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ABSTRACT 

Quenching and partitioning (Q&P), a new heat steel treatment concept to develop high 

strength martensitic microstructures with retained austenite, has been implemented industrially to 

make sheet products. This process is also of interest for thicker plate products, to employ 

transformation-induced plasticity of microstructures containing austenite to enhance toughness and/or 

wear resistance. The applicability of the Q&P process to plate steel has been explored in this work, 

considering through-thickness thermal profiles and associated microstructural gradients. Thermal 

gradients which develop in thick plate are much greater than in thinner sheet products, and are 

expected to have a profound influence on microstructure development of Q&P plate.  

A numerical model was used to simulate temperature evolution in a flat plate during cooling 

and heating. Cooling behaviors were examined across a range of thicknesses (6 to 50 mm) for a range 

of quenching processes. Partitioning behaviors during off-line plate heat treating, involving the 

transfer of a quenched plate and reheating in a furnace, were also examined and modeled. The 

important processing parameters for Q&P plate were identified as: plate thickness, quench medium, 

initial quench time, transfer time, furnace residence time and furnace ambient temperature. Design 

methodologies were developed for both the quenching and partitioning steps of plate processing. The 

quenching design methodology was based on the ‘optimal’ QT method used in sheet Q&P 

processing. The partitioning design methodology employed the Holloman-Jaffe tempering parameter, 

applied to non-isothermal partitioning.  

The design methodologies were experimentally validated through dilatometry simulations of 

plate Q&P processing, according to numerically simulated profiles. An 18 mm plate of a 0.4 

wt pct C-1.5 wt pct Si alloy (300M), severe water quenched and partitioned during air cooling and 

furnace reheating, was simulated using dilatometry. Q&P microstructures were successfully obtained 

through the thickness of a simulated 18 mm plate and RA fractions comparable to sheet Q&P studies 

were achieved in some cases. Non-isothermal partitioning treatments were successful in retaining 

austenite, and substantial decomposition of RA was avoided during furnace residence times up to 25 

minutes. The final RA fraction was shown to be less sensitive to initial quench time (i.e. initial 

quench temperature) than expected. This was important for Q&P plate processing: thermal gradients 

induced by quenching do not lead to large differences in RA fraction.  

Selected Q&P plate microstructures were assessed for abrasive wear resistance using dry-

sand rubber-wheel testing. Results of preliminary wear testing were inconclusive. The conceptual 

development achieved in this work is an important step towards commercial Q&P plate processing.  
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CHAPTER 1: INTRODUCTION 

The third generation of advanced high strength steels (AHSS) is a class of sheet steels 

characterized by mixed microstructures containing retained austenite (RA) [1]. Such microstructures 

provide excellent combinations of strength, ductility, formability and toughness, which are of interest to 

the automotive industry [2]. Quenching and partitioning (Q&P) proposed by Speer et al. [3], has been 

commercialized as a heat treatment for low-alloy sheet steels, to produce third generation AHSS 

microstructures and properties. Such microstructures have also shown promise in wear applications [4–7]. 

This project investigates the possibility of applying the Q&P process to plate steel, for the intended 

application of abrasion resistant wear plate.  

Previous work has suggested that Q&P may provide attractive properties in plate steel to enhance 

toughness and wear resistance [7,8]. There is already some evidence to suggest that Q&P plate has the 

potential to out-perform a conventional martensitic abrasion resistant plate [4]. Development of thick 

Q&P abrasion resistant plate may provide a cost efficient material for use in the mining, mineral 

processing, construction and agricultural industries [7,9]. 

Hot rolled sheet (coil) Q&P has been explored by a number of researchers [10–14], but plate 

Q&P has not received as much attention. The purpose of the project is to investigate the production of 

quench and partitioned microstructures in plate steels (6 – 50 mm thick) for wear application. This project 

addresses a number of new considerations, most notably, thermal characteristics and associated 

microstructure gradients in plate steels which have not been considered previously in Q&P steels. The 

effects of temperature gradients in the plate during processing on microstructure and properties are 

considered and processing strategies are developed and experimentally verified.  

This project is divided into four phases. The first and second phases focus on concept 

development for thermal processing of Q&P plate, leading up to the proposed design methodologies.  

Building a thermal modelling tool (phase 1, Chapter 3) was key to the development of the methodologies 

(phase 2, Chapters 4 and 5), which are an important result of this work. The third and fourth phases focus 

on experimental verification of the methodologies, including laboratory simulation of plate processes 

(phase 3, Chapter 6) and results of mechanical testing (phase 4, Chapter 7). This thesis is structured to 

capture the important findings of each phase. Thus, there are a number of results and discussion chapters, 

reflecting both the conceptual modeling (Chapters 4 and 5) and experimental (Chapter 7) portions of this 

work.  
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CHAPTER 2: BACKGROUND 

The fundamentals of quenching and partitioning heat treatments are discussed in detail in this 

chapter. Adaptations of the heat treatment for industrial implementation of sheet and experimentally 

studied processing variations including hot rolled quenched and partitioned (Q&P) steel are reviewed. 

The application of the Hollomon-Jaffe tempering parameter to Q&P processing is also discussed. 

Properties of Q&P steels which are attractive for industrial applications are reviewed; special emphasis is 

placed on the enhanced wear resistance of Q&P steels. Results of laboratory Q&P plate studies reported 

in literature are discussed and possible industrial processing routes for Q&P are explored.  

2.1 Fundamentals of Q&P heat treatments 
Quenching and partitioning is a new processing route proposed by Speer et al. [15] to produce 

austenite-containing microstructures, such as third generation AHSS. The third generation AHSS is a 

class of formable high-strength sheet steels characterized by mixed microstructures containing retained 

austenite (RA) [1]. Such microstructures provide excellent combinations of strength, ductility and 

formability. 

The Q&P process, shown in the processing schematic in Figure 2.1, has two key steps: an initial 

quenching step following austenitization (or partial austenitization), designed to reach a specific initial 

quenching temperature where a desired martensitic fraction is formed, and a partitioning step designed to 

allow a substantial portion of the carbon in the martensite to diffuse into the austenite, while minimizing 

loss of carbon to cementite or transition carbide precipitation [16]. The increased carbon stabilizes the 

RA, which in turn imparts increased ductility and work hardening to the final microstructure. The 

partitioning process may take place at the quench temperature (one-step) or above the quench temperature 

(two-step) [16,17].  Final cooling to room temperature completes the process and may result in formation 

of “fresh” martensite from a portion of the austenite that remains after partitioning. The microstructural 

targets are obtained through careful control of processing parameters. Q&P literature cites the quench 

temperature (QT), partitioning temperature (PT) and partitioning time (Pt) as important parameters that 

should be carefully controlled [15,18], placing stringent demands on process control during both the 

quench and the partition steps.  
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Figure 2.1 Schematic of 2-step Q&P sheet thermal processing, with full austenitization. QT and PT 

are quenching and partitioning temperatures, respectively. Ms and Mf are the martensite 
start and finish temperatures. Expected microstructures at each step are illustrated [17]. 

 

Reaching the desired QT is critical to martensite formation during the quenching step and 

balancing the subsequent partitioning times and temperatures is critical to maximize the RA content. The 

QT can be selected according to a methodology which predicts the “optimum” QT. The “optimum” QT is 

defined as the temperature at which RA, after ideal (full) partitioning, will have an Ms equal to room 

temperature, thus minimizing or precluding the formation of fresh martensite on final cooling [15]. The 

“optimum” QT can be estimated using two applications of the Koistinen and Marburger (K-M) equation 

(Equation 2.1), where Vm is volume of martensite, K is a constant with a typical value of 0.011 and Ms is 

the martensite start temperature, which can be estimated according to empirical functions such as 

Equation 2.2 proposed by Andrews [19], or measured directly using dilatometry.  𝑉 = 1 − 𝑒 ( )      (2.1) 𝑀 =  539 − 423𝐶 − 30.4𝑀𝑛 − 17.7𝑁𝑖 − 12.1𝐶𝑟 − 7.5𝑀𝑜     (2.2) 
 

For a given quench temperature, if full partitioning is assumed to take place, the carbon content of 

the RA can be estimated using the lever rule. The Ms of the untransformed austenite is recalculated 

(Equation 2.2), taking into account the increased carbon content after partitioning. Equation 2.1 is again 

used to estimate the fraction of austenite that transforms to martensite upon final cooling to room 

temperature. Using this methodology, the fraction of partitioned martensite, untransformed austenite and 

‘fresh’ martensite can all be estimated in the final microstructure. The “optimum” volume fraction of 

austenite in the final microstructure can be estimated and corresponds to an “optimum” quench 

temperature. 

The QT selection methodology is used almost universally in the Q&P literature [4,10,11,18,20–

22] in the design of the quench step, despite its limitations. The concept of an “optimum” QT was 

developed using thermodynamic results indicating that extensive partitioning should occur, ending at a 
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point referred to as constrained carbon equilibrium (CCE) [15]. CCE assumes that the diffusion of 

substitutional atoms is restricted, the martensite/austenite interface is immobile, and carbide formation 

and carbon segregation to dislocations in martensite are assumed to be suppressed. Furthermore, 

compositional and microstructural homogeneity are assumed following an interrupted quench step and a 

reheating step. To prevent the precipitation of the cementite phase (Fe3C) in Q&P steels, alloying 

elements such as silicon (aluminum and phosphorus have also been considered [23–25]) are added. Si is 

typically added at a concentration of about 1.5 wt pct. The manganese content in Q&P steels is commonly 

around 1.5 wt pct but levels up to 6 pct have been used to enhance hardenability and austenite stability 

[26]. The chemical compositions of typical Q&P sheet steels contain 0.15–0.30 pct. carbon by weight. 

The “optimum” QT calculation is illustrated in Figure 2.2 which shows the estimated RA fraction 

after partitioning and cooling to room temperature versus the QT prior to partitioning for a 0.2C (wt. pct.) 

steel with a Ms temperature of 400 ºC. For this steel, the “optimum” QT is 250 ºC, which corresponds to a 

RA content of 19 vol pct after final cooling.  

 

 
Figure 2.2 Calculated phase fractions as a function of initial quench temperature in a hypothetical 

Q&P process with full partitioning. Phase fractions calculated for a 0.2C steel with Ms = 
400 ºC. MQT and γQT correspond to the amount of martensite and austenite present after 
quenching to QT. γfinal predicts the final austenite phase amount at room temperature. Wt. 
pct. carbon in the retained γ after ideal partitioning is indicated on the secondary axis. 

 

While the design methodology for the quench step is widely used, there is no widely adopted 

methodology for the design of the partitioning step, although some efforts have been made to model the 

partitioning kinetics [18,27,28]. Experimental Q&P studies have explored one-step [12,17,29,30] and 

two-step [17,18,31] processes; a range of PT and Pt have been explored empirically. PT have varied 

between 225 and 450 ºC for times between 1 s and 3 hrs [17], although many successful treatments were 

10 s long at temperatures of 400 ºC, 300 ºC and 225 ºC, and few treatments last above 5 min. 

Experimental Q&P studies have produced a variety of Q&P microstructures; the amounts, morphology 
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and distribution of phases change with alloying and processing [18,26,32]. In these studies, the maximum 

estimated RA has rarely been attained, likely due to the onset of some competition from reactions such as 

carbide precipitation [26,31,33]. In many studies, the RA content goes through a maximum with respect 

to partitioning time for a given partitioning temperature; long Pts are required for low PT, but longer 

times are limited due to the onset of some competing reactions; partitioning times at high temperature are 

limited by austenite decomposition [34]. Careful selection of partitioning parameters is required to 

optimize the final microstructure. In addition, the maximum experimentally achieved fraction of RA has 

not always corresponded to the predicted “optimum” QT for that partitioning treatment [18,19]. 

A study by Huyghe et al. [35] also found that RA does not vary systematically with QT within a 

range of 40 ºC. However, the volume of fresh martensite formed on final quenching was shown to vary 

with QT, as shown in Figure 2.3. Figure 2.3, from Huyghe et al., shows the measured volume fractions of 

fresh martensite, bainite, initial (or partitioned) martensite and RA for three Q&P conditions and one 

austempered condition. Huyghe et al. used a quench dilatometer to heat treat Q&P samples of a 

0.2 wt. pct. C steel containing 2.3 wt. pct. Mn, 1.4 Si and 0.4 Cr. Volume fractions of fresh martensite 

were measured from dilation curves and verified with EBSD, as well as light optical microscopy of tint-

etched interrupted quench specimens. The volume of fresh martensite increased with increasing QT and 

with decreasing partitioning time, although samples with higher QT and larger volumes of fresh 

martensite also contained bainite. Bainite was not observed in samples with lower QT. Bainite formation 

is not accounted for in the QT selection methodology.  

 
Figure 2.3 Measured volume fractions of RA, initial martensite, bainite and fresh martensite for 0.2 

C – 1.4 Si – 2.3 Mn 0.2 Cr alloy in Q&P (QT= 280, 320, 360 ºC) and austempered 
microstructures held at 400 ºC for 1000 s. Uncertainty of measurements: ± 0.04 on initial 
martensite, 0.02 on bainite and 0.005 on RA and 0.03 on fresh martensite [35].  



 6

The partitioning process is complex and not fully captured by the ideal partitioning model. 

However, the simplified “optimum” QT methodology is helpful in the selection of an important 

processing parameter for experimental Q&P studies.  

2.2 Wear Properties of Steel Containing Retained Austenite 
 Q&P microstructures have shown promise in wear applications [4,6,7]. The wear performance of 

microstructures containing RA, including Q&P steels, is discussed in this section. 

The wear resistance of a material is a complex function of many material properties, and varies 

with wear condition, environment and mechanism. The property which most strongly predicts a material’s 

wear resistance is hardness [36], although many factors must be considered. The mechanism of wear is 

dependent upon the material hardness: harder surfaces, or harder phases within a wear surface are more 

susceptible to wear by fragmentation, or a pull-out mechanism, while softer materials are more 

susceptible to scratching type mechanisms. In a study by Liu et al.[7], steels with hardness below 150 HV 

underwent an indentation mechanism (tumbling of abrasive particles) during dry-sand rubber-wheel wear 

testing, while steels with hardness above 240 HV underwent a plowing mechanism (sliding of abrasive 

particles), under the same test conditions. The mechanism of wear is also dependent upon the material 

microstructure, especially in softer materials [7]. At a given hardness level, microstructural refinement 

has an impact on the wear mechanism. In a study by Perez et al., [37] finer pearlitic microstructures 

showed enhanced wear resistance compared to coarser pearlite at similar hardness levels. A summary of 

the effects of steel hardness and microstructure on wear resistance is shown in Figure 2.4.  

 

Figure 2.4 The relationship between hardness and wear resistance for a number of steel 
microstructures under high-stress abrasive wear conditions [36].  
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At a given hardness, austenite and bainite are reportedly more abrasion resistant than ferrite, 

pearlite or martensite, due to their higher strain-hardening capacity [38]. This behavior is shown in 

Figure 2.4 over a range of hardness up to 500 HV. Quench and tempered (Q&T) steel microstructures 

exhibit good abrasive wear performance due to high hardness (above 500 HV in Figure 2.4) [36]. Some 

studies have shown that microstructures containing RA offer improved wear resistance. The benefits of 

RA have been observed in block on ring testing of austempered ductile iron [37], pin on-disk testing of 

both mottled cast iron [39] and a D-2 tool steel [40] and a non-standard impact-abrasion test of a 13.8 wt 

pct Cr, 2.7 wt pct Mn containing steel [41].  

More recently, Q&P microstructures which contain RA, have been studied in a wear context [4–

6]. These studies demonstrated differences in wear processes and wear rates for plates with different 

microstructures, although additional work is required to understand the microstructural evolution leading 

to the differences in wear. Nevertheless, some important conclusions regarding RA under abrasive wear 

can be drawn from the two studies. These can be simplified into three premises: 

 Increased retained austenite content improves abrasive wear resistance. 

 This improved wear resistance is due to an increase in local hardness at the wear surface. 

 This localized hardness increase is primarily due to the transformation of austenite to 

martensite [4,5].  

2.2.1 Q&P Wear Studies 
Wolfram [4] performed three types of wear tests on seven steels given the designations: AR 400F, 

Abrasive, Armor, 9260, Hadfield, 301SS and SAE 4325 [4].  The steels were heat treated to produce a 

variety of microstructures containing different levels of RA and different hardnesses between 30 and 60 

HRC: isothermal bainitic holds (IBH), Q&P and austenitize and water quench. Levels of RA were highest 

in the 9260 steel and second highest in the Armor plate. No significant amounts of austenite were found 

in the “Abrasive” steel under the Q&P condition, likely due to its low silicon content. The compositions 

of the tested steels are given in Table 2.1. 

Wolfram [4] performed the following (three) wear tests: dry-sand rubber-wheel (low impact), 

impeller tumbler impact abrasion wear test (medium impact) and bond abrasion (high impact). All 

measured wear volume losses were normalized to the wear volume loss of an AR400F steel with a 

hardness of 40 HRC tested using the same test parameters.  

Hensley [5] examined wear test specimens from Wolfram’s work on five of the steels mentioned 

above. The conditions were selected based on their variety of RA contents and wear behavior. Scratch 

testing was also performed on the samples at three different loads. Table 2.2 provides a summary of the 

tests performed: the most wear resistant material and process condition is listed for each test, with the 
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associated hardness and RA content. Test results were normalized to AR400F volume loss . The 

relationships between RA, hardness and wear resistance are complex, as experimental results show.  

 

Table 2.1 – Chemical Composition of Materials Tested by Wolfram and Hensley in wt. pct. [4,5]  

 C Mn Si Ni Cr Mo Ti 
AR400F 0.14 1.37 0.12 0.007 0.15 0.150 0.027 
Abrasive 0.21 1.26 0.21 0.15 - 0.18 0.024 
Armor 0.46 0.54 0.36 1.74 - 0.31 0.003 
9260 0.60 0.95 1.96 0.030 0.08 0.010 - 

Hadfield 1.13 12.85 - 0.110 0.13 - - 
301 Stainless 0.11 0.52 0.53 6.480 17.04 0.098 - 

SAE 4325 0.46 1.00 0.46 1.650-2.000 1.00 0.200 - 
 

 

 Al N S P Cu B 
AR400F 0.031 0.007 0.001 0.012 0.23 0.0017 
Abrasive 0.030 - 0.002 - 0.21 0.0015 
Armor 0.028 - 0.002 - 0.14 0.002 
9260 0.025 - 0.007 0.014 0.08 - 

Hadfield 0.004 - 0.009 0.014 - - 
301 Stainless - - - - 0.00 - 

SAE 4324 - - - - - - 
 

  

Table 2.2- Wear Tests Associated with the Work of Wolfram and Hensley: Most Wear Resistant Material 
Reported for Four Wear Test Methods [4,5] 

Wear Test Wear Type Standard Lowest NVL 
Vol 
pct 
RA 

Hardness 
(HV1) Reference  

Dry-Sand 
Rubber-Wheel 

Abrasive - 
low impact  

ASTM G 65-
04 Procedure 

B 

Armor 
Q&P-180-30 9-10 - [4] 

Bond Abrasion  Abrasive-
high impact  - Hadfield steel 100 198.8 ± 5.8  [4] 

Impeller-
Tumbler 
Impact-

Abrasion 

Abrasive- 
medium 
impact 

ASTM G 99-
04 

9260 
Q&P-190-30 20.4 706.2 ± 5.0 [4] 

Scratch  Abrasive ASTM G 171-
03 9260 WQ - 813.6 ± 8.2 [5] 

  

 

Wolfram et al. [4] found that the normalized volume loss (NVL) during dry-sand rubber-wheel 

(DSRW) testing decreased with increasing hardness. At constant hardness levels of (approximately) 30, 

36 or 40 HRC, the DSRW wear data suggested decreasing wear with increased RA levels. This behavior 
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was observed for all three wear tests at a constant hardness level of 40 HRC: the NVL for all three wear 

tests decreased with increased RA. Q&P 9260 with hardness of 40 HRC out-performed AR400 in dry-

sand rubber-wheel, bond abrasion, as well as impeller wear testing [4]. A separate study of the wear 

properties of 9260 showed that an austempered structure performed better than a Q&T structure at 

comparable hardness levels [6]. Measured RA fractions after testing in the 9260 and the Armor samples 

suggested that the RA transformed to martensite during wear testing. However, the trend of decreasing 

NVL with increased RA at lower hardness levels, was not observed at higher hardness (50 and 60 HRC). 

Nor was the trend observed in all three tests; that is, wear loss sensitivity to RA was inconsistent across 

the three test types. The DSRW test at 40 HRC displayed the highest sensitivity; the Bond Abrasion wear 

data showed the least sensitivity to austenite fractions at 40 HRC. In these studies, the abrasive wear 

enhancement offered by RA has been attributed to work hardening [42], although the optimum volume 

and stability of RA for a given hardness level have not been determined. An optimized wear Q&P 

microstructure may also be alloy and hardness dependent.  

Another recent Q&P wear study examined the wear resistance of direct quenched and partitioned 

(DQ&P) steels (0.3 C and Al, Mn, Si and Cr additions) subjected to impeller-tumbler impact-abrasive 

wear testing [43]. This study reported that RA did not improve wear performance; rather, wear 

performance depended on hardness, irrespective of the microstructure. It should be noted that laboratory 

assessments of wear resistance are test dependent, and that test results are also highly sensitive to test 

parameters.  

Development of Q&P microstructures in thicker sections is of interest to heavy industry, 

including mining and mineral processing. For such applications, steel plate is required as sheet 

thicknesses are insufficient for these applications. A handful of studies have considered the possibility of 

applying Q&P in steel plate [8,44,45], but focus has so far been directed to sheet processing. Laboratory 

production of hot rolled Q&P sheet is discussed in the following section. A particular focus is placed on 

the additional challenges of thicker plate Q&P.  

2.3 Plate and Hot Rolled Q&P Steels 
The classic Q&P process history is not as well adapted to the capabilities of a commercial hot-

strip mill as it is for cold rolled sheet. In current mill configurations, the only opportunity for quenching 

involves run-out table cooling, and there is no subsequent capability for reheating or isothermal 

partitioning [10] in most processing lines. 

Thomas et al. proposed coil cooling as a means to accomplish partitioning. Thomas et al. [10] 

developed a non-isothermal tempering parameter to estimate the degree of partitioning occurring during 

coil cooling. Thomas’s work [10] pioneered hot-rolling simulations of Q&P processing, and subsequent 
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studies also focused on alloying and processing strategies for HR Q&P [11,45]. Producing advanced high 

strength steels via hot rolling (HR) rather than cold rolling is needed for some thicknesses of interest. 

Thus, Thomas’ work is also relevant to plate Q&P.  

2.3.1 Hot Rolled Sheet Q&P  
Thomas et al. [10] studied a single steel composition under various thermal treatments. The 

composition is given in Table 2.3.  

Table 2.3 – Composition of Steel used in HR Q&P Simulations [10] 

wt pct. C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu 
 0.19 1.59 1.63 - - - - - - 0.036 0.011 - 0.0013 - 

 

 

To develop a Q&P process suitable for a hot strip mill, quenching was considered to occur during 

run-out table (ROT) cooling, and partitioning was considered to occur during coil cooling as indicated by 

the dashed box in Figure 2.5 [10]. The partitioning treatment in Figure 2.5  is non-isothermal. The QT in 

this hot strip mill Q&P process is given by the coiling temperature, which also marks the onset of 

partitioning and so represents the initial partitioning temperature (PTi). Thus, QT = CT = PTi, as indicated 

in Figure 2.5. To select a CT which would provide effective partitioning during coil cooling, Thomas 

considered two diffusional processes: partitioning and tempering [10]. Well-understood time-temperature 

relationships in tempering were extended to partitioning processes. Two related approaches were 

developed. Thomas applied both methods to the partitioning process shown in the process diagram in 

Figure 2.5 to analyze the non-isothermal behavior involved in coil-cooling of hot-rolled sheet. 

The first approach employed the empirically developed Hollomon-Jaffe tempering parameter 

(TP) for isothermal and non-isothermal tempering conditions, which are given by Equations 2.3 and 2.4, 

respectively.   

 )(log ctTTP   ( 2.3) 
  TTPc otTTP /1010log   ( 2.4) 
   

Equation 2.4 is obtained by integrating Equation 2.5 over the temperature history. TPo in 

Equation 2.4 is the TP at the beginning of a time step. T is temperature in Kelvin, t is time in hours and c 

is a parameter which varies in the literature [10] and is often given by Equation 2.6: 

 
𝑑(𝑇𝑃)𝑑𝑡 =  𝑇ln (10 × 10 ) (2.5) 

 𝑐 = 21.3 − 5.8  (𝑤𝑡.  𝑝𝑐𝑡.  𝑐𝑎𝑟𝑏𝑜𝑛) (2.6) 
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Figure 2.5 Non-isothermal partitioning during coil cooling studied by Thomas [10]. 

 

This empirical tempering parameter provides a unitless time-temperature equivalence used to 

quantify the ‘degree of tempering’, and can also be used to predict the hardness of the tempered 

microstructure [46]. The more fundamental approach of equivalent carbon diffusion distance under 

isothermal and non-isothermal (coil-cooling in air) tempering conditions was also examined. The two 

approaches were compared by Thomas in Figure 2.6. The figure axes provide the PT and Pt of an 

isothermal partitioning process, so that the degree of partitioning can be estimated for any combination of 

PT and Pt. The solid lines represent the Hollomon-Jaffe tempering parameter for a 0.2 wt% carbon steel; 

dashed lines represent carbon diffusion in austenite. The temperatures indicated on the solid and dotted 

lines represent the initial coil cooling temperature according to the process in Figure 2.5 that would 

generate a degree of partitioning equivalent to the associated (PT, Pt) values. The isothermal equivalents 

given by each method are relatively similar; differences increase with time and are often more 

pronounced at higher temperature.  

Gleeble methods were developed to simulate coil cooling after hot-rolling. The early simulation 

did not include deformation, although subsequent work by Araujo added torsion deformation to the hot-

rolled Q&P process [11].  

Samples that were intercritically annealed and quenched/coiled at temperatures between 200 °C 

and 325 °C exhibited microstructural features common to previously studied Q&P microstructures. 

Significant fractions of RA (11 vol pct) stabilized by carbon partitioning from martensite were observed 

[10]. The microstructure of the IC-325 ºC (intercritically annealed at 820 ºC and coil coiled from 325 ºC) 

sample contained intercritical and bainitic ferrite, martensite and austenite. The observed mechanical 

behavior was similar to Q&P cold rolled steel previously studied by Clarke et al. [18], including strength 
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(529 MPa YS), total elongation (22 pct.), and evidence of transformation induced plasticity. Thomas 

concluded that the tempering parameter approach could be applied as an engineering tool to empirically 

estimate the ‘degree of partitioning’. 

