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ABSTRACT 

In order to produce passenger vehicles with improved fuel economy and increased passenger 

safety, car manufacturers are in need of steels with enhanced strength levels and good formability. 

Recently, promising combinations of strength and ductility have been reported for several, so-called third 

generation advanced high-strength steels (AHSS) and quenching and partitioning (Q&P) steels are 

increasingly being recognized as a promising third generation AHSS candidate.  

Early Q&P research used conventional TRIP steel chemistries and richer alloying strategies have 

been explored in more recent studies. However, systematic investigations of the effects of alloying 

elements on tensile properties and retained austenite fractions of Q&P steels are sparse. The objective of 

the present research was to investigate the alloying effects of carbon, manganese, molybdenum, 

aluminum, copper and nickel on tensile properties and microstructural evolution of Q&P heat treated 

sheet steels. Seven alloys were investigated with 0.3C-1.5Mn-1.5Si (wt pct) and 0.4C-1.5Mn-1.5Si alloys 

used to study carbon effects, a 0.3C-5Mn-1.6Si alloy to study manganese effects, 

0.3C-3Mn-1.5Si-0.25Mo and 0.3C-3Mn-1.5Si-0.25Mo-0.85Al alloys to study molybdenum and 

aluminum effects and 0.2C-1.5Mn-1.3Si-1.5Cu and 0.2C-1.5Mn-1.3Si-1.5Cu-1.5Ni alloys to study 

copper and nickel effects. 

Increasing alloy carbon content was observed to mainly increase the ultimate tensile strength 

(UTS) up to 1865 MPa without significantly affecting total elongation (TE) levels. Increasing alloy 

carbon content also increased the resulting retained austenite (RA) fractions up to 22 vol pct. Measured 

maximum RA fractions were significantly lower than the predicted maximum RA levels in the 

0.3C-1.5Mn-1.5Si and 0.4C-1.5Mn-1.5Si alloys, likely resulting from transition carbide formation. 

Increasing alloy manganese content increased UTS, TE and RA levels, and decreased yield strength (YS) 

and austenite carbon content (C� ) levels. Retained austenite fractions up to 28 pct and UTS levels 

exceeding 1500, 1600, and 1700 MPa with TE levels of 20, 17 and 12 pct respectively were measured for 

the 0.3C-5Mn-1.6Si alloy. 

Molybdenum and aluminum additions to a 0.3C-3Mn-1.5Si alloy were not observed to 

significantly affect the resulting tensile properties at a partitioning temperature of 400 °C. Partitioning at 

450 °C increased the TE levels of the 0.3C-3Mn-1.5Si-0.25Mo-0.85Al alloy and decreased the TE levels 

of the 0.3C-3Mn-1.5Si-0.25Mo alloy while similar UTS levels were measured in both alloys. The 

aluminum addition potentially increased strain hardening. RA fractions were observed to be close to 

predicted levels in both alloys. Copper and nickel additions were not observed to increase the resulting 

maximum UTS·TE levels. Copper and nickel additions increased RA levels and the measured RA levels 

were observed to be close to the predicted values.  



 iv 

TABLE OF CONTENTS 

ABSTRACT.................................................................................................................................................iii 
 
LIST OF FIGURES....................................................................................................................................viii 
 
LIST OF TABLES.......................................................................................................................................xx 
 
ACKNOWLEDGEMENTS.......................................................................................................................xxii 
 
CHAPTER 1:� INTRODUCTION ............................................................................................................. 1 
 
CHAPTER 2:� BACKGROUND ............................................................................................................... 3 
 
2.1� Quenching and Partitioning Fundamentals ...................................................................................... 3 

 
2.2� Alloying Effects ............................................................................................................................... 6 

 
2.2.1� Carbon ............................................................................................................................... 8 

 
2.2.2� Manganese ....................................................................................................................... 10 

 
2.2.3� Silicon and Aluminum .................................................................................................... 14 

 
2.2.4� Molybdenum ................................................................................................................... 18 

 
2.2.5� Copper and Nickel ........................................................................................................... 20 

 
2.3� Influence of Processing Parameters on Tensile Properties of Q&P Steels .................................... 23 

 
2.4� Transformation Induced Plasticity and Austenite Stability ........................................................... 26 

 
CHAPTER 3:� EXPERIMENTAL PROCEDURES ............................................................................... 30 
 
3.1� Alloy Design .................................................................................................................................. 30 

 
3.2� Heat treatments .............................................................................................................................. 30 

 
3.3� Optimal Quench Temperature Determination ................................................................................ 32 

 
3.4� Tensile Testing ............................................................................................................................... 34 

 
3.5� X-Ray Diffraction .......................................................................................................................... 34 

 
3.6� Scanning Electron Microscopy ...................................................................................................... 37 

 
CHAPTER 4:� RESULTS AND DISCUSSION ..................................................................................... 38 
 
4.1� Quenching and Partitioning Response of CMnSi Sheet Steels Containing 0.2, 0.3 and                

0.4 wt pct Carbon ........................................................................................................................... 38 
 

4.1.1� Effect of Partitioning Time and Temperature on Tensile Properties of the                 
0.3C-1.5Mn Alloy ........................................................................................................... 38 

 
4.1.2� Effect of Partitioning Time and Temperature on Tensile Properties of the                 

0.4C-1.5Mn Alloy ........................................................................................................... 40 
 

4.1.3� Effect of Partitioning Time and Temperature on Retained Austenite Fractions and 
Austenite Carbon Content of the 0.3C-1.5Mn Alloy ...................................................... 42 

 

 



 v

 
4.1.4� Effect of Partitioning Time and Temperature on Retained Austenite Fractions and 

Austenite Carbon Content of the 0.4C-1.5Mn Alloy ...................................................... 43 
 

4.1.5� Effect of Alloy Carbon Content on Tensile Properties ................................................... 44 
 

4.1.6� Effect of Alloy Carbon Content on Retained Austenite Fractions and Austenite     
Carbon Content ............................................................................................................... 48 

 
4.1.7� Effect of Carbon Partitioning on Tensile Properties ....................................................... 53 

 
4.1.8� Microstructures of the 0.3C-1.5Mn and 0.4C-1.5Mn Alloys .......................................... 56 

 
4.3� Quenching and Partitioning Response of CMnSi Sheet Steels Containing 1.5, 3 and 5 wt pct 

Manganese ..................................................................................................................................... 57 
 

4.3.1� Effect of Partitioning Time and Temperature on Tensile Properties of the 0.3C-5Mn 
Alloy ................................................................................................................................ 57 

 
4.3.2� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite 

Carbon Content in the 0.3C-5Mn Alloy .......................................................................... 59 
 

4.3.3� Effect of Alloy Manganese Content on Tensile Properties ............................................. 61 
 

4.3.4� Effect of Alloy Manganese Content on Retained Austenite Fractions and Austenite 
Carbon Content ............................................................................................................... 66 

 
4.3.5� Effect of Alloy Manganese Content on Engineering Stress-Strain Curves ..................... 70 

 
4.4� Quenching and Partitioning Response of CMnSi Sheet Steels Containing Molybdenum and 

Aluminum Additions ..................................................................................................................... 72 
 

4.4.1� Effect of Partitioning Time and Temperature on Tensile Properties of the                 
0.3C-3Mn-Mo Alloy ....................................................................................................... 72 

 
4.4.2� Effect of Partitioning Time and Temperature on Tensile Properties of the 

0.3C-3Mn-MoAl Alloy ................................................................................................... 74 
 

