_Tor was determined by finding the intersection 

point of two linear regressions, fit to the data.  The TNR_Tor values from the multistep hot torsion tests were compared 

with measured TNR values from double-hit compression tests and with predicted values using empirical equations from 

the literature.  Light optical micrographs were examined for samples quenched from just above and just below the 

experimentally determined values of TNR_Tor for the Hi-Nb and Lo-Ti alloys as well as for a commercial-grade 10V45 

material.  Electron backscatter diffraction scans were also conducted to help verify the prior austenite grain 

morphology via EBSD reconstruction.  A summary of important observations and conclusions from this study are 

listed below. 

1. Determine the synergistic effects of Nb-V and Nb-Ti on TNR_Tor. 

a. Niobium was found to play a dominating role in raising the value of TNR_Tor.  The Lo-Nb alloy, having 

the lease amount of alloying additions, consistently had the lowest TNR_Tor for all processing conditions.  

The Hi-Nb alloy consistently had a similar TNR_Tor to the other alloys, with the exception of the Hi-Ti 

alloy. 

b. While it is evident that the V in both V alloys was less influential than the Nb, some influence of V was 

observed.  For example, the Lo-V alloy had a consistently lower TNR_Tor than the base Hi-Nb alloy for 

each processing condition while the Hi-V alloy had a similar TNR_Tor as the Hi-Nb alloy for each 

processing condition.  Therefore, small additions of V to a Nb-bearing steel appear to be detrimental in 

increasing TNR_Tor.  Larger amounts of V added to a Nb-bearing steel show evidence to increase TNR_Tor 

or not affect the value of TNR_Tor beyond that of just the Nb additions. 

c. Large amounts of Ti strongly increase TNR_Tor..  Small additions of Ti do not play a significant role 

changing the value TNR_Tor above that which the Nb additions already contribute.   
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2. Determine the effect of processing parameters (strain and strain rate) on TNR_Tor. 

An increase in strain decreases TNR_Tor.  An increase in strain rate decreases TNR_Tor.  For both strain and 

strain rate the decrease in TNR_Tor is likely due to higher dislocation densities creating a driving force for 

recrystallization at lower temperatures.  The increased grain boundary area due to refined grains 

continues to promote recrystallization to lower and lower temperatures. The effect of strain rate is 

greater at larger pass strains. 

3. Compare the measured values of TNR obtained from different mechanical test methods. 

a. The TNR from multistep hot torsion tests are lower than the measured TNR from double hit compression 

testing due to a refinement of the grain size leading to more nucleation sites for recrystallization.  The 

finer grain size is due to the multiple deformation steps during torsion testing which produces multiple 

recrystallizations during the test as compared to the double hit compression test.   

b. The most well-known equation to determine TNR, the Boratto Equation, over estimates TNR for all the 

alloys in this study for each testing condition.  The Bai 2011 and Fletcher 1 equations moderately 

overestimated TNR for each testing condition. The Fletcher 2 equation, which incorporates strain, more 

accurately predicted TNR for the alloys investigated.  It is important to include both alloying additions 

and deformation parameters into empirical equations, which are used to predict TNR.   

4. Identify the microstructural meaning of the mechanically determined TNR_Tor from multistep hot torsion tests. 

a. From the light optical micrographs and prior austenite grain reconstructions from EBSD scans, the 

inflection point on the MFS versus 1/T curves is not the point at which recrystallization no longer 

occurs.  It is closer to the more widely used definition of where recrystallization is no longer complete.  

However, there is evidence that some grains at temperatures above the measured TNR_Tor are not 

recrystallized and therefore the inflection point is not as microstructurally distinct as generally 

believed.  Instead, the change from complete recrystallization to zero recrystallization is more gradual 

and explains, in part, the differences in the curvature in the MTS versus 1/T plots for the various 

processing conditions.   

b. From the light optical micrographs of the 10V45 steel, the inclination angle of the grains was measured 

and correlated back to accumulated strain.  There is no clear indication of the temperature at which 

incomplete recrystallization started.  There is evidence that many grains stopped recrystallizing 150 °C 

below the measured TNR_Tor.  Some fin equiaxed grains were observed at temperatures 200 °C below the 

measured TNR_Tor.  The presence of the recrystallized grains necklacing larger grains at temperatures 

much lower than the measured TNR_Tor could be associated with a Hall-Petch type strengthening 

mechanism which may account, in part, to the increase in MFS at lower temperatures.  The change in 

slope is likely to be a combination of accumulated strain and the Hall-Petch mechanism from the small 

recrystallized grains.  
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CHAPTER 7 : FUTURE WORK 

The following work may be considered based on the findings of the current work: 
 

• Examine precipitation for different alloys and processing parameters to more clearly identify how 
alloying effects recrystallization 

• Examine the microstructure of more alloys, particularly a hardenable steel, and processing parameters 
to more clearly define TNR_Tor and how it is related to TNR 

• Find an appropriate model to analyze multistep hot torsion data which includes non-linear functions to 
better predict the metallurgical phenomenon occurring in the steel. 
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 APPENDIX A: ELECTROCHEMICAL DISSOLUTION 

Electrochemical dissolution, also known in the literature as selective potentiostatic etching by electrolytic 

dissolution (SPEED) [A.1], is used to dissolve ferrite and liberate the Nb, V, Al, and even Ti precipitates from the steel 

matrix.  Typical electrochemical dissolution consists of three main components: 1) dissolving selected material into an 

electrolyte, 2) filtering the solution to collect undissolved precipitates, and 3) digesting (dissolving) the filter paper 

and precipitates in a strong acid to form a liquid for analysis.  The SPEED method is a preferred dissolution method for 

microalloyed steels as the electrolyte is methanol-based.  Studies within ASPPRC have shown nitrides to be 

water-soluble [A.2]. 

A.1 ICP-MS 

The use of ICP-MS requires a very controlled laboratory environment.  It is known in the literature that 

ICP-MS has a much lower tolerance for contamination than other trace metals analysis such as flame atomic 

absorption (flame AA) and inductively coupled plasma optical emission spectroscopy (ICP-OES) [A.3], [A.4].  Major 

factors that can influence the analytical result in ICP-MS include: reagents, containers, the working environment, 

analytical standards, processing method, the instrument, the analyst(s), and collecting/preparing the sample.  Currently 

at the Colorado School of Mines, analytical samples, the instrument and instrument operator/analyst are not available 

for control, as prepared samples are sent to a laboratory in Boulder, Colorado.  Variables that are controlled at the 

Colorado School of Mines include the reagents, containers, the working environment, processing method, and 

preparing the sample.  It is therefore critical for the laboratory to be as clean as possible, including the glassware and 

other reusable tools, and the use of ultrapure reagents.  There is a suggestion in the literature that some types of 

glassware may leach out certain trace metals under certain conditions, especially if the sample solution is highly 

acidic [A.3]. There is also a possibility of trace metals being absorbed into the walls of the volumetric flasks and glass 

beakers.  The use of commercial glass detergents and dilute acid bath soaks are a necessity to avoid contamination of 

glassware.  

The final solution sent to ICP-MS analysis must conform to certain requirements in order to obtain proper 

results.  For example, the final solution must not exceed 2-3 pct acid concentration to avoid transport interferences 

associated with high concentrations of mineral acids.  The maximum level of dissolved solids that can be aspirated into 

the ICP-MS is 0.2 pct, thus requiring sufficient dilution of the sample. 

Even with the extra precaution and careful procedures required for ICP-MS, the popularity in the technique is 

evident with the increase in the number of units sold for trace metals analysis [A.3], [A.4].  The technique has many 

positive features, including [A.3], [A.4]. 

 detection limits at or below parts per trillion for most of the periodic table. 

 analytical working range is nine orders of magnitude. 

 isotopic analysis is readily achieved. 

Analysis of samples begins with the sample being introduced into an argon plasma as aerosol droplets (e.g. 

atomizing), hence the need to dissolve the samples in chemical reagents.  The plasma dries the aerosol and the 
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molecules dissociate.  An electron is removed from each component, creating singly-charged ions.  The ions are then 

directed to the mass spectrometer, which is a mass filtering device.  At any given time, only one mass-to-charge ratio 

is allowed to pass through.  The ions then strike an electron multiplier, thus releasing a flow of electrons until the 

amplified stream is a measurable pulse.  Software compares the intensity of the pulse with calibrated standards to 

determine the concentration of the element  [A.3], [A.4]. 

A.2 Electrochemical Dissolution Calculations 

Using a modified SPEED method adapted by Rothleutner et al. [A.2], the specimen is polarized under current 

control using a direct current power supply, which allows a close control of the desired mass loss according to 

Faraday’s first law of electrolysis.  The sample is suspended in a non-aqueous electrolyte containing methanol 

(MeOH), 10 pct acetylacetone (ACAC), and 1 pct tetramethylammonium chloride (TMAC).  Any current density 

which results in a surface potential below +800 mV will preferentially dissolve the steel matrix prior to dissolving any 

microalloyed carbides or nitrides.  The electrolytic solution containing dissolved steel and extracted precipitates is 

then filtered using a vacuum filtration system.  The filter paper and precipitates contained within must then be digested 

in a strong acid.  The filtered solution (the filtrate) and the digested paper are analyzed for concentration of 

microalloying elements (V, Nb, and Ti) using inductively coupled plasma-mass spectroscopy (ICP-MS) which can 

quantitatively determine the compositions of both the precipitates and the matrix with resolutions of parts per billion 

(ppb) to parts per trillion (ppt).   

During the electrochemical dissolution, it is important to keep the current density of the steel samples under 

150 A/m2 to preferentially dissolve the ferrite prior to the carbides or nitrides.  Current density is merely the current in 

amperes (A) divided by the exposed surface area of the specimen in square meters (m2), 

 =  (A.1) 

where J is the current density in A/m2, I is the current in A, and A is the exposed surface area of the specimen in m2.  

Following the method outlined by Rothleutner et al. [A.2], the solubility limit in 70 mL of electrolyte is approximately 

0.12 g.  Using this information and keeping the current constant, the time required to dissolve the material can be 

calculated using Faraday’s first law of electrolysis, which states the mass of any substance dissolved at an electrode is 

directly proportional to the quantity of electricity passed through the electrode.  Faraday’s first law is often defined as: 

 =    �  (A.2) 

where m is the mass (g) of atoms discharged at an electrode, W is the relative atomic mass (g), I is the electric current 

passed through the sample (A), t is the electrolysis time (s), n is the valence of the atom, and F is the Faraday’s 

constant in coulombs (96,500 C).  If current density is chosen for a given surface area, thereby defining the current, the 

time to dissolve a given amount of material is easily determined through manipulation of Equation (A.2).   

A.2.1 Electrochemical Dissolution Sample Preparation 

Samples were prepared for electrochemical dissolution following a single-hit compression test, deformed to a 

true strain of 0.2 at temperatures just above and just below the measured TNR for double hit compression [A.5].  The 
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samples were then sectioned near the thermocouple for analysis.  Half of the sample was prepared for electrochemical 

dissolution while the remaining half was mounted in Bakelite® for carbon extraction replicas.   

Electrochemical dissolution involves creating an electrochemical cell in an electrolyte to preferentially 

dissolve the matrix.  A platinum (Pt) mesh attached to a Pt wire acts as the anode.  A silver-coated copper wire with a 

diameter of 30 gage (AWG) and approximately 100 mm long was spot welded to the top of each sample.  The 

wired-end was then sealed using a room temperature vulcanization (RTV) silicone sealant and allowed to dry for a 

minimum of 24 hours.  Figure A.1 shows the Lo-V alloy compressed at 975 °C prepared for electrochemical 

dissolution.  The designation “AQP1” is an internal reference for Lo-V alloy (A) Quenched for Precipitation 

Sample 1.  After drying, each specimen was measured with a caliper (0.01 mm resolution) to calculate the surface 

area.  The surface area of the sample is important to maintain a current density below 150 A/m2 during dissolution.  

Samples were then weighed.  The weight is used to determine total mass loss during electrochemical dissolution. 

 

Figure A.1 Electrochemical dissolution sample prepared for testing. 

A.2.2 Electrochemical Dissolution Testing 

Figure A.2 shows the components for the electrochemical dissolution cell containing (1) air outlet, (2) cell 

cap, (3) rubber stoppers, (4) argon bubbler inlet, (5) platinum electrode, (6) O-ring seal, (7) 100-ml tall form beaker, 

and (8) steel sample.  The “A” on the cell cap distinguishes the electrochemical dissolution cells A and B while 

running two tests simultaneously from the power supply.  To assemble the dissolution cell, the O-ring is placed in the 

slot on the cell cap and the cell cap is then carefully placed in the 100-ml tall form beaker.  The assembly is checked for 

a good seal, as the glassware is not always uniformly shaped.  Figure A.3 shows the electrochemical dissolution cell 

assembly (a) without electrolyte and (b) in-situ.  The sample is ultrasonically cleaned in methanol before going into the 

cell assembly and the Pt mesh is dipped in hydrochloric acid (70 pct assay) and rinsed with methanol prior to the cell 

assembly.  The Pt anode is placed in the cell assembly and the steel sample cathode is placed as far from the Pt mesh 

anode as possible.  The Ar bubbler is then placed in the cell assembly.  The Ar is bubbled through the cell to keep the 

fluid flowing.  Before the air outlet hose is attached, 70 ml of the electrolyte is added to the cell using a long-stemmed 

glass funnel.  Using 70 ml of electrolyte equates to approximately 0.1 g of steel dissolved before reaching the 

solubility limit. Occasionally an orange-red color is seen leaving the steel sample, even before the DC power supply is 

turned on.  The color comes from the iron (III) ion (Fe3+) and gets darker as the test continues.   
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Figure A.4 shows the electrochemical dissolution cells (a) connected to power supply and (b) a top view of 

the cells with the air-outlet hose in a small vial of DI water.  The air-outlet hose bubbles air into DI water to see the air 

flow rate since the cells sit in a tall secondary container box.  The power supply is able to control up to three channels, 

hence an “A” cell and a “B” cell.  The voltage is set to 12.0 V and the current is set to a value to ensure the current 

density is 140 A/m2, typically around 0.040 A.  The power supply preferentially chooses the lowest value between the 

current and voltage, therefore, the voltage is set to a high value to ensure the current is accurate.  The voltage fluctuates 

during the test, typically between 3 and 5 volts.  The current density must stay below 150 A/m2 to preferentially 

dissolve the matrix and not the precipitates.  Therefore a current density of 140 A/m2 is chosen for all the tests.  The Pt 

mesh anode is connected to the negative (black) return line and the steel sample cathode is connected to the positive 

(red) line.  The power supply can be set to turn off automatically after a given amount of time, so the test time is 

controlled.  The test time is determined by the surface area available to the electrolyte.  For the current study, the 

average surface area is approximately 300 mm2, so the average test is around 2.2 hours.  A mass loss of 0.1 g is 

preferred, but as the system is not perfect, an efficiency coefficient is needed, thus only 0.0927 g can be dissolved 

before reaching the solubility limit of the electrolyte.   

 

 

Figure A.2 Electrochemical dissolution cell components containing (1) air outlet, (2) cell cap, (3) rubber 
stoppers, (4) argon bubbler inlet, (5) platinum electrode, (6) O-ring seal, (7) 100-ml tall form beaker, 
and (8) steel sample.  The “A” on the cell cap distinguishes the two set-ups (A and B). 
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(a) (b) 
Figure A.3 Electrochemical dissolution cell assembly (a) before adding the electrolyte and (b) during a test.  

Notice the Ar bubbles in (b) and the dark orange-red color of the electrolyte. (color image- see pdf 
copy) 

 

 
 

(a) (b) 
Figure A.4 Electrochemical dissolution cell set up with (a) two cells (Cell A and Cell B) connected to the power 

supply and the argon bubbler supply, and (b) a top view of two cells more clearly showing the power 
connections and argon inlet and outlet.  

 

Once the test is complete, the sample is removed and ultrasonically cleaned in a glass vial with methanol to 

help remove the precipitates clinging to the sample due to van der Waals forces.  The sample port on the cell cap is 

closed with a rubber stopper and the cell assembly is also ultrasonically cleaned.  Subsequently, the vacuum filter 

system is assembled.  The 1000 ml vacuum flask is connected to the vacuum via a hose.  Fritted glass with a rubber 

stopper, no. 10, is placed in the flask.  A polycarbonate membrane filter, 47 mm diameter with a 10 nm pore size is 

placed on the fritted glass with forceps, followed by a straight-walled funnel, which is clamped to the fritted glass.  