Thomas’ thesis [10] highlighted some important practical concerns in implementing the Q&P hot 

mill concept: the variability of microstructure/properties due to temperature variations end-to-end, across 

the width, and through the thickness of the sheet. Experimental studies of variability were outside of the 

scope of his thesis, and the focus was directed at understanding the effect of coiling temperature on the 

transformations taking place in the wound coil. Thermal gradients during processing are discussed in 

more detail with respect to plate processing in a later section.  

 

 
Figure 2.6 Locus of non-isothermal partitioning responses equivalent to isothermal tempering 

conditions indicated by coordinate axes. Solid lines represent the Hollomon-Jaffe 
tempering parameter for a 0.2 wt% carbon steel; dashed lines represent carbon diffusion 
in austenite. The temperatures indicated on the solid and dotted lines represent the initial 
coil cooling temperature. Figure from Thomas [10].  

 

Somani et al. hold a hot-rolled Q&P patent [47], describing a number of possible processing 

routes (Direct Quench and Partitioned -DQP or thermomechanical rolling followed by direct quench and 

partitioning TMR-DQP), for a range of possible alloys and product thicknesses. The process routes are 

defined by the following steps: (1) a heating step (between 950 and 1300 ºC), (2) a hot rolling step either 

above or below the recrystallization limit temperature, depending on the temperature of the heating step, 

to thickness between 3 mm and 20 mm (2a) an optional waiting period of undefined time (2b) an optional 

second hot rolling step, (3) a cooling step to a temperature between Ms and Mf, so as to form between 5 

and 30 vol pct RA, and a partitioning step defined as either an isothermal hold at temperatures between 
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250 and 500 ºC, for times between 10 and 10,000 s, or, a slow cool (maximum cooling rate of 0.2 ºC/s) 

for times between 10 and 10,000 s, followed by final quenching. Variations of hot rolled Q&P processing 

were also suggested by Tan et al. [48], who incorporated ultra fast cooling technology, as well as thermo-

mechanically controlled rolling. Three processing routes were investigated, each using a variety of 

conditions, for a single alloy. The alloy composition is shown in Table 2.4.  

Table 2.4 – Composition of Steel used in Tan’s HR Q&P Simulations [49] 

wt pct. C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu 
 0.21 1.65 1.67 - 0.03 - - - 0.2 0.001 - 0.0015 0.0049 - 

 

 

The steel was laboratory hot rolled to a final thickness of 4 mm, then processed according to one 

of three processing routes. The first processing route included ultra fast quenching to room temperature 

after either intercritical or fully austenitic hot rolling; no partitioning step was included. The second 

process included either intercritical or fully austenitic hot rolling, followed by an ultra fast quench to an 

intermediate temperature (between Ms and Mf), followed by dynamic partitioning achieved during coil 

cooling (laminar cooling and air cooling). The third process included fully austenitic hot rolling, followed 

by an ultra fast quench to an intermediate temperature between Ms and Mf (270 and 290 ºC), followed by 

isothermal partitioning at a higher temperature (390 ºC for times between 1 and 15 minutes). The 

processes differ in the cooling rate between the martensite start and finish temperatures and the 

partitioning treatments.  

The third process was the most successful in terms of partitioning response. The second process 

yielded increased stability of RA for the inter-critical hot roll condition compared to the fully austenitic 

hot roll condition for small volume fractions of ferrite, without affecting the ultimate tensile strength [50]. 

Tensile strengths for all conditions were between 1300 and 1600 MPa. The strength of these vanadium 

microalloyed laboratory hot rolled and direct quenched steels are greater than Thomas’ Gleeble simulated 

hot rolled and coil cooled steel.  

2.3.2 Laboratory Plate Q&P 
Hong et al., first investigated the feasibility of applying Q&P to thicker plate steels [8]. A 

comparison was made between the microstructures and mechanical properties (strength, hardness and 

toughness) of Q&P and traditionally heat treated plate. A single steel composition, more highly alloyed 

but lower in carbon than Thomas’, was studied. Microalloying additions of vanadium, titanium, and 

niobium were made for austenite grain refinement and increased yield strength. Molybdenum was added 

to enhance the hardenability for the cooling of sections thicker than those that were examined in sheet 

Q&P research. The composition is given in Table 2.5. 
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Table 2.5 – Composition of Steel examined by Hong et al. [8] 

C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu 
0.101 1.51 1.48 - - 0.304 0.015 0.021 0.040 - 0.004 0.002 0.009 - 

 

 

The steel was first reheated to 1200 ºC. Hot rolling with a finishing temperature of 850 ºC 

reduced the plate thickness from 150 mm to 12.5 mm. The hot-rolled plates were then air-cooled prior to 

the Q&P heat treatment. The austenitizing temperature was varied from 930 ºC to 1200 ºC and the 

intercritical temperature was varied from 780 ºC to 860 ºC. The calculated “optimum” QT of 223 ºC was 

used and partitioning was conducted in a temperature range from 350 ºC to 530 ºC for times ranging from 

30 s to 1000 s.  

The RA fraction for Q&P conditions decreased as the partitioning time increased from 30 s to 

1000 s. For Q&P, a RA amount up to 6 vol pct with a carbon content of up to 0.88 wt. pct. was achieved 

when applying full austenitizing. The calculated maximum RA amount was 9 vol pct with an associated 

carbon content of 1.09 wt pct. Yield strengths between 400 MPa and 875 MPa and ultimate tensile 

strengths between 800 MPa and 1100 MPa were observed for the times and temperatures studied, with 

total elongations around 18 pct for the higher strength steels.  

Somani et al. performed laboratory plate rolling experiments on three steels with compositions 

given in Table 2.6. Compositions and processing parameters were selected to obtain yield strengths 

around 1100 MPa [45]. A direct quenching and partitioning process was developed. Gleeble ®3500 

simulations were performed to obtain martensite contents between 70 and 90 vol pct after quenching to 

achieve the desired strength. Sample temperature during rolling and quenching was monitored by 

thermocouples installed in holes drilled at the center of the samples (mid-width and mid-length positions). 

Samples had dimensions of 110 x 80 x 60 mm3 [45,51]. 

Table 2.6 – Compositions of Three Plate Steels examined by Somani et al. [51] 

wt pct. C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu B 
High-Si 0.2 2.0 1.5 - 0.6 - - - - - - - - - - 
Low-C 0.14 1.13 0.2 - 0.71 0.15 0.03 - - - - - - - 0.0017 

High-Al 0.2 2.0 0.5 - 0.5 0.2 - - - 1 - - - - - 
 

 

The samples (measuring 60 mm in thickness) were heated to 1200 °C and held for 2 hours. A 

two-stage hot rolling process was performed. Stage 1 was comprised of 4 passes, reducing the thickness 

to 26 mm with about 0.2 strain/pass. The temperature of the fourth pass was 1040 °C. Samples were 

allowed to cool to 900°C, then rolled to a thickness of 11.2 mm with 4 passes of about 0.21 strain/pass 

and a finish rolling temperature (FRT) between 800 °C and 820 °C. Immediately after the second rolling 
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stage, the samples were water quenched to 290 °C or 320 °C (QT), then held (partitioned) at the same 

temperature for 10 minutes.  

Metallographic and X-ray diffraction (XRD) studies revealed the presence of RA between 

martensite laths. Typical austenite contents as measured by XRD were in the range 6 to 9 vol pct for the 

High-Si steel and 4.5 to 7 pct for the High-Al steel. Austenite contents did not vary much with 

partitioning temperature. Hardness was similarly insensitive to partitioning temperature within the range 

examined and stayed in a narrow range between 440-450 HV. Complete results from Somani et al.’s 

investigation of the three steels are shown in Table 2.7. The High-Si steel exhibited better toughness than 

the High-Al steel. Yield strengths were comparable between the silicon and aluminum steels. Slightly 

higher RA fractions were measured in the High-Si steel.  

Somani et al. did not compare DQP steels and Q&P steels. Rather, a comparison was made to the 

low carbon DQ steel, which had a fully martensitic microstructure [45]. The DQP steels, which 

underwent coiling simulation, exhibited greater uniform elongation (UE in Table 2.7) and greater UTS 

and lower impact transition temperatures than the DQ steel. The DQP yield strength (YS) and ultimate 

tensile strength (UTS) levels exceed those reported by Hong et al. and Thomas et al. Ultimate tensile 

strength (UTS) levels were similar to levels achieved by Clarke et al. for sub-sized tensile specimens, 

although Clarke et al. reported higher yield strength. The amounts of RA were comparable in three of the 

studies [8,18,51]. Note that YS and UTS in Table 2.7 represent elongation to fracture according to EN 

10002-1, a tensile testing standard used for hot-rolled materials in Europe [52]. 

 

Table 2.7 – Tensile and Charpy Impact Properties of Laboratory Rolled DQ&P Plates [51] 

Steel Finish rolling 
Temperature 

QT/PT 
(ºC) 

0.2% YS 
(MPa) 

UTS 
(MPa) 

UE 
(%) 

Impact transition 
temperature (ºC) 

High-Si 800 290 1054 1489 5.5 -99 
 800 290  1029 1505 4.6 -108 
 800 320 1047 1391 3.2 -100 
 1100 320 953 1393 4.4 -44 

High-Al 800 340 1047 1344 2.9 -55 
 800 360 1076 1306 2.1 -41 
 800 270 1180 1495 3.9 -87 
 800 320 1020 1393 4.4 -90 
 890 310 1116 1393 3.0 -67 

Low- C 800 RT 1108 1452 3.5 -12 
 

Somani et al. studied the effects of boron in TMR-DQP steels [53]. Laboratory processed TMR-

DQP micro-alloyed boron steels showed higher hardenability than boron-free steels under the same 

process (absent of bainite at the ¼ thickness position of an 11.2 mm thick slab directly quenched after 

rolling). The boron steels exhibited a coarser microstructure, and a lower impact energy compared to the 
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boron-free steels. No significant difference in austenite retention could be attributed to the addition of 

boron. Somani et al. attributed microstructural variations to inhomogeneity in rolling strain through the 

thickness of an 11.2 mm thick laboratory rolled plate [54]; higher rolling strains and therefore finer 

austenite grains nearer the surface explained the ferritic microstructure at the surface, and a martensitic 

microstructure at the plate center. A separate study [55] of the effect of manganese banding on Q&P 

microstructures through the thickness of a 3.5 mm sheet steel found that chemical composition variations 

through the thickness might also lead to microstructural variations, as manganese content had a 

pronounced effect on the local amount and stability of RA.  

2.4 Temperature Gradients in Plate Steels 
Thick plate steels experience greater temperature gradients during cooling than sheet products. 

Some effects of thermal gradients during plate production were evaluated by Hamre et al. [56]. Hamre 

investigated the phenomenon whereby the surface of a plate cools more rapidly than the core, then reheats 

due to conduction from the core. The complex gradient in temperature through the plate thickness was 

studied by both Gleeble simulation experiments, as well as laboratory rolling of experimental plate. 

Hamre’s experimental work was focused on optimizing a thermal sequence to produce ultrafine ferrite 

grains through the plate thickness, with special focus on grain refinement at the core. While Hamre’s 

microstructural results are not directly relevant to the current project, the thermal profile information he 

collected is relevant to plate cooling.  

Thermal profiles were measured with thermocouples imbedded in laboratory rolled plates at the 

slab centerline and ⅛ position of the slab thickness from either surface (⅛ and ⅞), as shown in Figure 2.7. 

 

 

Figure 2.7 Schematic of thermocouple positions in reheated plate [56]. 

 

The targeted thermal process for the 25 mm thick experimental plate was as follows: reheating 

and soaking at 1100 ºC, rough rolling, intermediate cooling to 650 ºC at the ⅛ position by water spray, 

reheating to 700 ºC and holding until the temperature was equilibrated through thickness and finally, 

finish rolling and cooling at a rate of 15 ºC/s to room temperature. A thermal profile measured from these 

thermocouples is presented in Figure 2.8. Thermal profiles for other plates showed similar results.  
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Figure 2.8 Temperature profiles showing the thermal gradient of plate (0.24 C Steel) at three positions
resulting from processing with intermediate cooling [56]. 

 

 

Figure 2.8 shows that during the intermediate cooling step, the temperature in the surface region 

decreased at a rate of 12 – 13 ºC/s (as measured by thermocouples at the ⅛ and ⅞ positions). The 

temperature at the mid-thickness decreased at a rate of 5 ºC/s. Surface reheating occurred after 

intermediate cooling by conduction from the hotter plate core. A hold time of 125 s was required for the 

plate temperature to become approximately equilibrated through-thickness. During subsequent rolling, 

some adiabatic heating was observed as the plate temperature increased slightly. The temperatures 

examined in Hamre’s thesis are higher than quenching and partitioning temperatures that would be 

employed in Q&P plate.  

Temperature profiling was also performed by Zhou et al. The temperature variations in 12 mm 

and 20 mm thick plates during three different quench-partitioned-tempered (Q-P-T) processes were 

studied for a single steel composition, given in Table 2.8 [44]. 

Table 2.8 – Composition of Steel Studied by Zhou et al. [44] 

wt pct. C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu 
 0.256 1.48 1.2 1.51 - - - 0.053 - - - 0.008 0.017 - 

 

 

The Q-P-T process was proposed by Zhou et al. [44] and differs from Q&P in that the 

partitioning step is also considered to be a tempering step. Q-P-T steels are reportedly alloyed with Nb, 

Mo or V so as to form fine stable carbides during the partitioning process. Q-P-T steels are heat treated by 

lower temperature austenitization, quenching to QT between Ms and Mf, carbon partitioning at a 
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temperature (PT) above Ms, tempering for complex carbide precipitation at PT (> QT or < QT) or carbide 

precipitation at lower temperature, and water quenching to room temperature. The microstructure in Q–P–

T steels generally contains around 5 pct RA located between fine lath martensite with dispersed complex 

carbides [44]. Preliminary testing showed the combined mechanical properties of Q–P–T treated steel to 

be superior to dual-phase, TRIP, general martensitic and some other Q&P steels [44].  

The temperature variations in 12 mm and 20 mm thick plates during three different quench-

partitioned-tempered (Q-P-T) processes were calculated with the aid of a commercial software 

(MSC.Marc). Computer simulations were based on a temperature-phase transformation field coupled, 3D, 

non-linear, finite element method (FEM) analysis. Validation of the simulated temperature profiles was 

performed experimentally. Temperature data of the hot-rolled 20 mm plate were measured during one of 

the Q-P-T processes using K-type thermocouples at two positions (⅛ thickness and ½ thickness).  

Average cooling rates at the subsurface and mid-thickness were calculated from the thermocouple 

data. During water cooling, cooling rates were 30 °C/s at the subsurface and 20 °C/s at the core. From the 

experimentally determined critical cooling rates, these cooling rates were sufficient to avoid the formation 

of proeutectoid ferrite in the alloy of interest, and the microstructures were comprised of a majority of 

martensite, minority of bainite, and RA. Based on the simulated thermal profile, a homogeneous 

microstructure was predicted through the 12 mm thick sample. This was confirmed experimentally; the 

microstructure consisted of lath martensite through the 12 mm thickness [44].  

The simulated thermal profiles predicted an inhomogenous microstructure through the 20 mm 

thick sample. Experimental results confirmed this prediction:  a “sandwich” microstructure was reported. 

Lath martensite formed at the surface and subsurface, while a multi-phase microstructure of lath 

martensite and bainite was observed in the core. The difference in cooling rates from the surface to the 

inner region of the sample resulted in microstructural variation, as the core temperature remained above 

Ms for a longer period of time than the surface regions. The heat retained in the core was used to 

accomplish tempering, including partitioning during subsequent air cooling. In the partitioning and 

tempering step, the untransformed austenite was carbon-enriched. Fine NbC-carbides were also believed 

to precipitate in both martensite and bainite during partitioning/tempering [44], although this assumption 

has been questioned [32]. The partitioning and tempering step was performed at a temperature (400 ºC) 

for which the kinetics are expected to be slow [57].  It should be noted that the thermal gradients are 

expected to influence microstructure differently in different steel alloys and in different temperature 

regimes. 

A simulated temperature profile for the 20 mm thick plate is shown in Figure 2.9(a). The 

experimentally measured temperature profile is shown in Figure 2.9 (b). The simulated profile predicted 
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that the plate would reach a uniform temperature sooner (by approximately 60 s) than was experimentally 

observed as the ½ thickness position did not cool as quickly as predicted. 

 

(a)  (b) 

Figure 2.9 Cooling curve for 20 mm hot-rolled plate at positions of ½ and ⅛ thickness. (a) 
Simulated (b) Measured [44]. 

 

These studies highlight challenges in Q&P processing of plates. The influence of varying 

through-thickness thermal profile on the Q&P process has not been systematically studied with the goal 

of producing Q&P microstructures in thick plate. Increased constraints and process design challenges 

require a different approach than has been used for sheet steel processing. This presents an important 

opportunity for a thermal model to be developed and applied as a tool to explore the effects of plate 

thickness, quench and reheat media on temperature profiles and thus, expected microstructure 

development in thick plate Q&P.   
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CHAPTER 3: THERMAL MODEL FORMULATION AND QUENCH CASE STUDY  

This chapter presents the details of the thermal modeling tool developed to study temperature 

evolution during Q&P processing of plate needed to understand microstructure evolution through the 

plate thickness. Validation of the model with other heat-transfer solutions and the material properties and 

convection coefficients selected to represent industrial quenching processes are also presented.  

3.1 Simulation Domain and Governing Equations 
 A one-dimensional computational model was developed to simulate temperature evolution 

during the cooling and reheating of a flat steel plate. The model simulates a through-thickness section of a 

flat plate as it is cooled and heated by calculating temperatures for conditions thought to be relevant to 

future industrial Q&P processing. The geometry of the flat plate with length L, width W, and thickness 2H 

is shown in Figure 3.1.  

 

 
 
 
 
 
 

Figure 3.1 Flat plate geometry where thickness, 2H, is much less than the length, L, and width, W. 

 

Transient heat conduction through a solid flat plate is described by Fourier’s transient-conduction 

equation. The solution to this partial differential equation provides the variation of temperature with both 

time and position in the plate. In the absence of internal heat generation (i.e. neglecting induction heating, 

enthalpy of phase transformation, etc.), and under the assumption of constant thermal properties, the 

general governing equation is: 

  𝜕𝑇𝜕𝑡 = 𝛼 𝜕 𝑇𝜕𝑥 + 𝜕 𝑇𝜕𝑥 + 𝜕 𝑇𝜕𝑥  (3.1) 

where T is temperature, t is time, x y and z are distances in the thickness, width and length 

directions respectively, and α is thermal diffusivity, defined as: 

 𝛼 =  𝑘𝜌𝐶  (3.2) 

where 𝑘 is conductivity in Watt/m-K, 𝜌 is density in kg/m3 and 𝐶  is specific heat in J/kg-K . 

2H 

L W 
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According to Equation 3.1 conductive heat transfer in a given direction is driven by the 

temperature gradient in that direction. Heat transfer scales with temperature difference, so a larger 

difference in temperature will cause more rapid heat transfer by conduction over a specified time interval. 

For a typical flat plate like shown in Figure 3.1, the thickness (2H) is small compared to plate length (L) 

and width (W). If the plate were subjected to uniform surface cooling, the small thickness of the plate 

would cause a temperature gradient in that direction. Ignoring temperature variations near the plate ends 

due to edge cooling (since thermal gradients in the length and width directions are small), heat transfer 

along the length and through the width of the plate can be neglected. Thus, the steepest thermal gradients 

are expected to develop through the thickness. Furthermore, if the flat plate is subjected to uniform 

surface cooling conditions and edge effects are ignored, then transient conduction through the plate can be 

accurately modeled as a one-dimensional problem. The governing equation simplifies to the form in 

Equation 3.3 and can be solved both analytically and numerically.  

 𝜕𝑇𝜕𝑡 = 𝛼 𝜕 𝑇𝜕𝑥  (3.3) 

To simulate cooling of the plate, forced convection conditions with a constant convection 

coefficient, h, were applied at the plate surface. The effects of radiation during cooling, which are 

negligible at lower temperatures [58], were assumed to be included in the heat transfer coefficients. 

Simulation of plate reheating, including radiation boundary conditions, is discussed in a later section. 

Assuming identical boundary conditions at the plate top and bottom surfaces creates a symmetry plane at 

the plate center, as indicated in Figure 3.2 (a). The chosen modeled domain is a one-dimensional slice of 

half the plate thickness (H), as indicated in Figure 3.2 (a). An insulated, or zero-flux condition was 

imposed at the plate center. 

The domain was discretized, by subdividing it into cells and nodes, as shown in Figure 3.2 (b), 

and developing temperature expressions for each node. Figure 3.2 (b) gives a simplified representation of 

the mesh and shows only 3 cells: a plate surface half-cell (n), a plate center half-cell (1) and a single cell 

representing all the plate interior cells (2 to n-1). The center and surface were given half cells, so that the 

node (represented by a black circle in Figure 3.2 (b)) was located at the boundary, where the boundary 

conditions were applied.  
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Figure 3.2 (a) Flat plate geometry showing symmetric boundary conditions and modeled domain. (b) 
Close-up of the discretized domain showing three cells, nodes and relative dimensions. 

 

3.1.1 Finite Difference Numerical Solution 
The numerical solution to Equation 3.3 was developed through a finite-difference approximation. 

Starting from Fourier’s equation (Equation 3.3), a linear approximation of the partial derivative of 

temperature with respect to time at each node can be written as: 

 𝜕𝑇𝜕𝑡 ≈ ∆𝑇∆𝑡 = 𝑇 − 𝑇∆𝑡  (3.4) 

 
Temperature expressions for each cell were obtained by performing an energy balance on each 

cell, applying the boundary conditions with neighboring cells, or with ambient temperature when 

appropriate for surface cells, and expanding Fourier’s heat equation. The notation in the developed 

equations includes a temperature term with indices for position and time:  𝑇  ( ) ( )  

The cell width is  ∆𝑥 and the ambient temperature, or cooling medium temperature is 𝑇 , h is the 

constant convection coefficient, and 𝑇  is the plate surface temperature.    
3.1.2 Temperature Expression for Interior Cells 

Heat transfer between interior cells i = 2 to i = n-1 is purely through conduction in Figure 3.3. 

The temperature of any cell from cell i=2 to cell i=n-1 can be calculated according to Equation 3.9. The 

equation is developed below through an energy balance (Equation 3.5), where the additional energy 

stored in the cell is equal to the difference between convection to and from the cell, as described by 
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Equation 3.6. Substituting the term, ∆∆  , with the linear approximation given in Equation 3.4, Equation 3.6 

can be rewritten as Equation 3.7. Rearranging terms (as in Equation 3.8) to solve for the temperature at 

the interior node at time t+1, Equation 3.9 can be developed. Equation 3.9 gives the expression for 𝑇 : 

the temperature at the interior node at time t+1. 

 
Figure 3.3 Interior cell where i = 2 to i = n-1, with node indicated by circle and conductive heat 

transfer to and from the cell indicated with arrows. 

 𝐸 = 𝐸 − 𝐸 + 𝐸  = 𝐸 − 𝐸 + 0                  (3.5)  

 𝜌𝐶 ∆𝑇∆𝑥 = 𝑘∆𝑇 ∆𝑡∆𝑥 (3.6)  

 𝜌𝐶 (𝑇 − 𝑇 )∆𝑥 = 𝑘 𝑇 −2𝑇 + 𝑇 ∆𝑡∆𝑥 (3.7) 

 𝑇 − 𝑇 = 𝑘∆𝑡𝜌𝐶 ∆𝑥 𝑇 −2𝑇 + 𝑇  (3.8) 

 𝑇 =  𝑇 + 𝑘∆𝑡𝜌𝐶 ∆𝑥 𝑇 −2𝑇 + 𝑇  (3.9)  

3.1.3 Temperature Expression for Surface Half-Cell 
The surface half cell (n), has constant convection boundary conditions in Figure 3.4. The 

temperature at the surface node at timestep t+1 can be calculated according to Equation 3.13, which is 

developed below. An energy balance around the surface half cell (n), where additional energy stored is 

equal to the sum of conduction to or from the adjacent cell and convection at the boundary yields 
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Equation 3.11. Expanding the ∆𝑇 term yields Equations 3.12 and rearranging to solve for temperature at 

the surface node at time t+1,  Equation 3.13 can be obtained. Equation 3.13 gives the expression for the 

surface node temperature at t+1. 

 
Figure 3.4 Surface half cell where i = n, with node indicated by circle and conductive heat transfer 

to the cell indicated with a straight arrow and a constant convection boundary condition 
indicated on the domain surface with curved arrow. 

 

 𝐸 = 𝐸 − 𝐸     (3.10) 
 

 𝜌𝐶 ∆𝑇 ∆𝑥2 = 𝑘∆𝑇 ∆𝑡∆𝑥 − ℎ∆𝑇∆𝑡 (3.11) 

 𝜌𝐶 (𝑇 −  𝑇 ) ∆𝑥2 = 𝑘[𝑇 − 𝑇 ] ∆𝑡∆𝑥 + ℎ 𝑇 − 𝑇 ∆𝑡 (3.12)  

 𝑇 =  𝑇 + 2𝑘∆𝑡𝜌𝐶 ∆𝑥 [𝑇 − 𝑇 ] + 2ℎ∆𝑡𝜌𝐶 ∆𝑥 𝑇 − 𝑇  (3.13)  

3.1.4 Temperature Expression for Center Half-Cell 
The half cell at the plate center (half cell 1), is insulated at the plane of symmetry in Figure 3.5. 

Thus, heat transfer to the half cell is through conduction to and from the adjacent cell only. An energy 

balance around the center, half cell 1, yields Equation 3.15, where additional energy stored is equal to 

conduction to the half cell from the adjacent cell. Equation 3.15 is expressed using the expanded form of 

∆T. Rearranging to solve for temperature at the surface node at time t+1, yields Equation 3.16. Equation 

3.16 provides an expression for 𝑇 , the temperature of the center node at time t+1. 