4.4.3� Effect of Partitioning Time and Temperature on Retained Austenite Fractions and 
Austenite Carbon Content of the 0.3C-3Mn-Mo Alloy ................................................... 76 

 
4.4.4� Effect of Partitioning Time and Temperature on Retained Austenite Fractions and   

Austenite Carbon Content of the 0.3C-3Mn-MoAl Alloy ............................................... 77 
 

4.4.5� Effect of Molybdenum and Aluminum on Tensile Properties ........................................ 78 
 

4.4.6� Effect of Molybdenum and Aluminum on Retained Austenite Fractions and       
Austenite Carbon Content ............................................................................................... 82 

 
4.4.7� Alloying Effects on Engineering Stress-Strain Curves in the 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl Alloys .................................................................................................. 90 
 
4.5� Quenching and Partitioning Response of CMnSi Sheet Steels Containing Copper and Nickel 

Additions ........................................................................................................................................ 92 
 

4.5.1� Effect of Partitioning Temperature on Tensile Properties of the 0.2C-Cu Alloy ............ 93 
 

4.5.2� Effect of Partitioning Temperature on Tensile Properties of the 0.2C-CuNi Alloy ........ 95 
 

4.5.3� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite  
Carbon Content of the 0.2C-Cu Alloy ............................................................................. 97 

 



 vi 

 
4.5.4� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite 

Carbon Content of the 0.2C-CuNi Alloy ......................................................................... 97 
 

4.5.5� Effect of Copper and Nickel Alloying on Tensile Properties .......................................... 98 
 

4.5.6� Effect of Copper and Nickel on Retained Austenite Fractions and Austenite Carbon 
Contents ......................................................................................................................... 103 

 
4.6� Effect of Austenite Fraction on Tensile Properties and a Summary of Tensile Properties .......... 107 

 
CHAPTER 5:� CONCLUSIONS ........................................................................................................... 111 
 
CHAPTER 6:� FUTURE WORK .......................................................................................................... 113 
 
APPENDIX A:� Q&P PROCESSING EFFECTS ON TENSILE PROPERTIES, RETAINED 

AUSTENITE FRACTIONS AND AUSTENITE CARBON CONTENTS .................. 124 
 
A.1:� Effect of Partitioning Temperature on Tensile Properties of the 0.3C-1.5Mn Alloy................... 124 
 
A.2:� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 

Content of the 0.3C-1.5Mn Alloy ................................................................................. 126 
 
A.3:� Effect of Quenching Temperature on Tensile Properties of the 0.3C-1.5Mn Alloy .................... 127 
 
A.4:� Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon Content 

of the 0.3C-1.5Mn Alloy ............................................................................................... 129 
 
A.5:� Effect of Partitioning Temperature on Tensile Properties of the 0.4C-1.5Mn Alloy................... 130 
 
A.6:� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 

Content of the 0.4C-1.5Mn Alloy ................................................................................. 132 
 
A.7:� Effect of Quenching Temperature on Tensile Properties of the 0.4C-1.5Mn Alloy .................... 133 
 
A.8:� Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon Content 

of the 0.4C-1.5Mn Alloy ............................................................................................... 135 
 
A.9:� Effect of Partitioning Temperature on Tensile Properties of the 0.3C-5Mn Alloy...................... 136 
 
A.10:� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 

Content of the 0.3C-5Mn Alloy .................................................................................... 138 
 
A.11:� Effect of Quenching Temperature on Tensile Properties of the 0.3C-5Mn Alloy ....................... 139 
 
A.12:� Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon Content 

of the 0.3C-5Mn Alloy .................................................................................................. 141 
 
A.13:� Effect of Partitioning Temperature on Tensile Properties of the 0.3C-3Mn-Mo         Alloy   ..... 142 
 
A.14:� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 

Content of the 0.3C-3Mn-Mo Alloy ............................................................................. 144 
 
A.15:� Effect of Quenching Temperature on Tensile Properties of the 0.3C-3Mn-Mo          Alloy ....... 145 
 
A.16:� Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon Content 

of the 0.3C-3MnMo Alloy ............................................................................................ 146 
 
A.17:� Effect of Partitioning Temperature on Tensile Properties of the 0.3C-3Mn-MoAl     Alloy ....... 148 
 
A.18:� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 

Content of the 0.3C-3Mn-MoAl Alloy ......................................................................... 150 
 
A.19:� Effect of Quenching Temperature on Tensile Properties of the 0.3C-3Mn-MoAl      Alloy ....... 150 



 vii

 
A.20:� Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon Content 

of the 0.3C-3MnMoAl Alloy ........................................................................................ 152 
 
A.21:� Effect of Partitioning Temperature on Tensile Properties of the 0.2C-Cu Alloy ........................ 153 
 
A.22:� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 

Content of the 0.2C-Cu Alloy ....................................................................................... 155 
 
A.23:� Effect of Quenching Temperature on Tensile Properties of the 0.2C-Cu Alloy .......................... 156 
 
A.24:� Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon Content 

of the 0.2C-Cu Alloy ..................................................................................................... 158 
 
A.25:� Effect of Partitioning Temperature on Tensile Properties of the 0.2C-CuNi Alloy .................... 159 
 
A.26:� Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 

Content of the 0.2C-CuNi Alloy ................................................................................... 161 
 
A.27:� Effect of Quenching Temperature on Tensile Properties of the 0.2C-CuNi Alloy ...................... 162 
 
A.28:� Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon Content 

of the 0.2C-CuNi Alloy ................................................................................................. 164 
 
APPENDIX B:� TENSILE PROPERTIES, RETAINED AUSTENITE FRACTIONS AND    

AUSTENITE CARBON CONTENTS ......................................................................... 166 



 viii

LIST OF FIGURES 

Figure 1.1� Total elongation as a function of ultimate tensile strength for various first (bottom left) 
and second (top right) generation advanced high strength steels. [20] ............................... 2�

Figure 2.1 � Q&P processing schematic, where QT is the quenching temperature, PT is the 
partitioning temperature, and Ms and Mf  are the martensite start and finish temperatures 
respectively. Ci, C� , and Cm refer to the carbon contents of the initial alloy, austenite,   
and martensite, respectively [22]. ....................................................................................... 3�

Figure 2.2 � Optimum retained austenite fraction calculations based on the method proposed by   
Speer et al. for a 0.2C-1.96Al-1.46Mn-0.02Si containing 50% of intercritical ferrite.   
The initial and final martensite (M) and austenite (� ) fractions as a function of initial 
quenching temperature are indicated. Full carbon partitioning is assumed, data adapted 
from [23]. ............................................................................................................................ 5�

Figure 2.3� Change in ferrite yield strength as a function of alloying additions in wt pct for various 
alloying elements, data adapted from [25]. ......................................................................... 8�

Figure 2.4� Hardness of as-quenched martensite and converted tensile strength as a function of    
alloy carbon content. Data adapted from [25, 51]. .............................................................. 9�

Figure 2.5� Retained austenite vol pct as a function of carbon content. Data adapted from [25].......... 9�

Figure 2.6� Effect of carbon content on Ms temperature and lath and plate martensite morphology. 
Data adapted from [25]. .................................................................................................... 10�

Figure 2.7� Engineering stress-strain curves for a 0.3C-3Mn-1.6Si alloy quenched to 200 °C and 
partitioned at 400 °C for various times [12]. .................................................................... 12�

Figure 2.8� Tensile properties obtained in 0.3C-3Mn-1.6Si and 0.3C-5Mn-1.6Si alloys, data    
adapted from [12]. ............................................................................................................. 12�

Figure 2.9� Total elongation as a function of ultimate tensile strength for a 0.25C-3Mn-1.5Si alloy 
studied by De Knijf et al. with an A50 sample geometry, data adapted from [44]. ......... 13�

Figure 2.10� Schematic illustrating the effect of silicon on retardation of carbide precipitation [34]. 
Solid lines represent carbide precipitation without silicon and dashed lines with       
silicon addition. ................................................................................................................. 15 

Figure 2.11� Retained austenite fraction as a function of true strain for a C-Mn-Al-Si and a                
C-Mn-Si TRIP steel, data adapted from [60]. ................................................................... 15�

Figure 2.12� Deformation induced martensite evolution as a function of true strain for CMnSi, 
CMnSiAl and CMnAl TRIP steels, data adapted from [10, 60]. ...................................... 16�

Figure 2.13� Evolution of stacking fault energies (SFE) as a function of aluminum, copper, silicon   
and chromium alloying, data adapted from [67]. .............................................................. 17�

Figure 2.14� (a) Retained austenite fractions of 0.24C-1.6Mn-1.45Si-0.3Al (dotted lines) and 
0.25C-1.7Mn-0.55Si-0.69Al (solid lines) alloys as a function of partitioning time 
showing a decrease in austenite fractions in the 0.25C-1.7Mn-0.55Si-0.69Al alloy [11]. 17�

Figure 2.15� (a) Tensile strength (TS), yield strength (YS), (b) total (TE) and uniform elongation   
(UE) of a Q&P processed 0.25C-1.6Mn-0.1Si-1.4Al alloy as a function of partitioning 
time for the indicated partitioning temperatures of 350, 400 and 450 °C [11]. TS and    
TE shown as solid and YS and UE as dashed lines. ......................................................... 18�



 ix 

Figure 2.16� Engineering stress-strain curves for the 0.2C-3.5Mn-1.5Si (HSi) and 
0.2C-3.5Mn-0.45Si-0.2Al (LSi) alloys partitioned at 350 °C for 10 and 100 s, data 
adapted from [14]. ............................................................................................................. 18�

Figure 2.17� (a) Tensile strength (TS), yield strength (YS) and (b) total (TE) and uniform      
elongation (UE) of a Q&P processed (a, c) 0.2C-1.6Mn-1.6Si and (b, d)                     
0.2C-2Mn-1.5Si-0.25Mo alloys as a function of partitioning time [11]. TS and TE are 
shown by solid and YS     and UE by dashed lines. The square, circle and triangle 
symbols refer to partitioning temperatures of 350, 400 and 450 °C, respectively. ........... 19�

Figure 2.18� Retained austenite fractions as a function of partitioning time for 
0.2C-2Mn-1.5Si-0.25Mo (dashed lines) and 0.2C-1.6Mn-1.6Si (solid lines) alloys.      
The square, circle and triangular symbols refer to partitioning temperatures of 350,      
400 and 450 °C, respectively [11]..................................................................................... 20�

Figure 2.19� (a) Product of tensile strength (TS) and total elongation (EL) and (b) retained       
austenite fractions as a function of isothermal holding time at 430 °C for TRIP steels   
with and without copper addition. Data adapted from [18] .............................................. 22�

Figure 2.20� (a) Product of tensile strength (TS) and total elongation (EL) and (b) retained austenite 
fractions as a function of isothermal holding time at 430 °C for TRIP steels with     
copper and nickel additions. Data adapted from [17]. ...................................................... 22�

Figure 2.21� Uniform elongation as a function of ultimate tensile strength for the alloys shown in 
Table 2.2. Data adapted from [7]. ..................................................................................... 23�

Figure 2.22� Effect of partitioning time and temperature on ultimate tensile strength and 0.2 pct    
offset yield strength. Samples were fully austenitized at 950 °C, quenched to 220 °C    
and partitioned at 350, 400 and 450 °C [36]. .................................................................... 24�

Figure 2.23� Uniform elongation as a function of partitioning time and temperature. Samples were 
fully austenitized at 950 °C, quenched to 220 °C and partitioned at 350, 400 and     
450 °C [36]. ...................................................................................................................... 24�

Figure 2.24� The effect of quenching (a, c, e) and partitioning (b, d, f) temperature on total    
elongation, ultimate tensile strength and retained austenite fractions for a 
0.25C-3Mn-1.5Si alloy studied by De Knijf et al. Data adapted from [44]. .................... 26�

Figure 2.25� Tensile strength, total elongation, retained austenite fraction and austenite carbon content 
as a function of (a, b) quenching and (c, d) partitioning temperature, (e, f) and 
partitioning time, for the alloy studied by Cheng et al. with composition shown in Table 
2.2. Data adapted from [2] ................................................................................................ 27�

Figure 2.26� Gibbs free energy as a function of temperature diagram illustrating the effect of 
mechanical driving force, � GMech, on the austenite to martensite transformation           
[90–92]. ............................................................................................................................. 28�

Figure 2.27� Schematic representation of stress-assisted and strain-induced martensite    
transformation [93]. � y represents austenite yield strength, Ms the temperature below 
which undercooling is sufficient to trigger austenite to martensite transformation,       
Ms�  the temperature below which austenite to martensite transformation occurs    
without prior yielding of austenite and Md the temperature above which no 
transformation occurs. ...................................................................................................... 29 

Figure 2.28� Product of tensile strength (TS) and total elongation (TE) as a function of retained 
austenite fraction (f� ret) for several (a) intercritically annealed and austempered and       
(b) Q&P heat treated steel grades [100]. ........................................................................... 29 



 x

Figure 3.1� (a) Temperature as a function of time for a Q&P cycle. Heat treatment consisted of (A) 
annealing at 800 °C for 120 s, (Qi) initial quench to 200 °C for 10 s, (P) partitioning at 
400 °C for 250 s, and (Qf) final quench to room temperature and (b) table showing the 
actual thermocouple readings for selected times. The salt pot was set to 180 °C to      
reach the target temperature of 200 °C. ............................................................................ 31�

Figure 3.2� Martensite fraction as a function of temperature for the 0.2C-CuNi alloy. Dotted lines 
represent results using the Koistinen-Marburger equation with different constants         
and the solid line represents dilatometry data. .................................................................. 33�

Figure 3.3� Retained austenite fraction as a function of quenching temperature for the 0.2C-CuNi 
alloy using equations (3.3) and (3.4). ............................................................................... 34�

Figure 3.4� XRD spectra for the 0.4C-1.5Mn alloy quenched to 225 °C and partitioned at 450 °C    
for various times. .............................................................................................................. 35�

Figure 3.5� Austenite carbon content determined from XRD data by the Cullity equation, 
Dyson-Holmes equation and Mössbauer emission spectroscopy (MES)  as a function     
of partitioning time for the 0.4C-1.5Mn alloy after quenching to 250 °C and     
partitioning at 400 °C. ....................................................................................................... 36�

Figure 4.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-1.5Mn     
alloy specimens as a function of partitioning time for partitioning temperatures 350,   
400, and 450 °C. ............................................................................................................... 39�

Figure 4.2� (a) Uniform and (b) total elongation of the 0.3C-1.5Mn alloy specimens as a function     
of partitioning time for partitioning temperatures 350, 400, and 450 °C .......................... 39�

Figure 4.3� (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation of the 0.3C-1.5Mn alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. ............................. 40�

Figure 4.4� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.4C-1.5Mn     
alloy specimens as a function of partitioning time for partitioning temperatures 350,   
400, and 450 °C. ............................................................................................................... 41�

Figure 4.5�  (a) Uniform and (b) total elongation of the 0.4C-1.5Mn alloy specimens as a function    
of partitioning time for partitioning temperatures 350, 400, and 450 °C. ......................... 41 

Figure 4.6� (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation of the 0.4C-1.5Mn alloy as a function of partitioning       
time for partitioning temperatures 350, 400, and 450 °C.................................................. 42�

Figure 4.7� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-1.5Mn   
alloy specimens as a function of partitioning time for partitioning temperatures 350,   
400, and 450 °C. ............................................................................................................... 43�

Figure 4.8� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.4C-1.5Mn   
alloy specimens as a function of partitioning time for partitioning temperatures 400      
and 450 °C. ....................................................................................................................... 44�

Figure 4.9� (a) Yield strength and (b) ultimate tensile strength as a function of partitioning time      
for the 0.2C-1.6Mn, 0.3C-1.5Mn, and 0.4C-1.5Mn alloys partitioned at 400 °C. ............ 45 

Figure 4.10 � (a) Uniform and (b) total elongation as a function of partitioning time for the 
0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys partitioned at 400 °C. ........................ 46�

Figure 4.11� A50 tensile test specimen geometry. All dimensions in mm. ......................................... 46�



 xi 

Figure 4.12 � (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation as a function of partitioning time for the 0.2C-1.6Mn,    
0.3C-1.5Mn and 0.4C-1.5Mn alloys. ................................................................................ 47�

Figure 4.13� Engineering stress-strain curves for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn   
alloys quenched to the respective optimal quenching temperatures and partitioned at 
400 °C for 10 and 300 s. ................................................................................................... 47�

Figure 4.14� Total elongation as a function of ultimate tensile strength for the 0.2C-1.6Mn, 
0.3C-1.5Mn, and 0.4C-1.5Mn alloys. ............................................................................... 48�

Figure 4.15� Ultimate tensile and yield strength and total elongation as a function of 
tempering/partitioning temperature for (a) the 0.3C-1.5Mn and (b) 0.4C-1.5Mn Q&P 
steels. Solid lines represent data for an oil quenched and tempered 4340 alloy [25]. ...... 48�

Figure 4.16� Calculated retained austenite fractions as a function of quenching temperature for the 
0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys. ........................................................... 49�

Figure 4.17� Calculated and experimentally measured retained austenite fractions for the (a) 
0.3C-1.5Mn, (b) 0.4C-1.5Mn and (c) 0.2C-1.6Mn [36] alloys partitioned at 400 °C....... 50 

Figure 4.18� (a) Measured retained austenite fractions and (b) austenite carbon content as a       
function of partitioning time for the 0.2C-1.6Mn [36], 0.3C-1.5Mn and 0.4C-1.5Mn 
alloys after quenching to the calculated optimal quenching temperature and       
partitioned at 400 °C. ........................................................................................................ 51�

Figure 4.19� Austenite carbon content determined from XRD data using the austenite peak {220} 
position and the Cullity equation for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn 
alloys. ................................................................................................................................ 52�

Figure 4.20� Product of UTS and TE as a function of (a) retained austenite for the 0.2C-1.6Mn      
[11], 0.3C-1.5Mn, and 0.4C-1.5Mn alloys and (b) the product of retained austenite       
and austenite carbon content for the 0.3C-1.5Mn, and 0.4C-1.5Mn alloys. Austenite      
carbon content data for the 0.2C-1.6Mn alloy were not available. ................................... 52�

Figure 4.21� (a) Total fraction of carbon in � -carbides, austenite and martensite measured using 
M� ssbauer emission spectroscopy and (b) ultimate tensile strength as a function of 
partitioning time for the 0.4C-1.5Mn alloy quenched to 250 °C and partitioned at    
400 °C for various times. Data for figure (a) adapted from [39]. ..................................... 53�

Figure 4.22� Ultimate tensile strength as a function of carbon in martensite, CM (either in solution      
or tied up in carbides). ...................................................................................................... 54�

Figure 4.23� Yield strength as a function of (a) the product of retained austenite fraction and    
austenite carbon content and (b) martensite carbon content for the 0.3C-1.5Mn and 
0.4C-1.5Mn alloys. ........................................................................................................... 55�

Figure 4.24� Micrographs for (a, b) the 0.3C-1.5Mn and (c, d) the 0.4C-1.5Mn alloys after    
quenching to the calculated optimal quenching temperatures and partitioning at      
400 °C for (a, c) 10 s and (b, d) 300 s. .............................................................................. 56�

Figure 4.25� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400       
and 450 °C. ....................................................................................................................... 58�

Figure 4.26� (a) Uniform and (b) total elongation of the 0.3C-5Mn alloy specimens as a function        
of partitioning time for partitioning temperatures 350, 400 and 450 °C. .......................... 58 

 



 xii

Figure 4.27� Effect of partitioning temperature on (a) ratio of yield to ultimate tensile strength and    
(b) product of ultimate tensile strength and total elongation as a function of      
partitioning time for the 0.3C-5Mn alloy. ......................................................................... 59�

Figure 4.28� Total elongation as a function of ultimate tensile strength for the 0.3C-5Mn alloy 
specimens partitioned at 350, 400, and 450 °C. ................................................................ 59�

Figure 4.29� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-5Mn     
alloy specimens as a function of partitioning time for partitioning temperatures 350,    
400 and 450 °C. The dashed line shows alloy carbon content level. ................................ 60�

Figure 4.30� FESEM micrograph of a 0.3C-5Mn alloy after austenitizing at 780 °C for 120 s, 
quenching to 160 °C and partitioning at 400 °C for 30 s [12]. ......................................... 61�

Figure 4.31� Dilatometry data for the 0.3C-5Mn alloy heated to 900 °C with a heating rate of     
30 °C/s and cooled to room temperature with a cooling rate of 60 °C/s. Data         
provided by Dr. Daniel Coughlin from LANL. ................................................................ 62�

Figure 4.32� Calculated optimal quenching temperatures for the 0.3C-5Mn alloy using the 
Ms temperature calculated using equation 3.2 and Ms temperature determined using 
dilatometry. ....................................................................................................................... 62�

Figure 4.33� FESEM micrograph of a 0.3C-5Mn alloy after austenitizing at 850 °C, quenching to 
110 °C and partitioning at 400 °C for 60 s........................................................................ 63�

Figure 4.34� (a) Yield and (b) ultimate tensile strength as a function of partitioning time for the 
0.3C-1.5Mn, 0.3C-3Mn, and 0.3C-5Mn alloys. ................................................................ 64�

Figure 4.35� (a) Uniform and (b) total elongation as a function of partitioning time for the 
0.3C-1.5Mn, 0.3C-3Mn, and 0.3C-5Mn alloys. ................................................................ 64�

Figure 4.36� (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation as a function of partitioning time for the 0.3C-1.5Mn, 
0.3C-3Mn, and 0.3C-5Mn alloys. ..................................................................................... 65�

Figure 4.37� Engineering stress-strain curves for the 0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys 
quenched to the respective optimal quenching temperatures and partitioned at 400 °C    
for 10 and 30 s. ................................................................................................................. 65�

Figure 4.38� Total elongation as a function of ultimate tensile strength for the 0.3C-1.5Mn,   
0.3C-3Mn, and 0.3C-5Mn alloys. ..................................................................................... 66�

Figure 4.39� Calculated retained austenite fractions as a function of quenching temperature for the 
0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys. Data for the 0.3C-5Mn alloy was 
calculated using dilatometry data. ..................................................................................... 67�

Figure 4.40� Calculated and experimentally measured retained austenite fractions for the 
(a) 0.3C-1.5M, (b) 0.3C-5Mn and (c) 0.3C-3Mn alloys partitioned at 400 °C for 10,      
30, 60 and 300 s. ............................................................................................................... 68�

Figure 4.41� (a) Retained austenite fractions and (b) austenite carbon content as a function of 
partitioning time for the 0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys. ......................... 69�

Figure 4.42� Austenite carbon content calculated via the Cullity method [107] for the 0.3C-1.5Mn, 
0.3C-3Mn and 0.3C-5Mn after quenching to the  calculated optimal quenching 
temperature and partitioning at 400 °C. ............................................................................ 69 

 

 



 xiii

Figure 4.43� Product of UTS and TE as a function of (a) retained austenite and (b) the product of 
retained austenite and austenite carbon content for the 0.3C-1.5Mn, and 0.3C-5Mn  
alloys. ................................................................................................................................ 70�

Figure 4.44� Engineering stress-strain curves for the 0.3C-5Mn specimens quenched to 110 °C and   
(a) partitioned at 400 °C for 10, 30 and 300 s and (b) partitioned at 350, 400 and     
450 °C for 60 s. ................................................................................................................. 71�

Figure 4.45� Strain hardening rate as a function of true strain for the 0.3C-5Mn specimens      
quenched to 110 °C and partitioned at 400 °C for 10 and 300 s. ...................................... 72�

Figure 4.46� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for partitioning temperatures 350,   
400, and 450 °C. ............................................................................................................... 73�

Figure 4.47� (a) Uniform and (b) total elongation of the 0.3C-3Mn-Mo alloy specimens as a     
function of partitioning time for partitioning temperatures 350, 400, and 450 °C. .......... 73�

Figure 4.48� (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation of the 0.3C-3Mn-Mo alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. ............................. 74�

Figure 4.49� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the                        
0.3C-3Mn-MoAl alloy specimens as a function of partitioning time for partitioning 
temperatures 350, 400, and 450 °C. .................................................................................. 75�

Figure 4.50� (a) Uniform and (b) total elongation of the 0.3C-3Mn-MoAl alloy specimens as a 
function of partitioning time for partitioning temperatures 350, 400, and 450 °C. .......... 75 

Figure 4.51� (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation of the 0.3C-3Mn-MoAl alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. ............................. 76�

Figure 4.52� (a) Retained austenite fractions and (b) austenite carbon contents of the                      
0.3C-3Mn-Mo alloy specimens as a function of partitioning time for partitioning 
temperatures 350, 400, and 450 °C. .................................................................................. 77�

Figure 4.53� (a) Retained austenite fractions and (b) austenite carbon contents of the                      
0.3C-3Mn-MoAl alloy specimens as a function of partitioning time for partitioning 
temperatures 350, 400, and 450 °C. The dashed line shows alloy carbon content level. . 78�

Figure 4.54� (a) Yield and (b) ultimate tensile strength as a function of partitioning time for the 
0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys partitioned at 400 °C................ 79�

Figure 4.55 � (a) Uniform and (b) total elongation as a function of partitioning time for the     
0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys partitioned at 400 °C................ 79�

Figure 4.56� (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation as a function of partitioning time for the 0.3C-3Mn, 
0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys partitioned at 400 °C. ................................. 80�

Figure 4.57� (a) Total elongation (b) product of ultimate tensile strength and total elongation as a 
function of partitioning time for the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys 
partitioned at 450 °C. ........................................................................................................ 80�

Figure 4.58� Total elongation as a function of ultimate tensile strength for 0.3C-3Mn,     
0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys. ................................................................... 81 

 



 xiv 

Figure 4.59� (a) Yield strength as a function of partitioning time for 0.3C-3Mn-MoAl alloy    
specimens and (b) engineering stress-strain curves for 0.3C-3Mn, 0.3C-3Mn-Mo, and 
0.3C-3Mn-MoAl specimens quenched to 200 °C and partitioned at 400 °C for 30 s....... 82�

Figure 4.60� FESEM micrograph of a 0.3C-3Mn-MoAl specimen quenched to 225 °C and    
partitioned for 10 s at 400 °C. ........................................................................................... 82�

Figure 4.61� Calculated retained austenite fractions as a function of quenching temperature for the 
0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys. ................................................. 83�

Figure 4.62� Calculated and experimentally measured retained austenite fractions for the (a) 
0.3C-3Mn-Mo and (b) 0.3C-3Mn-MoAl and (c) 0.3C-3Mn [12] alloys. ......................... 84�

Figure 4.63� (a) Retained austenite fractions and (b) austenite carbon content as a function of 
partitioning time for the 0.3C-3Mn, 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys   
quenched to the calculated optimal quenching temperatures and partitioned at 400 °C. . 85�

Figure 4.64� Austenite carbon content calculated by the Cullity method [107] for the 0.3C-3Mn, 
0.3C-3Mn-Mo and 0.3C-3Mn-MoAl after quenching to the calculated optimal   
quenching temperature and partitioning at 400 °C. .......................................................... 86�

Figure 4.65� Product of UTS and TE as a function of (a) retained austenite and (b) the product of 
retained austenite and austenite carbon content for the 0.3C-3Mn-Mo, and 
0.3C-3Mn-MoAl alloys. ................................................................................................... 87�

Figure 4.66� (a) Retained austenite fractions and (b) total elongation levels as a function of 
partitioning time for the 0.3C-3Mn-Mo specimens quenched to the calculated        
optimal quenching temperature. ........................................................................................ 87�

Figure 4.67� (a) Retained austenite fractions and (b) total elongation levels as a function of 
partitioning time for the 0.3C-3Mn-MoAl specimens quenched to calculated optimal 
quenching temperature. ..................................................................................................... 88�

Figure 4.68� Micrographs for the 0.3C-3Mn-Mo alloy after partitioning at (a) 400 °C and (b)      
450 °C for 60 s. ................................................................................................................. 89�

Figure 4.69� (a) Retained austenite fractions and (b) austenite carbon content for the        
0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys quenched to the respective calculated   
optimal quenching temperatures and partitioned at 450 °C. ............................................. 89�

Figure 4.70� Engineering stress-strain curves for the 0.3C-3Mn-Mo specimens quenched to 175 °C 
and (a) partitioned at 400 °C for 10, 30 and 300 s and (b) partitioned at 350, 400 and 
450 °C for 60 s. ................................................................................................................. 91�

Figure 4.71� Engineering stress-strain curves for the 0.3C-3Mn-MoAl specimens quenched to     
200 °C and (a) partitioned at 400 °C for 10, 30 and 300 s and (b) partitioned at 350,     
400 and 450 °C for 60 s. ................................................................................................... 91�

Figure 4.72� (a) Engineering stress-strain curves and (b) instantaneous strain-hardening values as a 
function of true strain for the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl samples quenched     
to calculated optimal quenching temperatures and partitioned at 350 °C for 300 s. ........ 92 