The various cell assembly components are rinsed with methanol into the vacuum filtration setup.  The electrolyte 

Power Supply 

Cells A & B 

Argon Inlet 

Argon Outlet 

Sample Cathode 
Platinum Anode 
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solution is then poured into the funnel and the beaker is rinsed with methanol.  The vial with the sample is also poured 

into the filtration setup.  The sample is ultrasonically cleaned a second time and the process is repeated.  The sample is 

then dried and weighed to measure the mass loss.  Figure A.5 shows the vacuum filter setup with the filtered red 

electrolyte, now called the “filtrate”, at the bottom of the flask.  The precipitates are captured on the filter paper held 

between the fritted base and straight walled funnel.  Figure A.6a shows all the precipitates caught on the filter paper 

which are too small to distinguish with the naked eye.  Figure A.6b shows the needle-like precipitates, believed to be 

iron (III) chloride precipitates, through SEM EDS analysis, which form when the electrolyte has reached the solubility 

limit .   

 

Figure A.5 Vacuum filter setup after filtering a sample.  The red liquid at the bottom of the flask contains the 
electrolyte and all dissolved elements in the steel.  The precipitates are captured on the filter paper 
held between the fritted base and straight walled funnel. 

 

After the filtration, the straight-walled funnel is removed and the bottom ring is wiped with a KimWipe® to 

capture any precipitates clinging to the funnel.  The KimWipe® is placed in a 200 ml tall form beaker for digestion and 

precipitate analysis.  The filter is carefully removed and placed in the beaker with the KimWipe®.  The beaker is then 

covered in Parafilm® to prevent any contamination before the filter digestion process is started. 

The filtrate is poured into a 200 ml volumetric flask and topped off with methanol.  The solution is mixed 

thoroughly and 5 ml are extracted with a pipet from the solution into a 50 ml volumetric flask.  The flask is filled with 

a solution of 2 pct nitric acid and DI water and mixed again.  Since the electrolyte solution is mostly methanol, and 

methanol can ruin the plasma in the ICP-MS, the final solution must be slightly acidic, hence the nitric acid and final 

dilution step with DI water.  The final solution is then poured into four plastic, sterile, centrifuge tubes and labeled for 

analysis. Analysis of the filtrate solution provides details about the amount of microalloying elements in solid solution 

within the ferrite phase of the steel. 

Straight Walled Funnel 

Fritted Glass 

Electrolyte 
“Filtrate” 

Vacuum Flask 
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(a) (b) 
Figure A.6 Filter paper showing (a) the captured precipitates after filtering the electrolyte and (b) the 

needle-like precipitates thought to be iron-chloride from oversaturating the electrolyte during 
dissolution. 

A.2.3 Digestion of the Precipitates 

The precipitates captured by the filter paper must be in liquid form for ICP-MS analysis.  Therefore, the 

precipitates and the filter paper are dissolved in a strong acid.  The process involves adding 10 ml of concentrated 

nitric acid to the beaker containing the precipitates, the dry filter paper and the Kimwipe® while heating the solution 

in the beaker on a hot plate at 120 °C for two hours.  During that time, the filter paper starts to break down and the 

dissolution reaction produces a brown-orange smoke, believed to be nitrogen-oxide, or NOx.  Figure A.7a shows the 

brown-orange smoke during the heating of the nitric acid.  All of the Kimwipe® is dissolved and a thin layer of the 

filter paper remains.  After two hours of heating, 15 ml of hydrogen peroxide (H2O2) is added to the beaker.  

Figure A.7b shows the beaker after the H2O2 is added.  This step must be completed with caution as the H2O2 reacts 

violently with the nitric acid and must be added drop by drop to avoid boil over.  The temperature is slowly increased 

to 280 °C and “cooks” until the solution evaporates to circa 5 ml.  During this time, most of the filter paper is broken 

up and any remaining pieces are about the size of rice.  The beaker is removed from the hot plate and allowed to cool 

to at least 50 °C before adding 15 ml of sulfuric acid and slowly heated back to 280 °C for at least two hours.  As the 

solution refluxes, more brown-orange smoke is released from the solution, which is a sulfuric-oxide (SOx).  If the 

reaction is not occurring, the heat is increased until the brown-orange smoke appears again.  Once the filter paper and 

precipitation dissolution is complete, 25 ml of H2O2 is added, again drop by drop, to the sulfuric acid solution and 

allowed to evaporate to circa 10 ml and cooled to room temperature.  The cooled solution is then poured into a 100 ml 

volumetric flask and filled with DI water before mixing thoroughly and poured into four plastic, sterile, centrifuge 

tubes and labeled for analysis.  The solution with the digested precipitates, filter paper and KimWipe® contains the 

elements that were in the precipitates.  The solution is clear in contrast to the filtrate solution which has a pink-red hue. 
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(a) (b) 
Figure A.7 Beakers showing two stages in the filter digestion process (a) during the nitric acid step and (b) after 

adding hydrogen peroxide to the nitric acid.   

 

As a control, a clean, blank filter paper and Kimwipe® were digested and sent for analysis.  A small piece of 

each alloy, approximately 0.5 g, was also digested without the prior electrochemical processing.  The digested solution 

directly from the sample will capture elements that are both in solid solution as well as in precipitates.  Ideally, the 

measured microalloying elements in the bulk sample will total the sum of the elements in solution (in the filtrate) and 

in precipitates (caught on the filter).  Any discrepancies must be explained through inconsistencies in testing, 

cleanliness, and other factors.  Ideally, the results will be within a 5 pct margin of relative uncertainty. 

A.3 Single Hit Deformation Testing for Precipitation Analysis 

Extensive compression testing was conducted using a Gleeble® 3500 in a previous study using the current 

experimental materials [A.5].  Following the same parameters, single-hit deformation tests were conducted just above 

and just below TNR and water quenched.  The samples are being used in a precipitation study.  To verify that all testing 

parameters were kept consistent between the previous study [A.5] and the current study, the true stress- true strain 

curves from both studies were compared and plotted together.  Figure A.8 shows a comparison of the current study 

with the previous study for single-hit compression testing of (a) Lo-V alloy and (b) Hi-Nb alloy. The filled symbols 

represent the current precipitation study and the hollow symbols represent the previous study  [A.5].  The data from 

the current study are consistent with the data from the previous study, which shows that the testing parameters from 

both studies are consistent and repeatable.   
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(a) (b) 

Figure A.8 Plots showing a comparison of the current study with the previous study for single-hit compression 
testing of (a) Lo-V alloy and (b) Hi-Nb alloy. The filled symbols represent the current precipitation 
study and the hollow symbols represent the previous study [99]. 

 

 

A.4 Electrochemical Dissolution Results 

Electrochemical dissolution samples were sent to the Laboratory for Environmental and Geological Studies 

(LEGS) at the University of Colorado-Boulder for analysis.  Table A.1 shows the initial (raw data) results from the 

ICP-MS analysis in parts per billion (ppb).  Table A.2 shows the sum of the elements in solution and as precipitates to 

compare with the amount of the elements in the bulk sample.  The order of magnitude of the sums of each element 

match the amounts found in the bulk samples, but some absolute differences are present.  Further investigation into the 

differences is needed.  It is hypothesized that some of the discrepancies can be accounted for by segregation in the bulk 

material. 

Table 4.4 shows the microalloying results of electrochemical dissolution tests of the Lo-Nb and Hi-Nb alloys 

for the elements in solution and as precipitates.  The entry “DL” indicates detection limit of the ICP-MS machine.  

Figure 4.5 shows the amount of microalloying elements (Nb, V, and Ti) in the Lo-Nb and Hi-Nb alloys in solution and 

as precipitates.  The lines above the bars show the results from the bulk sample. Table 4.5 shows the microalloying 

results of electrochemical dissolution tests of the Lo-V and Hi-V alloys for the elements in solution and as precipitates.  

Figure 4.6 shows the amount of microalloying elements (Nb, V, and Ti) in the Lo-Nb and Hi-Nb alloys in solution and 

as precipitates.  Table 4.6 shows the microalloying results of electrochemical dissolution tests of the Lo-Ti and Hi-Ti 

alloys for the elements in solution and as precipitates.  Figure 4.7 shows the amount of microalloying elements (Nb, V, 

and Ti) in the Lo-Ti and Hi-Ti alloys in solution and as precipitates.   
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In most cases, the precipitation trends were as expected with more elements in solution at the higher test 

temperature than at the lower test temperature.  Further electrochemical dissolution work is being conducted to test the 

repeatability of the procedure. 

 

Table A.1 – Initial Results of Microalloying Elements for Electrochemical Dissolution 

Material ID 
Temperature 

(°C) 

Solution Precipitates 

V Nb Ti Al  V Nb Ti Al  

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

Lo-V 
975 108.0 261.0 DL 359.0 21.8 188.3 70.2 169.7 

1025 84.0 236.0 DL 286.0 18.3 95.4 68.9 158.9 

Hi-V 
1000 227.0 754.0 597.0 462.0 21.9 72.6 55.4 46.9 

1050 208.0 208.0 DL 315.0 21.7 91.7 68.8 120.1 

Lo-Nb 
950 DL 94.0 DL 190.0 14.4 30.8 69.5 91.8 

1000 DL 86.0 DL 197.0 18.1 113.2 98.1 204.9 

Hi-Nb 
975 DL 207.0 DL 167.0 38.6 104.5 89.2 82.7 

1025 DL 218.0 DL 196.0 17.8 114.1 100.8 187.1 

Lo-Ti 
975 DL 222.0 76.0 240.0 40.7 101.6 263.4 76.4 

1025 DL 232.0 92.0 252.0 43.3 100.9 259.5 122.9 

Hi-Ti 
1000 DL 198.0 264.0 238.0 26.7 117.9 270.7 64.2 

1050 DL 200.0 265.0 263.0 34.1 154.1 521.2 121.3 

Electrolyte Blank - DL DL DL 516.0 - - - - 

Filter Blank - - - - - 13.8 DL 17.0 34.3 

Detection Limit (DL) - 0.356 0.214 0.637 0.184 - - - - 
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Table A.2–Initial Results of Microalloying Elements for Electrochemical Dissolution Showing the Sum of the 
Solution and Precipitates to Compare with the Bulk Sample 

Material ID 
Temperature 

(°C) 

Solution + Precipitates 

V Nb Ti Al  

(ppb) (ppb) (ppb) (ppb) 

 975 129.8 449.3 70.2 528.7 

Lo-V 1025 102.3 331.4 68.9 444.9 

 Bulk 100.8 225.2 50.6 208.9 

 1000 248.9 826.6 652.4 508.9 

Hi-V 1050 229.7 299.7 68.8 435.1 

 Bulk 308.1 362.8 55.7 166.1 

 950 14.4 124.8 69.5 281.8 

Lo-Nb 1000 18.1 199.2 98.1 401.9 

 Bulk 12.2 163.3 39.8 123.5 

 975 38.6 311.5 89.2 249.7 

Hi-Nb 1025 17.8 332.1 100.8 383.1 

 Bulk 11.5 215.8 81.4 125.6 

 975 40.7 323.6 339.4 316.4 

Lo-Ti 1025 43.3 332.9 351.5 374.9 

 Bulk 16.4 280.6 211.6 114.1 

 1000 26.7 315.9 534.7 302.2 

Hi-Ti 1050 34.1 354.1 786.2 384.3 

 Bulk 19.0 307.9 484.1 154.0 

Detection 
Limit (DL) 

- 0.356 0.214 0.637 0.184 

 
 

 

A.4 Electrochemical Dissolution Results 

The topography of the Lo-Nb alloy was analyzed in the field emission scanning electron microscopy 

(FESEM).  Figure A.9 shows the topography of the Lo-Nb alloy, originally taken at (a) a low magnification and (b) a 

high magnification.  The white specks are thought to be titanium nitrides, but further analysis is needed to verify the 

specific composition.  The sample was compressed in the Gleeble® 3500 at 1000 °C and water quenched.  The 

microstructure is martensitic.  What appear to be packet boundaries are visible in the images.  A blank polycarbonate 

filter paper was sectioned and also examined in the FESEM to understand the pore size and dispersion.  Figure A.10 

shows an FESEM image of the polycarbonate filter paper.  To prevent charging, the filter paper was gold-coated prior 

to being inserted into the FESEM.  The pores are chemically etched into the polycarbonate membrane and are 

therefore not uniformly distributed.  Some pores appear to be larger than the stated size of 10 nm, however, some 

larger pores show smaller pores underneath.  Further analysis is required to better understand the size and dispersion of 

the filter pores. 
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(a) (b) 
Figure A.9 Field emission SEM images of the Lo-Nb sample after electrochemical dissolution at two different 

magnifications, originally taken at (a) low magnification and (b) high magnification.  The white 
specks are thought to be titanium nitrides, but further analysis is needed to verify the composition. 

 

 

Figure A.10 Field emission SEM image of a blank polycarbonate membrane filter showing the pore size and 
distribution.  The filter was gold-coated for 5 seconds to limit charging before analysis in the SEM. 
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 APPENDIX B: SOLUBILITY CALCULATIONS 

Solubility calculations were carried out using the equations by Turkdogan [42], presented in Section 2.3.2.  

Table B.1 shows the temperature for calculated precipitation formation of TiN, NbN, VN, AlN, TiC, NbC, and VC for 

the steels in this study.  Figure B.1 – Figure B.3 show solubility plots for the precipitates of interest.  The isothermal 

lines show the relative temperatures for precipitate formation.   

 

Table B.1 – Solubility Temperatures for the Precipitates of Interest 

 Material ID 
TiN 
(°C) 

NbN 
(°C) 

VN 
(°C) 

AlN 
(°C) 

TiC 
(°C) 

NbC 
(°C) 

VC 
(°C) 

Lo-Nb 1305 1021 650 1071 815 985 513 
Hi-Nb 1312 1072 644 1050 827 1074 514 
Lo-V 1300 1096 836 1093 804 1072 662 
Hi-V 1291 1086 898 1073 817 1079 724 
Lo-Ti 1433 978 586 930 929 1067 512 
Hi-Ti 1521 865 516 776 1126 1070 514 

 

 

 

 

(a) 
 

(b) 

Figure B.1 Solubility plots showing (a) TiN and (b) TiC for the ten alloys in this study.  Isothermal lines 
show relative temperatures for precipitate formation. 
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(a) 
 

(b) 

Figure B.2 Solubility plots showing (a) NbN and (b) NC for the ten alloys in this study.  Isothermal lines 
show relative temperatures for precipitate formation. 

 

 

 

(a) 
 

(b) 

Figure B.3 Solubility plots showing (a) NbN and (b) NC for the ten alloys in this study.  Isothermal lines 
show relative temperatures for precipitate formation. 
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 APPENDIX C: AS RECEIVED MATERIAL CHARACTERIZATION 

This appendix provides additional data regarding the as received material used in this study.  This includes 

photos of the as-received hot rolled plates, initial micrographs, and chemical analysis results.  

C.1 As Received Hot Rolled Plate 

Experimental alloys were produced and hot rolled byTata Steel Europe.  Each 60 kg (132 lb) melt produced 

two 30 kg (66 lb) ingots with a high and low addition of a chosen alloying element.  The ingots were then hot rolled 

with no particular parameters for load to a chosen thickness of approximately 30 mm (1.18 in).  Ten alloys were 

produced with the following identification: Lo-V, Hi-V, Lo-Nb, Hi-Nb, Lo-Ti, Hi-Ti.  Figure C.1 through Figure C.6 

show the (a) top view and length, (b) width, and (c) thickness of each plate.  A single letter designation was used for 

easy machining identification A-J.  The yellow code is the Tata Steel Europe identification.  The grid markings 

designate the desired location of torsion specimens. 

 

 

 

 

(a) 

 

(b) 

 

(c) 

Figure C.1 Photos of the as received hot rolled Lo-V alloy showing the (a)top view and total length, (b) 
width, and (c) thickness of the plate 
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(a) 

 

(b) 

 

(c) 

Figure C.2 Photos of the as received hot rolled Hi-V alloy showing the (a)top view and total length, (b) 
width, and (c) thickness of the plate 

 

 

 

 

(a) 

 

(b) 

 

(c) 

Figure C.3 Photos of the as received hot rolled Lo-Nb alloy showing the (a)top view and total length, (b) 
width, and (c) thickness of the plate 
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(a) 

 

(b) 

 

(c) 

Figure C.4 Photos of the as received hot rolled Hi-Nb alloy showing the (a)top view and total length, (b) 
width, and (c) thickness of the plate 

 

 

 

 

 

(a) 

 

(b) 

 

(c) 

Figure C.5 Photos of the as received hot rolled Lo-Ti alloy showing the (a)top view and total length, (b) 
width, and (c) thickness of the plate 
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(a) 

 

(b) 

 

(c) 

Figure C.6 Photos of the as received hot rolled Hi-Ti alloy showing the (a)top view and total length, (b) 
width, and (c) thickness of the plate 

C.2 As Received Micrographs 

Metallographic samples of the ten alloys in the as-received condition were used to obtain approximate grain 

sizes and general microstructural constituent identification.  The expected microstructure for each alloy was primarily 

ferrite with possible pearlite or bainite colonies from the air-cooled hot-rolled condition.  Figure C.7-Figure C.11 show 

representative light micrographs for the as-received alloys from the center of the plate width etched in a 2 % nital 

solution for 3-5 s.  As expected, the microstructure is mostly ferrite with some pearlite or bainite colonies. 