 𝐸 = 𝐸 − 𝐸  (3.14)  
 𝜌𝐶 (𝑇 −  𝑇 ) ∆𝑥2 = 𝑘[𝑇 − 𝑇 ] ∆𝑡∆𝑥 (3.15) 
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𝑇 =  𝑇 + 2𝑘∆𝑡𝜌𝐶 ∆𝑥 [𝑇 − 𝑇 ] (3.16)  

 

 
Figure 3.5 Center half cell where i = 1, with node indicated and conductive heat transfer from the 

cell indicated with a straight arrow and insulated convection boundary condition at the 
centerline indicated with thicker cell boundary. 

 

3.1.5 Solution Method  
The system of equations developed above (Equations 3.9, 3.13 and 3.16) describes the 

discretization of the partial differential Equation 3.4. Solving Equations 3.9, 3.13 and 3.16, the 

temperature at every node from the plate center to the plate surface can be calculated at any chosen time. 

The equations were rearranged as a system of ordinary differential equations, given by Equations 3.17 

through 3.19. The transformed Equations 3.17 through 3.19, were solved simultaneously using the built-

in Matlab ordinary differential solver ODE45.  

 
𝑑𝑇𝑑𝑡 =  2𝑘𝜌𝐶 d𝑥 (𝑇 − 𝑇 ) (3.17)  

 

 
𝑑𝑇𝑑𝑡 = 𝑘𝜌𝐶 d𝑥 (𝑇 − 2𝑇 + 𝑇 ) (3.18) 

 
𝑑𝑇𝑑𝑡 = 2𝑘𝜌𝐶 d𝑥 (𝑇 − 𝑇 ) + 2ℎ𝜌𝐶 dx (𝑇 − 𝑇 ) (3.19)  

  
ODE45 uses a Runge-Kutta fourth-order approximation to solve (Equations 3.17 through 3.19). 

The Runge-Kutta method is a numerical integration method, and the formulae are given below.  

To evaluate the value of T, a weighted average of derivatives  are used to estimate the 

difference between T at time t and T at time t+1. The value of 𝑇  is given by Equation 3.20. The error is 

calculated by comparing the values of 𝑇 , calculated according to Equations 3.20 and 3.21, 
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 𝑇 = 𝑇 + ∆𝑡 ( 53384 𝐾 + 5001113 𝐾 + 125192 𝐾 − 21876784 𝐾 + 1184 𝐾 ) (3.20)  
 

 𝑇 = 𝑇 + ∆𝑡 ( 517957600 𝐾 + 757116695 𝐾 + 393640 𝐾 − 92097339200 𝐾 + 1872100 𝐾 + 140 𝐾 ) (3.21) 

 

where T is temperature, ∆𝑡, is timestep (𝑇 -𝑇 ), and K1 through K7 are estimates of the derivative . 

The general form of these equations is given by Equations 3.22 to 3.28.  

 𝐾 = 𝑓(𝑡, 𝑇 ) (3.22)  
 

 𝐾 = 𝑓 𝑡 +  15 ∆𝑡, 𝑇 + 15 𝐾  (3.23) 

 𝐾 = 𝑓 𝑡 +  310 ∆𝑡, 𝑇 + 340 𝐾 + 940 𝐾  (3.24) 

 𝐾 = 𝑓 𝑡 + 45 ∆𝑡, 𝑇𝑇 + 4445 𝐾 − 5615 𝐾 + 329 𝐾  (3.25) 

 𝐾 = 𝑓 𝑡 + 89 ∆𝑡, 𝑇 + 193726564 𝐾 − 253602187 𝐾 + 644486564 𝐾 − 212729 𝐾  (3.26) 

 𝐾 = 𝑓 𝑡 + ∆𝑡, 𝑇 + 90173168 𝐾 − 35533 𝐾 + 467325247 𝐾 + 49176 𝐾 − 510318656 𝐾  (3.27) 

 𝐾 = 𝑓 𝑡 +  ∆𝑡, 𝑇 + 35384 𝐾 + 5001113 𝐾 + 125192 𝐾 + 2187496784 𝐾 + 1184 𝐾  (3.28) 

 

ODE45 takes as input the expressions for temperature-time derivatives  (given by Equations 

(3.17 through (3.19), a vector of initial conditions (in this case, initial plate temperature at each node), and 

an interval over which to solve (here, duration of quench). Equations 3.17 through 3.19 are coded into a 

function, and ODE45 calls on this function to evaluate the derivatives. ODE45 adjusts the time step size 

(Δt) according to error estimates. The error is estimated by comparing the results of the fourth and fifth 

order Runge-Kutta formulas (Equation 3.20 and 3.21, respectively). Matlab’s default tolerance was used: 

the maximum value of either 10-3× 𝑒𝑟𝑟𝑜𝑟, or 10-6. That is, 𝑇  evaluated by Equation 3.20 will match the 

value of 𝑇  evaluated by Equation 3.21 to either 6 decimal places or to within 0.01%, whichever is met 

first.  

The output of ODE45 is a matrix of temperatures for each node, at each time. Any time over the 

interval can be specified for finding the temperature. A plotting interval may also be specified, although 

the true timestep used by the solver is selected according to the error tolerances and may be finer than the 

requested plotting interval. In the validation study, the mesh resolution study and the case studies, the 

plotting intervals are specified below. A timestep size study was not conducted, as the solution does not 

change with specified plotting interval.  
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3.2 Model Validation and Mesh Resolution Study 
The numerical model using constant material properties was validated against an analytical model 

built in Microsoft Excel ®. The analytical model was also used in the mesh size study. A textbook case 

was used in the mesh study and a quench simulation scenario was used in the validation.  

3.2.1 Analytical Solution 
Exact analytical solutions to Fourier’s Equation (Equation 3.29) can be obtained for many 

simplified geometries and boundary conditions and are well documented. The general solution for the 

transient temperature distribution is in the form of an infinite series and for the geometry shown in 

Figure 3.2 can be approximated by the following infinite series solution: 

 
𝑇  − 𝑇𝑇 − 𝑇 = 𝐶 𝑒( ) cos 𝜁 𝑥 𝐻  (3.29) 𝐶  is a coefficient given by: 

 𝐶 =  4 sin(𝜁 )𝜁 + sin(2𝜁 ) (3.30) 

and the eigenvalues 𝜁  are the positive roots of the transcendental equation:   

 𝜁 tan(𝜁 ) = 𝐵  (3.31) 
The Biot number, Bi, is a dimensionless ratio of convection to conduction and is expressed by 

Equation 3.32 where h is conduction, H is plate thickness and k is conductivity.  

 𝐵 =  ℎ𝐻𝑘  (3.32) 

3.2.2 Mesh Size Study 
Finer mesh dimensions and smaller time steps tend to improve accuracy.  However, if the mesh 

size and time step become too small, then slight numerical errors may arise due to excessive computation 

and round-off, in addition to the extra computational cost [59]. A mesh size study was conducted on a 

heat transfer case selected from Bergman’s textbook: Heat and Mass Transfer [58], with parameters given 

in Table 3.1, and schematic shown in Figure 3.6.  

 
Figure 3.6 Schematic of heat transfer case [58]. 
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The textbook solution used a single term of the series in Equation 3.29, with eigenvalue, 𝜁 , 

0.990, which was interpolated from data tables in the textbook. The textbook solution predicted 63.8 s to 

reach 42 ºC at the surface, with corresponding wood-plastic interface temperature of 51.8 ºC. Using the 

same eigenvalue, this result was replicated using a single term of the analytical solution in Equation 3.29.  

Exact eigenvalues calculated in Matlab (using the fsolve function for nonlinear equations) were 

used to find a 20 term analytical solution for this test problem. Convergence studies with the analytical 

model showed that the series usually converged rapidly (under 10 terms of the infinite series). That is, the 

analytical solution did not vary with an increased number of terms. For the mesh size study with the 

numerical model, the number of nodes was ranged from 2 to 100, while the plotting interval was held 

constant (0.638 s). Parameters of the study are given in Table 3.1. The results are given in Table 3.2. 

 

Table 3.1 –Parameters used in Textbook Validation of Numerical Model [58] 

Parameter Value 
Thickness H 0.002 m 

Initial temperature 𝑇  200 ºC 
Ambient temperature 𝑇  25 ºC 
Thermal conductivity  𝑘 0.250 Watt/m-Kelvin 

Thermal diffusivity α 1.20 × 10  m2/s 
Convection coefficient, ℎ 200 Watt/m2-Kelvin 
Total Number of nodes 2, 10, 20, 50, or 100 

Simulation time 63.8 s 
Plotting time interval dt 0.638 s 

 

 

Table 3.2 –Surface and Interface Temperatures at t= 63.8s Compared to Analytical Results 

# Nodes Surface 
Temperature (ºC) 

Interface 
Temperature (ºC) 

Maximum Error wrt 
Analytical Solution 

(pct) 
2 53.825072635 38.854759773 - 3.93 
10 53.954662026 38.854759773 - 3.93 
20 53.938775881 40.526315201 0.20 
50 53.960471716 40.469087038 0.06 

100 53.901233017 40.638571301 0.20 
Analytical (20 terms) 53.96881884 40.44608915 - 

 

Specifically, these results compare the error in the wood-plastic interface temperature compared 

to the 20 term analytical solution using exact eigenvalues, for 4 different mesh refinements after 63.8 s of 

cooling. The maximum error is reported in Table 3.2 as percent error. At all mesh sizes, the maximum 

error applies to the interface temperature. These results indicate that the numerical model provides 
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sufficient accuracy (0.02 pct maximum error with respect to the analytical solution at any node) for a cell 

size of 0.00004 m (50 nodes). Figure 3.7 shows an increase in the error between numerical and analytical 

solutions above 50 nodes. For instance, increasing the number of nodes from 50 to 100, increased the 

error from 0.02 pct to 0.1 pct, a difference in temperature of 0.17 ºC. This instability is due to 

accumulated rounding errors when the number of computations increased.  

 

  

Figure 3.7 Mesh size study – absolute value of the maximum error (pct) vs number of nodes (2, 
10, 20, 50 and 100 nodes) for surface or interface temperatures at time= 63.8 s; 
plotting interval size = 0.638 s. 

  

3.2.3 Model Validation Using Quench Scenario: Quenching of Steel Plate with Constant 
Properties  
The numerical model was validated against the analytical model built in Microsoft Excel ®, using 

a 20 term series (Equation 3.29) [58] to solve a simple transient problem of quenching a 24 mm thick 

plate. Parameters used in the validation scenario are given in Table 3.3. Results of the validation 

comparing the numerically and analytically obtained plate surface temperatures at various times are 

shown in Figure 3.8. The numerical model matched the analytical model within 0.001 pct. maximum 

error at any of the 50 nodes, which verifies the numerical method.  

A mesh size study was also conducted using this quench scenario. The results of the mesh size 

study indicate that the most accurate solution is obtained using 50 nodes, as shown in Figure 3.9. The 

maximum error in temperature corresponded to the plate surface for all mesh refinements. The percent 

error in temperature at the plate surface after 10 s of quenching is shown as a function of number of nodes 
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in Figure 3.9. The percent error with respect to the analytical solution for 50 nodes was 0.001 pct. The 

error increased above 50 nodes as in the mesh study on the textbook problem.  

 

Table 3.3 –Parameters used in the Numerical Solution to the Quench Validation Problem 

Parameter Value Reference 
Thickness, 2H 0.024 m  

Modeled thickness, H 0.012 m  
Total time 180 s  

Initial temperature 𝑇  1100 ºC  
Quench medium temperature 𝑇  300 ºC  

Thermal conductivity  𝑘 30 W / m - ºK  [60]  
Thermal diffusivity α 7.003 x 10-6 m2/s [60] 

Specific heat 𝐶  560 J / kg - ºK [60] 
Density, 𝜌 7650 kg / m3 [60] 

Quench convection coefficient, ℎ 2000 W / m2 - ºK   
Number of nodes 50  
Mesh/cell size, dx 0.00048  

Number of timesteps variable  
Plotting interval size  1 s  

 

 

 
Figure 3.8 Temperature profile at times 0, 2, 5, 10, 30, 60, 90 and 180 s for a water quench of a 

24 mm thick (12 mm half thickness) steel plate using constant material properties and 
a quench medium temperature 200 ºC above boiling point. Analytical solution using 
20 terms (solid circles) and numerical solution using 50 nodes (lines) are shown for a 
timestep size of 1 s. 
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Figure 3.9 Mesh size study - pct error vs number of nodes (2, 10, 50, 100 and 200) at time = 
10 s; plotting interval = 1 s. 

3.3 Heating Model 
To simulate heating of the flat plate in a furnace (for possible partitioning), a second component 

was added to the boundary condition at the plate surface to include radiation from the furnace interior, 

according to Stefan-Boltzmann’s relation: 

 𝑞 = ℎ 𝑇 − 𝑇 + 𝜀𝜎(𝑇 − 𝑇 ) (3.33) 
where q is the rate of energy transferred to the plate surface, (W/m2), 𝜀 is emissivity, h is the convection 

coefficient, 𝜎 is the Stefan- Boltzman constant, 𝑇  is ambient temperature, 𝑇  is the current plate 

surface temperature [58]. View factor with the furnace interior environment is assumed to be 1, that is, 

100 pct of the radiation emitted from the furnace interior is intercepted by the plate surface. The 

temperature of the surface half cell (n), with constant convection and radiation boundary conditions, can 

be calculated according to Equation 3.37, which is developed below. Figure 3.10 shows the surface half 

cell (n) with radiation and convection at the boundary, and conduction to or from the adjacent cell. 

Performing an energy balance around the half cell (Equation 3.34 and Equation 3.36) and expanding the 

∆T term in Equation 3.35 yields Equation 3.36. Isolating the temperature for the surface node at time t+1 

gives Equation 3.37. 
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Figure 3.10 Surface half cell where i = n, with node indicated and conductive heat transfer to the cell 

indicated with a straight arrow and constant convection boundary condition indicated 
with curved arrow and radiation boundary condition indicated with undulating arrow. 

 

 𝐸 = 𝐸 − 𝐸  (3.34) 

 𝜌𝐶 ∆𝑇 ∆𝑥2 = 𝑘∆𝑇 ∆𝑡∆𝑥 + ∆𝑡∆𝑥 𝜎𝜀∆𝑇 (3.35) 

 𝜌𝐶 (𝑇 − 𝑇 ) ∆𝑥2 = 𝑘[𝑇 − 𝑇 ] ∆𝑡∆𝑥 + ℎ∆𝑡 𝑇 − 𝑇 + 𝜎𝜀∆𝑥 𝑇 − 𝑇  (3.36) 

 𝑇 =  𝑇 + 2𝑘∆𝑡𝜌𝐶 ∆𝑥 [𝑇 − 𝑇 ] + 2ℎ∆𝑡𝜌𝐶 ∆𝑥 𝑇 − 𝑇 + 2𝜎𝜀𝜌𝐶 ∆𝑥 𝑇 − 𝑇  (3.37) 

 

Equation 3.38 is a rearrangement of Equation 3.37 as an ordinary differential equation: 

 
𝑑𝑇𝑑𝑡 =  2𝑘∆𝑡𝜌𝐶 ∆𝑥 [𝑇 − 𝑇 ] + 2ℎ∆𝑡𝜌𝐶 ∆𝑥 𝑇 − 𝑇 + 2𝜎𝜀𝜌𝐶 ∆𝑥 𝑇 − 𝑇  (3.38) 

Equations 3.14, 3.15 and 3.37 were solved simultaneously using Matlab built in solver ODE23s. 

ODE23s is an ordinary differential solver for stiff equations that uses a second and third order pair to 

approximate ordinary differential equation solutions that require small time steps to maintain stability 

using non-stiff solvers. Matlab’s default tolerance was used.  

 Equation 3.38 contains a convection term that varies slowly with time, temperature, and a 

radiation term which changes more rapidly with time. Using standard solvers, such as ODE45, would 

require small time-steps requiring long computational times. A comparison of solvers ODE23s and 

ODE45 is included in the next section. 

3.3.1 Heating Model Study: Comparison of ODE23s and ODE45 Solvers 
A convergence study was conducted, comparing two Matlab solvers: standard solver ODE45 and 

stiff solver ODE23s. A 50 mm plate with a uniform temperature of 300 ºC was reheated for 60 s in a 
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500 ºC furnace. Modeling parameters are given in Table 3.4. A convection coefficient of 40 W/m2K was 

selected to represent furnace reheating [61] and a constant emissivity of 0.8 was applied [58,62].  

 

Table 3.4 –Parameters used in the Convergence Study of Heating Model   

Parameter Value Reference 
Thickness, 2H 0.025 m  

Modeled thickness, H 0.0125 m  
Initial temperature 𝑇  300 ºC  

Furnace set temperature 𝑇  500 ºC  
Thermal conductivity  𝑘 30 W / m - ºK  [60]  

Thermal diffusivity α 7.003 x 10-6 m2/s [60] 
Specific heat 𝐶  560 J / kg - ºK [60] 

Density, 𝜌 7650 kg / m3 [60] 
Convection coefficient, ℎ 40 W / m2 - ºK  [61] 

Number of nodes 50  
Simulation time 60 s  

Number of timesteps Variable 60 to 1000  
Plotting interval size dt Variable 0.06 to 1 s  
 

 

Plate center and surface thermal histories are shown in Figure 3.11, and surface and center 

temperatures at time = 60 s are compared in Table 3.5.  

 

Table 3.5 –Comparison of Plate Center and Surface Temperatures after 60 s reheat 

Solver Timesteps dt (s) dx (mm) Temperature (ºC) 
    center surface 

ODE45 60 1 1 307.88 315.44 
ODE45 100 0.6 1 301.28 314.20 
ODE45 1000 0.06 1 301.38 314.06 
ODE23s 60 1 1 301.25 314.24 

 

Some instability in the thermal histories obtained using ODE45 can be observed in Figure 3.11 (a 

through c). This instability is not observed in the ODE23s solution. The ODE23s solution using 60 

timesteps converges to a final surface temperature of 314.2 ºC and a final center temperature of 301.2 º C. 

The ODE45 solution using 60 timesteps approaches a surface temperature of 314 ºC however, the plate 

center reaches a much higher temperature than 301 ºC. With increasing timesteps, the ODE45 center 

temperature converges to a proper solution, but the instability in the solution can be observed in 

Figure 3.11 (c). This instability in the ODE45 solution was not observed in the cooling model where 

radiation was ignored. ODE23 provides a more stable solution as the estimate of the time-temperature 

derivative at each time step includes an estimate of the derivative from the previous timestep. It should be 
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noted that Matlab solver ODE23s was adopted in the heating model, as it provided a stable solution using 

a small number of timesteps.  

 

 
(a) 

 
(b) 

  

(c) (d) 

Figure 3.11 Simulated surface and center temperatures for a 50 mm thick, 300 ºC isothermal plate, 
reheated for 60 s in a furnace set at 500 ºC. (a) Using solver ODE45 with 50 nodes and 
60 timesteps (dt  = 1) (b) ODE45 with 50 nodes and 100 timesteps (dt = 0.6 s) and (c) 
ODE45 with 50 nodes and 1000 timesteps (dt = 0.06 s)  (d) ODE23s using 50 nodes 
and 60 timesteps (dt = 1 s). 

3.4 Material Properties and Heat Transfer Coefficients 
The numerical cooling model takes as input: time of simulation and plotting interval, thermal 

diffusivity, convection and conduction coefficients, initial plate temperature and cooling medium 
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temperature, as well as plate thickness and mesh size. The heating model takes additional input: furnace 

interior temperature and plate emissivity. The cooling model was applied to a number of case studies, to 

study the cooling behavior under different quenching scenarios for different plate thicknesses. The 

heating model was applied to simulate furnace reheating. The case study results are presented in the 

following chapter. Selection of material properties and convection coefficients are discussed in the next 

section. 

3.4.1 Steel Properties 
Material properties important in heat transfer, including specific heat, Cp, and density, ρ, and 

emissivity, ε, of steel are temperature, composition and phase dependent. The thermal diffusivity of steel, 

α, given in Table 3.6, is the ratio of conductivity to specific heat and density (Equation 3.2). In this model, 

all steel properties were assumed constant and are given in Table 3.6. The latent heat of phase 

transformation was neglected but is understood to be relevant to modeling of Q&P microstructure and 

could be incorporated later. 

 

Table 3.6 –Material Properties used in the Numerical Model 

Parameter Value Reference 
Thermal conductivity  𝑘 30 W / m - ºK  [60]  

Thermal diffusivity α 7.003 x 10-6 m2/s [60] 
Specific heat 𝐶  560 J / kg - ºK [60] 

Density 𝜌 7650 kg / m3 [60] 
Emissivity ε 0.8 [58,62] 

 

3.4.2 Convection Coefficients 
The selection of convection coefficient is critical in obtaining temperature gradients 

representative of desired cooling processes. The desired cooling media and conditions represent industrial 

processes which would potentially be used to commercially produce Q&P plate. Figure 3.12  shows the 

range of convection coefficient for a number of industrial plate quench processes: platen quenching (batch 

process quench of a plate held between two plates, or platens, to prevent warping), roller quenching 

(quenching in the pinch of the rolls), as well as direct quenching (DQ), in-line accelerated cooling (ACC) 

and run-out-table cooling (ROT) [63]. DQ, ACC and ROT cooling are applied after hot rolling [63,64]. 

Direct quenching is applied after rolling above the Ar1 temperature, so as to produce a martensitic or 

bainitic microstructure on quenching [65]. Accelerated cooling is applied to retain a refined grain size 

after thermo-mechanical rolling [63]. ROT cooling is applied between hot rolling and coil cooling in hot 



 36

strip mills, to reach a desired coil cooling temperature [63]. Although not included in Figure 3.12, a still 

air cool has a convection coefficient of 10 W/m2K [66]. 

To study a wide range of processing conditions, convection coefficients of 100, 1 000 and 

10 000 W/m2K were selected. Convection coefficients were selected to represent forced air cooling 

(100 W/m2K), accelerated quenching (1000 W/m2K) and severe water quenching (10 000 W/m2K). 

Convection coefficients were assumed constant and constant quench medium temperatures were selected. 

In reality, quenching is a complex heat transfer process controlled by sample geometry, quench medium, 

agitation, fluid properties and workpiece thermal properties [66,67]. The convection coefficient is known 

to vary during quenching such as according to the vapor blanket, boiling, and convective stages of water 

quenching [61]. 

 

 
Figure 3.12 Range of convection coefficients reported for industrial quenching processes: roller 

quench, direct quench (DQ) platen quench, accelerating cooling (ACC) and run-out table 
cooling (ROT) [63].  
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CHAPTER 4: QUENCH CASE STUDY RESULTS AND DISCUSSION AND DEVELOPMENT OF 
A DESIGN METHODOLOGY FOR THE QUENCH STEP OF Q&P PLATE PROCESSING  

This chapter presents the results of selected thermal modeling case studies. Thermal gradients and 

cooling rates are examined considering typical Q&P processing routes, selected to be representative of a 

range of realistic commercial conditions. Then, a design methodology is proposed to aid in the selection 

of cooling process parameters for plate Q&P processing.  

4.1 Selected Quenching Case Study Simulations 
To investigate the first step of the Q&P process, the temperatures and thermal gradients produced 

under various quenching scenarios were examined through nine modeling case studies. Three plate 

thicknesses (6, 18 and 50 mm) were each simulated for three different quenching processes, starting from 

an initial temperature above Ac3, of 1100 ºC. The three cooling processes of air cool, water spray quench 

and severe water quench were chosen to represent a wide range of potential commercial Q&P process 

scenarios [63]. Approximate convection coefficients appropriate for each cooling process were selected 

from the literature [60,68]. The value chosen for air cooling includes some forced convection and 

radiation, so the internal thermal gradients, cooling rates, and temperature variations for natural 

convection cooling could be smaller than the results shown here. Cooling media temperatures were fixed 

at 50 ºC. Process parameters and material properties used in the simulations are shown in Table 4.1. The 

simulations, which employ constant thermal properties and convection coefficients, represent a first 

approximation to real quenching processes.   

 

Table 4.1 - Parameters in the Quenching Simulations 

 Parameter Value(s) Reference 
Plate thicknesses 2H 6, 18 and 50 mm  

Domain size, H 3, 9 and 25 mm  
Initial temperature 𝑇  1100 ºC  

Cooling medium temperature 𝑇  50 ºC  
Number of nodes 50  

Cell size, dx 0.12 mm, 0.36 mm, 1.00 mm   

Time step sizes 0.2 s for times up to 10 s 
1 s for times after 10 s  

Convection coefficient h, air cool  100 W/m2K [63] 
Convection coefficient h, water spray / ROT 1000 W/m2K [63] 

Convection coefficient h, severe water quench 10,000 W/m2K [63] 
Biot numbers, 6 mm plate Bi 10, 1000 1000  
Biot numbers, 18 mm plate Bi 30, 300, 3000  
Biot numbers, 50 mm plate Bi 83, 833, 8333  
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4.2 Results of Quench Case Studies  
Results for the nine cooling scenarios are presented as temperature-time plots in Figure 4.1. The 

thermal histories at three positions through the thickness are shown for the 6 mm and 18 mm plates: 

center, surface and quarter point. Four locations are shown for the 50 mm plate: center, surface, quarter 

point and eighth point. Thermal histories are shown on a logarithmic scale for quench times between 1 s 

and 300 s. Note that under a severe water quench, plate cooling is rapid, and the temperature falls 

substantially below the  𝑇  of 1100 ºC within 1 s in many instances.  

Note that the temperature change with respect to distance is referred to as the thermal gradient, 

and the temperature change with respect to time is referred to as the cooling rate or history.  In general, 

both thermal gradients and cooling rates vary with position through the plate thickness. 

 

 
Figure 4.1 Thermal histories for plate thicknesses 6, 18 and 50 mm quenched from 1100 ºC using 

three quenching media: severe water quench (convection coefficient, 
h = 10 000 W / m2 - ºK), spray water cool (h = 1000 W / m2 - ºK) and air cool 
(h = 10 W / m2 - ºK). Time is shown on log scale from 1 to 300 s. Thermal histories at 
plate center are indicated with a grey line; quarter thickness position by a dashed line and 
surface by a black line. 

 

The cooling rate (ºC/s) at a given time and position in a given plate is the slope of the temperature 

history shown in Figure 4.1. Comparing the temperature-time thermal histories in Figure 4.1 from left to 
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right, the effect of thickness on thermal gradients and cooling rates can be examined. Comparing the 

histories from top to bottom, the effect of quenching medium (quench severity) on the thermal gradients 

and cooling rates in a plate can be examined.  

The cooling rates at the plate surface increase with increasing quench severity and decrease with 

plate thickness. Under air cooling, heat extraction at the plate surfaces is slow, (relative to the other 

cases), and the plate cools at a near uniform rate through the thickness. Air cooling in the 6 mm, 18 mm 

and even 50 mm plates is uniform from surface to center, as illustrated by the overlapping thermal 

histories in Figure 4.1. Figure 4.2 shows the thermal histories for air cooled plates at longer times. After 

600 s (10 min) of air cooling, the 50 mm plate is still above 600 ºC, the 18 mm plate is just below 300 ºC, 

and the 6 mm plate has reached the cooling medium temperature (50 ºC).    
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Figure 4.2 Calculated thermal history for 6, 18 and 50 mm plates air cooled from 1100 ºC for 600 s, 
center and surface temperature histories shown. 

 

Increasing quench severity greatly increases the surface cooling rates in all plate thicknesses, as 

expected, but quench severity does not affect the center cooling rates as much. In the case of the 6 mm 

plate, the center cooling rate increases by an order of magnitude with increasing quench severity from 

5 ºC/s to 44 ºC/s to 347 ºC/s between 800 and 500 ºC. In contrast, the cooling rate at the center of the 

thicker plates varies much less between the different quenching processes, as the center is insulated from 

the convection applied at the surface. Consequently, steep thermal gradients develop during both water 

spray cooling and severe water quenching of the thick plates.  

Cooling rates also change with time. At early quenching times, the plate surface and near-surface 

cool much more rapidly than the plate centers, as shown in Figure 4.3. Figure 4.3 shows the cooling 

behavior at early times for all plate thicknesses under fast quench media. The center of the severely 

quenched 50 mm plate remains at the initial temperature of 1100 ºC for 10 s, while the plate surface cools 

almost 1000 ºC within 10 s. At later times, however, the surface cooling rates decrease and in the severe 

water quench case, are exceeded by the center cooling rates (see Figure 4.1).  
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The rapid surface cooling at early times is driven by the difference in temperature between the 

plate surface and the cooling medium. Conduction and convection rate scale with temperature difference, 

so a larger difference in temperature will cause more rapid heat extraction. At longer quench times, the 

conductive heat transfer from plate center to plate surface exceeds the convective heat transfer from plate 

surface to quench media, so the interior cools faster. In summary, through-thickness variations in 

temperature, temperature gradient, and cooling rate are a complex function of plate thickness and quench 

severity. For a given plate thickness and quench severity, cooling rates, and consequently thermal 

gradients, vary with time. In general, however, for a given plate thickness, temperature gradients increase 

with increasing quench severity. These behaviors are all consistent with well-understood heat transfer 

principles but were needed to design Q&P thermal treatments.   

 

   
6 mm 18 mm 50 mm 

 
Figure 4.3 Simulated thermal history for 6, 18 and 50 mm plate severely water quenched from 

1100 ºC showing cooling behavior at early quench times. 

 

4.3 Application of Cooling Rates To Q&P Processing Response 
In the context of the Q&P process, the cooling rates during initial quenching after hot rolling 

(cooling from austenite to below A3 temperature) are important, because they control any diffusional 

phase transformations during quenching, which would reduce the extent of martensite formation. 

Sufficiently high hardenability is an important requirement for martensite formation and is determined by 

the cooling rate during quenching and the alloy composition; a more severe quench allows a greater 

maximum thickness for a given alloy and for a less severe quench, additional hardenability alloying 

additions are required for a given plate thickness. The temperature gradients after initial quenching are 

important, because the lowest temperature reached at the end of the quench step largely controls the initial 

martensite phase fraction, which, in turn, influences the final phase fractions. To generate classic Q&P 

microstructures, the quench step must meet two important criteria. First, the cooling rate at every position 

through the thickness should be sufficient to avoid intermediate diffusional transformation products, such 

as ferrite and cementite in pearlite or bainite. Second, the temperature at every position through the 
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thickness after quenching should form a controlled amount of martensite to allow controlled austenite 

stabilization during partitioning.  

The criteria for cooling rate will be examined first. Then, the effects of thermal gradients on Q&P 

microstructures will be examined. Through-thickness cooling rate variations present a difficult 

microstructural challenge, and have not been previously considered in the context of Q&P. To assist in 

the understanding of the microstructural evolution during cooling, criteria will be developed and applied 

to an example steel with 0.2 wt pct carbon and an Ms temperature of 400°C. For this steel, the “optimum” 

quench temperature (“optimum” QT), calculated according to the method proposed by Speer et al. [15]  

and detailed in Chapter 2 is about 250°C. The “optimum” QT corresponds to a maximum RA content of 

about 19 vol pct if full or ideal partitioning occurs, where all of the carbon partitions to austenite. 

4.3.1 Importance of Cooling Rates During the Initial Quench Step of Q&P 
Ideally, the cooling rate at every position through the plate thickness and its variation with time 

during the quenching process should perhaps be sufficient to form only martensite during quenching. The 

temperature gradient at the end of the quench step would ideally be minimized, so as to minimize 

gradients in martensite and austenite through the thickness. Microstructural gradients at the end of the 

quench step are expected to result in microstructural gradients in the final microstructure. Thus, to form a 

uniform microstructure everywhere through the thickness, thermal gradients should be minimized at 

critical steps in the process.  

Critical cooling rates are specific to the given alloy composition, product thickness and process, 

and are often based on missing the pearlite and bainite “nose” of the TTT diagram, which often involves 

reporting a cooling rate in the temperature range from 800 to 500 ºC. In this work, linear approximations 

of the cooling rate were made between 800 and 500 ºC and the corresponding times to reach an Ms 

temperature of 400 ºC were calculated and are presented in Table 4.2 for each of the nine cases. These 

results would be helpful in selecting alloys with sufficient hardenability for any desired cooling scenario. 

Analyzing the cooling behaviors in Figure 4.1 with respect to Q&P processing, certain 

thicknesses may be more suitable than others for the different cooling processes. For example, air cooling 

may be impractical for thicknesses above 6 mm as cooling rates (less than 2 ºC/s) are either too slow to 

allow martensite formation or highly hardenable alloys would be required. Spray water quenching and 

severe water quenching achieve shorter cooling times in the thicker sections (under 3 mins), although 

both introduce thermal gradients.  
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Table 4.2 - Average Cooling Rates from 800 ºC to 500 ºC at Center and Surface for Each Quench Process 
and Plate Thickness 

 Plate Thickness Cooling Medium Center 
ºC/s 

Surface 
ºC/s 

Time for Plate 
Center to Reach Ms 400 ºC (min:sec) 

50 mm 
Severe Water Quench 13 155 1:00 
Water Spray Quench 4 4 2:55 

Air Cool 0.5 0.5 20:02 

18 mm 
Severe Water Quench 72 273 0:10 
Water Spray Quench 14 14 0:48 

Air Cool 1.6 1.6 7:09 

6 mm 
Severe Water Quench 347 386 0:02 
Water Spray Quench 44 45 0:14 

Air Cool 5 5 2:21 
 

 

Thermal gradients naturally increase with quench severity and thickness. For example, severe 

water quenching produces very steep thermal gradients: up to 700 ºC variation in through-thickness 

temperature in thick plate. The plate surface may have fully transformed to martensite when the plate 

center reaches Ms so that a Q&P microstructure cannot be obtained everywhere through the thickness. 

Control of the phase fractions at the end of the quench step (i.e. control of thermal gradients) is important 

in influencing the final phase fractions. 

Water spray cooling shows promise for a controlled quench rate across a range of thicknesses 

where the cooling times are reasonable and thermal gradients are more modest. Spray cooling produces 

slow cooling rates between 800 and 500 ºC for the 50 mm plate, but cooling rates in the 6 mm and 18 mm 

plates are more attractive, or moderate, and may not require a highly hardenable alloy.  

4.3.2 Thermal Gradient Effects on Through-Thickness Microstructural Variation  
The effect of thermal gradients on the expected phase distribution after the quenching step can be 

estimated from the thermal model results using the Koistinen and Marburger equation [69] for a selected 

alloy. As an example, a 0.2 wt pct carbon steel with an Ms temperature of 400°C was selected for 

analysis. The martensite transformation at room temperature for this alloy is 94 vol pct, calculated using 

the Koistinen- Marburger equation. 

The thermal histories in the 18 mm plate during severe water quenching were selected for this 

example, which requires examination of the first 20 s. The thermal histories at the center, quarter point 

and surface positions are enlarged in Figure 4.4. The Ms temperature and the “optimum” quench 

temperature (250 ºC) are shown as horizontal lines in the figure; these are important points of reference in 

relation to the martensite transformation behavior during quenching. The selected alloy is assumed to be 

fully hardenable at 18 mm under a severe water quench, so that ferrite, pearlite and bainite would not 

form during cooling. 
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Examining the thermal histories for each plate thickness and quench medium in the context of the 

transformation behavior for this hypothetical alloy, the plate surface reaches the Ms of 400 ºC in ~2 - 3 

seconds, while the plate center does not reach Ms until 10 s. Similarly, the plate surface reaches the 

“optimum” quench temperature at earlier times than the plate center. Thus, the phase distributions change 

rapidly during the first 20 s of severe water quenching of this 0.2 wt pct C steel.  

Applying the Koistinen-Marburger [69] equation at the end of the initial quench step (for a 

selected initial quench time), the phase distributions (of martensite and austenite) can be calculated. 

Assuming ideal partitioning conditions, where all of the carbon in martensite diffuses into the austenite, 

and again applying the Koistinen-Marburger equation, the fractions of partitioned martensite, 

untransformed austenite and fresh martensite, and their respective carbon contents can all be estimated in 

the final microstructure. It is important to note that non-ideal partitioning conditions would result in less 

austenite and more fresh martensite than predicted. However, final microstructure in the case of non-ideal 

partitioning cannot be predicted, as partitioning behavior is not sufficiently understood to accurately 

model the microstructure response. A prediction of the final microstructure is important for understanding 

microstructure evolution during Q&P processing of plate. Below, predictions are made assuming ideal 

partitioning. The predictions are experimentally tested in Chapter 7 of this thesis. Quantifying the effects 

of temperature history variations on the final phase fractions is helpful in the design of the quench step by 

highlighting the important processing parameters. The estimated phase distributions after initial 

quenching, followed by an ideal partitioning treatment and final cooling, are illustrated in Figure 4.5.  

 
 

 
Figure 4.4 Simulated thermal history for severely water quenched 18 mm plate from 1100 ºC for 

20 s. Ms (400 ºC) and “optimum” QT (~250 ºC) indicated for a 0.2 wt pct C steel 
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Phase distribution after initial quench Phase distribution after ideal partiti-
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Figure 4.5 Estimated phase fractions through the thickness of an 18 mm plate severe water quenched 
from 1100 ºC as a function of position through thickness from center (0 mm) to surface 
(9 mm), after quenching (left) for times of 6, 8, 10 and 20 s. Estimated final phase 
fractions after cooling to room temperature (following an idealized partitioning 
treatment) as a function of initial quench temperature (right). Phase fractions are shown 
for a 0.2 wt pct C alloy with an Ms of 400 ºC. Martensite is indicated by M, austenite by 
ɣ, and martensite formed during final cooling by fresh M. 
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Figure 4.5 shows the phase fractions as a function of position through the thickness from plate 

center (position 0) to plate surface (position 9 mm), after quenching for 4 different times: 6, 8, 10 and 

20 s. Fractions of martensite and untransformed austenite are shown as a function of position in the left 

column of Figure 4.5; final phase distributions after partitioning and cooling to room temperature are 

shown on the right, including the fractions of RA and fresh martensite.  

Figure 4.5 shows the phase distributions estimated in the 18 mm plate after quenching for 6 s: a 

small region at the plate surface has transformed to about 75 vol pct martensite, while the remainder of 

the plate is fully austenitic. After 8 s, the plate surface has transformed to 80 pct. martensite while the 

plate center has not reached Ms. After 10 s, the plate surface has just reached Ms so that the 

microstructural gradient ranges from 0 vol pct martensite at the center, to greater than 90 pct. at the 

surface. After 20 s, every location from center to surface, contains above 85 vol pct martensite.  

The final phase distributions, estimated on the right in  Figure 4.5, also vary considerably with 

quench time. For an initial quench time of 6 s quench, an ideal partitioning treatment would result in a 

final plate microstructure dominated by fresh martensite, except near the plate surface where some 

austenite is retained. For this cooling time, most of the plate was untransformed during quenching, so the 

desired conditions for effective Q&P processing (partial martensitic transformation during quenching) 

were not realized. After an initial 10 s quench, up to a fifth of the plate (within approximately 2 mm of the 

surface) contains greater than 10 vol pct RA. After ideal partitioning and final quenching, the final 

microstructure gradient is dominated by partitioned martensite at the surface, fresh martensite at the 

center, and the greatest austenite fraction at a location near the eighth point position. After a 20 s quench 

time, the entire plate consists of partitioned martensite plus a small fraction of RA, and no fresh 

martensite is formed on final cooling as the temperature after quenching is below the “optimum” QT at 

every location through the thickness.  

This illustration of phase distribution variations due to thermal gradients shows the importance of 

the quenching step in controlling the amount of austenite that can be stabilized during partitioning. The 

maximum RA content is achieved at locations where the quench temperature corresponds to the 

“optimum” QT, which can be controlled via the quench stop time. The initial quench time is therefore an 

important processing parameter to select and control.  

For example, to optimize the RA content at the quarter point, quenching would be stopped when 

the quarter point reaches the “optimum” QT. In this case, after 13.4 s of initial quenching, the quarter 

point reaches the “optimum” QT, so that, after final quenching, the quarter position contains 19 vol pct 

RA, as illustrated in Figure 4.6. 

The effects of thermal gradients on initial and final microstructure have been quantified here, 

assuming ideal partitioning, and the final microstructure can be predicted. A variety of final 
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microstructures can be achieved by controlling the initial quench time which can be selected according to 

the methodology presented here. The “optimum” QT, used to define the quenching step in sheet Q&P 

literature, can only be applied to a given location in the plate where the microstructure could be 

optimized. The important processing parameters in the quenching step, in order to influence the final 

microstructure, are plate thickness, cooling process and initial quench time. The initial quench time can be 

tailored to a selected alloy, thickness and cooling process to optimize the microstructure at a desired 

location.  

 

 
Figure 4.6 Estimated phase fractions through the thickness of an 18 mm plate severe water quenched 

from 1100ºC after 13.4 s quench. Estimated final phase fractions after cooling to room 
temperature (assuming full partitioning) as a function of plate thickness, from surface to 
center, for initial quench time of 13.4 s. Martensite indicated with M, austenite indicated 
with ɣ, and martensite formed during final cooling indicated with fresh M. Quarter-point 
indicated with dashed line.  
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CHAPTER 5: DESIGN METHODOLOGY FOR FURNACE PARTITIONING OF PLATE 

The quenching step modeled in Chapter 4, is important in controlling the amount of austenite that 

can be stabilized during partitioning. The actual amount and the stability of the austenite retained after 

final quenching also depends on the effectiveness of the partitioning step. Although partitioning kinetics 

are not well understood and there is no established partitioning design methodology, successful sheet 

partitioning treatments commonly include short isothermal holds at temperature. Rapid reheating of a 

plate to perform short isothermal holds may not be possible; most industrial plate production facilities do 

not have the capacity for a short-time reheat step, such as induction, after quenching. Moreover, induction 

may not provide uniform heating through-thickness, depending on plate thickness and induction 

parameters. A common plate reheating step, which could be used to achieve partitioning, is tempering of 

martensite during furnace reheating after quenching to room temperature. This effectiveness of a furnace 

reheat operation as a partitioning step is examined in this chapter. Numerically simulated furnace reheat 

profiles are presented, important process nuances are discussed, and the relevant processing parameters 

which define the partitioning step are identified. A methodology is developed for design of a partitioning 

step during furnace reheat.  

5.1 Furnace Reheat Study 
To study the through-thickness thermal profile and therefore the expected partitioning response 

during reheating, a batch furnace reheat was simulated using the numerical model. The heating model was 

developed in Chapter 4, and only the results are shown here. The thermal profile after quenching was 

employed as the starting condition for reheating.  

5.1.1 Furnace Reheat Profiles 
Furnace ambient temperatures of 400, 500 and 600 ºC were selected for a furnace residence time 

up to 60 minutes to study the effect of processing variables on reheat profiles. An assumed transfer time 

of five minutes between the quench unit and the furnace was modeled as an air cooling step. The example 

plate thickness and quench media used to develop the quench design methodology is reused here: an 

18 mm plate severe water quenched for 13.4 s. Controlling the initial quench time to within tenths of a 

second may not be possible for an industrial severe water quench unit, however for the conceptual 

development portion of this work, an initial quench time of 13.4 s was used. The thermal profiles for three 

locations in the plate thickness during an air cool and furnace reheat following the quench step are shown 

in Figure 5.1. Figure 5.1 shows the temperature as a function of time on a log scale, starting at 0.1 s where 

the surface temperature has already cooled to below 800 ºC.  
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Figure 5.1          Simulated thermal history for severely water quenched 18 mm plate of 0.2C steel cooled 

from 1100 ºC for 13.4 s, transferred over 5 minutes and reheated in a 400, 500 or 600 ºC 
furnace for 60 min.  

 

Design of a partitioning step according to the thermal profiles in Figure 5.1 is not obvious. 

Figure 5.1 shows the furnace reheating step is highly non-isothermal and the plate reheating rate is highly 

dependent on the furnace ambient temperature. The numerical simulated thermal profiles illustrate the 

important processing parameters which control the partitioning process: transfer time, furnace ambient 

temperature and furnace residence time. Selection of the partitioning parameters requires careful 

consideration of time and temperature effects, although there is no established partitioning design 

methodology for Q&P steels. In Chapter 4, “ideal” partitioning was considered in the prediction of final 

microstructure. “Real” partitioning responses in sheet Q&P studies are not sufficiently understood to 

accurately predict final microstructure. Tempering reactions have been shown to occur simultaneously 

with partitioning reactions [70], and isothermal bainite has also been observed to form in some sheet Q&P 

processes [71,72]. The formation of carbides often explains the differences in predicted and observed RA 

fractions following sheet Q&P heat treatments [10,21,28,34].  

Plate Q&P heat treatments present additional design challenges. Partitioning must be achieved 

during a non-isothermal transfer and furnace reheat. Additionally, each location through the thickness has 

a unique thermal history and thus a unique partitioning path. As shown in Figure 5.2, the plate center and 

quarter point continue cooling after quenching is complete, which causes the minimum temperature 

achieved to vary not only with position, but also with time for sections of the plate that experience 

cooling after the initial quench time is reached. This variation in minimum temperature across the 

thickness could cause additional martensite to form after quenching is complete and partitioning to begin 

13.4 s 

Furnace reheat 
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at different times at different locations through the thickness. The differences in local temperature 

minima, the time taken to reach each minimum, and competing reactions involving carbon result in a 

complex and non-homogenous partitioning response through the thickness of a steel plate undergoing 

Q&P treatment. Experimental work is needed to understand the effect of a unique thermal history at each 

location through-thickness.  

 

 
Figure 5.2          Close up of simulated thermal history for severely water quenched 18 mm plate cooled 

from 1100 ºC for 13.4 s and transferred over 5 minutes. Thermal profiles shown for times 
between 6 s of quenching to 60 s of transfer. 

 

In order to design an effective partitioning process for experimental work, a partitioning model 

was needed to understand the effects of non-isothermal partitioning. An estimation of the ‘degree’ of 

partitioning was developed by Thomas, et al. [73]  as detailed in Chapter 2. In the next section, Thomas’ 

methodology is reviewed and applied to plate partitioning.  

5.2 Methodology for Designing Partitioning Treatments based on Hollomon-Jaffe Tempering 
Parameter 
Thomas employed the empirically developed Hollomon-Jaffe tempering parameter (TP) to 

quantify the ‘degree of partitioning’ and empirically estimate equivalent isothermal and non-isothermal 

partitioning conditions. The equivalence used to select initial coil cooling temperatures for a hot-rolled 

sheet concept was applied here to the non-isothermal plate partitioning path shown in Figure 5.1 to select 

transfer times and furnace residence times and ambient temperatures. 
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5.2.1 Evaluation of the Tempering Parameter  
 Embedded, but not explicit in the tempering parameter, is the assumption of thermally activated 

carbon diffusion. It is important to note a number of assumptions necessary in applying the TP to 

approximate tempering (and thereby partitioning). Tempering is achieved in furnace reheating over tens 

of minutes and is much longer than partitioning treatments typically applied for industrial sheet 

processing. Equivalencies between high-temperature short-time and low-temperature long-time 

partitioning treatments must be applied with caution. One obvious difficulty is the substitution of the 

tempering of martensite for the partitioning reaction which involves different mechanisms. During 

tempering of martensite, austenite decomposes, interstitial carbon atoms diffuse to form carbides, and/or 

dislocations and grain boundaries rearrange. In contrast, cementite precipitation is delayed during 

partitioning due to the silicon content of Q&P steels (typically 1.5 wt pct [18,26])  so that, during 

partitioning, some fraction of the austenite is stabilized through carbon diffusion from supersaturated 

martensite into austenite; solute atoms and grain boundaries are assumed stationary.  

5.2.2 Application of the Tempering Parameter to Sheet Q&P Studies 
The effectiveness of a partitioning treatment can be evaluated based on its ability to promote 

austenite retention at room temperature. To evaluate the correlation between TP and RA, data were 

collected from a number of Q&P studies [5,11,12,17,18,20,29,30,74]. The purpose of this examination 

was to identify successful TP ranges of interest for application to the experimental processing in this 

work. Volume fraction of RA is plotted according to calculated TP in Figure 5.3 for both 1-step 

[17,29,30,49] and 2-step [5,11,17,18,20,29,74] isothermally partitioned Q&P steel. Partitioning 

treatments in these studies varied and the amount of RA was not necessarily optimized for each treatment. 

Treatments varied between 225 and 450 ºC for times between 1 s and 3 hrs, although few treatments 

lasted above 5 min; the most successful treatments were 10 s long at temperatures of 400 ºC, 300 ºC and 

225 ºC. 

Previous Q&P experimental work shown in Figure 5.3 does not highlight an ‘ideal’ TP where the 

most amount of austenite is retained. However, like the theoretical “optimum” QT calculation, The TP 

methodology highlights a process space for further investigation. Based on this figure, Q&P plate design 

should employ partitioning treatments equivalent to TPs between 8 000 and 14 000.   
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Figure 5.3 Retained austenite as a function of tempering parameter for collected Q&P data. One-step 

partitioning data with solid grey symbols. Average tempering parameter for all studies 
indicated with vertical line. Equivalent one-hour tempering temperatures for each 
tempering parameter indicated; partitioning treatments varied between 1 s and 3 hrs. 

 

5.3 Application of Tempering Design Methodology to Furnace Reheat Profiles 
To design partitioning treatments equivalent to TP between 8 000 and 14 000, non-isothermal TP 

values (plotted in Figure 5.4 (b)) were calculated along the partitioning path which was assumed to begin 

at the end of the quench step. Thus, the partitioning path is a 5 min air cool, and furnace reheat, shown in 

Figure 5.4 (a). Figure 5.4 (a) and (b) show the quarter point temperature history and associated TP, 

respectively. After the plate temperature has reached equilibrium, no substantial thermal gradients are 

reintroduced so that the calculated TP is essentially identical through the thickness during air cooling and 

furnace reheating after the first 6 s of quenching. Isothermal TPs were also calculated for reference for 

each of the isothermal hold temperatures indicated on Figure 5.4 (b) for the time indicated on the x-axis. 

Table 5.1 provides the exact times required for the plate to reach TP 8 000 to 14 000 at furnace ambient 

temperatures between 300 and 600 ºC.  
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Figure 5.4 (a) Non-isothermal partitioning process diagram. Quenched 18 mm plate, 5 min transfer 

time, and furnace reheat at furnace ambient temperatures of 400, 500 and 600 ºC. Center, 
surface and quarter point temperatures overlap. (b) Tempering parameter vs time plot. 
Isothermal tempering parameter indicated for tempering temperatures between 100 to 
700 ºC. Darker lines correspond to the tempering parameter calculated for non-isothermal 
processes.  

 

(b) 

(a) 
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Table 5.1 –  Transfer and furnace residence times (min:sec) equivalent to tempering parameters 8 000 
through 14 000 for furnace ambient temperatures between 300 and 600 ºC.  

    TP Transfer time     
Equivalent non-isothermal partitioning treatment times: 

Time in furnace at ambient temperature 
  300 ºC 400 ºC 500 ºC 600 ºC 

8 000 0:26  0:00 0:00 0:00 0:00 
9 000 5:00  > 2 hrs 3:15 2:02 1:24 

10 000 5:00  > 3 hrs 6:12 3:32 2:32 
11 000 5:00  > 3 hrs 12:26 6:07 3:48 
12 000 5:00  > 3 hrs 25:45 9:51 5:17 
13 000 5:00   > 3 hrs > 1 hr 14:17 7:10 
14 000 5:00  > 3 hrs > 1 hr 29:00 9:52 

 

 

A furnace ambient temperature of 300 ºC requires very long furnace residence times (2 hrs and 

above) for TP 9 000 and above, which is considered unsuitable for an 18 mm plate. A furnace ambient 

temperature of 300 ºC may not be ideal for plate partitioning. Furnace ambient temperatures of 400 and 

500 ºC provide reasonable furnace residence times (between 5 and 30 min) for a range of TP: between 

9 000 and 12 000 for a 400 ºC furnace and up to 13 000 for a 500 ºC furnace. A furnace ambient 

temperature of 600 ºC may be more attractive for partitioning treatments with TP above 13 000, given the 

shorter residence times.  

 

5.3.1 Summary of Partitioning Methodology 
The Hollomon-Jaffe TP methodology provides a means to systematically identify furnace hold 

times and set temperature based on “successful” isothermal partitioning treatments. As the thermal 

gradients during plate partitioning are small, the methodology considers partitioning to be largely 

homogenous through the thickness. However, thermal histories need to be considered as partitioning may 

begin at substantially different times at different locations, in thicker plate, for example. Martensite 

formation after the quench step is “complete” may also be important in some scenarios.  

Thermal profiles which develop are a function of specific process conditions and plate thickness. 

Therefore, the processing nuances shown for the 18 mm plate would be magnified in thicker plate. The 

details of thermal processing are also expected to be alloy specific. Assumptions made in the present 

work warrant experimental confirmation in future studies.  
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CHAPTER 6: EXPERIMENTAL DESIGN AND METHODS 

This chapter presents the details of material selection and thermal process design for 

experimental verification of the design methodologies discussed in Chapters 4 and 5. Design criteria, 

based on the intended industrial application are identified and included in the thermal process design. 