 

 

(a) 

 

(b) 

Figure C.7 Representative light micrographs for the as-received (a) Lo-V and (b) Hi-V alloys from the 
center of the plate width etched in a 2 % nital solution for 3-5 s. 
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(a) 

 

(b) 

Figure C.8 Representative light micrographs for the as-received (a) Lo-Nb and (b) Hi-Nb alloys from the 
center of the plate width etched in a 2 % nital solution for 3-5 s. 

 

 

(a) 

 

(b) 

Figure C.9 Representative light micrographs for the as-received (a) Lo-Ti and (b) Hi-Ti alloys from the 
center of the plate width etched in a 2 % nital solution for 3-5 s. 
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(g) 

 

(h) 

Figure C.10 Representative light micrographs for the as-received (a) Lo-Ti-2 and (b) Hi- Ti-2 alloys from 
the center of the plate width etched in a 2 % nital solution for 3-5 s. 

 

 

(i) 

 

(j) 

Figure C.11 Representative light micrographs for the as-received (a) Lo-Ti-Lo-V and (b) Hi-Ti-Lo-V 
alloys from the center of the plate width etched in a 2 % nital solution for 3-5 s. 

C.3 As Received Chemical Analysis 

Two sections from each plate were sent to SSAB Americas for chemical analysis.  Standard Leco combustion 

analysis tested the amount of C, S, and N in the steel.  Optical emission spectroscopy (OES) was used to confirm the 

remaining elements.  Table C.1 shows the original chemical analysis provided by Tata Steel Europe.  Table C.2 shows 

the results provided by SSAB Americas.  The results from the Leco analysis confirmed the composition for C, S, and 

N provided by Tata Steel Europe.  The remaining elements had good agreement for all alloys and all elements, with the 

exception of the V content.  The OES analysis from SSAB for V content was consistently higher by 20-30 ppm wt pct 

for each alloy.  This result may be due to a calibration discrepancy or the  
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Table C.1 – Laboratory Nb-Bearing Microalloyed Steels in wt pct 

Material ID C Mn Si Ti Nb V Al  N S P 

Lo-Nb C 0.063 1.47 0.019 0.006 0.027 <0.001 0.030 0.0041 0.0017 0.012 
Hi-Nb D 0.066 1.46 0.020 0.007 0.060 <0.001 0.028 0.0039 0.0017 0.011 
Lo-V A 0.065 1.46 0.016 0.005 0.060 0.021 0.030 0.0046 0.0017 0.012 
Hi-V B 0.068 1.46 0.017 0.005 0.061 0.056 0.029 0.0040 0.0017 0.012 
Lo-Ti E 0.062 1.48 0.018 0.028 0.060 <0.001 0.032 0.0050 0.0018 0.011 
Hi-Ti F 0.065 1.48 0.019 0.099 0.059 <0.001 0.030 0.0040 0.0019 0.011 

 

 

 

Table C.2 – Laboratory Nb-Bearing Microalloyed Steels in wt pct 

Material ID 
C 

(Leco) 
Mn Si Ti Nb V Al  

N 
(Leco) 

S 
(Leco) 

P 

Lo-Nb C 0.064 1.48 0.014 0.007 0.029 0.003 0.029 0.0051 0.0016 0.013 
Hi-Nb D 0.064 1.47 0.015 0.008 0.061 0.003 0.028 0.0045 0.0014 0.013 
Lo-V A 0.066 1.47 0.010 0.006 0.062 0.023 0.029 0.0053 0.0010 0.013 
Hi-V B 0.066 1.47 0.011 0.006 0.062 0.054 0.029 0.0049 0.0016 0.013 
Lo-Ti E 0.058 1.47 0.013 0.027 0.062 0.003 0.030 0.0058 0.0018 0.013 
Hi-Ti F 0.060 1.46 0.014 0.101 0.062 0.004 0.032 0.0050 0.0013 0.013 
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 APPENDIX D: QUICKSIM2 GLEEBLE® PROGRAMS 

Screen shots of the torsion programs used for thermomechanical processing using the Gleeble® 3500 are 

presented below.  The software used is QuickSim2.   

D.1 QuickSim2 Program for �:0.2 and �̇: 5 s-1 Test Condition 

Figure D.1 through Figure D.6 show the Gleeble® program for the �:0.2 and �̇: 5 s-1 test condition. 

 

Figure D.1 QuickSim2 program for torsion testing of �:0.2 and �̇: 5 s-1 test condition.  Part 1 of 6 
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Figure D.2 QuickSim2 program for torsion testing of �:0.2 and �̇: 5 s-1 test condition.  Part 2 of 6 
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Figure D.3 QuickSim2 program for torsion testing of �:0.2 and �̇: 5 s-1 test condition.  Part 3 of 6 
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Figure D.4 QuickSim2 program for torsion testing of �:0.2 and �̇: 5 s-1 test condition.  Part 4 of 6 
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Figure D.5 QuickSim2 program for torsion testing of �:0.2 and �̇: 5 s-1 test condition.  Part 5 of 6 
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Figure D.6 QuickSim2 program for torsion testing of �:0.2 and �̇: 5 s-1 test condition.  Part 6 of 6 

 
  



 121 

D.2 QuickSim2 Program for �:0.5 and �̇: 1 s-1 Test Condition 

Figure D.7 through Figure D.11 show the Gleeble® program for the �:0.5 and �̇: 1 s-1 test condition. 

 

 

Figure D.7 QuickSim2 program for torsion testing of �:0.5 and �̇: 1 s-1 test condition. Part 1 of 5 
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Figure D.8 QuickSim2 program for torsion testing of �:0.5 and �̇: 1 s-1 test condition.  Part 2 of 5. 
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Figure D.9 QuickSim2 program for torsion testing of �:0.5 and �̇: 1 s-1 test condition.  Part 3 of 5 
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Figure D.10 QuickSim2 program for torsion testing of �:0.5 and �̇: 1 s-1 test condition.  Part 4 of 5. 
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Figure D.11 QuickSim2 program for torsion testing of �:0.5 and �̇: 1 s-1 test condition.  Part 5 of 5. 
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D.2 QuickSim2 Program for �:0.5 and �̇: 20 s-1 Test Condition 

Figure D.12 through Figure D.16 show the Gleeble® program for the �:0.5 and �̇: 20 s-1 test condition. 

 

Figure D.12 QuickSim2 program for torsion testing of �:0.5 and �̇: 20 s-1 test condition.  Part 1 of 5. 
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Figure D.13 QuickSim2 program for torsion testing of �:0.5 and �̇: 20 s-1 test condition.  Part 2 of 5. 
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Figure D.14 QuickSim2 program for torsion testing of �:0.5 and �̇: 20 s-1 test condition.  Part 3 of 5. 
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Figure D.15 QuickSim2 program for torsion testing of �:0.5 and �̇: 20 s-1 test condition.  Part 4 of 5. 
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Figure D.16 QuickSim2 program for torsion testing of �:0.5 and �̇: 20 s-1 test condition.  Part 5 of 5. 
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D.2 QuickSim2 Program for �:0.05 and �̇: 1 s-1 Test Condition 

Figure D.17 through Figure D.21 show the Gleeble® program for the �:0.5 and �̇: 20 s-1 test condition. 

 

 

Figure D.17 QuickSim2 program for torsion testing of �:0.05 and �̇: 1 s-1 test condition.  Part 1 of 5. 
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Figure D.18 QuickSim2 program for torsion testing of �:0.05 and �̇: 1 s-1 test condition.  Part 2 of 5. 
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Figure D.19 QuickSim2 program for torsion testing of �:0.05 and �̇: 1 s-1 test condition.  Part 3 of 5. 
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Figure D.20 QuickSim2 program for torsion testing of �:0.05 and �̇: 1 s-1 test condition.  Part 4 of 5. 
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Figure D.21 QuickSim2 program for torsion testing of �:0.05 and �̇: 1 s-1 test condition.  Part 5 of 5. 
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 APPENDIX E: TORSION TEST DATA 

This appendix gives the data from the torsion tests.  These data include the MFS data per pass, the R2 values 

for each pass, the intersect data for the regression lines as described in Section 3.4.1, the time interval for each pass, 

the strain per pass, the strain rate per pass, the average temperature per pass, and the absolute difference in measured 

temperature from programmed temperature.  The data are given for each test condition for each alloy. 

E.1 Torsion Data for �:0.2 and �̇: 5 s-1 Test Condition 

Table E.1 through Table E.18 show the torsion test data for the �:0.2 and �̇: 5 s-1 test condition for all alloys. 

 

Table E.1 – Torsion Data for the �:0.2 and �:̇ 5 s-1 Test Condition for the Lo-Nb-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 58.02     0.040 0.21 5.11 1201 0.96 

1175 6.91 63.83 1.962 0.962 9.91 736 0.039 0.20 5.08 1177 2.24 

1150 7.03 67.75 1.952 0.952 8.25 939 0.038 0.19 5.03 1149 1.13 

1125 7.15 70.89 1.946 0.947 8.00 978 0.038 0.19 4.92 1123 1.70 

1100 7.28 74.60 1.958 0.959 7.99 978 0.039 0.19 4.92 1101 0.86 

1075 7.42 79.98 1.972 0.972 8.09 963 0.034 0.19 5.50 1074 1.03 

1050 7.56 82.47 1.976 0.976 8.11 959 0.038 0.19 4.99 1047 2.56 

1025 7.70 86.97 1.985 0.985 8.18 950 0.038 0.19 4.98 1025 0.08 

1000 7.86 92.92 1.992 0.992 8.25 939 0.035 0.19 5.36 1000 0.10 

975 8.01 97.66 1.995 0.995 8.30 932 0.038 0.19 4.94 976 0.61 

950 8.18 102.76 1.996 0.996 8.30 932 0.036 0.18 5.02 950 0.03 

925 8.35 110.21 1.995 0.995 8.33 927 0.035 0.18 5.04 926 1.08 

900 8.53 124.35 1.981 0.981 8.34 926 0.039 0.19 4.99 901 0.56 

875 8.71 135.95 1.972 0.972 8.33 927 0.036 0.18 4.93 875 0.39 

850 8.90 152.20 1.961 0.961 8.34 926 0.036 0.18 4.92 853 2.54 

825 9.11 169.00 1.952 0.952 8.40 917 0.036 0.17 4.89 826 1.02 

800 9.32 185.52     0.036 0.17 4.84 801 1.37 

775 9.54 201.43     0.036 0.17 4.84 777 2.32 

750 9.78 217.59     0.041 0.19 4.72 753 3.39 
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Table E.2 – Torsion Data for the �:0.2 and �:̇ 5 s-1 Test Condition for the Lo-Nb-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 57.21     0.039 0.20 5.09 1201 1.24 

1175 6.91 62.83 1.967 0.967 9.09 827 0.036 0.18 5.11 1177 2.41 

1150 7.03 66.92 1.960 0.961 8.17 951 0.036 0.18 5.06 1146 3.85 

1125 7.15 69.57 1.944 0.945 7.90 993 0.035 0.18 5.05 1125 0.42 

1100 7.28 74.14 1.964 0.964 7.96 984 0.037 0.18 5.02 1099 0.91 

1075 7.42 79.29 1.975 0.976 8.05 969 0.033 0.18 5.54 1073 2.19 

1050 7.56 82.23 1.981 0.981 8.09 963 0.038 0.19 5.02 1048 1.56 

1025 7.70 87.11 1.988 0.988 8.16 953 0.039 0.19 4.97 1026 0.58 

1000 7.86 92.84 1.993 0.993 8.22 943 0.034 0.18 5.37 1001 0.86 

975 8.01 97.66 1.995 0.995 8.27 937 0.039 0.19 4.81 976 0.56 

950 8.18 104.21 1.995 0.995 8.30 932 0.039 0.19 4.87 952 1.90 

925 8.35 112.87 1.991 0.991 8.33 928 0.039 0.19 4.93 927 1.66 

900 8.53 124.77 1.985 0.985 8.28 935 0.039 0.19 4.93 901 1.37 

875 8.71 135.89 1.979 0.979 8.27 936 0.036 0.18 4.93 877 1.83 

850 8.90 154.65 1.964 0.964 8.26 938 0.040 0.19 4.86 854 3.65 

825 9.11 170.44 1.956 0.956 8.25 938 0.036 0.17 4.91 828 2.71 

800 9.32 186.66     0.036 0.18 4.87 802 2.02 

775 9.54 202.34     0.036 0.18 4.85 777 2.50 

750 9.78 217.85     0.036 0.17 4.79 753 3.11 
 

 



 138 

Table E.3 – Torsion Data for the �:0.2 and �:̇ 5 s-1 Test Condition for the Lo-Nb-03 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 57.52     0.039 0.20 5.09 1202 2.34 

1175 6.91 63.57 1.966 0.966 10.77 656 0.038 0.19 5.06 1177 2.03 

1150 7.03 67.87 1.958 0.959 8.45 910 0.038 0.19 5.00 1149 1.36 

1125 7.15 70.35 1.935 0.936 7.99 978 0.036 0.18 5.01 1123 2.21 

1100 7.28 73.91 1.948 0.948 7.96 983 0.037 0.18 5.02 1100 0.28 

1075 7.42 79.07 1.965 0.965 8.03 972 0.032 0.18 5.54 1075 0.37 

1050 7.56 80.59 1.964 0.965 8.04 971 0.035 0.18 5.05 1047 2.62 

1025 7.70 87.11 1.977 0.977 8.13 958 0.039 0.19 4.98 1026 1.17 

1000 7.86 92.34 1.985 0.985 8.20 946 0.034 0.18 5.36 1000 0.45 

975 8.01 98.03 1.989 0.989 8.27 936 0.039 0.19 4.84 976 0.68 

950 8.18 104.48 1.989 0.989 8.32 929 0.039 0.19 4.94 951 1.10 

925 8.35 112.79 1.985 0.986 8.34 926 0.039 0.19 4.90 927 1.58 

900 8.53 123.06 1.983 0.983 8.27 937 0.036 0.18 5.02 901 1.45 

875 8.71 134.86 1.976 0.977 8.24 941 0.035 0.18 4.99 877 2.38 

850 8.90 154.12 1.961 0.961 8.11 960 0.041 0.20 4.78 851 1.47 

825 9.11 169.89 1.954 0.954 8.02 973 0.036 0.18 4.95 825 0.34 

800 9.32 187.07     0.036 0.18 4.90 802 2.25 

775 9.54 202.27     0.036 0.17 4.82 778 3.31 

750 9.78 217.04     0.036 0.17 4.77 752 1.58 
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Table E.4 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-Nb-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 60.96     0.038 0.20 5.16 1202 1.83 

1175 6.91 66.90 1.977 0.977 8.85 857 0.038 0.19 5.07 1178 3.07 

1150 7.03 70.89 1.966 0.966 8.02 974 0.036 0.18 5.08 1148 1.51 

1125 7.15 74.04 1.958 0.959 7.85 1002 0.037 0.19 5.00 1124 0.67 

1100 7.28 77.46 1.966 0.967 7.84 1002 0.034 0.17 5.15 1100 0.03 

1075 7.42 84.45 1.977 0.977 7.97 982 0.034 0.19 5.52 1073 1.75 

1050 7.56 86.63 1.982 0.982 7.99 979 0.036 0.18 5.09 1048 1.64 

1025 7.70 91.97 1.989 0.989 8.04 971 0.039 0.19 4.99 1026 0.67 

1000 7.86 98.23 1.992 0.992 8.07 966 0.033 0.18 5.42 1000 0.31 

975 8.01 103.21 1.993 0.993 8.05 970 0.037 0.19 4.95 974 1.12 

950 8.18 110.67 1.994 0.994 8.01 975 0.038 0.19 4.97 952 2.13 

925 8.35 123.91 1.983 0.983 8.01 976 0.038 0.19 5.00 925 0.35 

900 8.53 139.14 1.966 0.966 8.04 971 0.039 0.19 4.95 901 0.56 

875 8.71 154.38 1.955 0.955 8.09 962 0.034 0.17 4.95 877 1.81 

850 8.90 169.41 1.951 0.951 8.20 947 0.035 0.17 4.92 852 1.90 

825 9.11 184.22 1.955 0.955 8.59 891 0.034 0.17 4.96 825 0.06 

800 9.32 199.30     0.035 0.17 4.87 801 0.98 

775 9.54 213.56     0.035 0.17 4.79 778 2.95 

750 9.78 230.64     0.041 0.19 4.72 753 3.07 
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Table E.5 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-Nb-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 60.92     0.039 0.20 5.13 1201 1.48 