Material processing using dilatometry and Gleeble, as well as details on characterization and analysis 

methods used throughout the study are also presented in this chapter. 

6.1 Alloy Selection and Experimental Matrix Development 
The important plate parameters to be selected are: alloy and plate thickness. The important 

processing parameters are: quench media, initial quench time, and for furnace partitioning: transfer time 

and furnace ambient temperature and residence time. Selection of these parameters is detailed in this 

section.  

6.1.1 Alloy Selection 
Two important considerations in alloy selection for experimental studies of Q&P plate were 

identified. The first consideration, hardenability is a constraint in plate processing which is of less 

concern in processing of thin sheet Q&P. A second criterion was silicon content, which is considered a 

critical alloying element for Q&P steels [18,26]. Silicon is added to Q&P alloys to delay precipitation of 

cementite [23,26,75]. Avoiding cementite formation is important in Q&P steels, as the formation of 

carbides consumes carbon and promotes austenite decomposition, reducing the amount of austenite stable 

at room temperature. Manganese also stabilizes austenite by lowering its transformation temperature 

[20,70,75]. 

Alloy 300M was selected for experimental exploration, as it contains additions of silicon and also 

because of its availability in ASPPRC. The material used in the experimental study was supplied by 

Timken and commercially produced by electric arc furnace melting, vacuum ladle refining and bottom 

pouring into 711 mm (28 in) square ingots. The steel was hot rolled to 222.2 mm (8.75 in) round-corner 

bars and supplied in the as hot rolled condition with no further heat treatment. The composition of the 

300M material is shown in Table 6.1.  

 

Table 6.1 – Chemical Composition of 300M, Bar Steel, wt pct 

C Mn Si Ni Cr Mo Ti Nb V Al S P Cu Sn 
0.42 0.72 1.58 1.93 0.8 0.4 0.003 - 0.08 0.038 0.001 0.006 0.12 0.009
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6.2 Experimental Matrix Development 
Thermal process design was conducted according to the methodologies developed for the quench 

and the partition steps, detailed in previous chapters. Design criteria were based on optimizing plate 

performance for the intended application of abrasion resistant wear plate, where both hardness and RA 

content are important [4,6]. The hardness through the thickness is important for wear-resistant plates 

[36,76], and RA content though-thickness is also expected to impact wear performance [4,6]. A hardness 

range of interest for the intended wear application was identified and achieving a hardness within 500 to 

600 HB (530 to 630 HV) through the plate thickness was set as a design target. For the desired hardness 

range, the microstructure (i.e. volume and stability of RA) with optimized abrasive performance is not 

known a priori; additional studies would be needed to define an optimized alloy and microstructure. A 

“working” microstructural goal was therefore set, to retain the maximum amount of austenite at the 

quarter thickness, which provides the largest total volume of RA through the plate thickness, according to 

the methodology developed in Chapter 4.  

6.2.1 Quench Step Design Applied to Alloy 300M 
For design of the quench step, the important thermal processing parameters identified by the 

quench design methodology are: plate thickness, quench media and initial quench time. The initial quench 

time refers to the cooling stage prior to furnace transfer. The Ms of the alloy is also critical. A plate 

thickness and a quench medium were selected for experimentation with alloy 300M from among the 

quench case studies previously presented. The quench scenario was selected based on the hardenability of 

300M. The critical cooling rates of 300M were estimated according to the method of Kunitake and Ohtani 

[77] in the range of 800 to 500 ºC. The calculated critical cooling rates and the Ms temperature calculated 

according to Andrews equation and measured by dilatometry are given in Table 6.2. 

 

Table 6.2 – Critical Temperatures and Critical Cooling Rates for 300M 

Ms ºC Ms ºC Bs ºC 

Estimated Critical Cooling Rate Between 
800-500ºC to Avoid Intermediate 

Transformation Products ºC/s 

Andrews Experimental Andrews Bainite Ferrite Pearlite 

293 298 491 21.6 1.4 0.1 

 

Based on the critical cooling rates in Table 6.2, 300M is not through-hardenable at 50 mm using a 

severe water quench; it is hardenable only to a depth of 5 mm. The 50 mm plate was therefore excluded 

from the experimental study. A 6 mm plate would be fully hardenable under both the severe water quench 
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and the water spray cool. An 18 mm plate would be hardenable under the severe water quench only. For 

the experimental investigation of Q&P plate, the severely water quenched 18 mm plate was selected as it 

fit the transformation behavior of 300M and also provides thermal gradients that allowed verification of 

Q&P concepts unique to (thicker) plate steels.  

Selection of the initial quench time was made based on the design methodology presented in 

Chapter 3. The method was applied with a criterion to maximize RA content at the quarter thickness. The 

“optimum” quench temperature of 300M was calculated by estimating the final phase fractions based on 

full partitioning of carbon. The estimated phase fractions as a function of initial quench temperature are 

shown in Figure 6.1. The “optimum” quench temperature of 300M, 208 ºC, is predicted to retain a 

maximum amount of RA of 41 vol pct, under ideal partitioning conditions.  

 

 
Figure 6.1 Estimated initial and final phase fractions (assuming full partitioning) as a function of 

initial quench temperature for alloy 300M. Carbon content of final austenite and phase 
fractions are also shown. 

 

The “optimum” quench temperature of 208 °C at the quarter thickness location of an 18 mm plate 

is calculated to be reached after 15.2 s of a severe water quench. The estimated final phase fractions 

through the thickness of an 18 mm plate are shown in Figure 6.2. Phase fractions were estimated based on 

full partitioning after an initial quench time of 15.2 s. Examining the phase distribution in Figure 6.2, the 

quarter point contains 41 vol pct RA and 59 vol pct partitioned (tempered) martensite, the surface 

contains less than 20 vol pct RA and the center contains close to 50 vol pct fresh martensite, 10 vol pct 

RA, and the remainder, partitioned martensite.  
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Figure 6.2 Estimated final phase fractions (assuming full partitioning) of 300M as a function of 

position through the plate thickness from center to surface for an initial quench time of 
15.2 s, when the “optimum” quench temperature is reached at the quarter thickness 
position. The phase fractions at the quench temperature are accessible recognizing that 
the “fresh M” was austenite before final cooling. 

 

Two additional initial quench times were included to assess the sensitivity to variations in the 

extent of quenching based on selected temperatures 50 ºC above and below the “optimum” quench 

temperature: 158 and 258 °C, which correspond to initial quench times of 13 s and 18.2 s.  

6.2.2 Partitioning Step Design Applied to Alloy 300M 
The important thermal processing parameters which define the partition step are: transfer time 

from the quench unit to the furnace, the furnace ambient temperature and residence time. A single transfer 

time was used for the experimental study: 5 minutes. Furnace ambient temperatures and reheat times were 

selected by calculating the tempering parameter (TP) along the partitioning path of an 18 mm plate 

transferred to a furnace over 5 minutes and held in the furnace to achieve TP of 8 000, 10 000 or 12 000 at 

the quarter point. Two furnace ambient temperatures were used to achieve the selected TP: 400 and 

500 ºC. These three TPs and two furnace settings provide a total of five partitioning treatments. Each of 

these five partitioning treatments was applied to the 18 mm plate after each quenching process.  

6.3 Experimental Program  
Experimental validation of the methodologies proposed in Chapters 4 and 5 explored a total of 

fifteen Q&P conditions, made up of three quench processes and 5 partitioning processes. The fifteen Q&P 

conditions are defined by the following parameters: one thickness, one quench media, three initial quench 

times, a single furnace transfer time, two furnace ambient temperatures, and five furnace residence times. 

An initial austenitization treatment (a 5 min hold a 1100 ºC) and a final quench to room temperature were 
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included in each process. An austenitization temperature of 1100 ºC is a possible reheat temperature prior 

to rolling [8,47,56], although temperatures between 900 and 950 ºC may be more typical of finish rolling 

temperatures for plate [54]. 

First round experiments were focused on determining the combination of process parameters 

which achieve the highest fraction of RA at the quarter point, as well as hardness within the desired range 

(530 to 630 HV). Second round experiments included additional processing simulations and 

characterization of attractive process conditions identified in the first round at the surface and mid-point 

thickness, recognizing that the entire microstructure through the thickness is important for wear-resistant 

plates. Q&T treatments with TP 8 000, 10 000 and 12 000 were also performed for comparison.  

6.3.1  First and Second Round Experimental Q&P Conditions 
The selected process parameters provide a total of fifteen experimental Q&P conditions. The 

experimental matrix for initial simulations is summarized in Table 6.3. Each experimental condition is 

identified through the following shorthand notation: Q&P-QT-TP-Furnace ambient temperature in 

Celsius (400 or 500 for samples with TP 10 000 or 12 000, blank for samples with TP 8 000, which were 

not furnace reheated).  

 

Table 6.3 –Experimental Matrix for Initial Simulations 

Initial 
quench time 

TP 
(x103) 

Furnace 
transfer 

time 
(min:sec) 

Furnace 
ambient 

temperature 
(ºC) 

Furnace residence 
time (min:sec) 

Sample ID 
(Q&P-QT-TP-
Furnace Temp) 

13.0 s 
8 0:26 - 0:00 

Q&P-258-8 
15.2 s Q&P-208-8 
18.2 s Q&P-158-8 
13.0 s 

10 5:00 400 
4:50 Q&P-258-10-400 

15.2 s 6:12 Q&P-208-10-400 
18.2 s 8:37 Q&P-158-10-400 
13.0 s 

10 5:00 500 
2:45 Q&P-258-10-500 

15.2 s 3:32 Q&P-208-10-500 
18.2 s 4:56 Q&P-158-10-500 
13.0 s 

12 5:00 400 
23:46 Q&P-258-12-400 

15.2 s 25:45 Q&P-208-12-400 
18.2 s 27:30 Q&P-158-12-400 
13.0 s 

12 5:00 500 
8:04 Q&P-258-12-500 

15.2 s 9:51 Q&P-208-12-500 
18.2 s 10:15 Q&P-158-12-500 
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The process diagrams corresponding to the conditions in Table 6.3 are shown in Figure 6.3 to 

Figure 6.5. Time zero refers to the beginning of quenching from 1100°C (rather than at the A1 

temperature). The times at which the partitioning process is complete (given in Table 6.3), are indicated 

in each process diagram. The 5 min austenization treatment and final quench to room temperature after 

furnace reheating are part of the Q&P process but are not shown in the process diagrams (Figure 6.3 to 

Figure 6.5). Figure 6.3 to Figure 6.5 show the center, surface and quarter point profiles from the 

beginning of the quench step to conclusion of the furnace reheating step.  

The temperatures at the center, surface and mid-point thickness location at each of the initial 

quench times (18.2, 15.2 and 13 s) are shown in Table 6.4. These temperatures are not process parameters 

but are important to track as they are relevant to the metallurgical processes occurring during processing.  

 

 
Figure 6.3 Q&P process simulated for 18 mm plate severe water quenched for 15.2 s from 1100 ºC 

to 208 ºC (“optimum” quench temperature), transferred over 5 minutes and reheated in 
either a 400 ºC or 500 ºC furnace. Stop points are indicated by circles for sample 
conditions outlined in Table 6.3. Furnace residence time in min (0 to 60 min) is indicated 
on additional axis below the figure.  

 

 

500 ºC 

400 ºC 



 60

 
Figure 6.4 Q&P process simulated for 18 mm plate severe water quenched for 18.2 s from 1100 ºC 

to 208 ºC, transferred over 5 minutes and reheated in either a 400 ºC or 500 ºC furnace. 
Stop points are indicated by circles for sample conditions outlined in Table 6.3. Furnace 
residence time in min (0 to 60 min) is indicated on additional axis below the figure. 

 

 
Figure 6.5 Q&P process simulated for 18 mm plate severe water quenched for 13 s from 1100 ºC to 

258 ºC, transferred over 5 minutes and reheated in either a 400 ºC or 500 ºC furnace. Stop 
points are indicated by circles for sample conditions outlined in Table 6.3. F Furnace 
residence time in min (0 to 60 min) is indicated on additional axis below the figure. 

 

 

400 ºC 

400 ºC 

500 ºC 

500 ºC 
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Table 6.4 –Center and Surface Temperatures at Initial Quench Times 

Initial quench 
time 
(s) 

Center-point 
temperature at 
initial quench 

time (ºC) 

Quarter-point 
temperature at 
initial quench 

time (ºC) 

Surface 
temperature at 
initial quench 

time (ºC) 
13.0  306 258 145 
15.2  246 208 122 
18.2  182 158 99 

 

6.3.2 Experimental Q&T Conditions 
Q&T treatments with tempering equivalent to the Q&P partitioning treatments in terms of 

Hollomon-Jaffe TP values were also performed and will serve as a basis of comparison between Q&P and 

Q&T for microstructure and properties (i.e. RA content, hardness and wear performance). Q&T 

conditions were identified by the following notation: Q&T-TP, and treatments are described in Table 6.5. 

  

Table 6.5 – Q&T Treatments 

TP (x10-3) Q&T Treatment  
8 Fully quench to room temperature. Isothermal hold at 200 ºC for 40 s.  Q&T - 8 

10 Fully quench to room temperature. Isothermal hold at 300 ºC for 140 s. Q&T - 10 
12 Fully quench to room temperature. Isothermal hold at 400 ºC for 333 s. Q&T - 12 

 

6.4 Sample Processing - Heat Treatments  
Microstructure development was explored by simulating the processes using dilatometer samples. 

Heat treatment of wear samples was performed using a Gleeble. 

6.4.1 Heat Treatment Using Dilatometry 
To simulate the experimental conditions defined in Table 6.3 (Q&P), Table 6.5 (Q&T) and 

Figure 6.3 to Figure 6.5, samples were processed using the Thermal Analysis (TA) Quenching 

Dilatometer DIL805L. Cylindrical dilatometer samples were machined from the mid-thickness of a 

222.2 mm bar of 300M steel according to ASTM A1033 [78]. Each experimental sample corresponds to 

one process simulation at one position (center, surface or quarter point) through the thickness. 

To achieve the desired thermal profiles during quenching and furnace reheating using the 

dilatometer which is programmed in linear segments, the non-linear profiles were segmented to 

approximate the curvature of the numerically modeled profiles. Segments were chosen to match the 

desired heating and cooling rates within 0.2 ºC/s. Detailed dilatometry programs are included in 

Appendix E. The segmented profiles of two samples, Q&T-10 and Q&P-258-10-500, are shown in 
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Figure 6.6 (a) and (b) respectively, where each linear segment is indicated with points. For example, the 

first segment for sample Q&T-10 is a linear heat from 0 to 1100 ºC at 10 ºC/s, as indicated with points at 

0 s where the temperature is 0 ºC and at 110 s where the temperature is 1100 ºC, in Figure 6.6(a). The 

next segment, a 5 min austenitization at 1100 ºC, is indicated by points at 110 s and 410 s. During 

quenching, the thirteen linear segments, indicated with points in Figure 6.6 (a), approximate the predicted 

profiles for cooling from 1100 ºC to 25 ºC. Sample Q&T-10 was immediately reheated to the tempering 

temperature, 300 ºC at 10 ºC/s. After holding for 140 s, the sample was quenched at 10 ºC/s. For sample 

Q&P-258-10-500, linear heating was used during the austenitization step: heating to 1100 ºC at 10 ºC/s 

and holding for 5 minutes. During quenching, the thirteen linear segments, indicated by points on  

Figure 6.6 (b), approximate the predicted profiles, cooling from 1100 ºC to 258 ºC. During the final 

quenching step, cooling to room temperature is linear, at a rate of 25 ºC/s. The predicted profiles (results 

of thermal modeling) are overlayed on  Figure 6.6 (a) and (b), the predicted profile is indicated with a 

continuous line, the programmed linear segments are indicated with circles.  

 

  
(a) (b) 

Figure 6.6 (a) Segmented dilatometry program: Q&T-10 process, quench to room temperature, 
temper at 300 ºC for 140 s. Equivalent to TP 10 000. (b) Segmented dilatometry 
program, Q&P 258-10-500 process – quench for 13 s, 5 minute transfer, reheat in 
500 ºC furnace for 7 min 40 s, equivalent to TP 10 000. Predicted profile indicated 
with continuous line and programmed segments indicated with circles.  

 

The recorded profiles for each sample diverged from the programmed profiles at the end of the 

quenching step where the cooling rate changes abruptly from 28 ºC/s to 11 ºC/s to 0 ºC/s over 5 seconds. 

This is shown in Figure 6.7. The time-temperature data recorded during dilatometer heat treatment of 

sample Q&T-258-10-400 are shown in Figure 6.7 (a). The programmed profile is overlaid for comparison 

and shows good correspondence, although the recorded temperature does not match the programmed 

profile at every instance. This is shown more clearly in Figure 6.7 (b). The recorded sample temperature 

varies by as much as 5 ºC from the programmed temperature at the end of the quench step, which is a 
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critical transition point. A variation of 5 ºC is not expected to vastly alter the sample hardness and 

microstructures. All samples were processed to ensure the recorded temperature was within a maximum 

of ± 5 ºC of programmed temperature at the end of the quench step. Dilation data was also recorded for 

each sample; examples are shown in Appendix D.  

 

  
     (a)                      (b)  

Figure 6.7 (a) Recorded temperatures of dilatometer thermal profile for sample Q&T-258-10-400 
(grey line), programmed profile indicated by points. (b) Enlargement showing 
discrepancy between programmed (dashed line) and output dilatometer temperature 
(red line). (Color version – see PDF) 

6.4.2 Gleeble Heat Treatment of Wear Samples  
Sample conditions were selected for dry-sand rubber-wheel testing based on the results of the 

dilatometer studies. These samples were heat treated at the AK Steel Research and Innovation Center 

using a Gleeble ®3800.  

DSRW coupons have dimensions of 3 in x 1 in (76.2 mm x 25 mm) with thickness between 3.2 

and 12.7 mm. The wear track on DSRW samples typically covers an area of 1 in x 1 in (25 mm x 25 mm) 

near the mid-length of the sample. A uniform microstructure is desired in a 1 in x 1 in (25 mm x 25 mm) 

section after Gleeble heat treatment of wear coupons. To minimize the thermal gradient, Gleeble 

specimens measuring 6 in (152 mm) in length were heat treated. Significant thermal gradients do not 

develop across the width (25 mm) or through the thickness (1.5 mm) of the Gleeble specimen either 

during heating or cooling, but substantial thermal gradients develop along the length (152.4 mm) of the 

specimen during both heating and cooling. 

A length of 6 in (152.4 mm) is the maximum allowable distance between the two grips in the 

standard (non-torsional) mode. Blanks measuring 6 in x 1 in x 3 in (152 mm x 25 mm x 76.2 mm), were 

first machined out of the 8 ¾ in (222.2 mm) bar of 300M, at about the mid-radius of the bar, as shown in 

Figure 6.8. These blanks were then wire EDM cut to a thickness of 0.059 in (1.5 mm) and finally sand 

blasted to remove scale before Gleeble processing. 
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Figure 6.8 Location of blanks machined from bar of 300M. Blanks labeled 1 through 4 have 

dimensions 152 mm x 25 mm x 76.2 mm. Blanks 1 and 4 were chosen for machining of 
Gleeble specimens. 

 

Thermocouples were welded to the Gleeble specimens at the center of the specimen, and at a 

position 0.5 in (12.7 mm) from the center, as shown in Figure 6.9. The two thermocouple locations are 

indicated by points A and B. The mid-length is indicated with a dashed line. 

 
Figure 6.9 Gleeble specimen geometry (25 mm x 152.4 mm) with thermocouple locations indicated 

by points A (center location) and B (0.5 in or 12.7 mm from the mid-line). Mid-line 
indicated with dashed line.  

 

Specimens were mounted in stainless steel grips, and held under tension, with a maximum force 

of 60 lbf (270 N) during testing to avoid specimen buckling. Two identical quench heads manufactured at 

AK Steel were used to achieve the required rapid quench rates. Quench heads were positioned above and 

below the specimen, at a distance of approximately 2 in (50 mm) from the specimen surface. Nitrogen 

was used as the quench fluid and nitrogen tank pressure was held constant at 40 psi (276 kPa) throughout 

the heat treatments. Heating was performed under rough vacuum. Multiple trials were performed to match 

the desired thermal profile and to minimize thermal gradients along the length of the sample. Sample 

thickness greatly impacted the thermal gradients along the sample length; below 1 mm, thermal gradients 
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between the center and 0.5 in (12.7 mm) away were less than 15 ºC. For the chosen thickness of 1.5 mm, 

the temperature at the center (point A in Figure 6.9) was always within 5 ºC of the programmed profile. 

The temperature 0.5 in from the center (point B in Figure 6.9) was between 5 ºC and 50 ºC of the 

programmed profile, and varied between treatments and over the course of a thermal treatment. The 

steepest gradient (between points A and B) occurred during the 5 min austenitization and was between 20 

and 50 ºC. At the end of the quench step, the thermal gradient varied between 7 and 20 ºC, and the sample 

temperature never went below the set temperature. Thermal gradients were smallest during the transfer 

and furnace reheating (partitioning) steps: temperatures were within 5 ºC. The temperature profiles 

simulating the surface of the 18 mm plate (shown in Figure 6.10) were the most challenging to achieve 

using the Gleeble. Cooling rates are highest at the plate surface, and the surface temperature rapidly 

reheats after quenching, as the plate temperature equilibrates (the plate center and quarter point cool more 

gradually during thermal equilibration). An example of two challenging Gleeble thermal profiles is shown 

in Figure 6.10.  

 

 

(a) (b) 
Figure 6.10 Temperatures of Gleeble thermal profile for (a) sample representing the surface of an 

18 mm plate quenched to 258 ºC, transferred over 5 min and reheated in a furnace with 
set temperature of 400 ºC to achieve TP 10,000, and (b) sample representing the surface 
of an 18 mm plate quenched to 208 ºC, transferred over 5 min and reheated in a furnace 
with set temperature of 400 ºC to achieve TP 10,000. Set temperature indicated with 
dashed line, temperature recorded at the center of the wear sample (point A in 
Figure 6.9) in blue; temperature recorded 12.7 mm from the center of the sample (point 
B in Figure 6.9) in red. (Color version – see PDF) 

 

Figure 6.10 shows the recorded temperature profile (of thermocouples A and B as shown in 

Figure 6.9) for wear samples representing the surface of an 18 mm plate severe water quenched for (a) 

Q&P-258-10-400 and (b) Q&P-208-10-400. The profiles of Q&P-258-10-400 show a maximum thermal 

gradient of 50 ºC during austenitization, 20 ºC at the end of the quench step, and 5 ºC during the 
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partitioning step. The profiles of Q&P-208-10-400 show a gradient of 20 ºC during austenitization, 10 ºC 

at the end of the quench step, and 5 ºC during the partitioning.  

6.5 Characterization and Mechanical Testing Methods 

6.5.1 Retained Austenite Measurements Using X-ray Diffraction 
Retained austenite volume fraction measurements were obtained via X-ray diffraction (XRD). 

XRD was performed at the AK Steel Research and Innovation Center, using chromium radiation in a 

Bruker D8 Discover diffractometer equipped with a 1D Linxeye detector. The collimator size was 0.5 mm 

and operating conditions were 30 kV and 45 mA. Sample preparation was done by sectioning the 

cylindrical dilatometry samples at the mid-length, between the thermocouple leads. Each half measured 4 

-5 mm in length. Sectioning was done using a low speed saw. One half of each sectioned sample was 

prepared for XRD; the second half of each sample was used for metallography and hardness testing. One 

face (the cut face) of each XRD sample was thinned in a solution of 10 parts deionized water, 10 parts 

hydrogen peroxide and 5 parts hydrofluoric acid for 5 minutes, to achieve a thickness reduction of at least 

0.005 in. as per ASTM standard E975 [79]. Each thinned sample was mounted on a zero background 

diffraction plate, and scanned over a 2θ range of 65 to 165°, with a step size of 0.15° and a dwell time of 

2 s. The sample rotated at a speed of 18°/ min through tilt angles (psi ψ) 0 to 60°. Three ferrite/martensite 

peaks ({110}, {200}, {211},) and three austenite peaks ({111}, {200}, {220},) were analyzed to 

determine the amount of RA. Analysis was performed using Rietveld refinement analysis, a pattern 

matching algorithm. Rietveld analysis was performed using 6 order spherical harmonics to minimize 

texture effects, and refinement of lattice parameters (both for the BCC and the FCC phases) was 

permitted. The database used in the analysis was the International Center for Diffraction Data Powder 

Diffraction File – 4, Minerals Database, 2017 (ICDD PDF-4, 2017), which is a comprehensive database 

for phase identification combining both crystal and powder diffraction data for organics and minerals. 

Carbon contents were determined according to Equation 6.1 [80]:  

 

 𝑎 = 3.555 + 0.044𝐶𝛾  (6.1) 
   
where  𝑎  is austenite lattice parameter in Å and 𝐶𝛾 is carbon content of austenite in wt pct.  

6.5.2 Hardness Testing 
Vickers microhardness testing of dilatometry samples representing the center and surface 

positions of the 18 mm plate was performed with a LECO LM110 automatic hardness tester. The 

hardness tester is equipped with a high resolution CMOS camera which measures the diagonal length of 
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each indent. A 500 g load was used, and indents were made approximately two diameters apart. Samples 

were prepared for microhardness by polishing to a 3 µm finish. Samples were unetched.  

6.5.3 Scanning Electron Microscopy 
A JEOL 7500F Field emission scanning electron microscope (FESEM) was used to examine 

Q&P and Q&T microstructures obtained from dilatometry heat treatments. Half of each sectioned 

dilatometer sample was mounted in Bakelite and prepared for light optical microscopy according to 

standard metallographic procedures. Samples were polished to a 1 µm diamond finish and etched with a 

3 pct nital solution. All microstructures were evaluated using both the light optical microscope (LOM) as 

well as the SEM. SEM imaging was performed at the AK Steel Research and Innovation Center. Applied 

voltage was 10 kV. 

6.5.4 Wear Testing 
Wear testing was performed using dry-sand rubber-wheel (DSRW) testing, as per ASTM G65-16 

procedure B testing conditions [81]. This abrasive wear test assesses the resistance of metallic materials to 

low impact abrasive scratching. Test results are reported as volume lost during testing, where lower 

reported volume loss corresponds to increased abrasion resistance [81]. Test results allow materials to be 

ranked relative to their performance under the same abrasion conditions. Test variables which affect the 

results include: sand morphology, sand flow rate, sand humidity, morphology of the rubber wheel and 

lineal abrasion distance. The lineal abrasion distance is the total distance that the rubber wheel surface 

slides against the material surface (as a function of wheel circumference and total revolutions). These 

variables were controlled during testing. Test conditions are given in Table 6.6 .  

 

Table 6.6 –DSRW Test Parameters 

Parameter Value 
Rubber Wheel  Wheel thickness of 12.7 mm, Durometer A-60 rubber 

Sand Grade AFS 50/70  
Sand humidity 0.048 pct ± 0.003 pct 

Sand Flow Rate 399 ± 3 g/min 
Wheel RPM 200 ± 10 

Test Run Time 10 min 
Force on Sample 13.6 kg (30 lbs) 

Sample dimensions 25 x 76 x 1.5 mm 
Sample surface finish Sanded to finish of 400 grit 

 

 

The lineal abrasion distance for the test conditions given in Table 6.6 (testing time of 10 minutes 

at 200 rpm) is 1436 m. The rubber wheel was resurfaced before wear testing.  
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The moisture content of the sand was measured by weighing a sample amount of sand before and 

after drying. Drying was done in an oven at 120 °C (250 °F) for a minimum of one hour. ASTM G65-16 

specifies that ASTM 50/70 grade test sand moisture content may not exceed 0.5 wt. pct [81]. This 

specification was met throughout wear testing. Average sand flow rate was determined by weighing the 

volume of sand that flowed during a 15 s time period. Sand flow was consistent throughout testing and 

within the range specified by ASTM G65-16.  

Standard ASTM G65 provides dimensions for a typical specimen: a rectangular shape 25 by 

76 mm and between 3.2 and 12.7 mm thick. Sample thickness was limited by Gleeble heat treatment 

capabilities and the chosen sample thickness of 1.5 mm was less than the typical specimen thickness 

given by the standard. Samples were mounted in the specimen holder and backed with a 

25 x 76 mm x 6.35 mm rectangular steel backing piece to account for this difference in thickness.   

Volume loss was determined by weighing each wear test sample before and after testing to 

determine a mass loss accurate to 0.1 mg. The mass loss was converted to volume loss assuming a 

constant density of 7.8 x 103 kg/ m3. Three specimens of each condition were tested, and the average of 

three results was reported with standard deviation.   
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CHAPTER 7: EXPERIMENTAL RESULTS AND DISCUSSION 

This chapter reports the findings of the experimental phase of this work, which include: RA 

assessment, microstructural characterization, hardness testing and DSRW wear testing results. The 

hardness and RA results are discussed in relation to processing parameters, in particular: initial quench 

time (which fixes the temperature) and furnace hold time and temperature (tempering parameter), and the 

Q&P design methodologies are evaluated with respect to final microstructure. Process conditions which 

resulted in microstructures that met the design criteria (optimizing microstructure for wear performance) 

are highlighted; preliminary wear results are discussed in the context of microstructure and hardness.  

7.1 Hardness and Retained Austenite Measurements 
Complete results, including RA content, carbon content of RA, and average hardness are shown 

in Table 7.1. Some conditions were explored at the quarter point only; samples with hardness above 

500 HV (target range for industrial application of abrasive wear plate), or which contained amounts of 

RA above 12 vol pct at the quarter point (all conditions with TP 12 000 and one condition with TP 8 000) 

were also examined at the center and surface locations. A total of thirty-one Q&P samples were processed 

and evaluated. RA is reported as the average of two samples for the as-quenched and Q&T conditions, 

and as the result of a single sample for the Q&P conditions. Q&T and as-quenched samples were 

duplicated to confirm an unexpected result (carbon enrichment of austenite with increased tempering). 

Hardness is reported as an average of 30 measurements. 

Some general trends can be observed in the results presented in Table 7.1. As expected, the 

hardness of Q&T microstructures decreases with increasing TP. The Q&P microstructures contain larger 

fractions of RA compared to the Q&T microstructures, which indicates that the Q&P plate processes were 

successful. Q&P samples with TP 8 000 contained less RA than samples with TP 10 000 and 12 000. The 

carbon content of RA was lowest in Q&P samples with TP 8 000 (between 0.5 and 1.0 wt pct) and 

highest for TP 12 000 (between 0.9 and 1.3 wt pct), where furnace residence times were longest. This 

indicates that effective partitioning of plate can be achieved during a furnace reheating. Q&T and as-

quenched microstructures contain similar volumes of RA, although carbon content of RA in Q&T 

microstructures increases with tempering. This unexpected result was confirmed with duplicate samples. 

The volume of RA in the as-quenched microstructure is consistent with reported values for 300M [82]. 

The results shown in Table 7.1 are analysed further and trends are discussed in more detail in the 

following sections. Note that ‘QT’ in Table 7.1 refers to initial quench temperature (i.e. temperature at the 

initial quench time).  
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Table 7.1 –Vickers Hardness, Retained Austenite and Austenite Carbon Content for Q&P and Q&T, and 
As-quenched Samples Processed using Dilatometry 

Sample Condition Position ‘QT’ 
(oC) TP x 103 

Vickers 
Hardness 

500 gF 

Standard 
Deviation  

(VH) 

Retained 
Austenite 
(vol pct) 

C 
(wt 
pct) 

Q&P-258-8 
center 306 8 685 18 9.1 1.0 
quarter 258 8 652 45 6.7 0.6 
surface 145 8 633 11 9.4 0.7 

  center 246 8 677 10 5.5 0.7 
Q&P-208-8 quarter 208 8 682 26 7.7 0.5 

  surface 122 8 660 10 7.8 0.7 
Q&P-158-8 quarter 158 8 498 11 8.9 0.6 

Q&P-258-10-400 
center 306 10 582 13 12.1 1.0 
quarter 258 10 608 22 20.8 0.9 
surface 145 10 556 8 24.7 1.0 

Q&P-208-10-400 
center 246 10 545 10 17.8 1.0 
quarter 208 10 551 30 14.1 1.0 
surface 122 10 562 8 17.7 0.9 

Q&P-158-10-400 
center 182 10 560 7 17.3 0.9 
quarter 158 10 567 18 16.2 0.9 
surface 99 10 563 6 14.9 0.9 

Q&P-258-10-500 
center 306 10 594 20 12.6 0.9 
quarter 258 10 611 36 12.3 1.0 
surface 145 10 546 11 12.3 1.1 

Q&P-208-10-500 
center 246 10 567 8 16.0 1.0 
quarter 208 10 574 17 20.3 1.0 
surface 122 10 553 8 13.4 1.0 

Q&P-158-10-500 
center 182 10 553 6 16.6 0.9 
quarter 158 10 576 14 16.3 1.0 
surface 99 10 566 11 14.2 0.9 

Q&P-258-12-400 quarter 258 12 496 13 14.2 0.9 
Q&P-208-12-400 quarter 208 12 499 13 22.1 1.3 
Q&P-158-12-400 quarter 158 12 535 13 19.8 1.2 
Q&P-258-12-500 quarter 258 12 488 22 26.6 1.2 
Q&P-208-12-500 quarter 208 12 488 17 16.6 1.2 
Q&P-158-12-500 quarter 158 12 518 30 14.0 1.2 

Q&T-8 quarter 25 12 675 26 7.1 ± 3.5 0.6 
Q&T-10 quarter 25 12 611 13 8.0 ± 0.7 1.0 
Q&T-12 quarter 25 12 592 15 6.6 ± 0.3 1.2 

As quenched n/a 25 0 697 26 5.5 ± 1.5 0.5 
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7.2  Evaluation of Q&P Plate Process and Design Methodologies 

7.2.1 Q&P Microstructures  
An important project objective was to produce Q&P microstructures in plate at every location 

through the thickness. Microstructure targets were set in the design phase to maximize the volume of RA 

at the quarter point and to achieve hardness within a range of 530 to 630 HV (500 to 600 HB) through the 

plate thickness. 

All Q&P heat treatments resulted in microstructures containing at least 5.5 vol pct RA, although 

most conditions contain between 12 vol pct and 18 vol pct RA, and few conditions contained less than 

12 vol pct. Three conditions retained above 20 vol pct and the maximum value was 27 vol pct, 

corresponding to process condition Q&P 258-12-500. Two examples of microstructures obtained by 

dilatometer simulation of Q&P plate are shown in Figure 7.1and Figure 7.2. Figure 7.1 shows the 

microstructure obtained by dilatometer simulation of the center of an 18 mm plate with process condition 

Q&P 258-10-400. The microstructure obtained by dilatometer simulation of the quarter point of an 

18 mm plate with process condition Q&P-158-10-400 is shown in Figure 7.1.  

 

 
Figure 7.1 Secondary electron micrograph of alloy 300 M processed to simulate the center of an 

18 mm plate, severe water quenched for 15.2 s, transferred over 5 minutes and held in a 
400 ºC furnace for 6 min and 12 s to achieve a TP of 10 000.  

Fresh martensite 

Tempered 

martensite 
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Figure 7.2 Secondary electron micrograph of alloy 300 M processed to simulate the quarter point of 

an 18 mm plate, severe water quenched for 18.2 s, transferred over 5 minutes and held in 
a 400 ºC furnace for 8 min and 37 s to achieve a TP of 10 000.  

 

The microstructures shown in Figure 7.1 and Figure 7.2 consist of lath martensite and likely 

contains thick films of RA. Fresh and partitioned martensite were observed in the microstructures; the 

larger martensite plates may contain small carbide precipitates indicating non-ideal partitioning. The size 

of the large plates may be related to the parent austenite grain structure [83,84]. Measurements of prior 

austenite grain size (which could be observed at low magnification) were conducted using LOM. The 

prior austenite grain sizes of all Q&P microstructures were coarse; on the order of 50 to 80 µm in 

diameter, or, roughly, ASTM Grain Size 4 to 5 [85]. Q&T microstructures had similar prior austenite 

grain sizes. Finer austenite, if desired, could be achieved using lower austenitizing temperatures and/or 

microalloying. A complete catalog of microstructures is included in Appendix B. All Q&P process 

conditions produced microstructures with similar features.  

The RA is difficult to identify unambiguously in the microstructures shown in Figure 7.1 and 

Figure 7.2, although XRD measurement reported 12.6 and 16.2 vol pct austenite in Figure 7.1 and 

Figure 7.2, respectively. As retention of austenite is a primary target of the Q&P process and optimization 

of RA at the quarter point was set as an objective in the design stage (Chapter 6), the volume of RA can 

be used to evaluate the success of the Q&P treatments. The following section compares XRD 

measurements of RA to previous Q&P sheet studies. Assessment of Q&P microstructures relative to the 

second design criterion (target hardness range) is discussed in a later section. 

Fresh martensite 
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martensite 
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7.2.2 RA Content of Q&P Microstructures  
The volume of austenite retained for all plate Q&P conditions is compared to data from previous 

Q&P sheet studies in Figure 7.3. Sheet and plate Q&P data are plotted as a function of tempering 

parameter. 

The amounts of RA measured in Q&P 300M plate are comparable to RA contents in sheet Q&P. 

Certain Q&P plate processes exhibit RA amounts equal to the most successful sheet partitioning: up to 

27 vol pct, despite the differences in partitioning conditions. Partitioning treatments in sheet Q&P studies 

are typically under 5 min; equally effective partitioning was achieved in plate during much longer reheat 

times: a 5 min transfer, and furnace reheat for times up to 28 min. The most successful plate processes (in 

terms of austenite retention) correspond to TP 12 000 and result in comparable RA fractions to higher 

carbon (0.3 to 0.4 wt pct), higher Mn (up to 5 wt pct) Q&P steels at about the same TP. Plate Q&P results 

with TP 10 000 were also very successful in retaining austenite and are comparable to 2-step Q&P 9260. 

It should be noted that 300M has a higher carbon content compared to most sheet Q&P alloys, which 

typically contain carbon contents around 0.2 wt pct, and that 300M has greater potential to stabilize RA. 

The theoretical maximum RA of 300M is 41 vol pct, compared to 54 vol pct for 9260 and 34 vol pct for 

Kahkonen’s 0.3C – 5 Mn steel [20,86]. These higher carbon steels retained the highest fractions of 

austenite (above 20 vol pct), although this does not represent the most successful partitioning. The 0.19 C 

alloy studied by Clarke and Araujo had a predicted maximum of 17 vol pct RA and retained up to 

13.5 vol pct, which perhaps represents more “effective” partitioning (80 pct of maximum theoretical). 

Based on potential to stabilize austenite, the most successful plate Q&P 300M treatment here retained 

66 pct of the theoretical maximum. Furthermore, the as-quenched microstructure of 300M contains 

5.5 vol pct RA, which is more than some sheet alloys after partitioning treatments [17]. Further 

exploration of alloying effects on partitioning response with respect to TP, considering carbon 

equivalence, are included in Appendix C.  

Some less successful (i.e. smaller volumes of RA) plate Q&P treatments resulted when TP’s 

of 8 000 were implemented for the partitioning step. Plate results for TP 8 000 are similar to results from 

single step sheet partitioning at TP 8 000 and 10 000 as well as two-step sheet data with TP 8 000. A TP 

of 8 000 may not provide optimal partitioning conditions in plate or sheet achieved in either a one or two-

step process. One-step partitioning in sheet may not provide optimal partitioning conditions at either TP 

8 000 or 10 000. 

Overall, the plate Q&P treatments were about as effective in retaining austenite as sheet Q&P 

treatments, despite the additional process constraints of plate products. The two product forms are also 

comparable at equivalent TP, which indicates that isothermal and non-isothermal partitioning treatments 

are comparable with respect to RA levels, using the Hollomon-Jaffe TP.  
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Figure 7.3 Retained austenite as a function of tempering parameter for collected Q&P sheet and 

plate data. Plate Q&P partitioning data indicated with orange stars. One-step sheet 
partitioning data indicated with solid pink symbols. Equivalent one-hour tempering 
temperatures for each tempering parameter are also indicated. 

 

7.2.3 Evaluation of Quench Step Design  
The plate Q&P process simulations were shown to be successful in stabilizing amounts of 

austenite comparable with sheet Q&P processes. To evaluate the effectiveness of each of the fifteen Q&P 

plate process conditions, the fraction of RA was correlated to the important processing parameters. For 

the quench step, important process parameters would be plate thickness, quench media and initial quench 

time.  

A single alloy, thickness and quench media were selected and only initial quench time, which 

influences the initial quench temperature through the thickness, was varied. This parameter was selected 

based on predictions of final microstructure in Chapter 4 made under the assumption of ideal partitioning 

where all the carbon diffuses to austenite and the austenite composition is uniform. Figure 7.4 compares 

the predicted (continuous line) and measured (individual points) final phase fractions of RA through the 

plate thickness for all Q&P conditions evaluated. The measured RA fraction at each simulated through-

thickness location is plotted as a function of temperature at the initial quench time, for each plate position 

and process. While initial quench temperature is not a directly controlled plate processing parameter, it is 

an important temperature to track as it is relevant to the metallurgical processes occurring during 

processing.  
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Figure 7.4 Measured RA for all Q&P sample conditions: quench times of 18.2, 15.2 and 13 s and 
partitioning parameters 8 000 (yellow), 10 000 (purple) and 12 000 (green), as a function 
of temperature at the end of the quench step at center (triangle), surface (square) and 
quarter point (circle) locations. Predicted volume of RA indicated with continuous line. 
(Color version - see PDF) 

 

Comparing the predicted and measured RA volume fractions in Figure 7.4, the maximum 

theoretical volume of austenite (41 vol pct) was not retained in any Q&P process condition. A wide range 

of RA was obtained by the 15 conditions. The greatest measured fraction of austenite was 27 vol pct, 

retained at the quarter point of sample Q&P-258-12-500. The least measured fraction of austenite was 

5 vol pct retained at the center of Q&P-208-8. The data do not point toward an initial quench temperature 

(i.e. an initial quench time) where austenite retention is favored. The spread of RA measurements varies 

only slightly over a range in initial quench temperatures of 200 ºC. In contrast, the predicted RA phase 

fraction varies significantly according to the temperature at each location at the initial quench time. The 

sensitivity of the RA fraction to the temperature at the end of the quench step does not follow the 

predicted trend for these results. 

Over a 200 ºC range in initial quench temperature, the final RA fraction was predicted to vary up 

to 34 vol pct. For example, if the initial quench temperature is above the Ms of 300M, which was 

determined to be 298 ºC using dilatometry, no martensite should form at the end of the quench step, so no 

partitioning of carbon from martensite to austenite should take place and, on final quenching, the 

microstructure should not contain carbon enriched austenite. However, three samples with initial quench 

temperatures above Ms contain substantial amounts of RA with higher levels of carbon enrichment than 

the as-quenched condition.  
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The thermal histories for the plate Q&P process were discussed in Chapter 4. It was observed that 

the plate center and surface did not achieve a minimum temperature at the end of the initial quench step. 

After the initial quench, the plate temperature came to equilibrium as the center cooled and the surface 

reheated. In the process design step, the phase fractions were assumed to be fixed at the instant the quench 

was complete. The temperatures at the center, surface and quarter points at the initial quench time for 13, 

15.2 and 18.2 s can be compared to the minimum temperatures achieved in Table 7.2.  

 

Table 7.2 –Temperatures at the End of the Quench Step, and Minimum Temperature Achieved at the 
Center, Surface and Quarter Points of an 18 mm Plate 

Initial 
quench time Temperature at initial quench time (ºC) Minimum temperature achieved (ºC) 

 center quarter surface center quarter surface 
13 s 306 258 145 250 250 145 

15.2 s 246 208 122 202 202 122 
18.2 s 182 158 99 152 152 99 

 

A second plot of RA as a function of temperature is shown again in Figure 7.5. The temperature 

in Figure 7.5 represents the minimum temperature achieved either at the initial quench time (surface 

conditions) or within a few seconds of the initial quench time (center and quarter point positions), when 

the plate reached equilibrium. This temperature is the same as the initial quench temperature at the 

surface, and below the initial quench temperature at center and quarter point locations. Center and quarter 

point locations with initial quench temperatures above Ms cool to minimum temperatures of 250 ºC, 

below the Ms of 300M. Three samples were identified in Figure 7.4 with initial quench temperatures 

above Ms. The final RA contents and carbon enrichment measured in these samples was greater than 

expected based on a predicted initial martensite fraction of zero (for QT > Ms). Phase fractions predicted 

based on minimum temperature help explain the RA measured in these three samples. At their minimum 

temperature (250 ºC), the center and quarter point locations are predicted to form 40 vol pct martensite, 

which would allow for partitioning of carbon from martensite to austenite and explain the carbon enriched 

austenite measured in the three samples.   

The predicted martensite fraction based on minimum temperature is illustrated for all three 

quench times in Figure 7.6 through Figure 7.8. Figure 7.6 through Figure 7.8 also show the predicted 

fractions of austenite and fresh martensite through thickness. The phase fractions at the quench 

temperature are accessible recognizing that the “fresh M” was austenite before final cooling. The 

measured RA fractions are included for comparison. 
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Figure 7.5 Measured RA phase fraction for all Q&P sample conditions: quench times of 18.2, 15.2 

and 13 s and partitioning parameters 8 000 (yellow), 10 000 (purple) and 12 000 (green) 
as a function of minimum temperature achieved at center (triangle), surface (square) and 
quarter point (circle) locations. Predicted RA phase fraction indicated with continuous 
line. (Color version – see PDF) 

 

 

 
Figure 7.6 Predicted final phase fractions of 300M as a function of position through the plate 

thickness from center for surface for an initial quench time of 13 s. Measured RA phase 
fraction for all Q&P conditions with quench times of 13 s and partitioning parameters 
8 000 (yellow), 10 000 (purple) and 12 000 (green). (Color version – see PDF) 

Fresh M 
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Figure 7.7 Estimated final phase fractions (assuming full partitioning) of 300M as a function of 

position through the plate thickness from center for surface for an initial quench time of 
15.2 s. Measured RA phase fraction for all Q&P conditions with quench times of 15.2 s 
and partitioning parameters 8 000 (yellow), 10 000 (purple) and 12 000 (green). (Color 
version – see PDF) 

 

 

 
Figure 7.8 Estimated final phase fractions (assuming full partitioning) of 300M as a function of 

position through the plate thickness from center for surface for an initial quench time of 
18.2 s. Measured RA phase fraction for all Q&P conditions with quench times of 18.2 s 
and partitioning parameters 8 000 (yellow), 10 000 (purple) and 12 000 (green). (Color 
version – see PDF) 
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Figure 7.6 shows the predicted final martensite fractions at all locations through the thickness, 

assuming ideal partitioning begins where all locations reach their minimum temperature (at the initial 

quench time, or within a few seconds of the initial quench time). Under ideal partitioning conditions, 

more austenite is retained at the surface than the plate center. The location predicted to retain the 

maximum volume of austenite is approximately 2 mm below the plate surface, and fresh martensite (up to 

55 vol pct) is predicted to form at the center and quarter point. The predicted final RA fraction from the 

plate center to 2 mm below plate surface, is less than 6 vol pct. The surface is predicted to retain 20 vol 

pct RA; RA measured at the surface was between 9 and 25 vol pct. The measured fractions of RA exceed 

“ideal” fractions at the plate center and quarter point for an initial quench time of 13 s, which is a 

surprising result.  

Figure 7.7 shows the predicted phase fractions based on the minimum temperature achieved at, or 

shortly after, a 15.2 s quench. The predicted final phase fraction based on minimum temperature 

(Figure 7.7), are considerably different compared to the fractions predicted based on initial quench 

temperature (Figure 6.2). No fresh martensite is predicted to form on final quenching at any location 

through the plate thickness based on minimum temperature achieved, whereas, up to 50 vol pct fresh 

martensite was predicted to form at the plate on final quenching, based on initial phase fractions fixed at 

the initial quench time. Furthermore, the RA fraction at the quarter point is not “optimized” as the plate 

center and quarter point cool below the “optimum” QT after quenching is complete. In this scenario, a 

maximum of 38 vol pct RA is predicted at the center and quarter point although this predicted fraction 

was not measured experimentally; a maximum of 22 vol pct was measured. Although the phase fractions 

based on minimum temperature do not match experiments, it is interesting that the effect of a few seconds 

of “extra” cooling on the phase fractions may be important, and can be seen by comparing Figure 7.7 and 

Figure 6.2.  

The phase fractions predicted based on minimum temperature achieved for an initial quench time 

of 18.2 s are fairly uniform through-thickness compared to through-thickness phase fractions predicted for 

shorter quench times, as shown in Figure 7.8. In this scenario, the plate surface is predicted to contain 11 

vol pct RA and the plate center and quarter point are predicted to retain 21 vol pct RA and no fresh 

martensite is predicted to form through the plate thickness. Measured fractions of RA match predictions 

for some partitioning conditions, as shown in Figure 7.8. However, the agreement between predicted and 

measured RA fractions for this quench case does not indicate that the predictions are accurate overall. The 

measured RA fractions do not match predicted phase fractions for initial quench times of 13 or 15.2 s 

where steeper gradients in RA are predicted.  

The assumption that the temperature achieved within a few seconds of quenching controls the 

initial phase fractions may still be an over-simplification of the true behavior. For example, cooling of the 
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plate center during furnace transfer may result in the formation of additional martensite. Additionally, the 

formation of bainite during furnace transfer, if it occurs, would also affect the final fraction of RA.  

In previous experimental sheet Q&P studies, the measured and theoretical volumes of RA rarely 

match; the predicted volume of RA is usually greater [20,28], as the “optimum” quench temperature and 

RA fractions are calculated under the assumption of ideal partitioning. The difference between measured 

and predicted RA has often been attributed to competing reactions during partitioning [18,20,70] in 

previous Q&P sheet studies which examined a narrower range of QT (40 ºC above and below the 

“optimum” QT [11,18,20,29,86]) than has been explored in this study.  

A measurement of the martensite transformation during quenching and the volume of fresh 

martensite in the final microstructure may be helpful in establishing and determining the influence of 

phase fractions at the onset of partitioning on the final microstructure. For example, the maximum 

experimental volume of RA (27 vol pct) can theoretically be retained at two temperatures: 213 ºC and 

171 ºC, although the final microstructures would contain different fractions of fresh martensite. Huyghe et 

al. [35] reported that RA does not vary systematically with QT over a QT range of 40 ºC. However, the 

volume of fresh martensite increased with increasing QT. Samples with higher QT and larger volumes of 

fresh martensite also contained bainite, which was not observed in samples with lower QT. A similar 

observation (of increased fresh martensite with increased QT) was made in a recent Q&P plate study [87] 

of a 0.3 wt. pct C - 1.5 wt pct Si alloy, using salt pot heat treatments.  

Although the relationship between QT and final RA is not fully understood, the collected data has 

shown an insensitivity of RA to QT. Appreciable amounts of austenite were retained through the 

simulated plate thickness regardless of initial quench time. Less sensitivity of RA to QT than predicted 

has also been observed previously in sheet Q&P studies [10,26,28], although the range of examined QT 

was less than 80 ºC. This behavior over a larger range of QT would be important for Q&P plate 

processing if it is general to other alloys and plate processing conditions. The thermal gradients induced 

by quenching do not lead to large differences in RA. This insensitivity to QT allows for flexibility to 

produce thicker Q&P sections, such as plates. Furthermore, the initial quench time may not have to be as 

tightly controlled to produce Q&P microstructures.  

7.2.4 Evaluation of Partitioning Step Design 
A successful Q&P process depends on both the quenching and partitioning steps. To help 

evaluate the partition design methodology, RA is shown in Figure 7.9 as a function of TP (8 000, 10 000 

or 12 000) for all Q&P and Q&T conditions tested. Carbon content of RA is indicated by the size of each 

data point; larger data points correspond to greater amounts of carbon, according to a size scale shown to 
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the left of the figure. RA measured in the as-quenched condition is indicated with a dashed line, 

5.5 ± 1.5 vol pct austenite was obtained in the as-quenched plate condition. 

 

 
Figure 7.9 Measured RA phase fraction for all Q&P sample conditions: TP 8 000 (yellow), 10 000 

(purple) and 12 000 (green) and Q&T conditions (black) as a function of TP. Error bars 
for Q&T samples represent sample standard deviation. The size of each data point 
corresponds to the carbon content of retained austenite. Scale bar shown on left. (Color 
version- see PDF) 

 

An overall trend of increasing RA with increasing TP can be observed in Figure 7.9 for the Q&P 

samples. A large increase in RA is observed in most Q&P samples with TP 10 000 compared to samples 

with TP 8 000, along with a smaller increase between 10 000 and 12 000. An increase in austenite 

stability (carbon content) is observed between TP 10 000 (average carbon content of 0.96 wt pct) and 

12 000 (average of 1.2 wt pct carbon). This increase in RA stability between TP 10 000 and 12 000 for 

similar RA fractions indicates that substantial decomposition of RA was avoided during furnace 

reheating. As for TP 8 000, the Q&P conditions contain similar volumes of RA compared to the as-

quenched and Q&T samples, indicating that a TP of 8 000 is not effective as a partitioning process. 