1175 6.91 66.19 1.976 0.976 8.15 954 0.037 0.19 5.10 1176 1.45 

1150 7.03 71.41 1.980 0.980 8.16 953 0.038 0.19 5.07 1147 3.38 

1125 7.15 73.65 1.952 0.952 7.86 999 0.036 0.18 5.03 1124 0.77 

1100 7.28 78.55 1.971 0.971 7.91 992 0.038 0.19 4.93 1100 0.45 

1075 7.42 83.04 1.982 0.982 7.96 984 0.032 0.18 5.57 1075 0.04 

1050 7.56 85.89 1.983 0.983 7.97 982 0.035 0.18 5.07 1049 1.45 

1025 7.70 91.50 1.989 0.989 8.02 973 0.038 0.19 5.00 1027 1.79 

1000 7.86 98.36 1.990 0.990 8.07 966 0.035 0.19 5.36 1001 1.11 

975 8.01 103.54 1.991 0.991 8.06 967 0.039 0.19 4.85 974 0.53 

950 8.18 110.77 1.992 0.992 8.00 977 0.040 0.19 4.86 952 1.79 

925 8.35 122.01 1.986 0.986 7.96 983 0.036 0.18 5.03 927 1.75 

900 8.53 138.61 1.967 0.967 7.92 989 0.039 0.19 4.97 901 0.98 

875 8.71 154.18 1.954 0.954 8.00 977 0.036 0.18 4.96 876 1.30 

850 8.90 170.72 1.945 0.945 8.10 961 0.040 0.19 4.80 851 1.32 

825 9.11 184.71 1.952 0.952 8.69 878 0.035 0.17 4.89 826 0.76 

800 9.32 199.75     0.035 0.17 4.88 802 2.39 

775 9.54 212.96     0.035 0.16 4.71 779 3.52 

750 9.78 230.46     0.041 0.19 4.73 752 2.05 
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Table E.6 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-Nb-03 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.19     0.041 0.21 5.02 1202 2.31 

1175 6.91 66.47 1.977 0.977 8.19 948 0.038 0.19 5.10 1177 1.71 

1150 7.03 69.46 1.952 0.953 7.75 1018 0.034 0.17 5.10 1148 1.51 

1125 7.15 73.44 1.969 0.969 7.77 1015 0.038 0.19 4.99 1124 1.48 

1100 7.28 77.02 1.980 0.980 7.81 1007 0.036 0.18 4.98 1100 0.33 

1075 7.42 84.05 1.980 0.980 7.96 984 0.035 0.19 5.45 1074 1.36 

1050 7.56 86.78 1.987 0.987 8.00 977 0.038 0.19 5.05 1049 0.73 

1025 7.70 91.01 1.991 0.991 8.03 972 0.039 0.19 4.92 1026 1.04 

1000 7.86 97.84 1.993 0.993 8.07 966 0.035 0.19 5.33 1001 1.07 

975 8.01 102.69 1.994 0.994 8.06 968 0.040 0.19 4.77 974 0.58 

950 8.18 110.82 1.994 0.994 8.01 976 0.038 0.19 4.93 951 0.80 

925 8.35 122.42 1.986 0.986 7.99 978 0.037 0.19 5.00 927 1.82 

900 8.53 138.70 1.967 0.967 8.04 971 0.038 0.19 4.96 900 0.21 

875 8.71 154.60 1.954 0.954 8.12 959 0.036 0.18 4.95 878 2.60 

850 8.90 169.17 1.950 0.951 8.24 941 0.034 0.16 4.90 852 2.11 

825 9.11 183.89 1.954 0.954 8.62 888 0.033 0.16 4.82 827 1.66 

800 9.32 198.94     0.034 0.16 4.79 801 0.75 

775 9.54 213.39     0.035 0.17 4.71 779 3.52 

750 9.78 230.66     0.040 0.19 4.73 753 2.59 
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Table E.7 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Lo-V-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 58.21     0.039 0.20 5.15 1202 2.37 

1175 6.91 64.72 1.974 0.974 10.14 713 0.038 0.19 5.05 1178 2.53 

1150 7.03 69.17 1.964 0.964 8.24 941 0.039 0.19 4.96 1148 2.30 

1125 7.15 72.71 1.958 0.958 7.96 983 0.038 0.19 5.00 1125 0.45 

1100 7.28 77.14 1.970 0.970 7.96 983 0.037 0.18 5.02 1100 0.10 

1075 7.42 82.78 1.982 0.982 8.04 970 0.034 0.19 5.52 1073 1.72 

1050 7.56 86.11 1.985 0.985 8.06 968 0.037 0.19 5.07 1049 1.43 

1025 7.70 90.51 1.989 0.989 8.09 963 0.038 0.19 5.01 1025 0.21 

1000 7.86 97.08 1.992 0.992 8.13 957 0.034 0.18 5.43 1001 0.64 

975 8.01 101.97 1.993 0.993 8.12 958 0.038 0.19 4.89 975 0.48 

950 8.18 109.52 1.994 0.994 8.07 966 0.038 0.19 4.98 952 1.99 

925 8.35 119.78 1.991 0.991 8.03 973 0.040 0.19 4.88 927 2.48 

900 8.53 136.07 1.974 0.974 8.02 974 0.036 0.18 4.96 900 0.04 

875 8.71 152.34 1.960 0.960 7.97 981 0.036 0.18 4.97 876 0.70 

850 8.90 167.67 1.954 0.954 8.01 975 0.036 0.18 4.90 853 2.85 

825 9.11 183.96 1.954 0.954 8.24 940 0.036 0.17 4.85 826 1.20 

800 9.32 198.94     0.036 0.18 4.94 801 1.34 

775 9.54 213.53     0.036 0.18 4.90 777 1.88 

750 9.78 229.50     0.036 0.17 4.70 752 1.97 
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Table E.8 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Lo-V-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 59.31     0.039 0.20 5.15 1202 2.37 

1175 6.91 64.83 1.975 0.975 8.44 912 0.038 0.19 5.05 1178 2.53 

1150 7.03 69.99 1.978 0.978 8.27 936 0.039 0.19 4.96 1148 2.30 

1125 7.15 72.78 1.958 0.959 7.94 987 0.038 0.19 5.00 1125 0.45 

1100 7.28 76.36 1.964 0.965 7.91 992 0.037 0.18 5.02 1100 0.10 

1075 7.42 82.76 1.978 0.978 8.01 975 0.034 0.19 5.52 1073 1.72 

1050 7.56 85.12 1.981 0.981 8.03 973 0.037 0.19 5.07 1049 1.43 

1025 7.70 89.98 1.988 0.988 8.07 966 0.038 0.19 5.01 1025 0.21 

1000 7.86 96.79 1.991 0.991 8.11 959 0.034 0.18 5.43 1001 0.64 

975 8.01 100.67 1.992 0.992 8.09 963 0.038 0.19 4.89 975 0.48 

950 8.18 108.11 1.993 0.993 8.07 967 0.038 0.19 4.98 952 1.99 

925 8.35 120.47 1.983 0.984 8.04 970 0.040 0.19 4.88 927 2.48 

900 8.53 134.36 1.970 0.970 8.01 975 0.036 0.18 4.96 900 0.04 

875 8.71 149.54 1.959 0.959 7.96 983 0.036 0.18 4.97 876 0.70 

850 8.90 165.22 1.954 0.954 7.78 1012 0.036 0.18 4.90 853 2.85 

825 9.11 180.43 1.954 0.954 7.51 1059 0.036 0.17 4.85 826 1.20 

800 9.32 195.85     0.036 0.18 4.94 801 1.34 

775 9.54 210.32     0.036 0.18 4.90 777 1.88 

750 9.78 224.45     0.036 0.17 4.70 752 1.97 
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Table E.9 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Lo-V-03 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 58.21     0.039 0.20 5.12 1202 1.96 

1175 6.91 64.72 1.974 0.974 10.14 713 0.038 0.19 5.08 1176 1.45 

1150 7.03 69.17 1.964 0.964 8.24 941 0.036 0.18 5.08 1147 3.31 

1125 7.15 72.71 1.958 0.958 7.96 983 0.038 0.19 5.00 1124 1.25 

1100 7.28 77.14 1.970 0.970 7.96 983 0.038 0.19 4.94 1100 0.43 

1075 7.42 82.78 1.982 0.982 8.04 970 0.034 0.19 5.51 1072 2.72 

1050 7.56 86.11 1.985 0.985 8.06 968 0.037 0.19 5.04 1048 1.80 

1025 7.70 90.51 1.989 0.989 8.09 963 0.038 0.19 5.00 1025 0.17 

1000 7.86 97.08 1.992 0.992 8.13 957 0.034 0.18 5.39 1001 0.53 

975 8.01 101.97 1.993 0.993 8.12 958 0.039 0.19 4.86 975 0.46 

950 8.18 109.52 1.994 0.994 8.07 966 0.039 0.19 4.95 952 2.10 

925 8.35 119.78 1.991 0.991 8.03 973 0.035 0.18 5.04 927 2.01 

900 8.53 136.07 1.974 0.974 8.02 974 0.035 0.18 5.05 901 1.25 

875 8.71 152.34 1.960 0.960 7.97 981 0.036 0.18 5.02 877 1.92 

850 8.90 167.67 1.954 0.954 8.01 975 0.036 0.18 4.93 852 2.25 

825 9.11 183.96 1.954 0.954 8.24 940 0.036 0.18 4.96 827 2.23 

800 9.32 198.94     0.036 0.18 4.94 803 2.97 

775 9.54 213.53     0.036 0.18 4.90 778 3.15 

750 9.78 229.50     0.036 0.17 4.76 753 3.14 
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Table E.10 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-V-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 58.81     0.038 0.20 5.19 1202 1.95 

1175 6.91 64.27 1.975 0.975 8.18 950 0.037 0.19 5.10 1178 2.90 

1150 7.03 69.40 1.978 0.978 8.10 961 0.037 0.19 5.07 1148 2.40 

1125 7.15 73.07 1.972 0.972 7.94 986 0.039 0.19 4.95 1124 0.67 

1100 7.28 76.71 1.974 0.974 7.92 990 0.035 0.18 5.08 1100 0.18 

1075 7.42 83.09 1.983 0.983 8.01 976 0.034 0.19 5.52 1074 1.09 

1050 7.56 84.99 1.980 0.980 8.01 976 0.035 0.18 5.11 1050 0.10 

1025 7.70 91.29 1.987 0.987 8.06 967 0.039 0.19 4.96 1025 0.23 

1000 7.86 97.42 1.989 0.990 8.10 962 0.034 0.18 5.41 1001 0.70 

975 8.01 102.18 1.990 0.990 8.06 967 0.038 0.19 4.91 976 0.79 

950 8.18 109.18 1.994 0.994 7.97 982 0.035 0.18 5.05 952 1.73 

925 8.35 120.87 1.989 0.989 7.92 990 0.035 0.17 5.00 927 2.39 

900 8.53 139.16 1.966 0.966 7.89 995 0.035 0.18 5.09 902 2.49 

875 8.71 155.13 1.953 0.953 7.97 982 0.036 0.18 4.95 878 2.52 

850 8.90 171.48 1.948 0.948 8.02 974 0.041 0.20 4.80 853 3.27 

825 9.11 185.41 1.951 0.951 8.05 969 0.036 0.18 4.92 827 2.24 

800 9.32 200.26     0.036 0.17 4.85 803 3.01 

775 9.54 215.47     0.036 0.17 4.76 778 3.13 

750 9.78 231.03     0.036 0.17 4.76 753 2.97 
 

 



 146 

Table E.11 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-V-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 58.82     0.039 0.20 5.12 1202 1.95 

1175 6.91 64.75 1.976 0.976 8.65 884 0.038 0.19 5.10 1178 2.96 

1150 7.03 69.51 1.974 0.974 8.14 956 0.037 0.19 5.05 1147 2.55 

1125 7.15 72.52 1.958 0.958 7.89 995 0.037 0.19 4.98 1123 1.95 

1100 7.28 76.53 1.968 0.968 7.88 995 0.035 0.18 5.06 1100 0.15 

1075 7.42 82.96 1.980 0.980 7.99 978 0.034 0.19 5.53 1074 1.14 

1050 7.56 85.98 1.985 0.985 8.02 974 0.038 0.19 4.97 1049 0.53 

1025 7.70 90.86 1.990 0.990 8.06 967 0.038 0.19 5.00 1026 0.97 

1000 7.86 97.71 1.992 0.992 8.11 961 0.035 0.19 5.37 1000 0.17 

975 8.01 102.61 1.993 0.993 8.07 966 0.040 0.19 4.82 976 0.86 

950 8.18 108.63 1.995 0.995 8.01 975 0.034 0.17 5.06 951 1.24 

925 8.35 122.38 1.986 0.986 7.97 981 0.036 0.18 5.04 926 0.86 

900 8.53 138.06 1.968 0.969 7.99 978 0.036 0.18 4.94 900 0.24 

875 8.71 154.83 1.955 0.955 7.98 980 0.036 0.18 4.95 876 1.09 

850 8.90 169.55 1.952 0.952 7.91 992 0.036 0.18 4.88 853 3.16 

825 9.11 185.00 1.954 0.954 7.91 991 0.036 0.17 4.86 828 2.79 

800 9.32 200.65     0.036 0.18 4.86 801 0.98 

775 9.54 215.58     0.036 0.18 4.86 779 3.51 

750 9.78 230.89     0.036 0.17 4.74 753 2.50 
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Table E.12 – Torsion Data f for the �:0.2 and �̇: 5 s-1 Test Condition or the Hi-V-03 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 59.03     0.040 0.20 5.06 1204 4.13 

1175 6.91 63.13 1.974 0.974 7.63 1038 0.035 0.18 5.10 1177 1.69 

1150 7.03 68.46 1.974 0.974 7.87 997 0.035 0.18 5.12 1148 2.47 

1125 7.15 72.59 1.979 0.979 7.89 994 0.038 0.19 4.94 1124 0.94 

1100 7.28 76.63 1.984 0.984 7.92 989 0.035 0.18 5.08 1100 0.20 

1075 7.42 82.98 1.988 0.988 8.03 972 0.034 0.19 5.50 1074 0.89 

1050 7.56 85.22 1.987 0.987 8.04 971 0.035 0.18 5.10 1049 0.81 

1025 7.70 90.42 1.991 0.991 8.08 965 0.039 0.19 4.98 1026 1.29 

1000 7.86 97.41 1.993 0.993 8.12 958 0.035 0.19 5.33 1001 0.97 

975 8.01 101.74 1.994 0.994 8.09 963 0.038 0.19 4.87 975 0.11 

950 8.18 108.16 1.996 0.996 8.03 973 0.035 0.17 5.01 952 1.92 

925 8.35 121.11 1.989 0.989 8.01 976 0.035 0.18 5.01 927 1.88 

900 8.53 137.51 1.970 0.970 8.05 970 0.036 0.18 4.98 901 0.61 

875 8.71 153.70 1.956 0.956 8.12 959 0.036 0.18 4.90 877 1.72 

850 8.90 168.71 1.951 0.951 8.21 945 0.037 0.18 4.88 853 2.74 

825 9.11 183.65 1.954 0.954 8.59 892 0.036 0.17 4.84 826 0.63 

800 9.32 199.18     0.036 0.18 4.87 802 2.47 

775 9.54 213.77     0.036 0.17 4.78 779 3.65 

750 9.78 231.17     0.041 0.19 4.68 753 2.74 
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Table E.13 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Lo-Ti-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.78     0.040 0.20 5.11 1202 1.93 

1175 6.91 67.26 1.977 0.977 8.33 928 0.039 0.20 5.03 1177 1.87 

1150 7.03 71.16 1.969 0.969 7.92 989 0.037 0.19 5.08 1149 1.39 

1125 7.15 74.33 1.965 0.965 7.82 1005 0.038 0.19 4.94 1123 2.06 

1100 7.28 78.38 1.977 0.978 7.86 999 0.037 0.18 5.05 1099 1.17 

1075 7.42 83.92 1.986 0.986 7.95 985 0.035 0.19 5.43 1073 1.52 

1050 7.56 86.42 1.987 0.987 7.97 982 0.036 0.18 5.07 1049 0.70 

1025 7.70 91.35 1.992 0.992 8.01 976 0.038 0.19 5.02 1026 0.55 

1000 7.86 98.16 1.992 0.992 8.04 971 0.035 0.19 5.34 1000 0.27 

975 8.01 102.70 1.993 0.994 8.01 975 0.036 0.18 4.96 975 0.07 

950 8.18 111.09 1.992 0.992 7.98 979 0.037 0.18 4.96 951 1.37 

925 8.35 124.85 1.977 0.977 7.96 983 0.037 0.18 5.00 927 1.72 

900 8.53 139.33 1.962 0.962 7.95 986 0.039 0.19 4.86 902 1.79 

875 8.71 155.32 1.950 0.950 8.08 964 0.036 0.18 4.95 876 0.82 

850 8.90 171.85 1.944 0.944 8.20 947 0.041 0.19 4.72 853 2.81 

825 9.11 185.11 1.951 0.951 7.61 1041 0.034 0.16 4.84 827 2.44 

800 9.32 199.45     0.035 0.17 4.79 803 2.98 

775 9.54 216.29     0.041 0.19 4.73 777 1.65 

750 9.78 230.99     0.041 0.19 4.71 754 3.68 
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Table E.14 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Lo-Ti-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.30     0.042 0.21 4.96 1202 1.90 

1175 6.91 66.73 1.977 0.977 8.28 935 0.039 0.19 4.99 1177 2.32 

1150 7.03 70.79 1.972 0.972 7.94 987 0.037 0.19 5.00 1148 1.74 

1125 7.15 73.96 1.966 0.966 7.83 1005 0.038 0.19 4.93 1123 1.52 

1100 7.28 77.58 1.974 0.974 7.84 1002 0.037 0.18 4.98 1100 0.16 

1075 7.42 83.60 1.983 0.983 7.94 986 0.034 0.19 5.48 1074 0.77 

1050 7.56 86.59 1.988 0.988 7.98 981 0.038 0.19 4.95 1049 1.28 

1025 7.70 91.11 1.991 0.992 8.02 974 0.038 0.19 4.97 1026 0.64 

1000 7.86 98.03 1.992 0.992 8.06 968 0.035 0.19 5.32 1001 0.66 

975 8.01 103.37 1.992 0.992 8.05 969 0.039 0.19 4.84 975 0.09 

950 8.18 111.26 1.991 0.991 8.00 977 0.038 0.19 4.95 951 1.01 

925 8.35 122.69 1.983 0.983 7.96 983 0.037 0.18 4.98 927 1.68 

900 8.53 139.07 1.966 0.966 7.90 993 0.037 0.18 5.00 900 0.39 

875 8.71 154.06 1.956 0.956 7.86 1000 0.036 0.18 4.96 880 4.64 

850 8.90 170.81 1.950 0.950 8.01 975 0.039 0.19 4.85 852 2.35 

825 9.11 186.37 1.951 0.951 8.01 975 0.040 0.19 4.78 827 1.92 

800 9.32 199.90     0.035 0.17 4.85 803 2.61 

775 9.54 214.99     0.040 0.19 4.71 777 2.21 

750 9.78 230.27     0.035 0.17 4.77 752 1.89 
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Table E.15 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Lo-Ti-03 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 60.48     0.039 0.20 5.09 1202 2.01 

1175 6.91 66.03 1.977 0.977 8.35 925 0.038 0.19 5.07 1177 2.04 

1150 7.03 70.81 1.978 0.978 8.11 961 0.037 0.19 5.08 1148 2.33 

1125 7.15 73.64 1.961 0.961 7.88 997 0.038 0.19 4.98 1125 0.08 

1100 7.28 76.91 1.964 0.964 7.85 1001 0.035 0.18 5.09 1100 0.17 

1075 7.42 83.42 1.978 0.978 7.95 984 0.034 0.19 5.51 1072 2.82 

1050 7.56 85.94 1.983 0.983 7.97 981 0.037 0.19 5.04 1050 0.42 

1025 7.70 90.48 1.988 0.988 8.01 976 0.039 0.19 4.93 1026 1.19 

1000 7.86 97.71 1.989 0.989 8.04 970 0.035 0.19 5.38 1001 0.83 

975 8.01 102.43 1.991 0.991 8.01 975 0.038 0.19 4.92 975 0.00 

950 8.18 110.18 1.991 0.991 7.97 981 0.038 0.18 4.86 951 1.08 

925 8.35 124.09 1.978 0.978 7.93 988 0.039 0.19 4.93 926 1.35 

900 8.53 138.65 1.963 0.963 7.91 992 0.039 0.19 4.92 900 0.43 

875 8.71 154.98 1.951 0.951 7.94 986 0.040 0.19 4.85 877 1.75 

850 8.90 170.66 1.946 0.946 8.18 949 0.041 0.19 4.74 853 3.11 

825 9.11 185.64 1.951 0.951 8.66 882 0.040 0.19 4.77 828 2.62 

800 9.32 199.40     0.036 0.17 4.88 802 2.05 

775 9.54 213.32     0.035 0.17 4.79 778 3.05 

750 9.78 230.64     0.041 0.19 4.75 753 3.01 
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Table E.16 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-Ti-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.75     0.037 0.18 5.02 1201 0.87 

1175 6.91 69.34 1.982 0.982 1.47 6531 0.039 0.20 5.04 1176 0.81 

1150 7.03 74.05 1.964 0.965 8.55 897 0.038 0.19 4.97 1148 2.03 

1125 7.15 77.72 1.955 0.955 7.94 986 0.039 0.19 4.94 1125 0.30 

1100 7.28 82.60 1.971 0.971 7.92 990 0.038 0.19 4.93 1100 0.42 

1075 7.42 89.30 1.982 0.982 7.99 979 0.035 0.19 5.41 1072 3.03 

1050 7.56 89.61 1.963 0.963 7.89 994 0.036 0.18 5.00 1049 1.15 

1025 7.70 96.20 1.972 0.972 7.91 991 0.039 0.19 4.93 1026 1.47 

1000 7.86 105.45 1.974 0.975 7.93 988 0.035 0.19 5.33 999 0.86 

975 8.01 110.38 1.983 0.983 7.80 1008 0.038 0.18 4.90 975 0.29 

950 8.18 119.05 1.986 0.986 7.70 1026 0.036 0.18 4.94 952 1.73 

925 8.35 136.06 1.968 0.968 7.81 1007 0.037 0.18 4.97 927 1.98 

900 8.53 152.87 1.949 0.949 7.79 1011 0.035 0.18 4.98 899 0.69 

875 8.71 163.46 1.957 0.957 6.38 1295 0.034 0.17 4.91 876 0.83 

850 8.90 176.11 1.965 0.965 37.21 -4 0.042 0.20 4.71 854 3.94 

825 9.11 192.43     0.040 0.19 4.80 828 3.49 

800 9.32 205.75     0.040 0.19 4.76 802 2.23 

775 9.54 217.16     0.036 0.17 4.76 778 3.02 

750 9.78 234.84     0.041 0.19 4.67 754 3.68 
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Table E.17 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-Ti-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.66     0.040 0.20 5.12 1201 0.57 

1175 6.91 65.99 1.987 0.984 7.53 1055 0.035 0.18 5.10 1176 1.37 

1150 7.03 72.10 1.982 0.979 7.81 1007 0.038 0.19 5.02 1148 1.77 

1125 7.15 74.85 1.971 0.969 7.69 1027 0.036 0.18 5.02 1124 1.41 

1100 7.28 80.30 1.985 0.983 7.76 1015 0.037 0.18 5.02 1100 0.32 

1075 7.42 86.81 1.989 0.989 7.86 999 0.033 0.18 5.51 1074 1.28 

1050 7.56 90.57 1.991 0.991 7.88 996 0.039 0.19 4.94 1049 1.07 

1025 7.70 95.29 1.991 0.991 7.89 995 0.039 0.19 4.96 1026 1.38 

1000 7.86 103.98 1.990 0.990 7.87 997 0.036 0.19 5.32 1001 0.71 

975 8.01 110.18 1.994 0.994 7.77 1014 0.037 0.18 4.89 975 0.32 

950 8.18 121.60 1.991 0.991 7.69 1027 0.039 0.19 4.82 950 0.12 
925 8.35 139.00 1.971 0.971 7.72 1022 0.037 0.18 4.96 928 2.56 
900 8.53 155.55 1.959 0.959 7.81 1008 0.034 0.17 4.88 900 0.04 

875 8.71 169.45 1.958 0.958 7.82 1006 0.034 0.16 4.89 877 1.57 

850 8.90 182.89 1.962 0.962 8.13 957 0.040 0.19 4.72 853 3.19 

825 9.11 197.55 1.967 0.967 7.58 1046 0.036 0.17 4.87 827 2.02 

800 9.32 211.57     0.035 0.17 4.78 801 1.33 

775 9.54 227.16     0.040 0.18 4.63 778 2.72 

750 9.78 242.55     0.041 0.19 4.66 753 3.22 
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Table E.18 – Torsion Data for the �:0.2 and �̇: 5 s-1 Test Condition for the Hi-Ti-03 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.85     0.041 0.21 5.11 1201 0.80 

1175 6.91 66.01 1.987 0.984 7.49 1062 0.035 0.18 5.10 1177 2.19 

1150 7.03 71.68 1.983 0.980 7.72 1022 0.037 0.18 5.05 1148 1.87 

1125 7.15 75.09 1.982 0.980 7.68 1028 0.039 0.19 4.84 1125 0.47 

1100 7.28 80.12 1.990 0.989 7.75 1017 0.038 0.19 4.88 1099 0.62 

1075 7.42 87.50 1.987 0.987 7.87 998 0.035 0.19 5.43 1072 2.72 

1050 7.56 89.15 1.983 0.982 7.84 1002 0.035 0.18 5.03 1049 1.00 

1025 7.70 95.64 1.985 0.985 7.86 999 0.039 0.19 4.93 1027 1.61 

1000 7.86 103.94 1.985 0.984 7.84 1003 0.035 0.19 5.33 1000 0.28 

975 8.01 110.30 1.991 0.990 7.69 1027 0.039 0.19 4.77 974 0.94 

950 8.18 120.98 1.990 0.991 7.55 1052 0.037 0.18 4.95 951 1.35 

925 8.35 139.34 1.969 0.969 7.59 1045 0.038 0.19 4.86 927 2.48 

900 8.53 157.12 1.954 0.954 7.67 1032 0.039 0.19 4.89 900 0.40 

875 8.71 170.02 1.954 0.955 7.69 1027 0.036 0.18 4.89 877 1.87 

850 8.90 182.94 1.960 0.960 7.59 1044 0.040 0.19 4.75 852 1.98 

825 9.11 196.66 1.966 0.966 6.85 1188 0.034 0.16 4.82 827 1.88 

800 9.32 210.95     0.035 0.17 4.76 802 2.34 

775 9.54 225.48     0.034 0.16 4.68 776 1.27 

750 9.78 240.24     0.035 0.16 4.64 753 3.34 
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E.2 Torsion Data for �:0.5 and �̇: 1 s-1 Test Condition 

Table E.19 through Table E.31 show the torsion test data for the �:0.5 and �̇: 1 s-1 test condition for all alloys. 

 

Table E.19 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Lo-Nb-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 84.47     0.266 0.28 1.07 1201 0.52 

1175 6.91 87.84     0.264 0.28 1.05 1168 6.67 

1150 7.03 90.43 1.990 0.990 7.35 1088 0.264 0.28 1.05 1147 3.46 

1125 7.15 95.60 1.959 0.959 7.52 1058 0.294 0.31 1.05 1125 0.35 

1100 7.28 99.78 1.978 0.978 7.58 1046 0.288 0.30 1.06 1101 0.70 

1075 7.42 105.93 1.978 0.978 7.68 1029 0.294 0.31 1.05 1076 1.46 

1050 7.56 112.49 1.977 0.977 7.78 1013 0.338 0.34 1.01 1051 1.06 

1025 7.70 119.84 1.977 0.977 7.90 992 0.320 0.34 1.07 1027 1.90 

1000 7.86 129.88 1.972 0.972 8.10 962 0.376 0.40 1.06 1002 2.09 

975 8.01 139.79 1.973 0.973 8.32 929 0.428 0.45 1.05 978 2.54 

950 8.18 149.01 1.976 0.976 8.50 904 0.400 0.44 1.10 953 3.13 

925 8.35 156.86 1.984 0.984 8.65 883 0.426 0.44 1.04 928 3.44 

900 8.53 168.24 1.989 0.989 8.79 864 0.460 0.48 1.04 904 3.60 

875 8.71 178.42 1.990 0.990 8.82 860 0.462 0.48 1.05 879 4.46 

850 8.90 188.55 1.990 0.990 8.83 860 0.450 0.47 1.04 855 5.42 

825 9.11 205.82 1.993 0.993 8.57 894 0.474 0.49 1.03 830 5.25 

800 9.32 223.60     0.484 0.50 1.03 806 6.30 

775 9.54 244.45     0.478 0.50 1.04 782 6.99 

750 9.78 262.14     0.322 0.33 1.04 756 6.20 
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Table E.20 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Lo-Nb-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 84.09     0.292 0.31 1.06 1200 0.02 

1175 6.91 86.14     0.256 0.27 1.06 1170 4.73 

1150 7.03 89.34 1.980 0.980 7.47 1066 0.262 0.28 1.05 1149 1.46 

1125 7.15 89.63 1.785 0.788 7.39 1080 0.202 0.21 1.05 1123 2.10 

1100 7.28 97.53 1.831 0.834 7.57 1047 0.274 0.29 1.06 1099 0.68 

1075 7.42 103.25 1.900 0.901 7.71 1024 0.290 0.30 1.05 1076 1.50 

1050 7.56 109.21 1.932 0.933 7.83 1005 0.314 0.31 0.99 1051 1.39 

1025 7.70 118.22 1.939 0.940 7.99 979 0.330 0.35 1.06 1027 2.43 

1000 7.86 126.37 1.948 0.948 8.16 952 0.370 0.39 1.05 1002 1.96 

975 8.01 136.77 1.953 0.953 8.36 923 0.424 0.44 1.03 978 2.56 

950 8.18 146.14 1.963 0.963 8.56 896 0.420 0.44 1.05 953 2.97 

925 8.35 156.20 1.974 0.974 8.73 873 0.444 0.46 1.04 929 3.76 

900 8.53 165.38 1.983 0.983 8.85 857 0.450 0.47 1.04 903 3.00 

875 8.71 174.86 1.988 0.988 8.93 846 0.450 0.47 1.04 879 4.26 

850 8.90 187.48 1.988 0.988 8.94 846 0.464 0.48 1.04 855 5.03 

825 9.11 202.69 1.992 0.992 8.77 867 0.472 0.49 1.04 831 6.22 

800 9.32 224.88     0.470 0.49 1.04 808 8.20 

775 9.54 250.44     0.476 0.49 1.04 783 7.52 

750 9.78 272.05     0.456 0.47 1.04 759 9.49 
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Table E.21 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Hi-Nb-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.31     0.370 0.36 0.98 1200 0.39 

1175 6.91 68.04 1.982 1.982 8.31 931 0.374 0.39 1.05 1169 6.38 

1150 7.03 69.57 1.860 1.860 7.52 1057 0.324 0.34 1.04 1145 5.46 

1125 7.15 75.22 1.935 1.935 7.59 1044 0.360 0.38 1.05 1122 3.47 

1100 7.28 80.46 1.961 1.961 7.67 1031 0.364 0.38 1.05 1099 1.41 

1075 7.42 85.88 1.973 1.973 7.75 1018 0.366 0.38 1.04 1076 0.86 

1050 7.56 95.64 1.966 1.966 7.90 993 0.442 0.44 1.00 1050 0.27 

1025 7.70 103.52 1.968 1.968 8.02 974 0.390 0.42 1.07 1027 2.07 

1000 7.86 110.25 1.977 1.977 8.14 955 0.374 0.39 1.05 1002 2.13 

975 8.01 123.76 1.975 1.975 8.31 930 0.464 0.49 1.05 977 2.43 

950 8.18 132.89 1.980 1.980 8.45 911 0.466 0.49 1.05 953 2.51 

925 8.35 142.50 1.985 1.985 8.55 896 0.446 0.47 1.04 928 3.29 

900 8.53 154.40 1.985 1.985 8.59 891 0.472 0.49 1.04 904 3.56 

875 8.71 166.03 1.987 1.987 8.54 898 0.460 0.48 1.04 879 4.37 

850 8.90 183.88 1.987 1.987 8.41 916 0.468 0.48 1.04 855 4.96 

825 9.11 206.25 1.983 1.983 8.23 942 0.440 0.46 1.04 831 6.00 

800 9.32 229.69     0.448 0.46 1.04 807 7.02 

775 9.54 251.20     0.426 0.44 1.04 782 6.97 

750 9.78 271.06     0.450 0.47 1.04 759 8.77 
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Table E.22 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Hi-Nb-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 63.09     0.415 0.43 1.04 1199 0.90 