The RA content in the Q&T samples at all TP is comparable to the as-quenched condition, within 

experimental error. This indicates that substantial decomposition of RA does not occur during the 

tempering treatments, as might be possible. Literature data from alloy 300M, 4340 and 4140 tempering 

times less than 1 hr at temperatures less than 350 ºC do not indicate complete decomposition of RA 

[83,88]. Typical Q&T treatments have TP well above 12 000; common tempering treatments are between 

12 000 and 22 000. The tempering treatments used in this study were under 6 min in length (40 s to 5 min 

33 s), and RA decomposition did not occur. 
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An increase in the carbon content of the RA in the fully quenched (to room temperature) samples 

was observed with increasing TP. The carbon content increased from 0.5 wt. pct in the as-quenched 

microstructures to 0.6 wt pct, 1.0 wt pct and 1.2 wt pct for TP of 8 000, 10 000 and 12 000, respectively. 

The carbon content of these Q&T microstructures is comparable to the carbon content of Q&P 

microstructures at the same TP. This suggests that some carbon is partitioning from martensite to 

austenite during each of these tempering treatments.  

The hardness data may also provide insight into the active mechanisms during the partitioning 

and tempering treatments. Figure 7.10 shows the hardness of all quarter point Q&P samples and all Q&T 

samples as a function of TP. Both Q&P and Q&T microstructures softened with increasing TP, though at 

different rates, as shown in Figure 7.10. At a TP of 8 000, both Q&T and Q&P microstructures had 

similar hardnesses. For TP 10 000 and 12 000, the Q&T samples had a higher hardness than the Q&P 

samples. For the Q&P samples, the initial quench parameters did not influence the hardness of the final 

microstructure. 

The Q&T microstructures resisted softening more than the Q&P microstructures, which indicates 

that different mechanisms were active during the tempering and partitioning treatments. As the hardness 

of martensite is related to its carbon content [83], it is speculated that carbon partitioning from martensite 

to austenite occurs on a shorter timescale [3,17,86] than reactions associated with tempering, including 

precipitation of carbides [46]. In another study of the softening of Q&P and Q&T microstructures, 

Gerdemann et al. [86] studied the hardness of both Q&P and Q&T microstructures in 9260 steel. 

Softening of Q&P microstructures from 59 HRC (760 HV) to 53 HRC (570 HV) was observed at a PT of 

250 ºC. No softening of the as-quenched microstructure (62 HRC) was observed after a 1 hr temper at 

250 ºC.  

Over the range of TP examined, the softening behavior of both (quarter point) Q&P and Q&T 

microstructures is approximately linear with respect to TP. Over a wider range of TP, the softening 

behavior is not expected to be linear. The as-quenched hardness was 697 HV and a plateau of hardness is 

expected up to TP 8 000. 300M is known to resist softening at temperatures above 600 ºC [89], so that, at 

higher TP (16 000 and above), the softening rate is expected to deviate from the rate shown in 

Figure 7.10.  
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Figure 7.10 Hardness measurements for all Q&T samples and all quarter point Q&P samples for 

tempering parameters 8 000 (yellow), 10 000 (purple) and 12 000 (green) as a function of 
tempering parameter. As-quenched hardness indicated with dashed line. (Color version – 
see PDF) 

 

7.2.5 Effect of Furnace Ambient Temperature on Partitioning Response  
The effect of furnace ambient temperature on partitioning response is examined in Figure 7.11. 

Figure 7.11 (a) shows measured RA as a function of furnace ambient temperature for Q&P samples with 

TP 10 000 and 12 000. It is interesting to note that, for the same TP, the alternative furnace ambient 

temperature (400 or 500 ºC) and its corresponding time did not have a significant effect the RA fraction. 

Figure 7.11 (b) shows that furnace ambient temperature did not have an effect on the hardness of the Q&P 

samples either. It is important to note that the furnace ambient temperature does not represent the 

partitioning temperature, but the furnace temperature affects the rate at which the plate reheats. Furnace 

residence times were selected to achieve desired TP. Comparable maximum plate temperatures were 

achieved for equivalent TP. For TP 10 000, the maximum plate temperatures were between 310 and 

321 ºC for furnace ambient temperatures of 400 and 500 ºC, respectively. For TP 12 000, the maximum 

plate temperature achieved in the 400 ºC furnace was 394 ºC compared to 426 ºC in the 500 ºC furnace. 

The results indicate that the tempering parameter appears to capture partitioning kinetics sufficiently to 

suggest equivalent partitioning paths for different furnace reheat parameters.  
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(a) 

 

(b) 

 
 

Figure 7.11 (a) Measured RA phase fraction for all Q&P samples with tempering parameters 10 000 
(purple) and 12 000 (green) as a function of furnace ambient temperature. The size of 
each data point corresponds to the carbon content of retained austenite. Scale bar shown 
left. (b) Measured hardness for all Q&P samples with tempering parameters 10 000 
(purple) and 12 000 (green) as a function of furnace ambient temperature. (Color version 
– see PDF) 

 

Overall, the TP methodology was successful in designing effective (non-isothermal) partitioning 

treatments. The selected furnace parameters for TP 10 000 and 12 000 resulted in large volumes of RA.   

 

7.3 Assessment of Q&P Microstructures for Intended Industrial Application of Abrasive Wear 
Plate 
The project objective was to produce Q&P microstructures in plate. The intended industrial 

application was abrasive wear-resistant plate. Some commercially available wear plates are Q&T steels, 

such as AR400F. A hardness range of interest was identified: 530 to 630 HV although the “ideal” Q&P 

microstructure for the intended wear application is not known; the optimized amount and stability of RA 

for wear performance under abrasive wear conditions have not been established for Q&P steels.  

A number of Q&P plate conditions were selected for wear testing and compared to the wear 

performance of Q&T microstructures at equivalent hardness. Selection of Q&P conditions was based on 

two criteria: meeting the target hardness range, and maximizing RA.  

7.3.1 Selection of Q&P Process Conditions for Wear Testing 
Among the fifteen experimental Q&P conditions, the best conditions for wear testing were 

selected according to hardness and RA criteria established in Chapter 6. Figure 7.12 shows RA as a 
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function of hardness for all Q&T and Q&P samples. Again, austenite stability (measured by carbon 

content) is shown by the size of each data point. The desired hardness range of 530 to 630 HV is indicated 

in Figure 7.12 with dashed vertical lines.  

 

 
Figure 7.12 Retained austenite vs. hardness for all Q&P (yellow, purple and green circles) and Q&T 

(black circles) conditions. Carbon content of retained austenite is indicated by the size of 
each circle, a size scale is shown left of the figure. Data corresponding to conditions 
selected for wear testing are indicated with arrows. (Color version - see PDF) 

 

The inverse relationship between RA and hardness, which represents the overall trend in 

Figure 7.12, is not unexpected, but makes it difficult to meet both design criteria simultaneously; the 

highest austenite fraction is retained in a sample with hardness below the desired minimum of 530 HV. 

All samples with TP 10 000 and some conditions with TP 12 000 have hardnesses within the target range. 

Q&T samples with TP 10 000 and 12 000 were also within the target range, although the Q&T samples 

do not have optimized RA contents. Q&P TP 8 000 does not appear as interesting for Q&P wear plate, as 

hardness values exceed the desired range and less austenite is retained compared to higher TP. The 

condition which resulted in the highest volume of RA within the target hardness range corresponded to 

Q&P-258-10-400 (24.7 vol pct RA). This condition was selected for wear testing.  

Condition Q&P-208-10-400, with greater carbon enrichment in RA, was included to study the 

effect of the stability of RA on wear performance for similar volumes of RA. The center and surface 

locations for this condition were included in wear testing, although RA measurements were not collected 

for these conditions. Q&T conditions were included in the wear study to compare the wear resistance of 

microstructures containing larger volumes of RA at equivalent hardness to as-tempered martensitic 
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microstructures. Data collected from dilatometer samples for these conditions are presented in Table 7.3. 

The shorthand notation used in Table 7.3 was detailed in Chapter 6 (Q&P-QT-TP-Furnace ambient 

temperature in Celsius).  

 

Table 7.3 –Selected Wear Conditions, and Associated Characteristics Measured from Dilatometry 
Specimens 

Condition Location Hardness (HV) RA (vol.pct) Carbon (wt pct) 

Q&P-258-10-400 
center 582 12.1 1.0 
quarter 608 20.8 0.9 
surface 556 24.7 1.0 

Q&P-208-12-400 quarter 499 22.1 1.3 
Q&T- 12 - 592 6.6  1.2 
Q&T-14 - 506 - - 
 

7.3.2 Results of Exploratory DSRW Testing 
Results of the wear study are summarized in Table 7.4. Results are given in terms of volume loss 

(VL) in mm3, reported as the average of three wear tests. Vickers hardness measurements taken on the 

wear samples after testing are reported in Table 7.4. Hardness was measured both across the width of 

each sample and along the length of each wear track. Locations of hardness testing are indicated in 

Figure 7.13. Figure 7.13 shows three wear samples for condition Q&P-10-208-10-400-surface after 

testing. Hardness at the center line (indicated by dashed line A-C in Figure 7.13) was measured across the 

width of the sample and is reported as the average of ten measurements. No difference in hardness was 

observed between the locations within or away from the wear track. Hardness was also measured along 

the length of the wear track, from the centerline to the edge of the scar (indicated by dashed line B-D) and 

is reported as the average of ten measurements. 

The wear specimens were processed using a Gleeble. Thermal gradients developed along the 

specimen length during processing. Due to the variation in cooling rates at the center, surface and quarter-

point, the thermal gradients were not identical for all sample conditions. Surface profiles were the most 

challenging and resulted in steeper thermal gradients, as discussed in Chapter 6.  

The hardness of the Q&P wear samples processed using the Gleeble was higher than samples 

processed using dilatometry, by about 45 HV. Similarly, the Q&T hardness of Gleeble specimens was 

higher than dilatometry samples by approximately 60 HV. Sample hardness was non-uniform; in most 

cases, the hardness increased away from the sample midline. The total variation in sample hardness is 

greater for the Q&T samples: up to 94 HV. The variation in hardness could be due to the temperature 

gradients induced along the sample length during Gleeble processing (discussed in Chapter 6).  
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Table 7.4 –Results of DSRW Testing and Measured Hardness Measurements for Q&P and Q&T 
Conditions 

Sample Condition Volume Loss 
(mm3) 

Hardness from Midline  
to Edge of 

Wear Track (HV) 

Hardness at 
Midline (HV) 

Total 
Hardness 
Variation 

(HV) 

Hardness 
of 

Dilatometer 
Sample 

Q&P-258-10-
400 

center 73 ± 1 651 ± 12 635 ± 27 55 582 
quarter 73 ± 2 661 ± 21 644 ± 25 69 608 
surface 72 ± 5 617 ± 45 635 ± 14 90 556 

Q&P-208-12-
400 

center 74 ± 3 561 ± 12 541 ±  8   40 499 
quarter 74 ± 1 558 ± 14 537 ± 13 48 592 
surface 74 ± 2 606 ± 14 561 ± 20 79 506 

Q&T 12  73 ± 1 664 ± 47 663 ± 18 94 582 
Q&T 14  73 ± 9 597 ± 37 576 ± 26 84 608 

 

 

 
Figure 7.13 Wear samples for condition Q&P-10-208-10-400-surface after DSRW testing showing 

wear track and locations of hardness testing (dashed lines). 

 

The volume loss for all sample conditions are very similar (within 2 mm3). Within the error 

estimate, no difference in volume loss was observed between sample conditions. No effect of hardness or 

microstructure can be observed on the wear resistance. This result is surprising and unexpected. Previous 

wear studies of Q&P and Q&T microstructures have shown wear performance to correlate very strongly 

with the hardness [4,6].  

Standard deviation in volume loss is comparable to previous studies [6]. Over a hardness range 

from 525 to 675 HV (52 to 58 HRC), the average volume loss is identical within 2 mm2.  Over the same 

A C 

D 

B 
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hardness range, a difference in volume loss up to 11 mm2 was observed in 9260 and OCS-01 (similar to a 

lean alloyed 8660 steel; proprietary alloy composition) for Q&T, Q&P and austempered microstructures 

[6]. Furthermore, Q&P microstructures out-performed Q&T microstructures within this hardness range.  

The inconsistency in the results with previous data, and established abrasive wear principles 

[4,7,36,43], is not understood and perhaps points toward an issue in sample preparation, or with the 

DSRW test conditions, although this cannot be confirmed.  

The wear track on all tested samples had a slightly trapezoidal shape as shown in Figure 7.13, 

with a length between 30 and 34 mm (1 ⅜ inch), and the center of the wear track was at the midline of 

each wear coupon (location A in Figure 7.13). The shape of the wear track in previous studies using 

DSRW testing has varied widely: oval [6], elliptical [4] and rectangular [7] wear tracks have been 

observed. The shape of the wear track does not help clarify the present result.   

The variation in hardness of the tested microstructures may account for the results, if the tested 

microstructures had overlapping hardness ranges. Additional DSRW testing on samples with more 

uniform hardness may provide more reliable data on the wear resistance of these microstructures.  

 

7.4 Future Work 
Future work could include a more complete study of the wear behavior of 300M after plate Q&P 

processing. Gleeble simulation of Q&P plate processing may not be suitable for DSRW sample heat 

treatment, considering thermal gradients which are suspected to produce non-uniform microstructures 

along the wear track.  

To understand the microstructure evolution during Q&P plate processing, a dilatometry study 

may be helpful in establishing the influence of phase fractions at the onset of partitioning on the final 

microstructure. The martensite fractions present at the end of the quench step and at the end of the furnace 

transfer step as well as formation of fresh martensite on quenching could also be estimated through 

dilatometry. Examples of recorded dilation as a function of temperature are included in Appendix D, and 

show some insight into microstructure evolution.     
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CHAPTER 8: SUMMARY AND CONCLUSIONS 

This chapter presents the main observations and conclusions obtained from the conceptual and 

experimental studies described in previous chapters.  

8.1 Development of Q&P Plate Processing Concept and Process Design Method 

 An important outcome of this work was the development of design methodologies for 

Q&P plate processing. The design methodologies assist in the selection of key processing 

parameters. These processing parameters were identified during the thermal modeling 

phase of this work. Processing parameters are: initial quench time, plate thickness, 

quench media, alloy, furnace transfer time, furnace reheat temperature and furnace 

residence time.  

 The development of a thermal model as a tool to investigate cooling and heating 

behaviors of plate steel was central to the development of the design methodologies.  

 Results of thermal modeling revealed process nuances unique to plate Q&P processing. 

The minimum temperature at each location through the plate thickness, which controls 

the initial phase distribution, is not achieved simultaneously. The unique thermal history 

at each location through the plate, determined through modeling, showed that the plate 

surface reaches a minimum temperature at the end of the quench step, while the plate 

center and quarter point continue cooling after quenching is complete. The effects of 

these process nuances warrant further investigation. However, despite complex thermal 

histories, final microstructures at all examined locations contained significant amounts of 

RA.  

8.2 Experimental Validation of Design Methodologies 

 The combined modeling and experimental work confirmed the viability of plate Q&P 

processing and verified the utility of furnace reheating as a viable partitioning process.  

 Experimental simulation of Q&P plate processing of 300M produced microstructures 

containing amounts of RA between 5 and 27 vol pct at the center, surface and quarter 

point of an 18 mm plate.  

 The volume fraction of RA was shown to be less sensitive to initial quench temperature 

than predicted by the quench step design methodology. Appreciable amounts of austenite 

were retained through the simulated plate thickness regardless of initial quench time. This 

behavior was important for Q&P plate processing. The thermal gradients induced by 

quenching do not lead to huge differences in RA. This insensitivity allows for flexibility 
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to produce thicker Q&P sections, such as plates, in this alloy. Furthermore, the initial 

quench time may not have to be as tightly controlled to produce Q&P microstructures. 

 The tempering parameter methodology was successful in the design of partitioning 

treatments during furnace reheating. TP 10 000 and 12 000 provided highly successful 

partitioning treatments. The furnace ambient temperature for equivalent TP did not 

appear to influence final RA fraction.  

8.3 Properties of Q&P Plate Microstructures  

 Laboratory simulation of Q&P plate processing produced microstructures with attractive 

properties for the intended application of industrial abrasive wear plate. Microstructures 

with hardness levels between 530 and 630 HV (the desired range for the intended 

industrial application of Q&P wear plate) contained RA between 12 and 27 vol pct. 

Evaluation of the wear resistance of Q&P microstructures using dry-sand rubber-wheel 

testing was inconclusive, however.  
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APPENDIX A: MATLAB CODE 

The Matlab code for the quenching model and the reheating model are included in this appendix. 

A.1 MATLAB CODE FOR QUENCHING MODEL 

%Solves the 1D heat flux equation using explicit finite difference constant convection BC 

 

% Initiate variables 

H = 0.025;    % half thickness of plate in m - assuming symmetry (2L = full plate) 

 

% from surface at x = 0 to mid-plate at x = L 

Ti = 1100+273;   % Initial plate temperature in KELVINS 

k = 30;     % conduction coefficient for air convection in Watt/ m2 kelvin 

h = 100;     % conduction coefficient for air convection in Watt/ m2 kelvin 

rho = 7650;    % density of steel in kg/m3 

Cp = 560 ;    % heat capacity of steel in J/ kg-kelvin 

rhoxcp = 7650*560 

Tinf = 50+273;  % temperature of quench medium (water) in KELVINS 

 

%Finite Element Parameters 

nodes = 50;                  % number of nodes 

dx = H/(nodes-1);                % length between nodes: delta x in m 

xvec = 0 : dx : H;         % vector to index each node: x(1) to x(n) 

 

t_sim = 60;                  % time  - length of simulation in seconds 

timesteps = 1; 

dt = (t_sim)/(timesteps);  

tvec =0 : dt : t_sim;       %vector for time 

   

%Initial temperature vector, rows are time, columns are distance  

T_ini= ones(nodes,1)*Ti; 

[time, Temp] =ode45(@(time,Temp) slope(Temp, time, h,k, rhoxcp, Tinf, dx, nodes), tvec, T_ini) 

plot(Temp') 

ylabel('Temperature, C') 
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xlabel('Position, m') 

 tvec=tvec'; 

 xvec= [0 xvec]; 

 

format long 

Temp = Temp-273; 

format long 

 Temperature = horzcat(tvec, Temp); 

 Temperature = vertcat(xvec, Temperature); 

format long 

 Temperature; 

format long g 

csvwrite('25mm',Temperature) 

% function to calculate the slope at each node  

function [ dT_dt ] = slope( T, time, h,k, rhoxcp, Tinf, dx , sigma, epsilon, nodes) 

%   ode45 returns a vector of slopes at each node for each time 

  dT_dt(1,1) = 2*k/(rhoxcp*dx^2)*(T(2) - T(1)) 

      for i=2:nodes-1; 

        dT_dt(i,1) = k*(T(i-1)-2*T(i)+T(i+1))/(rhoxcp*dx^2) 

  end 

        dT_dt(nodes,1) = 2*k*(T(nodes-1)-T(nodes))/(rhoxcp*dx^2) + 2*h*(Tinf - T(nodes))/(rhoxcp*dx) 

+epsilon*sigma*(Tinf^4-T(nodes)^4)*2/(rhoxcp*dx) 

    end 

 

A.2  MATLAB CODE FOR REHEAT MODEL 

%Solves the 1D heat flux equation using explicit finite difference constant with convection and radiation  

% Initiate variables 

H = 0.025;    % half thickness of plate in m - assuming symmetry (2L = fullplate) 

% from surface at x = 0 to mid-plate at x = L 

rho = 7650;    % density of steel in kg/m3 

Cp = 560 ;    % heat capacity of steel in J/ kg-kelvin 

k = 30;     % conduction coefficient for air convection in Watt/ m2 kelvin 

rhoxcp = (rho*Cp); 
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sigma = 5.67E-8;  %  boltzmans constant W/ m2 - K 

epsilon = 0.8;   %  emissivity of steel  

 

%Finite Element Parameters 

nodes = 50;                  % number of nodes 

dx = H/(nodes-1);                % length between nodes: delta x in m 

xvec = 0 : dx : H;         % vector to index each node: x(1) to x(n) 

 

%REHEAT PARAMETERS 

T_oven = 500 +273; 

h_reheat= 40; 

 

t_sim_reheat =60;                  % time  - length of simulation in seconds 

timesteps_reheat = 60; 

dt_reheat = (t_sim_reheat)/(timesteps_reheat);   % dt time step size 

tvec_reheat = 0 : dt_reheat : t_sim_reheat;      % time vector  

T_ini_reheat = ones(nodes,1)* (273+300) 

 

[time, Temp_reheat] =ode23s(@(time,Temp_reheat) slope_aug8(Temp_reheat, time, h_reheat,k, rhoxcp, 

T_oven, dx, sigma, epsilon, nodes), tvec_reheat, T_ini_reheat); 

 

Temperature_reheat=Temp_reheat - 273; 

plot(Temp_reheat') 

csvwrite('Temp_reheat',Temperature_reheat) 

 

%Function that calculates the slope dT/dt at each node with convection and radiation BC 

function [ dT_dt ] = slopeaug8( T, time, h,k, rhoxcp, Tinf, dx , sigma, epsilon, nodes) 

  dT_dt(1,1) = 2*k/(rhoxcp*dx^2)*(T(2) - T(1)) 

      for i=2:nodes-1; 

        dT_dt(i,1) = k*(T(i-1)-2*T(i)+T(i+1))/(rhoxcp*dx^2) 

  end 

        dT_dt(nodes,1) = 2*k*(T(nodes-1)-T(nodes))/(rhoxcp*dx^2) + 2*h*(Tinf - T(nodes))/(rhoxcp*dx) 

+epsilon*sigma*(Tinf^4-T(nodes)^4)*2/(rhoxcp*dx) 

    end  
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APPENDIX B: 300M MICROGRAPHS: Q&T AND QUARTER POINT Q&P  

   
(a) Condition A - Q&P-258-8  (b) Condition B - Q&P-208-8  (c) Condition C - Q&P-158-8  

   

(d) Condition D - Q&P-258-10-400  (e) Condition E - Q&P-208-10-400  (f) Condition F - Q&P-158-10-400  

   

(g) Condition J - Q&P-258-12-400  (h) Condition K - Q&P-208-12-400  (i) Condition L - Q&P-158-12-400  

   
(j) Condition M - Q&P-258-12-500  (k) Condition N - Q&P-208-12-500  (l) Condition O - Q&P-158-12-500   

Figure B.1 Secondary electron micrographs of alloy 300 M, Q&P process conditions (a) through (f) indicated 
for each micrograph. Etched with 3 pct nital. (Scale bar indicated on bottom right image.)



 101

   

(a)  Q&T-8 (quarter) (b) Q&T-10 (quarter) (c)  Q&T-12 (quarter) 

Figure B.2 Secondary electron micrographs of alloy 300 M, Q&T process conditions indicated for each 
micrograph: (a) TP 8,000; (b) TP 10,000 and (c) TP 12,000. Etched with 3 pct nital. (Scale bar 
indicated on bottom right image.) 
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APPENDIX C: ALLOYING EFFECTS ON PARTITIONING RESPONSE: CARBON EQUIVALENCE 
AND TEMPERING PARAMETER 

Figure C.1 shows measured RA fractions from previous sheet Q&P studies 

[5,11,12,17,18,20,29,30,74] and from the present plate study, as a function TP, where the size of each 

data point corresponds to the carbon equivalence (CE) of the sample. CE was calculated for each alloy 

according to Equation C.1 The calculated CE of 300M is 0.90 and, for sheet alloys, ranges between 0.52 

to 0.99 except for one alloy (0.3 C- 5 Mn [20]) with a CE of 1.22. The carbon equivalence was calculated 

according to the IIW formula [90]. 𝐶 = C + +   +    (all in wt. pct.)   (C.1) 

 

Figure C.1 shows the effects alloying on final RA. The samples with the highest fractions of RA 

also have the highest CE. This result is expected, as carbon and manganese are heavily weighted in 

Equation C.1 and both elements are austenite stabilizers. The highest fractions of RA correspond to 

partitioning processes with TP between 8 000 and 10 000 and alloys with CE close to 1.00 (0.91, 0.93 and 

0.99 –alloys 0.4 wt pct C- 1.5 wt pct Mn [20], 0.3 wt pct C- 3 wt pct Mn with Mo and Al additions [20] 

and alloy 9260 [5,29], respectively. The lowest fractions of austenite were retained in an alloy with CE of 

0.56 [18].  

 
Figure C.1 Measured retained austenite as a function of tempering parameter for a number of sheet 

studies [5,11,12,17,18,20,29,30,74]. The size of each data point corresponds to the carbon 
equivalence, with scale bar shown on left. Plate Q&P data shown in orange. (Color 
version – see PDF) 
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Table C.1 provides the range of RA at specified ranges of CE between 0.50 and 1.22. For CE 

between 0.6 and 0.8, the maximum RA was 16 vol pct. Above CE of 0.8, the maximum RA increases to 

28 vol pct, but further increase in CE above 0.93 does not result in increased levels or RA. These data 

reflect the importance of both alloying and processing in obtaining Q&P microstructures.  

 

Table C.1 – Carbon Equivalence and Corresponding Range of RA 

CE RA range, vol pct 
0.50 – 0.60   0 – 6  
0.60 – 0.70  0 – 15 
0.70 – 0.80  8 – 16 
0.80 – 0.93 3 – 28 

0.93+ 10 – 28 
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APPENDIX D: DILATOMETRY DATA: EXAMPLE CHANGE IN LENGTH VS TEMPERATURE 
PLOT 

Recorded dilation data as a function of temperature for center, surface and quarter point samples 

for a dilatometry simulation of an 18 mm plate with Q&P conditions: initial quench time of 13 s, TP 

10 000 and furnace ambient temperature of 500 ºC is shown in Figure D.1 On initial quenching from 

1100 ºC, an expansion can be observed to begin around 300 ºC at the center, surface and quarter point 

locations and likely corresponds to a phase transformation such as martensite formation. During transfer 

and heating of the center and quarter point, some additional expansion can be observed, indicating the 

potential for additional martensite and/or bainite formatting during these steps. It should also be noted that 

a mixture of phases exists (likely austenite and martensite) at the end of the quench step and that the 

coefficient of thermal expansion will vary accordingly during subsequent heating and cooling. On final 

quenching of the center and quarter point samples, some dilation can be observed in Figure D.1 below 

200 ºC; this dilation is not visible for the profile corresponding to the surface sample which transformed 

more during initial quenching. The dilation on final quenching may correspond to the formation of 

martensite at the center and quarter point.  

 

 
Figure D.1 Example curve showing change in length versus temperature for dilatometry simulation 

of 300M Q&P heat treatment of 18 mm plate: heating to 1100 C, hold for 5 minutes, cool 
to 258 C, furnace transfer for 5 minutes, furnace reheat in 500 C furnace for 2 min 45 s to 
achieve TP 10 000. Plate Surface profile shown in orange, plate quarter point in black 
and plate center in dashed blue lines. (Color version – see PDF)  
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Despite the differences in expansion during processing, the measured RA contents for the surface 

and quarter samples were identical: 12.3 vol pct, with carbon contents of 1.0 wt pct. The measured RA 

content of the center sample was very similar: 12.6 vol pct, with a carbon content of 0.9 wt pct. More 

detailed analysis of the dilation data may provide valuable insight into the microstructure evolution during 

plate Q&P processing. 
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APPENDIX E: DILATOMETRY PROGRAMS 

Dilatometry programs for quarter point profiles of 18 mm plate for all Q&P conditions.  

Table E.1 – Dilatometry Programs for Quarter Point Conditions 
 

A: 18 mm quarter point profile: severe water quench to 258ºC, 26s  air cool  (TP=8 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

1 Start 25  0 0  Vacuum 
2 Heat 1100 9.8 110 110  Vacuum 
3 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
4 Quenching 811.5 -111.0 2.6 412.6 

13.0 

Gas 
5 Quenching 600.2 -81.3 2.6 415.2 Gas 
6 Quenching 449.3 -58.0 2.6 417.8 Gas 
7 Quenching 354.5 -43.1 2.2 420 Gas 
8 Quenching 260.4 -31.4 3.0 423 Gas 
9 Transfer 249.3 -11.1 1.0 424 

26.0 

Gas 
10 Transfer 249.3 0.0 1.0 425 Vacuum 
11 Transfer 249.5 0.2 1.0 426 Vacuum 
12 Transfer 249.6 0.0 1.0 427 Vacuum 
13 Transfer 248.3 -0.1 22.0 449 Vacuum 
14 Final Quench 25 -24.8 9.0 457.99  Gas 

 

B : 18 mm quarter point profile: severe water quench to OPT QT 208 ºC, 26s  air cool  (TP=8 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

1 Start 25  0 0  Vacuum 
2 Heat 1100 9.8 110 110  Vacuum 
3 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
4 Quenching 811.5 -111.0 2.6 413 

15.2 

Gas 
5 Quenching 600.2 -81.3 2.6 415 Gas 
6 Quenching 449.3 -58.0 2.6 418 Gas 
7 Quenching 354.5 -43.1 2.2 420 Gas 
8 Quenching 260.4 -31.4 3.0 423 Gas 
9 Quenching 208.0 -23.8 2.2 425 Gas 

10 Transfer 202.0 -6.0 1.0 426 
26.0 

Gas 
11 Transfer 202.0 0.0 4.0 430 Vacuum 
12 Transfer 201 0.0 21.0 451 Vacuum 
13 Final Quench 25 -25.0 7.1 458  Gas 
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Table E.1: Continued 
 

C : 18 mm quarter point profile: severe water quench to 158 ºC, 26s  air cool  (TP=8 000) 

Step Name Temperature Rate Step time (s) Total time (s) Time (s) Setting 

1 Start 25  0 0  Vacuum 
2 Heat 1100 9.8 110 110  Vacuum 
3 Austenitizing 1100.0 0.0 300.0 410.0   Vacuum 
4 Quenching 811.5 -111.0 2.6 412.6 

18.4 

Gas 
5 Quenching 600.2 -81.3 2.6 415.2 Gas 
6 Quenching 449.3 -58.0 2.6 417.8 Gas 
7 Quenching 354.5 -43.1 2.2 420.0 Gas 
8 Quenching 260.4 -31.4 3.0 423.0 Gas 
9 Quenching 208.0 -23.8 2.2 425.2 Gas 

10 Quenching 158.2 -15.6 3.2 428.4 Gas 
11 Transfer 152.4 -5.7 1 429.4 

26.0 

Gas 
12 Transfer 152.5 0.0 1 430.4 Vacuum 
13 Transfer 152.6 0.1 2 432.4 Vacuum 
14 Transfer 151.9 0.0 22 454.4 Vacuum 
15 Final Quench 25.0 -25.4 5.0 459.4  Gas 

 
D : 18 mm quarter point profile: severe water quench to 258 ºC, 26s  air cool, 5 min air cool and 4:50 

furnace reheat at 400 ºC (TP=10 000)  

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

1 Start 25  0 0  Vacuum 
2 Heat 1100 9.8 110 110  Vacuum 
3 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
4 Quenching 811.5 -111.0 2.6 412.6 

13.0 

Gas 
5 Quenching 600.2 -81.3 2.6 415.2 Gas 
6 Quenching 449.3 -58.0 2.6 417.8 Gas 
7 Quenching 354.5 -43.1 2.2 420 Gas 
8 Quenching 260.4 -31.4 3.0 423 Gas 
9 Transfer 249.3 -11.1 1.0 424 

300.0 

Gas 
10 Transfer 249.3 0.0 1.0 425 Vacuum 
11 Transfer 249.5 0.2 1.0 426 Vacuum 
12 Transfer 249.6 0.0 1.0 427 Vacuum 
13 Transfer 233.04 -0.1 296.0 723 Vacuum 
14 Furnace 233.2 0.2 1.00 724.0 

290.00 

Vacuum 
15 Furnace 249.0 0.3 49.0 773.0 Vacuum 
16 Furnace 264.1 0.3 51.0 824.0 Vacuum 
17 Furnace 277.4 0.3 49.0 873.0 Vacuum 
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Table E.1: Continued 
 

18 Furnace 290.0 0.2 51.0 924.0  Vacuum 
19 Furnace 309.6 0.2 89.0 1013.0 Vacuum 
20 Final Quench 25 -25.0 11.4 1024.4  Gas 

 
E : 18 mm quarter point profile: severe water quench to  208 ºC, 5 min air cool and 6:12 furnace reheat 

at 400 ºC (TP=10 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25.00  0 0  Vacuum 
1 Heat 1100.00 9.77 110 110  Vacuum 
2 Austenitizing 1100.00 0.0 300.0 410   Vacuum 
3 Quenching 811.50 -111.0 2.6 412.6 

15.2 

Gas 
4 Quenching 600.24 -81.3 2.6 415.2 Gas 
5 Quenching 449.31 -58.0 2.6 417.8 Gas 
6 Quenching 354.52 -43.1 2.2 420 Gas 
7 Quenching 260.40 -31.4 3.0 423 Gas 
8 Quenching 208.00 -23.8 2.2 425.2 Gas 
9 Transfer 202.00 -6.0 1.0 426.2 

300.0 
Gas 

10 Transfer 202.00 0.0 4.0 430.2 Vacuum 
11 Transfer 189.00 0.0 295.0 725.2 Vacuum 
12 Furnace 189.3 0.3 1 726.2 

412.0 

Vacuum 
13 Furnace 226.4 0.4 99 825.2 Vacuum 
14 Furnace 258.4 0.3 100 925.2 Vacuum 
15 Furnace 285.3 0.3 100 1025.2 Vacuum 
16 Furnace 310.2 0.2 112 1137.2 Vacuum 
17 Final Quench 25.00 -26.0 11.0 1148.15  Gas 

 
F: 18 mm quarter point profile: severe water quench to  158 ºC, 5 min air cool and 8:37 furnace reheat 

at 400 ºC (TP=10 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25  0 0  Vacuum 
1 Heat 1100 9.8 110 110  Vacuum 
2 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
3 Quenching 811.5 -111.0 2.6 412.6 

18.4 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420 Gas 
7 Quenching 260.4 -31.4 3.0 423 Gas 
8 Quenching 208.0 -23.8 2.2 425.2 Gas 
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Table E.1: Continued 
 

9  Quenching 158.2 -15.6 3.2 428.4  Gas 
10  Transfer 152.4 -5.7 1.0 429.4 

300.0 

Gas 
11  Transfer 152.5 0.0 1.0 430.4 Gas 
12  Transfer 152.6 0.1 2.0 432.4 Gas 
13  Transfer 143.2 0.0 296.0 728.4 Vacuum 
14  Furnace 143.4 0.2 1 729.4 

517.0 

Vacuum 
15  Furnace 165.7 0.5 49 778.4 Vacuum 
16  Furnace 178.6 0.4 30 808.4 Vacuum 
17  Furnace 194.9 0.4 40 848.4 Vacuum 
18  Furnace 206.5 0.4 30 878.4 Vacuum 
19  Furnace 224.7 0.4 50 928.4 Vacuum 
20  Furnace 238.3 0.3 40 968.4 Vacuum 
21  Furnace 251.0 0.3 40 1008.4 Vacuum 
22  Furnace 262.9 0.3 40 1048.4 Vacuum 
23  Furnace 279.1 0.3 60.0 1108.4 Vacuum 
24  Furnace 296.0 0.2 70 1178.4 Vacuum 
25  Furnace 306.8 0.2 50 1228.4 Vacuum 
26  Furnace 310.4 0.2 17 1245.4 Vacuum 
27  Final Quench 25.0 -25.0 11.4 1256.8  Gas 

 
G : 18 mm quarter point profile: severe water quench to 258 ºC, 5 min air cool and 2:45 furnace reheat 

at 500 ºC (TP=10 000)  

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25  0 0  Vacuum 
1 Heat 1100 9.8 110 110  Vacuum 
2 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
3 Quenching 811.5 -111.0 2.6 412.6 

13.0 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420 Gas 
7 Quenching 260.4 -31.4 3.0 423 Gas 
8 Transfer 249.3 -11.1 1.0 424 

300.0 

Vacuum 
9 Transfer 249.3 0.0 1.0 425 Vacuum 

10 Transfer 249.5 0.2 1.0 426 Vacuum 
11 Transfer 249.6 0.0 1.0 427 Vacuum 
12 Transfer 233.0 -0.1 296.0 723 Vacuum 
13 Furnace 233.0 0.0 1.00 724.0 

164.00 

Vacuum 
14 Furnace 250.8 0.6 29.0 753.0 Vacuum 
15 Furnace 262.3 0.6 20.0 773.0 Vaccuum 
16 Furnace 289.5 0.5 50.0 823.0 Vaccuum 
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Table E.1: Continued 
 

17 Furnace 299.6 0.5 20.0 843.0  Vaccuum 
18 Furnace 320.7 0.5 44.0 887.0 Vaccuum 
19 Final Quench 25 -25.1 11.8 898.8  Gas 

 
H : 18 mm quarter point profile: severe water quench to  208 ºC, 5 min air cool and 3:32 furnace reheat 

at 500 ºC (TP=10 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25  0 0  Vaccuum 
1 Heat 1100 9.77 110 110  Vaccuum 
2 Austenitizing 1100.0 0.0 300.0 410   Vaccuum 
3 Quenching 811.5 -111.0 2.6 412.6 

15.2 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420 Gas 
7 Quenching 260.4 -31.4 3.0 423 Gas 
8 Quenching 208.0 -23.8 2.2 425.2 Gas 
9 Transfer 202.0 -6.0 1.0 426.2 

300.0 
Vaccuum 

10 Transfer 202.0 0.0 4.0 430.2 Vaccuum 
11 Transfer 189.0 0.0 295.0 725.2 Vaccuum 
12 Furnace 189.1 0.1 1 726.2 

232.0 

Vaccuum 
13 Furnace 198.3 0.7 14 740.2 Vaccuum 
14 Furnace 209.6 0.8 15 755.2 Vaccuum 
15 Furnace 241.0 0.6 50 805.2 Vaccuum 
16 Furnace 252.9 0.6 20 825.2 Vaccuum 
17 Furnace 306.4 0.5 100 925.2 Vaccuum 
18 Furnace 321.5 0.5 32 957.2 Vaccuum 
19 Final Quench 25.0 -24.9 11.9 969.1  Gas 

 
I: 18 mm quarter point profile: severe water quench to  158 ºC, 5 min air cool and 4:56 furnace reheat 

at 500 ºC (TP=10 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25.0  0 0  Vaccuum 
1 Heat 1100.0 9.8 110 110  Vaccuum 
2 Austenitizing 1100.0 0.0 300.0 410   Vaccuum 
3 Quenching 811.5 -111.0 2.6 412.6 

18.4 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420 Gas 
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Table E.1: Continued 
 

7 Quenching 260.4 -31.4 3.0 423 
 

Gas 
 Quenching 208.0 -23.8 2.2 425.2 Gas 
9 Quenching 158.2 -15.6 3.2 428.4 Gas 

10 Transfer 152.4 -5.7 1.0 429.4 300.0 Vaccuum 
11 Transfer 152.5 0.0 1.0 430.4 Vaccuum 
12 Transfer 152.6 0.1 2.0 432.4  Vaccuum 
13 Transfer 143.2 0.0 296.0 728.4 Vaccuum 
14 Furnace 143.6 0.4 1 729.4 

296.0 

Vaccuum 
15 Furnace 154.0 0.7 14 743.4 Vaccuum 
16 Furnace 157.7 0.7 5 748.4 Vaccuum 
17 Furnace 164.9 0.7 10 758.4 Vaccuum 
18 Furnace 186.1 0.7 30 788.4 Vaccuum 
19 Furnace 212.9 0.7 40 828.4 Vaccuum 
20 Furnace 255.9 0.6 70 898.4 Vaccuum 
21 Furnace 272.8 0.6 30 928.4 Vaccuum 
22 Furnace 299.0 0.5 50 978.4 Vaccuum 
23 Furnace 320.6 0.5 46 1024.4 Vaccuum 
24 Final Quench 25.0 -25.1 11.8 1036.2  Gas  

 
J: 18 mm quarter point profile: severe water quench to 258 ºC, 5 min air cool and 23:46 furnace reheat 

at 400 ºC (TP=12 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25  0 0  Vaccuum 
1 Heat 1100.0 9.8 110.0 110.0  Vaccuum 
2 Austenitizing 1100.0 0.0 300.0 410.0   Vaccuum 
3 Quenching 811.5 -111.0 2.6 412.6 

13.0 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420.0 Gas 
7 Quenching 258.0 -32.2 3.0 423.0 Gas 
8 Transfer 249.32 -8.7 1.0 424.0 

300.0 

Gas 
9 Transfer 249.35 0.0 1.0 425.0 Vaccuum 

10 Transfer 249.52 0.2 1.0 426.0 Vaccuum 
11 Transfer 249.56 0.0 1.0 427.0 Vaccuum 
12 Transfer 233.04 -0.1 296 723.0 Vaccuum 
13 Furnace 233.2 0.2 1 724.0 

1426 

Vaccuum 
14 Furnace 249.0 0.3 49 773.0 Vaccuum 
15 Furnace 264.1 0.3 51 824.0 Vaccuum 
16 Furnace 277.4 0.3 49 873.0 Vaccuum 
17 Furnace 290.0 0.2 51 924.0 Vaccuum 
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Table E.1: Continued 
 

18 Furnace 309.6 0.2 89 1013.0 

 

Vaccuum 
19 Furnace 327.7 0.2 100 1113.0 Vaccuum 
20 Furnace 343.7 0.1 110 1223.0 Vaccuum 
21 Furnace 355.3 0.1 100 1323.0 Vaccuum 
22 Furnace 364.7 0.1 100 1423.0 Vaccuum 
23 Furnace 372.2 0.1 100 1523.0 

 

Vaccuum 
24 Furnace 378.1 0.1 100 1623.0 Vaccuum 
25 Furnace 382.9 0.0 100 1723.0 Vaccuum 
26 Furnace 386.6 0.0 100 1823.0 Vaccuum 
27 Furnace 389.5 0.0 100.0 1923.0 Vaccuum 
28 Furnace 394.0 0.0 226.0 2149.0 Vaccuum 
29 Final Quench  25.00 -25.1 14.7 2163.7 Gas 

 
K: 18 mm quarter point profile: severe water quench to 208 ºC, 5 min air cool and 25:45 furnace reheat 

at 400 ºC (TP=12 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25  0 0  Vaccuum 
1 Heat 1100.0 9.8 110.0 110.0  Vaccuum 
2 Austenitizing 1100.0 0.0 300.0 410.0   Vaccuum 
3 Quenching 811.5 -111.0 2.6 412.6 

15.2 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420.0 Gas 
7 Quenching 260.4 -31.4 3.0 423.0 Gas 
8 Quenching 208.0 -23.8 2.2 425.2 Gas 
9 Transfer 202.0 -6.0 1.0 426.2 

300.0 
Gas 

10 Transfer 202.0 0.0 4.0 430.2 Vaccuum 
11 Transfer 189.0 0.0 295.0 725.2 Vaccuum 
12 Furnace 189.3 0.3 1 726.2 

1545 

Vaccuum 
13 Furnace 226.4 0.4 99 825.2 Vaccuum 
14 Furnace 258.4 0.3 100 925.2 Vaccuum 
15 Furnace 285.3 0.3 100 1025.2 Vaccuum 
16 Furnace 310.2 0.2 112 1137.2 Vaccuum 
17 Furnace 326.1 0.2 88 1225.2 Vaccuum 
18 Furnace 341.33 0.2 100 1325.2 Vaccuum 
19 Furnace 353.27 0.1 100 1425.2 Vaccuum 
20 Furnace 363.12 0.1 100 1525.2 Vaccuum 
21 Furnace 370.86 0.1 100 1625.2 Vaccuum 
22 Furnace 377.11 0.1 100 1725.2 Vaccuum 
23 Furnace 382.09 0.0 100 1825.2 Vaccuum 
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24 Furnace 388.98 0.0 200 2025.2  Vaccuum 
25 Furnace 393.97 0.0 245 2270.2 Vaccuum 
26 Final Quench  25.00 -25.1 14.7 2284.9  Gas 

 
L: 18 mm quarter point profile: severe water quench to 158 ºC, 5 min air cool and 27:30 furnace reheat 

at 400 ºC (TP=12 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25  0 0  Vaccuum 
1 Heat 1100.0 9.8 110.0 110.0 110 Vaccuum 
2 Austenitizing 1100.0 0.0 300.0 410.0 300 Vaccuum 
3 Quenching 811.5 -111.0 2.6 412.6 

18.4 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420.0 Gas 
7 Quenching 260.4 -31.4 3.0 423.0 Gas 
8 Quenching 208.0 -23.8 2.2 425.2 Gas 
9 Quenching 158.2 -15.6 3.2 428.4 Gas 

10 Transfer 152.4 -5.7 1.0 429.4 

300.0 

Vacuum 
11 Transfer 152.5 0.0 1.0 430.4 Vacuum 
12 Transfer 152.6 0.1 2.0 432.4 Vacuum 
13 Transfer 143.2 0.0 296.0 728.4 Vacuum 
14 Furnace 143.4 0.2 1 729.4 

1650 

Vacuum 
15 Furnace 165.7 0.5 49 778.4 Vacuum 
16 Furnace 178.6 0.4 30 808.4 Vacuum 
17 Furnace 194.9 0.4 40 848.4 Vacuum 
18 Furnace 206.5 0.4 30 878.4 Vacuum 
19 Furnace 224.7 0.4 50 928.4 Vacuum 
20 Furnace 238.3 0.3 40 968.4 Vacuum 
21 Furnace 251.0 0.3 40 1008.4 Vacuum 
22 Furnace 262.9 0.3 40 1048.4 Vacuum 
23 Furnace 279.1 0.3 60 1108.4 Vacuum 
24 Furnace 296.0 0.2 70 1178.4 Vacuum 
25 Furnace 306.8 0.2 50 1228.4 Vacuum 
26 Furnace 310.4 0.2 17 1245.4 Vacuum 
27 Furnace 325.3 0.2 83 1328.4 Vacuum 
28 Furnace 333.3 0.2 50 1378.4 Vacuum 
29 Furnace 340.5 0.1 50 1428.4 Vacuum 
30 Furnace 352.7 0.1 100 1528.4 Vacuum 
31 Furnace 362.7 0.1 100 1628.4 Vacuum 
32 Furnace 370.5 0.1 100 1728.4 Vacuum 
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33 Furnace 376.8 0.1 100 1828.4 

 

Vacuum 
34 Furnace 381.9 0.1 100 1928.4 Vacuum 
35 Furnace 385.7 0.0 100 2028.4 Vacuum 
36 Furnace 388.9 0.0 100 2128.4 Vacuum 
37 Furnace 391.4 0.0 100 2228.4  Vacuum 
38 Furnace 394.0 0.0 150 2378.4 Vacuum 
39 Final Quench 25.0 -25.1 15 2393.1   

 
M : 18 mm quarter point profile: severe water quench to 258 ºC, 5 min air cool and 8:04 furnace reheat 

at 500 ºC (TP=10 000)  

Step Name Temperature Rate 
Step 
time 
(s) 

Total 
time 
(s) 

Time (s) Setting 

0 Start 25  0 0  Vacuum 
1 Heat 1100 9.8 110 110  Vacuum 
2 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
3 Quenching 811.5 -111.0 2.6 412.6 

13.0 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420 Gas 
7 Quenching 260.4 -31.4 3.0 423 Gas 
8 Transfer 249.3 -11.1 1.0 424 

300.0 

Vacuum 
9 Transfer 249.3 0.0 1.0 425 Vacuum 
10 Transfer 249.5 0.2 1.0 426 Vacuum 
11 Transfer 249.6 0.0 1.0 427 Vacuum 
12 Transfer 233.0 -0.1 296.0 723 Vacuum 
13 Furnace 233.0 0.0 1.00 724.0 

484.00 

Vacuum 
14 Furnace 250.8 0.6 29.0 753.0 Vacuum 
15 Furnace 262.3 0.6 20.0 773.0 Vacuum 
16 Furnace 289.5 0.5 50.0 823.0 Vacuum 
17 Furnace 299.6 0.5 20.0 843.0 Vacuum 
18 Furnace 320.7 0.5 44.0 887.0 Vacuum 
19 Furnace 336.6 0.4 36 923.0 Vacuum 
20 Furnace 356.8 0.4 50 973.0 Vacuum 
21 Furnace 374.8 0.4 50 1023.0 Vacuum 
22 Furnace 405.3 0.3 100 1123.0 Vacuum 
23 Furnace 425.5 0.2 84 1207.0 Vacuum 
24 Final Quench 25 15.0 16 1223.0  Gas 
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N : 18 mm quarter point profile: severe water quench to  208 ºC, 5 min air cool and 9:51 furnace reheat 
at 500 ºC (TP=10 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

1 Start 25  0 0  Vacuum 
2 Heat 1100 9.77 110 110  Vacuum 
3 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
4 Quenching 811.5 -111.0 2.6 412.6 

15.2 

Gas 
5 Quenching 600.2 -81.3 2.6 415.2 Gas 
6 Quenching 449.3 -58.0 2.6 417.8 Gas 
7 Quenching 354.5 -43.1 2.2 420 Gas 
8 Quenching 260.4 -31.4 3.0 423 Gas 
9 Quenching 208.0 -23.8 2.2 425.2 Gas 

10 Transfer 202.0 -6.0 1.0 426.2 
300.0 

Vacuum 
11 Transfer 202.0 0.0 4.0 430.2 Vacuum 
12 Transfer 189.0 0.0 295.0 725.2 Vacuum 
13 Furnace 189 0.1 1 726.2 

551.0 

Vacuum 
14 Furnace 198 0.7 14 740.2 Vacuum 
15 Furnace 210 0.8 15 755.2 Vacuum 
16 Furnace 241 0.6 50 805.2 Vacuum 
17 Furnace 253 0.6 20 825.2 Vacuum 
18 Furnace 306 0.5 100 925.2 Vacuum 
19 Furnace 321 0.5 32 957.2 Vacuum 
20 Furnace 350 0.4 68 1025.2 Vacuum 
21 Furnace 386 0.4 100 1125.2 Vacuum 
22 Furnace 414 0.3 100 1225.2 Vacuum 
23 Furnace 426 0.2 51 1276.2 Vacuum 
24 Final Quench 25 -25.0 16 1292.2  Gas 

 
O: 18 mm quarter point profile: severe water quench to  158 ºC, 5 min air cool and 10:15 furnace 

reheat at 500 ºC (TP=10 000) 

Step Name Temperature Rate Step time 
(s) 

Total time 
(s) Time (s) Setting 

0 Start 25.0  0 0  Vacuum 
1 Heat 1100.0 9.8 110 110  Vacuum 
2 Austenitizing 1100.0 0.0 300.0 410   Vacuum 
3 Quenching 811.5 -111.0 2.6 412.6 

18.4 

Gas 
4 Quenching 600.2 -81.3 2.6 415.2 Gas 
5 Quenching 449.3 -58.0 2.6 417.8 Gas 
6 Quenching 354.5 -43.1 2.2 420 Gas 
7 Quenching 260.4 -31.4 3.0 423 Gas 
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8 Quenching 208.0 -23.8 2.2 425.2  Gas 
9 Quenching 158.2 -15.6 3.2 428.4 Gas 

10 Transfer 152.4 -5.7 1.0 429.4 

300.0 

Vacuum 
11 Transfer 152.5 0.0 1.0 430.4 Vacuum 
12 Transfer 152.6 0.1 2.0 432.4 Vacuum 
13 Transfer 143.2 0.0 296.0 728.4 Vacuum 
14 Furnace 143.6 0.4 1 729.4 

615.0 

Vacuum 
15 Furnace 154.0 0.7 14 743.4 Vacuum 
16 Furnace 157.7 0.7 5 748.4 Vacuum 
17 Furnace 164.9 0.7 10 758.4 Vacuum 
18 Furnace 186.1 0.7 30 788.4 Vacuum 
19 Furnace 212.9 0.7 40 828.4 Vacuum 
20 Furnace 255.9 0.6 70 898.4 Vacuum 
21 Furnace 272.8 0.6 30 928.4 Vacuum 
22 Furnace 299.0 0.5 50 978.4 Vacuum 
23 Furnace 320.6 0.5 46 1024.4 Vacuum 
24 Furnace 363.8 0.4 104 1128.4 Vacuum 
25 Furnace 396.6 0.3 100 1228.4 Vacuum 
26 Furnace 425.6 0.3 115 1343.4 Vacuum 
27 Final Quench 25.0 -25.0 16 1359.4  Gas  

 