1175 6.91 67.08 1.984 0.984 7.50 1060 0.348 0.36 1.05 1170 5.41 

1150 7.03 69.94 1.975 0.975 7.48 1064 0.308 0.32 1.05 1145 4.59 

1125 7.15 73.63 1.983 0.983 7.52 1056 0.340 0.36 1.05 1122 3.37 

1100 7.28 78.75 1.980 0.980 7.60 1044 0.342 0.36 1.04 1100 0.31 

1075 7.42 83.21 1.982 0.983 7.66 1033 0.314 0.33 1.05 1074 0.55 

1050 7.56 92.97 1.961 0.961 7.81 1008 0.408 0.41 1.00 1050 0.33 

1025 7.70 104.10 1.946 0.947 7.99 979 0.432 0.46 1.07 1027 1.80 

1000 7.86 111.44 1.957 0.958 8.12 958 0.432 0.45 1.04 1003 2.50 

975 8.01 119.91 1.968 0.968 8.25 939 0.416 0.43 1.04 978 3.00 

950 8.18 131.13 1.975 0.975 8.38 920 0.444 0.46 1.04 953 2.66 

925 8.35 142.41 1.978 0.978 8.48 907 0.462 0.48 1.04 928 3.34 

900 8.53 152.93 1.980 0.980 8.50 903 0.458 0.48 1.04 904 4.02 

875 8.71 166.59 1.983 0.983 8.41 916 0.466 0.49 1.04 879 4.40 

850 8.90 184.15 1.983 0.983 8.32 929 0.468 0.49 1.04 856 5.55 

825 9.11 207.21 1.978 0.978 8.53 899 0.460 0.48 1.04 831 6.34 

800 9.32 229.21     0.432 0.45 1.04 807 6.94 

775 9.54 248.02     0.402 0.42 1.04 782 7.34 

750 9.78 269.01     0.464 0.48 1.04 760 9.89 
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Table E.23 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Hi-Nb-03 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 44.55     0.375 0.39 1.04 1196 4.12 

1175 6.91 47.20 1.989 0.989 7.23 1111 0.329 0.34 1.04 1171 3.66 

1150 7.03 50.59 1.985 0.986 7.28 1100 0.313 0.33 1.04 1146 4.01 

1125 7.15 57.50 1.944 0.944 7.41 1077 0.354 0.37 1.05 1122 3.13 

1100 7.28 65.96 1.943 0.943 7.55 1051 0.403 0.42 1.05 1099 0.91 

1075 7.42 74.41 1.955 0.955 7.69 1028 0.440 0.46 1.04 1076 1.49 

1050 7.56 83.83 1.963 0.963 7.83 1004 0.470 0.47 1.00 1052 1.77 

1025 7.70 95.00 1.967 0.968 8.00 977 0.438 0.47 1.07 1027 2.45 

1000 7.86 105.68 1.973 0.973 8.16 953 0.446 0.47 1.04 1003 2.77 

975 8.01 116.60 1.978 0.978 8.30 931 0.460 0.48 1.04 979 4.04 

950 8.18 128.45 1.981 0.981 8.43 914 0.469 0.49 1.04 954 3.64 

925 8.35 140.42 1.980 0.980 8.50 904 0.466 0.48 1.04 929 4.06 

900 8.53 152.77 1.976 0.976 8.48 906 0.475 0.49 1.04 905 4.76 

875 8.71 167.87 1.976 0.976 8.17 951 0.478 0.50 1.04 880 5.17 

850 8.90 186.44 1.987 0.987 6.46 1275 0.470 0.49 1.04 856 5.55 

825 9.11 212.26 1.988 0.988 29.16 70 0.471 0.49 1.04 833 7.53 

800 9.32 238.94     0.480 0.50 1.04 808 7.75 

775 9.54 258.91     0.482 0.50 1.04 783 8.21 

750 9.78 275.16     0.311 0.32 1.03 758 7.81 
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Table E.24 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Lo-V-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 44.91     0.416 0.43 1.04 1195 5.46 

1175 6.91 47.65 1.982 0.982 7.37 1083 0.366 0.38 1.05 1170 4.70 

1150 7.03 49.48 1.968 0.969 7.38 1082 0.300 0.31 1.05 1147 3.13 

1125 7.15 55.19 1.930 0.931 7.50 1060 0.336 0.35 1.04 1124 1.40 

1100 7.28 57.20 1.955 0.955 7.54 1053 0.292 0.30 1.04 1100 0.05 

1075 7.42 67.79 1.913 0.914 7.70 1026 0.402 0.42 1.04 1077 1.81 

1050 7.56 74.62 1.932 0.933 7.84 1003 0.410 0.41 1.00 1052 2.47 

1025 7.70 84.13 1.939 0.940 7.97 981 0.386 0.41 1.07 1027 2.32 

1000 7.86 90.41 1.954 0.955 8.09 963 0.372 0.39 1.04 1002 2.33 

975 8.01 103.47 1.958 0.958 8.26 938 0.440 0.46 1.04 979 3.78 

950 8.18 114.35 1.964 0.964 8.42 915 0.464 0.48 1.04 955 4.68 

925 8.35 125.17 1.969 0.969 8.55 896 0.460 0.48 1.04 930 4.51 

900 8.53 136.90 1.971 0.971 8.66 882 0.460 0.48 1.04 905 4.81 

875 8.71 149.73 1.968 0.969 8.61 889 0.476 0.50 1.04 880 5.39 

850 8.90 163.27 1.970 0.971 8.28 934 0.452 0.47 1.04 856 6.15 

825 9.11 186.41 1.982 0.982 6.05 1380 0.476 0.50 1.04 833 7.76 

800 9.32 213.03     0.470 0.49 1.04 808 7.77 

775 9.54 237.40     0.472 0.49 1.04 783 8.43 

750 9.78 254.04     0.368 0.38 1.04 758 7.57 
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Table E.25 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Lo-V-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 85.20     0.400 0.42 1.04 1200 0.39 

1175 6.91 91.16     0.362 0.38 1.05 1167 8.08 

1150 7.03 90.89 1.985 0.985 7.26 1105 0.314 0.33 1.05 1148 2.18 

1125 7.15 93.65 1.665 0.670 7.35 1087 0.298 0.31 1.06 1125 0.03 

1100 7.28 102.52 1.759 0.762 7.54 1054 0.396 0.42 1.05 1098 2.36 

1075 7.42 106.95 1.875 0.877 7.63 1038 0.334 0.35 1.05 1075 0.24 

1050 7.56 116.18 1.913 0.914 7.78 1012 0.396 0.40 1.00 1053 2.68 

1025 7.70 127.38 1.925 0.926 7.99 979 0.454 0.48 1.06 1028 3.29 

1000 7.86 136.81 1.945 0.946 8.20 947 0.474 0.50 1.05 1003 3.32 

975 8.01 148.76 1.957 0.957 8.40 918 0.390 0.42 1.09 978 3.07 

950 8.18 156.50 1.970 0.970 8.52 900 0.474 0.49 1.04 954 3.88 

925 8.35 166.26 1.978 0.978 8.61 889 0.460 0.48 1.04 929 3.92 

900 8.53 177.59 1.981 0.982 8.67 880 0.462 0.48 1.05 904 4.50 

875 8.71 191.49 1.984 0.984 8.78 865 0.474 0.49 1.03 880 4.51 

850 8.90 209.92 1.988 0.988 8.66 882 0.470 0.49 1.04 856 5.62 

825 9.11 224.64 1.989 0.989 8.76 868 0.344 0.36 1.05 830 4.78 

800 9.32 252.22     0.462 0.48 1.05 808 7.76 

775 9.54 273.53     0.426 0.45 1.05 783 7.69 

750 9.78 296.78     0.468 0.49 1.06 761 10.80 
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Table E.26 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Hi-V-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 45.27     0.294 0.31 1.04 1197 2.59 

1175 6.91 49.98 1.984 0.984 7.43 1073 0.304 0.32 1.04 1172 3.16 

1150 7.03 54.26 1.983 0.983 7.45 1070 0.266 0.28 1.05 1146 3.71 

1125 7.15 57.27 1.972 0.973 7.44 1070 0.248 0.26 1.04 1123 1.55 

1100 7.28 65.26 1.964 0.964 7.55 1052 0.298 0.31 1.04 1099 0.68 

1075 7.42 73.91 1.958 0.958 7.67 1030 0.340 0.35 1.04 1077 1.57 

1050 7.56 83.71 1.956 0.956 7.81 1008 0.360 0.36 0.99 1052 1.55 

1025 7.70 93.38 1.962 0.962 7.95 984 0.330 0.35 1.07 1027 1.66 

1000 7.86 106.56 1.963 0.963 8.13 956 0.374 0.39 1.04 1002 2.44 

975 8.01 117.91 1.970 0.970 8.30 932 0.422 0.44 1.04 979 3.74 

950 8.18 129.56 1.978 0.978 8.44 912 0.454 0.47 1.04 954 3.78 

925 8.35 141.70 1.983 0.983 8.54 898 0.468 0.49 1.04 930 4.51 

900 8.53 155.10 1.985 0.986 8.61 888 0.452 0.47 1.04 905 5.13 

875 8.71 172.06 1.988 0.988 8.55 896 0.472 0.49 1.04 881 5.97 

850 8.90 191.28 1.988 0.988 8.56 895 0.460 0.48 1.04 856 6.14 

825 9.11 219.67     0.478 0.50 1.04 833 7.52 

800 9.32 245.12     0.470 0.49 1.04 808 8.10 

775 9.54 270.54     0.470 0.49 1.04 784 8.68 

750 9.78 276.19     0.410 0.43 1.04 759 8.57 
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Table E.27 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Hi-V-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 62.99     0.388 0.41 1.06 1199 1.05 

1175 6.91 65.06     0.296 0.31 1.05 1171 3.67 

1150 7.03 69.65 1.941 0.979 7.54 1052 0.324 0.34 1.05 1143 6.68 

1125 7.15 71.47 1.952 0.918 7.45 1070 0.298 0.31 1.05 1124 1.03 

1100 7.28 79.95 1.923 0.916 7.65 1034 0.406 0.43 1.05 1100 0.19 

1075 7.42 86.37 1.941 0.945 7.79 1011 0.414 0.43 1.04 1076 0.83 

1050 7.56 92.78 1.958 0.963 7.92 990 0.404 0.41 1.00 1051 1.19 

1025 7.70 103.54 1.956 0.961 8.09 963 0.438 0.47 1.07 1027 2.39 

1000 7.86 108.83 1.969 0.973 8.20 946 0.394 0.42 1.06 1002 2.32 

975 8.01 121.14 1.974 0.978 8.37 922 0.470 0.49 1.04 978 2.81 

950 8.18 130.30 1.979 0.985 8.49 904 0.472 0.49 1.05 954 3.75 

925 8.35 139.44 1.982 0.990 8.58 893 0.460 0.48 1.04 929 4.13 

900 8.53 150.50 1.982 0.990 8.59 892 0.480 0.50 1.04 905 4.66 

875 8.71 163.20 1.982 0.988 8.55 896 0.446 0.47 1.04 879 4.42 

850 8.90 183.27 1.984 0.989 8.26 938 0.468 0.49 1.04 856 5.93 

825 9.11 204.87     0.464 0.48 1.04 832 6.69 

800 9.32 228.55     0.460 0.48 1.04 808 7.77 

775 9.54 247.78     0.396 0.41 1.04 782 6.62 

750 9.78 265.86     0.280 0.29 1.04 756 5.76 
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Table E.28 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Lo-Ti-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 56.62     0.335 0.35 1.05 1199 0.77 

1175 6.91 62.08 1.978 0.978 7.76 1016 0.352 0.37 1.05 1169 5.92 

1150 7.03 63.24 1.849 0.852 7.45 1070 0.310 0.32 1.05 1145 5.17 

1125 7.15 67.06 1.921 0.922 7.48 1063 0.318 0.33 1.05 1122 2.97 

1100 7.28 72.62 1.945 0.946 7.57 1048 0.338 0.36 1.05 1099 0.93 

1075 7.42 78.96 1.949 0.950 7.66 1032 0.344 0.36 1.04 1074 0.76 

1050 7.56 86.34 1.952 0.953 7.79 1010 0.370 0.37 1.00 1050 0.06 

1025 7.70 98.92 1.934 0.935 7.99 979 0.444 0.47 1.07 1026 1.40 

1000 7.86 107.33 1.945 0.946 8.16 953 0.454 0.47 1.04 1002 2.22 

975 8.01 116.96 1.958 0.958 8.32 929 0.442 0.46 1.05 977 2.25 

950 8.18 127.18 1.969 0.969 8.46 910 0.462 0.48 1.05 952 2.03 

925 8.35 137.39 1.977 0.977 8.56 896 0.458 0.48 1.04 928 2.56 

900 8.53 148.44 1.979 0.979 8.55 897 0.478 0.50 1.04 904 3.63 

875 8.71 160.67 1.978 0.978 8.48 906 0.430 0.45 1.05 879 3.73 

850 8.90 183.44 1.982 0.982 8.04 971 0.462 0.48 1.05 856 5.60 

825 9.11 206.97     0.428 0.44 1.04 831 5.85 

800 9.32 232.34     0.450 0.47 1.05 808 7.52 

775 9.54 251.68     0.390 0.41 1.04 782 6.90 

750 9.78           
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Table E.29 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Lo-Ti-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 58.95     0.360 0.37 1.04 1199 0.87 

1175 6.91 62.52 1.980 0.980 7.39 1080 0.302 0.32 1.04 1170 5.36 

1150 7.03 66.62 1.981 0.981 7.47 1065 0.302 0.34 1.13 1145 4.54 

1125 7.15 71.46 1.980 0.980 7.55 1051 0.366 0.38 1.05 1121 3.51 

1100 7.28 75.26 1.979 0.979 7.58 1046 0.334 0.35 1.04 1099 1.32 

1075 7.42 80.47 1.979 0.979 7.65 1035 0.312 0.33 1.04 1075 0.26 

1050 7.56 91.59 1.951 0.952 7.79 1010 0.412 0.41 1.00 1051 0.80 

1025 7.70 101.57 1.946 0.947 7.96 983 0.420 0.45 1.07 1027 1.96 

1000 7.86 111.66 1.952 0.953 8.14 956 0.460 0.48 1.04 1002 2.35 

975 8.01 122.21 1.963 0.963 8.31 930 0.466 0.49 1.04 977 2.46 

950 8.18 133.04 1.974 0.974 8.46 908 0.474 0.49 1.04 952 2.30 

925 8.35 143.43 1.980 0.980 8.54 898 0.472 0.49 1.04 928 2.96 

900 8.53 152.69 1.984 0.984 8.53 900 0.454 0.47 1.04 904 3.55 

875 8.71 168.53 1.986 0.986 8.50 904 0.462 0.48 1.04 879 4.06 

850 8.90 191.03 1.983 0.983 8.45 910 0.468 0.49 1.04 855 5.45 

825 9.11 214.73     0.446 0.46 1.04 832 6.51 

800 9.32 238.36     0.432 0.45 1.03 807 7.11 

775 9.54 260.67     0.474 0.49 1.04 784 8.87 

750 9.78 271.26     0.262 0.27 1.04 755 5.31 
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Table E.30 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Hi-Ti-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 90.37     0.410 0.43 1.06 1198 1.68 

1175 6.91 93.28 1.966 0.966 7.39 1080 0.352 0.37 1.04 1169 6.22 

1150 7.03 98.32 1.950 0.950 7.59 1045 0.390 0.41 1.05 1144 6.35 

1125 7.15 100.53 1.950 0.951 7.58 1046 0.334 0.35 1.06 1123 2.06 

1100 7.28 104.36 1.964 0.965 7.64 1036 0.332 0.35 1.05 1099 0.66 

1075 7.42 110.91 1.962 0.962 7.74 1019 0.356 0.37 1.04 1075 0.26 

1050 7.56 115.79 1.970 0.970 7.84 1003 0.340 0.34 1.00 1050 0.25 

1025 7.70 124.59 1.965 0.965 7.96 984 0.326 0.35 1.09 1027 1.64 

1000 7.86 132.32 1.967 0.967 8.07 966 0.350 0.37 1.06 1001 1.33 

975 8.01 141.74 1.974 0.974 8.21 946 0.378 0.40 1.06 977 1.70 

950 8.18 153.13 1.970 0.970 8.29 933 0.420 0.44 1.05 952 1.92 

925 8.35 162.31 1.967 0.967 8.33 927 0.402 0.43 1.06 928 3.23 

900 8.53 178.35 1.973 0.973 8.09 963 0.446 0.47 1.06 905 4.77 

875 8.71 197.35     0.362 0.39 1.07 880 4.70 

850 8.90 222.68     0.454 0.48 1.06 857 7.16 

825 9.11 241.27     0.282 0.30 1.07 829 4.48 

800 9.32 252.36     0.418 0.42 0.99 806 6.35 

775 9.54 260.83     0.312 0.31 0.99 780 4.96 

750 9.78 255.47     0.184 0.19 1.05 754 4.08 
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Table E.31 – Torsion Data for the �:0.5 and �̇: 1 s-1 Test Condition for the Hi-Ti-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 92.83     0.428 0.45 1.05 1198 1.95 

1175 6.91 96.06 1.973 0.973 7.45 1069 0.438 0.45 1.04 1167 7.72 

1150 7.03 100.06 1.974 0.974 7.56 1050 0.434 0.46 1.05 1143 7.02 

1125 7.15 102.12 1.960 0.961 7.55 1051 0.442 0.47 1.06 1123 2.32 

1100 7.28 104.67 1.962 0.962 7.58 1046 0.438 0.43 0.99 1100 0.34 

1075 7.42 112.64 1.938 0.939 7.69 1027 0.388 0.40 1.04 1075 0.39 

1050 7.56 117.12 1.955 0.956 7.80 1009 0.454 0.46 1.00 1050 0.39 

1025 7.70 129.40 1.932 0.933 7.98 981 0.470 0.50 1.07 1027 2.30 

1000 7.86 137.03 1.946 0.946 8.12 958 0.442 0.47 1.06 1002 1.82 

975 8.01 144.97 1.959 0.959 8.23 943 0.470 0.49 1.05 977 2.41 

950 8.18 153.06 1.967 0.968 8.29 933 0.468 0.49 1.05 952 2.27 
925 8.35 164.59 1.973 0.973 8.25 939 0.464 0.49 1.05 929 3.74 

900 8.53 176.91 1.974 0.974 8.20 946 0.474 0.50 1.05 905 4.85 

875 8.71 199.33 1.967 0.967 8.02 974 0.466 0.48 1.04 881 5.73 

850 8.90 220.07     0.446 0.47 1.05 857 6.68 

825 9.11 240.92     0.440 0.46 1.05 832 6.90 

800 9.32 258.85     0.404 0.42 1.05 807 7.23 

775 9.54 267.06     0.330 0.35 1.05 781 6.42 

750 9.78 226.90     0.120 0.13 1.05 752 1.88 
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E.3 Torsion Data for �:0.5 and �̇: 20 s-1 Test Condition 

Table E.32 through Table E.43 show the torsion test data for the �:0.5 and �̇: 20 s-1 test condition for all 

alloys. 

 

Table E.32 – Torsion Data for the �:0.5 and �:̇ 20 s-1 Test Condition for the Lo-Nb-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 100.963     0.019 0.30 15.97 1200 0.25 

1175 6.91 111.811     0.021 0.38 17.94 1167 8.25 

1150 7.03 114.317 1.963 0.9626 7.509 1059 0.021 0.37 17.88 1150 0.09 

1125 7.15 117.100 1.960 0.9604 7.572 1048 0.020 0.35 17.37 1126 0.61 

1100 7.28 119.574 1.958 0.9581 7.617 1040 0.019 0.33 17.61 1100 0.17 

1075 7.42 125.181 1.931 0.9319 7.766 1015 0.020 0.35 17.77 1077 1.72 

1050 7.56 131.768 1.914 0.9154 7.925 989 0.021 0.36 17.35 1049 0.95 

1025 7.70 134.479 1.926 0.9272 8.015 975 0.020 0.33 16.47 1024 1.23 

1000 7.86 143.899 1.918 0.9196 8.200 947 0.020 0.35 17.20 1005 5.08 

975 8.01 151.003 1.917 0.9187 8.376 921 0.020 0.35 17.39 977 2.24 

950 8.18 158.086 1.931 0.9321 8.580 892 0.021 0.36 17.45 952 2.09 

925 8.35 168.982 1.943 0.9439 8.799 864 0.022 0.38 17.05 925 0.22 

900 8.53 175.605 1.963 0.9635 8.958 843 0.022 0.38 17.27 901 0.69 

875 8.71 182.480 1.981 0.9814 9.075 829 0.021 0.37 17.45 875 0.20 

850 8.90 190.614 1.985 0.9849 9.133 822 0.021 0.37 17.23 854 3.60 

825 9.11 201.045 1.991 0.9913 9.025 835 0.020 0.35 17.14 827 2.32 

800 9.32 219.017     0.021 0.35 16.55 802 2.01 

775 9.54 247.181     0.020 0.35 17.25 777 1.69 

750 9.78 270.593     0.021 0.34 16.32 751 0.94 
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Table E.33 – Torsion Data for the �:0.5 and �:̇ 20 s-1 Test Condition for the Lo-Nb-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 102.300     0.020 0.31 15.57 1201 1.10 

1175 6.91 111.293   6.154 1352 0.019 0.35 18.58 1174 1.46 

1150 7.03 113.943 1.957 0.9566 9.716 756 0.019 0.35 18.27 1150 0.37 

1125 7.15 115.346 1.920 0.9212 7.792 1010 0.016 0.30 18.46 1125 0.12 

1100 7.28 119.926 1.907 0.9092 7.774 1013 0.019 0.34 17.83 1102 1.60 

1075 7.42 125.781 1.896 0.8989 7.884 995 0.020 0.36 18.14 1077 2.23 

1050 7.56 130.692 1.912 0.9141 8.006 976 0.019 0.34 17.79 1052 2.46 

1025 7.70 138.862 1.910 0.9118 8.209 945 0.022 0.39 18.03 1026 1.28 

1000 7.86 145.574 1.923 0.9246 8.412 916 0.021 0.37 17.97 1001 0.85 

975 8.01 153.330 1.933 0.9343 8.593 891 0.021 0.38 17.91 980 5.06 

950 8.18 158.004 1.949 0.9495 8.717 874 0.019 0.35 18.00 953 2.58 

925 8.35 165.183 1.958 0.9586 8.822 860 0.019 0.35 17.94 927 1.76 

900 8.53 170.965 1.970 0.9705 8.923 848 0.019 0.33 17.55 900 0.31 

875 8.71 180.597 1.988 0.9882 9.046 833 0.019 0.34 17.80 876 0.74 

850 8.90 191.127 1.988 0.9883 9.112 824 0.022 0.38 17.60 855 4.78 

825 9.11 200.766 1.994 0.9940 8.992 839 0.021 0.37 17.73 828 3.49 

800 9.32 218.970     0.021 0.36 16.95 802 2.48 

775 9.54 247.372     0.020 0.35 17.59 778 2.67 

750 9.78 270.517     0.020 0.35 16.96 753 3.37 
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Table E.34 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Hi-Nb-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 61.31     0.370 0.36 0.98 1200 0.39 

1175 6.91 68.04 1.982 1.982 8.31 931 0.374 0.39 1.05 1169 6.38 

1150 7.03 69.57 1.860 1.860 7.52 1057 0.324 0.34 1.04 1145 5.46 

1125 7.15 75.22 1.935 1.935 7.59 1044 0.360 0.38 1.05 1122 3.47 

1100 7.28 80.46 1.961 1.961 7.67 1031 0.364 0.38 1.05 1099 1.41 

1075 7.42 85.88 1.973 1.973 7.75 1018 0.366 0.38 1.04 1076 0.86 

1050 7.56 95.64 1.966 1.966 7.90 993 0.442 0.44 1.00 1050 0.27 

1025 7.70 103.52 1.968 1.968 8.02 974 0.390 0.42 1.07 1027 2.07 

1000 7.86 110.25 1.977 1.977 8.14 955 0.374 0.39 1.05 1002 2.13 

975 8.01 123.76 1.975 1.975 8.31 930 0.464 0.49 1.05 977 2.43 

950 8.18 132.89 1.980 1.980 8.45 911 0.466 0.49 1.05 953 2.51 

925 8.35 142.50 1.985 1.985 8.55 896 0.446 0.47 1.04 928 3.29 

900 8.53 154.40 1.985 1.985 8.59 891 0.472 0.49 1.04 904 3.56 

875 8.71 166.03 1.987 1.987 8.54 898 0.460 0.48 1.04 879 4.37 

850 8.90 183.88 1.987 1.987 8.41 916 0.468 0.48 1.04 855 4.96 

825 9.11 206.25 1.983 1.983 8.23 942 0.440 0.46 1.04 831 6.00 

800 9.32 229.69     0.448 0.46 1.04 807 7.02 

775 9.54 251.20     0.426 0.44 1.04 782 6.97 

750 9.78 271.06     0.450 0.47 1.04 759 8.77 
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Table E.35 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Hi-Nb-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 104.966     0.0228 0.36 15.99 1201 1.41 

1175 6.91 115.577     0.0227 0.40 17.70 1176 0.99 

1150 7.03 118.382 1.9653 0.9653 7.584 1046 0.0202 0.37 18.44 1151 0.70 

1125 7.15 122.549 1.9558 0.9561 7.754 1017 0.0180 0.34 18.66 1127 2.04 

1100 7.28 124.020 1.9359 0.9369 7.724 1022 0.0203 0.37 18.27 1102 1.69 

1075 7.42 129.473 1.9444 0.9451 7.832 1004 0.0212 0.38 18.00 1078 3.13 

1050 7.56 132.644 1.9556 0.9560 7.912 991 0.0198 0.35 17.53 1053 3.34 

1025 7.70 140.905 1.9428 0.9436 8.081 964 0.0218 0.39 17.84 1026 1.37 

1000 7.86 148.129 1.9479 0.9486 8.267 937 0.0216 0.38 17.74 1001 1.03 

975 8.01 156.091 1.9569 0.9573 8.443 911 0.0215 0.38 17.72 980 4.84 

950 8.18 161.838 1.9694 0.9696 8.560 895 0.0212 0.37 17.61 952 2.13 

925 8.35 167.560 1.9792 0.9793 8.645 884 0.0213 0.37 17.38 926 1.07 

900 8.53 176.154 1.9826 0.9827 8.710 875 0.0221 0.38 17.04 902 1.57 

875 8.71 186.032 1.9795 0.9796 8.729 873 0.0215 0.37 17.26 875 0.49 

850 8.90 199.028 1.9747 0.9749 8.615 888 0.0217 0.36 16.83 851 0.84 

825 9.11 216.225 1.9790 0.9790 8.042 971 0.0206 0.34 16.46 828 3.08 

800 9.32 238.532     0.0203 0.32 15.95 801 1.38 

775 9.54 260.706     0.0211 0.33 15.87 777 2.40 

750 9.78 276.571     0.0200 0.30 15.01 757 2.48 
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Table E.36 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Lo-V-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 102.799     0.022 0.33 15.11 1201 0.84 

1175 6.91 111.028     0.022 0.39 17.12 1174 0.56 

1150 7.03 112.962 1.952 0.952 7.480 1064 0.019 0.36 18.11 1150 0.18 

1125 7.15 114.277 1.937 0.937 7.498 1061 0.020 0.35 17.34 1127 2.04 

1100 7.28 118.862 1.883 0.886 7.658 1033 0.022 0.38 17.25 1102 2.14 

1075 7.42 125.442 1.871 0.875 7.882 996 0.022 0.38 17.63 1077 1.84 

1050 7.56 130.294 1.906 0.908 8.058 968 0.020 0.35 17.43 1052 1.69 

1025 7.70 136.739 1.923 0.924 8.228 942 0.023 0.40 17.21 1026 1.34 

1000 7.86 141.196 1.941 0.941 8.353 924 0.020 0.35 17.36 999 1.21 

975 8.01 148.337 1.958 0.958 8.504 903 0.020 0.36 17.68 983 7.56 

950 8.18 156.010 1.972 0.973 8.649 883 0.022 0.38 17.32 952 2.00 

925 8.35 161.755 1.986 0.986 8.753 869 0.022 0.37 17.18 926 0.92 

900 8.53 167.897 1.990 0.990 8.800 863 0.022 0.37 16.88 902 1.61 

875 8.71 174.470 1.990 0.990 8.809 862 0.019 0.33 17.11 876 0.98 

850 8.90 188.009 1.983 0.983 8.809 862 0.020 0.33 16.72 854 3.76 

825 9.11 206.269 1.981 0.981 8.526 900 0.021 0.34 16.59 829 3.78 

800 9.32 226.524     0.020 0.34 16.45 812 12.16 

775 9.54 251.127     0.021 0.36 16.97 789 14.47 

750 9.78 269.407     0.020 0.33 16.50 764 13.60 
 

 



 172 

Table E.37 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Lo-V-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 102.189     0.024 0.34 14.36 1199 0.60 

1175 6.91 110.956     0.019 0.35 18.39 1175 0.33 

1150 7.03 116.089 1.957 0.957 8.304 931 0.021 0.39 18.48 1149 0.54 

1125 7.15 118.427 1.907 0.909 7.772 1014 0.018 0.34 18.80 1125 0.35 

1100 7.28 120.348 1.891 0.894 7.709 1024 0.021 0.38 17.72 1102 1.93 

1075 7.42 127.036 1.911 0.913 7.863 999 0.021 0.39 18.28 1080 5.24 

1050 7.56 130.412 1.932 0.933 7.967 982 0.019 0.34 17.82 1052 1.55 

1025 7.70 139.327 1.925 0.926 8.169 951 0.022 0.40 17.91 1027 1.73 

1000 7.86 144.957 1.938 0.939 8.336 927 0.021 0.38 18.03 1014 13.88 

975 8.01 152.132 1.954 0.954 8.508 902 0.021 0.38 18.20 975 0.26 

950 8.18 159.734 1.970 0.970 8.663 881 0.021 0.39 18.17 954 3.68 

925 8.35 165.788 1.983 0.983 8.769 867 0.021 0.38 18.09 928 2.70 

900 8.53 171.456 1.990 0.990 8.828 860 0.022 0.38 17.41 902 2.06 

875 8.71 179.286 1.991 0.991 8.830 859 0.020 0.36 17.72 876 0.78 

850 8.90 190.615 1.990 0.990 8.820 861 0.019 0.34 18.01 850 0.37 

825 9.11 209.715 1.984 0.984 8.683 879 0.020 0.36 17.65 831 5.71 

800 9.32 230.509     0.019 0.33 17.50 803 3.50 

775 9.54 253.837     0.020 0.35 17.75 777 1.94 

750 9.78 273.438     0.020 0.33 17.09 752 1.62 
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Table E.38 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Hi-V-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 104.289     0.388 0.32 15.48 1199 2.81 

1175 6.91 109.774 1.963 0.961 9.154 819 0.296 0.38 18.00 1171 0.41 

1150 7.03 111.809 1.895 0.895 7.775 1013 0.324 0.37 17.63 1143 0.08 

1125 7.15 113.671 1.881 0.881 7.651 1034 0.298 0.29 18.20 1124 0.49 

1100 7.28 116.146 1.903 0.900 7.654 1033 0.406 0.34 17.79 1100 5.04 

1075 7.42 120.154 1.931 0.926 7.722 1022 0.414 0.34 17.48 1076 5.11 

1050 7.56 126.240 1.938 0.932 7.869 998 0.404 0.32 16.96 1051 1.59 

1025 7.70 135.962 1.917 0.912 8.089 963 0.438 0.38 17.55 1027 1.24 

1000 7.86 141.783 1.933 0.927 8.256 938 0.394 0.37 17.57 1002 0.11 

975 8.01 146.013 1.956 0.951 8.391 919 0.470 0.35 17.68 978 5.30 

950 8.18 154.617 1.968 0.966 8.521 901 0.472 0.37 17.61 954 5.74 

925 8.35 160.330 1.978 0.979 8.614 888 0.460 0.35 17.17 929 1.27 

900 8.53 168.537 1.982 0.983 8.659 882 0.480 0.37 17.15 905 1.14 

875 8.71 178.232 1.983 0.985 8.678 879 0.446 0.36 17.66 879 12.13 

850 8.90 194.199 1.977 0.980 8.729 873 0.468 0.36 17.27 856 17.48 

825 9.11 213.559     0.464 0.35 17.04 832 4.94 

800 9.32 233.473     0.460 0.35 16.63 808 10.24 

775 9.54 254.269     0.396 0.35 17.10 782 2.17 

750 9.78 272.312     0.280 0.34 16.46 756 1.40 
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Table E.39 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Hi-V-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 55.335     0.018 0.25 13.61 1199 0.67 

1175 6.91 60.496 1.938 0.938 8.403 917 0.018 0.25 13.79 1175 0.47 

1150 7.03 63.721 1.918 0.919 7.839 1003 0.018 0.25 13.93 1147 2.79 

1125 7.15 67.193 1.925 0.926 7.815 1007 0.018 0.25 13.79 1126 0.92 

1100 7.28 72.722 1.936 0.937 7.964 983 0.018 0.25 13.74 1102 1.91 

1075 7.42 77.513 1.943 0.944 8.079 965 0.018 0.25 13.72 1077 2.15 

1050 7.56 81.173 1.948 0.949 8.144 955 0.017 0.23 13.31 1053 3.05 

1025 7.70 85.892 1.951 0.951 8.213 945 0.017 0.23 13.49 1027 2.47 

1000 7.86 90.222 1.963 0.963 8.310 930 0.016 0.22 13.50 1001 1.27 

975 8.01 100.100 1.966 0.966 8.445 911 0.017 0.24 13.57 977 2.28 

950 8.18 104.162 1.981 0.981 8.554 896 0.017 0.23 13.44 950 0.06 

925 8.35 112.625 1.981 0.981 8.633 885 0.017 0.24 13.59 927 1.78 

900 8.53 117.935 1.991 0.991 8.728 873 0.017 0.23 13.39 902 1.83 

875 8.71 132.921 1.988 0.988 8.828 860 0.018 0.24 13.47 876 1.40 

850 8.90 145.885 1.982 0.982 8.820 861 0.018 0.25 13.33 851 1.45 

825 9.11 163.819     0.018 0.24 13.03 826 1.01 

800 9.32 190.458     0.018 0.23 12.88 803 3.32 

775 9.54 215.706     0.019 0.24 12.73 777 2.46 

750 9.78 241.925     0.018 0.24 12.79 752 2.06 
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Table E.40 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Lo-Ti-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 104.783     0.020 0.33 16.58 1202 1.73 

1175 6.91 111.893     0.019 0.34 18.27 1174 0.97 

1150 7.03 116.179 1.960 0.960 7.852 1001 0.019 0.36 18.60 1150 0.37 

1125 7.15 118.657 1.935 0.936 7.727 1021 0.018 0.34 18.64 1126 0.58 

1100 7.28 120.583 1.920 0.922 7.707 1024 0.019 0.35 18.33 1103 2.92 

1075 7.42 124.490 1.944 0.945 7.790 1011 0.019 0.34 18.29 1077 1.70 

1050 7.56 133.206 1.911 0.913 7.989 979 0.021 0.37 17.71 1053 2.92 

1025 7.70 140.981 1.918 0.919 8.179 950 0.022 0.40 18.10 1025 0.49 

1000 7.86 144.637 1.943 0.943 8.290 933 0.020 0.36 18.17 1002 1.50 

975 8.01 151.722 1.961 0.961 8.412 916 0.019 0.35 18.15 976 0.73 

950 8.18 160.059 1.974 0.974 8.536 898 0.020 0.36 18.12 951 1.18 

925 8.35 167.911 1.980 0.980 8.624 887 0.020 0.37 17.96 926 1.00 

900 8.53 175.128 1.982 0.982 8.654 883 0.021 0.38 17.75 902 2.37 

875 8.71 185.656 1.984 0.984 8.586 892 0.021 0.37 17.82 877 1.59 

850 8.90 200.933 1.974 0.974 8.643 884 0.020 0.35 17.49 849 1.18 

825 9.11 226.298 1.964 0.964 8.986 840 0.021 0.37 17.61 827 1.86 

800 9.32 247.312     0.021 0.36 17.09 805 5.03 

775 9.54 264.527     0.015 0.24 16.62 777 2.24 

750 9.78 290.346     0.021 0.35 16.99 751 0.59 
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Table E.41 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Lo-Ti-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 103.950     0.021 0.32 15.77 1202 1.67 

1175 6.91 111.297     0.019 0.34 17.91 1174 1.15 

1150 7.03 115.064 1.954 0.954 7.732 1020 0.020 0.36 17.86 1149 1.40 

1125 7.15 119.049 1.955 0.955 7.813 1007 0.018 0.33 18.44 1126 0.81 

1100 7.28 121.175 1.938 0.939 7.793 1010 0.021 0.37 17.64 1101 1.10 

1075 7.42 126.367 1.948 0.949 7.901 993 0.021 0.37 17.74 1077 1.87 

1050 7.56 132.016 1.950 0.951 8.028 973 0.021 0.36 17.15 1053 2.92 

1025 7.70 137.809 1.958 0.958 8.166 952 0.023 0.38 16.72 1027 1.76 

1000 7.86 146.317 1.956 0.957 8.322 929 0.022 0.37 17.27 1002 1.52 

975 8.01 151.011 1.970 0.971 8.439 912 0.020 0.35 17.57 974 0.62 

950 8.18 159.440 1.979 0.979 8.556 896 0.021 0.36 17.45 953 3.47 

925 8.35 166.033 1.988 0.988 8.652 883 0.021 0.36 17.36 927 1.99 

900 8.53 175.501 1.987 0.987 8.677 879 0.022 0.37 17.05 902 2.19 

875 8.71 182.497 1.991 0.991 8.599 890 0.020 0.35 17.18 876 1.16 

850 8.90 199.548 1.985 0.985 8.551 896 0.020 0.34 17.13 849 0.50 

825 9.11 224.802 1.964 0.964 8.512 902 0.021 0.36 17.02 827 1.59 

800 9.32 247.629     0.021 0.35 16.64 804 4.02 

775 9.54 269.480     0.020 0.34 16.99 778 3.35 

750 9.78 289.912     0.021 0.34 16.53 753 3.32 
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Table E.42 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Hi-Ti-01 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 104.222     0.019 0.33 17.22 1201 1.04 

1175 6.91 106.817 1.956 0.956 7.416 1076 0.019 0.32 16.88 1174 0.79 

1150 7.03 112.301 1.923 0.924 7.721 1022 0.020 0.37 18.65 1149 0.81 

1125 7.15 115.616 1.946 0.947 7.767 1015 0.018 0.33 18.06 1125 0.46 

1100 7.28 119.147 1.954 0.954 7.806 1008 0.020 0.36 17.96 1100 0.44 

1075 7.42 122.995 1.960 0.960 7.866 998 0.019 0.34 18.22 1077 1.93 

1050 7.56 129.306 1.966 0.967 7.985 979 0.019 0.33 17.49 1051 1.30 

1025 7.70 137.161 1.966 0.966 8.131 957 0.020 0.36 17.82 1026 1.29 

1000 7.86 142.969 1.976 0.976 8.253 939 0.020 0.35 17.79 1000 0.00 

975 8.01 150.021 1.984 0.984 8.357 924 0.022 0.37 17.26 979 4.32 

950 8.18 156.385 1.989 0.989 8.428 913 0.022 0.38 17.11 952 2.42 

925 8.35 164.461 1.989 0.989 8.450 910 0.022 0.37 17.11 927 1.81 

900 8.53 174.375 1.986 0.986 8.422 914 0.022 0.37 16.76 902 1.64 

875 8.71 190.873 1.981 0.981 8.313 930 0.020 0.35 17.06 875 0.20 

850 8.90 211.240 1.966 0.966 8.193 948 0.020 0.33 16.30 851 1.28 

825 9.11 234.280     0.020 0.33 16.39 831 6.25 

800 9.32 254.444     0.021 0.34 16.17 805 4.94 

775 9.54 272.528     0.020 0.33 16.52 778 2.71 

750 9.78 268.690     0.020 0.33 16.13 752 1.58 
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Table E.43 – Torsion Data for the �:0.5 and �̇: 20 s-1 Test Condition for the Hi-Ti-02 Sample with TNR in Bold 

Temp 
(°C) 

1/T 
(K-1) 

MFS 
(MPa) 

Add 
R2 

Mult 
R2 

TNR 
(1/T) 

TNR 

(°C) 
ΔTime 

(s) 
ε/pass �̇/pass 

(s-1) 
Avg T 
(°C) 

|∆ | 
(°C) 

1200 6.79 100.100     0.019 0.32 16.70 1199 0.56 

1175 6.91 103.695 1.958 0.958 7.488 1062 0.019 0.32 16.76 1175 0.45 

1150 7.03 109.621 1.941 0.942 7.802 1009 0.020 0.37 18.41 1150 0.16 

1125 7.15 110.592 1.895 0.898 7.638 1036 0.018 0.31 17.03 1128 3.33 

1100 7.28 117.403 1.930 0.931 7.785 1012 0.020 0.38 18.91 1100 0.13 

1075 7.42 124.461 1.938 0.939 7.957 984 0.019 0.36 19.15 1077 2.20 

1050 7.56 128.596 1.955 0.955 8.061 968 0.019 0.35 18.55 1052 2.23 

1025 7.70 136.449 1.965 0.966 8.199 947 0.020 0.38 18.63 1025 0.37 

1000 7.86 142.509 1.974 0.974 8.303 931 0.020 0.37 18.83 1001 0.77 

975 8.01 148.121 1.984 0.984 8.392 919 0.022 0.39 17.97 979 3.98 

950 8.18 156.726 1.983 0.983 8.447 911 0.022 0.39 17.76 951 0.62 
925 8.35 161.924 1.976 0.977 8.417 915 0.022 0.38 17.53 926 1.36 
900 8.53 172.646 1.972 0.972 8.256 938 0.022 0.38 17.49 901 1.23 

875 8.71 189.098 1.962 0.962 7.829 1004 0.020 0.36 17.55 876 0.79 

850 8.90 212.368 1.968 0.968 1.533 6248 0.020 0.34 16.91 854 4.33 

825 9.11 234.996     0.020 0.35 17.24 828 2.86 

800 9.32 255.217     0.021 0.36 16.81 803 2.73 

775 9.54 267.011     0.020 0.34 17.00 776 0.91 

750 9.78 258.093     0.020 0.35 16.94 751 0.82 
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 APPENDIX F: DOUBLE HIT COMPRESSION TESTS 

Compression samples were machined to 10 mm diameter and 15 mm long from the as-received plates for an 

aspect ratio (DR) of 1.5 to limit the effects of barreling and buckling [F.1]  With the compression capabilities of the 

Gleeble® 3500, the following procedure was be used: 

 Soak at 1250 °C (2282 °F) for 10 minutes. 

 Cool to deformation temperature of 1200 °C at a rate of 1.25 °C/s. 

 Deform with strain (�) of 0.2, a strain rate (�̇) of 5 s-1, and time between deformation of 5 s. 

 Repeat with new sample, cooling by 50 °C increments until 750 °C with constant � and �̇ until 

complete temperature curve is formed.  

Figure F.1 shows a schematic of the heating and deformation schedule for the double-hit deformation tests. 

 

 

 

Figure F.1 Schematic of double-hit deformation test, reheating to 1250 °C for 10 minutes, cooling to 
deformation temperature between 750 °C and 1200 °C with 5 s interpass time. 

F.1 Analyzing Double-Hit Deformation Test Data 

The 5 pct true-strain method was used to determine the fractional softening.  The 5 pct. true-strain method 

was chosen because the 5 pct. true-strain is large enough to overcome any effects due to recovery [F.2]. 

The difference between the deformation curves is calculated by finding the fraction softening (FS).  The 

general equation for FS is given by [F.3], 

 � = � − �� − �  (F.1) 

where 0 is the stress at 5 pct. true strain of the first deformation step, r is the stress at 5 pct. true strain of the second 

deformation step, and m is the stress of a power-function extrapolated curve at 5 pct. true strain of the second 
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deformation step.  The power function simulates the curve without any softening.  Figure F.2 shows the true-stress 

true-strain curve for Lo-V at 1000 °C with 0, r, and m denoted on the plot.  The “d03” in the legend signifies the 

third test of this condition.  The FS was found for each alloy at each condition and is reported as a percentage.   

 

 

Figure F.2 Representative true stress- true strain plot of Lo-V alloy at 1000 °C, with d03 designating the third 
test for the temperature.  The values for 5 pct. true strain for the first and second curves are denoted 
by 0 and r, respectively as well as the estimated stress of the extended first curve at 5 pct. true 
strain of the second curve without softening, denoted by m. 

Figure F.3 shows a representative fractional softening curve versus deformation temperature for the Hi-Nb 

alloy.  The data generally follow a sigmoidal curve.  The dashed line shows 20 pct recrystallized, which is the 

fractional softening amount denoted to be TNR. 
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Figure F.3 Fractional softening plot for the Lo-Nb alloy.  TNR is denoted by the dotted line at 20 pct. FS 
which intersects between 950 °C and 1000 °C.  The circles indicate the average of the three 
conditions with the maximum and minimum of the three conditions denoted by the uncertainty 
limits. 
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 APPENDIX G: EBSD DATA 

This appendix provides additional data regarding the EBSD data for prior austenite grain morphology 

analysis.  Images include PAG reconstruction overlaid onto inverse pole figure maps and the original pole figure map 

for the Hi-Nb alloy at the different interrupted test temperatures.  Samples were oriented so the torsional axis was 

parallel to the y-axis, e.g. a vertical line in the image.  The working distance was 15 mm with a 0.4 μm step size with a 

coltage of 20 keV over an area of 280 x 300 μm.  Large, equiaxed grains are predominant at the higher temperatures 

with regions of finer grains forming bands.  As the temperature decreases, the grains become more refined.  At 925 °C, 

elongated grains are observed with regions of small recrystallized grains.   

 

(a) (b) 

 

 

(c) (d) 
 

Figure G.1 Data from EBSD scans of Hi-Nb 1025 °C of (a) inverse pole figure, (b) reconstructed PAGs 
for scan 1 and map, (c) inverse pole figure, and (d) reconstructed PAGs of scan 2.  EBSD 
scans courtesy of S. Kang; reconstruction of PAGs courtesy of T. Nyyssönen.  
(color image- see pdf) 

 



 183 

 

 

 

(a) (b) 

 

 

(c) (d) 
 

Figure G.2 Data from EBSD scans of Hi-Nb 1000 °C of (a) inverse pole figure, (b) reconstructed PAGs 
scan 1 and map, (c) inverse pole figure, and (d) reconstructed PAGs of scan 2.  EBSD scans 
courtesy of S. Kang; reconstruction of PAGs courtesy of T. Nyyssönen.  
(color image- see pdf) 
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(a) (b) 

 

 

(c) (d) 
 

Figure G.3 Data from EBSD scans of Hi-Nb 975 °C of (a) inverse pole figure, (b) reconstructed PAGs for 
scan 1 and map, (c) inverse pole figure, and (d) reconstructed PAGs of scan 2.  EBSD scans 
courtesy of S. Kang; reconstruction of PAGs courtesy of T. Nyyssönen.  
(color image- see pdf) 
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(a) (b) 

 

 

(c) (d) 
 

Figure G.4 Data from EBSD scans of Hi-Nb 950 °C of (a) inverse pole figure, (b) reconstructed PAGs for 
scan 1 and map, (c) inverse pole figure, and (d) reconstructed PAGs of scan 2.  EBSD scans 
courtesy of S. Kang; reconstruction of PAGs courtesy of T. Nyyssönen.  
(color image- see pdf) 
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(a) (b) 

 

 

(c) (d) 
 

Figure G.5 Data from EBSD scans of Hi-Nb 925 °C of (a) inverse pole figure, (b) reconstructed PAGs for 
scan 1 and map, (c) inverse pole figure, and (d) reconstructed PAGs of scan 2.  EBSD scans 
courtesy of S. Kang; reconstruction of PAGs courtesy of T. Nyyssönen.  
(color image- see pdf) 

 

 
 