Figure 4.73� Strain hardening rate as a function of true strain for the 0.3C-3Mn-Mo and 
0.3C-3Mn-MoAl samples quenched to the calculated optimal quenching temperatures 
and partitioned at 350 °C for 300 s. .................................................................................. 92�

Figure 4.74� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-Cu alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400,      
and 450 °C. ....................................................................................................................... 93�



 xv

Figure 4.75� (a) Uniform and (b) total elongation of the 0.2C-Cu alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. ............................. 94�

Figure 4.76� Effect of partitioning temperature on (a) ratio of yield to ultimate tensile strength and    
(b) product of ultimate tensile strength and total elongation as a function of      
partitioning time for the 0.2C-Cu alloy. ............................................................................ 94�

Figure 4.77� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-CuNi      
alloy specimens as a function of partitioning time for partitioning temperatures 350,   
400, and 450 °C. ............................................................................................................... 95�

Figure 4.78� (a) Uniform and (b) total elongation of the 0.2C-CuNi alloy specimens as a function       
of partitioning time for partitioning temperatures 350, 400, and 450 °C. ......................... 96�

Figure 4.79� Effect of partitioning temperature on (a) ratio of yield to ultimate tensile strength and    
(b) product of ultimate tensile strength and total elongation as a function of      
partitioning time for the 0.2C-CuNi alloy. ........................................................................ 96�

Figure 4.80� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-Cu        
alloy specimens as a function of partitioning time for partitioning temperatures 350,    
400, and 450 °C. The dashed line shows alloy carbon content level. ............................... 97�

Figure 4.81� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-CuNi     
alloy specimens as a function of partitioning time for partitioning temperatures 350,    
400, and 450 °C. ............................................................................................................... 98�

Figure 4.82� (a) Yield and (b) ultimate tensile strength as a function of partitioning time for the     
0.2C, 0.2C-Cu, and 0.2C-CuNi alloys partitioned at 400 °C. ........................................... 99�

Figure 4.83 � (a) Uniform and (b) total elongation as a function of partitioning time for the 0.2C,   
0.2C-Cu, and 0.2C-CuNi alloys partitioned at 400 °C.................................................... 100 

Figure 4.84� (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation as a function of partitioning time for the 0.2C,         
0.2C-Cu, and 0.2C-CuNi alloys partitioned at 400 °C.................................................... 101�

Figure 4.85� (a) Total elongation (b) product of ultimate tensile strength and total elongation as a 
function of partitioning time for the 0.2C, 0.2C-Cu, and 0.2C-CuNi alloys         
partitioned at 450 °C. ...................................................................................................... 101�

Figure 4.86� Engineering stress-strain curves for the 0.2C, 0.2C-Cu, and 0.2C-CuNi alloys after 
quenching to calculated optimal quenching temperatures and partitioning at 400 °C       
for 10 and 300 s. ............................................................................................................. 102�

Figure 4.87� Product of ultimate tensile strength and total elongation as a function of partitioning    
time for various partitioning temperatures for the (a) 0.2C-Cu and (b) 0.2C-CuNi    
alloys. .............................................................................................................................. 102�

Figure 4.88� Micrographs for the (a) 0.2C-Cu and (b) 0.2C-CuNi alloys partitioned at 450 °C for   
30 s. ................................................................................................................................. 103�

Figure 4.89� Total elongation as a function of ultimate tensile strength for the 0.2C, 0.2C-Cu, and 
0.2C-CuNi alloys. ........................................................................................................... 103�

Figure 4.90� Calculated retained austenite fractions as a function of quenching temperature for         
the (a) 0.2C-Cu, (b) 0.2C-CuNi and (c) 0.2C alloys [36]. Ms temperatures for the    
copper and nickel containing alloys were determined via dilatometry while           
equation 3.2 was used for the 0.2C alloy [36]. ............................................................... 104�



 xvi 

Figure 4.91� (a) Retained austenite fractions and (b) austenite carbon content as a function of 
partitioning time for the 0.2C [36], 0.2C-Cu and 0.2C-CuNi alloys quenched to the 
calculated optimal quenching temperature and partitioned at 400 °C. Equation 3.5         
was used to determine austenite carbon contents for the copper and nickel containing 
alloys while an equation proposed by Cullity was used for the 0.2C alloy [107]. ........... 105�

Figure 4.92� Austenite carbon content as a function of partitioning time for the 0.2C [36], 0.2C-Cu   
and 0.2C-CuNi alloys quenched to the calculated optimal quenching temperature and 
partitioned at 400 °C. Austenite peak {220} position and the       equation proposed         
by Cullity was used for all alloys to estimate the austenite carbon content [107]. ........... 106 

Figure 4.93� Product of ultimate tensile strength and total elongation as a function of retained   
austenite fraction for the 0.2C-Cu and 0.2C-CuNi alloys. ............................................... 107�

Figure 4.94 � Product of ultimate tensile strength and total elongation as a function of retained   
austenite fractions for all data points investigated in this work. ....................................... 108�

Figure 4.95� Product of ultimate tensile strength and total elongation as a function of Md30    
temperature for all data points studied in this thesis. Solid data points correspond to      
data points with more than 20 pct of retained austenite. ................................................... 109�

Figure 4.96� Total elongation as a function of ultimate tensile strength for all data generated in this 
work. ................................................................................................................................. 110 

Figure A.1.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-1.5Mn       
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. ................................................................................................................. 124�

Figure A.1.2� (a) Uniform and (b) total elongation of the 0.3C-1.5Mn alloy specimens as a function       
of partitioning time for partitioning temperatures 350, 400 and 450 °C. .......................... 125�

Figure A.1.3� (a) Ratio of yield and ultimate tensile strength and (b) product of ultimate tensile     
strength and total elongation of the 0.3C-1.5Mn alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. .............................. 126�

Figure A.2.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-1.5Mn     
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. ................................................................................................................. 127�

Figure A.3.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-1.5Mn       
alloy specimens as a function of partitioning time for quench temperatures 215, 242       
and 265 °C. ........................................................................................................................ 128�

Figure A.3.2� (a) Uniform and (b) total elongation of the 0.3C-1.5Mn alloy specimens as a function       
of partitioning time for quench temperatures 215, 242 and 265 °C. ................................. 128�

Figure A.3.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.3C-1.5Mn alloy specimens as a function       
of quench temperatures 215, 242 and 265 °C. .................................................................. 129�

Figure A.4.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-1.5Mn    
alloy specimens as a function of partitioning time for partitioning temperatures 215,      
242 and 265 °C. ................................................................................................................. 130 

Figure A.5.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.4C-1.5Mn       
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. ................................................................................................................. 131 

 



 xvii

Figure A.5.2� (a) Uniform and (b) total elongation of the 0.4C-1.5Mn alloy specimens as a function       
of partitioning time for partitioning temperatures 350, 400 and 450 °C. .......................... 131�

Figure A.5.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.4C-1.5Mn alloy as a function of     
partitioning time for partitioning temperatures 350, 400 and 450 °C. .............................. 132�

Figure A.6.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.4C-1.5Mn    
alloy specimens as a function of partitioning time for partitioning temperatures 400        
and 450 °C. ........................................................................................................................ 133 

Figure A.7.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.4C-1.5Mn       
alloy specimens as a function of partitioning time for quench temperatures 200, 225       
and 250 °C. ........................................................................................................................ 134�

Figure A.7.2� (a) Uniform and (b) total elongation of the 0.4C-1.5Mn alloy specimens as a function       
of partitioning time for quench temperatures 200, 225 and 250 °C. ................................. 134�

Figure A.7.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.4C-1.5Mn alloy as a function quench 
temperatures 200, 225 and 250 °C. ................................................................................... 135�

Figure A.8.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.4C-1.5Mn    
alloy specimens as a function of partitioning time for quenching temperatures 200,        
225 and 250 °C. ................................................................................................................. 136�

Figure A.9.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-5Mn          
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. ................................................................................................................. 137�

Figure A.9.2� (a) Uniform and (b) total elongation of the 0.3C-5Mn alloy specimens as a function          
of partitioning time for partitioning temperatures 350, 400 and 450 °C. .......................... 137�

Figure A.9.3� Effect of partitioning temperature on (a) ratio of yield strength and ultimate tensile   
strength and (b) product of ultimate tensile strength and total elongation as a function          
of partitioning time for the 0.3C-5Mn alloy...................................................................... 138 

Figure A.10.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-5Mn       
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. The dashed line shows alloy carbon content level. ................................ 139�

Figure A.11.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-5Mn          
alloy specimens as a function of partitioning time for quench temperatures 85, 110         
and 135 °C. ........................................................................................................................ 140�

Figure A.11.2� (a) Uniform and (b) total elongation of the 0.3C-5Mn alloy specimens as a function          
of partitioning time for quench temperatures 85, 110 and 135 °C. ................................... 140�

Figure A.11.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.3C-5Mn alloy as a function of        
partitioning time for quench temperatures 85, 110 and 135 °C. ....................................... 141 

Figure A.12.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-5Mn       
alloy specimens as a function of partitioning time for quenching temperatures 85, 110    
and 135 °C. The red dashed line shows alloy carbon content level. ................................. 142�

Figure A.13.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-Mo   
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. ................................................................................................................. 143�



 xviii

Figure A.13.2� (a) Uniform and (b) total elongation of the 0.3C-3Mn-Mo alloy specimens as a       
function of partitioning time for partitioning temperatures 350, 400 and 450 °C. ........... 143�

Figure A.13.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.3C-3Mn-Mo alloy specimens as a        
function of partitioning time for partitioning temperatures 350, 400 and 450 °C. ........... 144�

Figure A.14.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. The red dashed line shows alloy carbon content level. .......................... 145�

Figure A.15.1�  (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-Mo   
alloy as a function of partitioning time for quench temperatures 150, 175 and 200 °C. ... 145�

Figure A.15.2� (a) Uniform and (b) total elongation of the 0.3C-3Mn-Mo alloy specimens as a       
function of partitioning time for quench temperatures 150, 175 and 200 °C. ................... 146 

Figure A.15.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation for the 0.3C-3Mn-Mo alloy specimens as a      
function of partitioning time for quench temperatures 150, 175, 200 °C. ........................ 146�

Figure A.16.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for quenching temperatures 150, 175  
and 200 °C. ........................................................................................................................ 147�

Figure A.17.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the                          
0.3C-3Mn-MoAl alloy specimens as a function of partitioning time for partitioning 
temperatures 350, 400 and 450 °C. ................................................................................... 148�

Figure A.17.2� (a) Uniform and (b) total elongation of the 0.3C-3Mn-MoAl alloy specimens as a    
function of partitioning time for partitioning temperatures 350, 400 and 450 °C. ........... 149 

Figure A.17.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.3C-3Mn-MoAl alloy specimens as a    
function of partitioning time for partitioning temperatures 350, 400 and 450 °C. ........... 149�

Figure A.18.1� (a) Retained austenite fractions and (b) austenite carbon contents of the                        
0.3C-3Mn-MoAl alloy specimens as a function of partitioning time for partitioning 
temperatures 350, 400 and 450 °C. The dashed line shows alloy carbon content level. ... 150�

Figure A.19.1�  (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the                         
0.3C-3Mn-MoAl alloy as a function of partitioning time for quench temperatures           
175, 200 and 225 °C. ......................................................................................................... 151�

Figure A.19.2� (a) Uniform and (b) total elongation of the 0.3C-3Mn-MoAl alloy specimens as a     
function of partitioning time for quench temperatures 175, 200 and 225 °C. ................... 151�

Figure A.19.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation for the 0.3C-3Mn-MoAl alloy specimens as a  
function of partitioning time for quench temperatures 175, 200, 225 °C. ........................ 152�

Figure A.20.1� (a) Retained austenite fractions and (b) austenite carbon contents of the                        
0.3C-3Mn-MoAl alloy specimens as a function of partitioning time for quenching 
temperatures 175, 200 and 225 °C. ................................................................................... 153 

Figure A.21.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-Cu             
alloy specimens as a function of partitioning time for partitioning temperatures 350,       
400 and 450 °C. ................................................................................................................. 154�



 xix 

Figure A.21.2� (a) Uniform and (b) total elongation of the 0.2C-Cu alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. .............................. 154�

Figure A.21.3� Effect of partitioning temperature on (a) ratio of yield strength and ultimate tensile  
strength and (b) product of ultimate tensile strength and total elongation as a function       
of partitioning time for the 0.2C-Cu alloy. ....................................................................... 155�

Figure A.22.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-Cu alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. The red dashed line shows alloy carbon content level. ........................................ 156�

Figure A.23.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-Cu alloy 
specimens as a function of partitioning time for quench temperatures 295, 320 and   
345 °C. .............................................................................................................................. 157�

Figure A.23.2� (a) Uniform and (b) total elongation of the 0.2C-Cu alloy specimens as a function of 
partitioning time for quench temperatures 295, 320 and 345 °C. ..................................... 157�

Figure A.23.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.2C-Cu alloy as a function of partitioning   
time for quench temperatures 295, 320 and 345 °C. ......................................................... 158�

Figure A.24.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-Cu alloy 
specimens as a function of partitioning time for quenching temperatures 295, 320 and 
345 °C. The red dashed line shows alloy carbon content level. ........................................ 159�

Figure A.25.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-CuNi         
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. ................................................................................................................. 160�

Figure A.25.2� (a) Uniform and (b) total elongation of the 0.2C-CuNi alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. ............................. 160�

Figure A.25.3� Effect of partitioning temperature on (a) ratio of yield strength and ultimate tensile   
strength and (b) product of ultimate tensile strength and total elongation as a function       
of partitioning time for the 0.2C-CuNi alloy. ................................................................... 161 

Figure A.26.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-CuNi      
alloy specimens as a function of partitioning time for partitioning temperatures 350,      
400 and 450 °C. The red dashed line shows alloy carbon content level. .......................... 162 

Figure A.27.1� (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-CuNi alloy 
specimens as a function of partitioning time for quench temperatures 260, 285 and   
310 °C. .............................................................................................................................. 163�

Figure A.27.2� (a) Uniform and (b) total elongation of the 0.2C-CuNi alloy specimens as a function         
of partitioning time for quench temperatures 260, 285 and 310 °C. ................................. 163�

Figure A.27.3� (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate     
tensile strength and total elongation of the 0.2C-CuNi alloy as a function of       
partitioning time for quench temperatures 260, 285 and 310 °C. ..................................... 164�

Figure A.28.1� (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-CuNi      
alloy specimens as a function of partitioning time for quenching temperatures 260,        
285 and 310 °C. The red dashed line shows alloy carbon content level. .......................... 165 



 xx

LIST OF TABLES 

Table 2.1 Typical Chemical Composition Ranges for TRIP Steels in wt pct [10] .................................... 6�

Table 2.2 Chemical Compositions of Reviewed Alloys in wt pct ............................................................. 7�

Table 2.3 Mechanical Properties Generated in a 0.3C-3Mn-1.5Si Alloy [12] ........................................ 11�

Table 2.4 Mechanical Properties Generated in a 0.3C-5Mn-1.5Si Alloy [12] ........................................ 11�

Table 2.5 Retained Austenite (RA) fractions, Yield Strength (Rp0.2), Tensile Strength (Rm) and Total 
Elongation (A5mm) Levels of Alloys Studied by Mašek et al. [13]. ......................................... 11�

Table 2.6 Yield Strength (YS), Ultimate Tensile Strength (UTS), Uniform Elongation (UE), Total 
Elongation (TE) and Strain Hardening Exponent (n) reported by Diego-Caldéron et al. for     
a 0.25C-3Mn-1.5Si Alloy [44]. Specimen Designation Shows Quenching and Partitioning 
Temperatures and Partitioning Time for Each Specimen, Respectively. Specimen    
Thickness, Width and Gauge     Length were 1, 1 and 4 mm, Respectively. .......................... 13�

Table 2.7 Yield Strength (YS), Ultimate Tensile Strength (UTS), Uniform Elongation (UE) and      
Total Elongation (TE) Reported by Arlazarov et al. for a 0.29C-3Mn-1.4Si Alloy [47]. 
Specimen Designation Shows Quenching and Partitioning Temperatures and Partitioning 
Time for Each Specimen,   Respectively. Specimen Thickness, Width and Gauge Length 
were 1.2, 4 and 15 mm, Respectively. ..................................................................................... 13�

Table 2.8 Heat treating Matrix of a 0.25C-3Mn-1.5Si Steel Studied by De Knijf et al. [42] ................. 25�

Table 2.9 Heat treating Matrix of a Hot-Stamping Steel Studied by Cheng et al. [2]. Composition  
shown in Table 2.2 .................................................................................................................. 27�

Table 3.1 Chemical Compositions of the Laboratory Prepared Steels in wt pct ..................................... 30�

Table 3.2 Heat Treating Matrix Including Annealing, Quenching and Partitioning Times and 
Temperatures ........................................................................................................................... 31�

Table 3.3 Critical Temperatures for the Materials Used in This Study. For the 0.3C-1.5Mn and 
0.4C-1.5Mn Alloys the Ac3 and Ms Temperatures were Determined using Equations (3.1)  
and (3.2) (Calc.), and for all the Other Alloys the Temperatures were Determined from 
Dilatometry Data (Dil.). .......................................................................................................... 33�

Table 3.4 Chemical Composition Ranges for Validity of Austenite Lattice Parameter Determined        
by Dyson and Holmes [98] ...................................................................................................... 36 

Table B.1 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the  
0.3C-1.5Mn Alloy ................................................................................................................. 166 

Table B.2 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the  
0.4C-1.5Mn Alloy ................................................................................................................. 167�

Table B.3 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the  
0.3C-5Mn Alloy .................................................................................................................... 168�

Table B.4 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the  
0.3C-3Mn-Mo Alloy ............................................................................................................. 169�

Table B.5 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the  
0.3C-3Mn-MoAl Alloy ......................................................................................................... 170�



 xxi 

Table B.6 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the  
0.2C-Cu Alloy ....................................................................................................................... 171�

Table B.7 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the  
0.2C-CuNi Alloy ................................................................................................................... 172�

  



 xxii

ACKNOWLEDGEMENTS 

This work would not have been possible without the help and support of several individuals and 

organizations. First, I would like to thank my thesis advisor, Dr. Emmanuel De Moor for his guidance and 

patience throughout the course of work. His positive attitude and enthusiasm towards metallurgy and 

research is indeed infectious. His efforts in pushing me forward and valuable conversations are greatly 

appreciated. I would also like to thank my committee, Dr. John Speer and Dr. Kip Findley, for all the 

support and useful conversations in and outside the classroom. The Department of Energy is gratefully 

acknowledged for funding this research under the award number of DE-EE0005765. 

I would also like to acknowledge other professors and staff at the Department of Metallurgical 

and Materials Engineering, particularly Prof. Van Tyne for the helpful conversations. Additional thanks 

go to Elaine, Lia, Karen, Kelly and Erin who greatly helped me with graduation and administration. Scott 

Pawelka is gratefully acknowledged for his help with the salt pot furnaces. I would also like to thank all 

ASPPRC sponsors for their continuous support, helpful conversations and input throughout this work. US 

Steel and AK steel are appreciated for providing material for this study and a special thanks goes to Dr. 

Grant Thomas from AK Steel and Drs. Amy and Kester Clarke from Los Alamos National Laboratory for 

their input and support. Drs. Dean Pierce and Daniel Coughlin are gratefully appreciated for providing 

MES and dilatometry data and for helpful discussions. I would like to further recognize the help of Ryan 

Morningstar and Andrew Hood in sample preparation, XRD-measurements and tensile testing. 

My time here at the Colorado School of Mines would not have been such a joy without great 

colleagues and especially great office mates. I would like to thank Cheryl Hawk, Taylor Jacobs, Drew 

White, Julian Benz, Allie Glover and Nathan Switzner for the metallurgy related and the non-metallurgy 

related conversations and for all the fun times. I would also like to thank Ana Araujo, Brian Kagay, Igor 

Vieira, Devon Gonzales, Whitney Poling and Blake Whitley for being the best of friends and for all the 

memorable experiences, fun moments, useful talks and coffee breaks. 

During my time here, the Finnish Community on Campus doubled in size, according to my 

knowledge. I would like to thank, especially soon-to-be-Dr. Tuomo Nyyss� nen for all the shared 

knowledge and helpful conversations. Last but certainly not least I would like to thank all the friends and 

family back in Finland and especially my bride, Elisabeth Pietarila, to whom I am eternally thankful for 

her continuous support and understanding during these two years. I could not have done it without you. I 

also want to thank my family, and all the friends, especially those who visited, and Krukna, VT and jäbät, 

thanks for keeping me entertained and inspired! 



 1

CHAPTER 1: INTRODUCTION 

Over the last decades, Advanced High Strength Steels (AHSS) have received an increasing 

amount of attention [1]. The automotive industry is particularly interested in these steels as car 

manufacturers continuously seek new ways to decrease car body weight. High strength steels with good 

formability are needed so that thinner sections can be produced whilst guaranteeing passenger safety. 

Figure 1.1 shows total elongation and tensile strength values for various first and second generation 

AHSS. The first generation AHSS consists of various alloys with predominantly ferritic microstructures 

such as interstitial free (IF), high-strength low-alloy (HSLA) and Transformation Induced Plasticity 

(TRIP) steels. The second generation AHSS alloys mainly possess austenitic microstructures, such as 

Twinning Induced Plasticity (TWIP) steels. The second generation of AHSS alloys possess significant 

combinations of strength and ductility but their use is limited by significant cost increase due to alloying, 

and challenges in production. Current research focuses on the development of the so-called third 

generation AHSS aiming to fill the gap between first and second generation AHSS, as illustrated in 

Figure 1.1. Matlock et al. [1] suggest that third generation AHSS steels could include dual phase (DP) 

steels with enhanced properties, high-manganese transformation induced plasticity (TRIP) steels and 

quenching and partitioning (Q&P) steels [2–9].  

Initially, Q&P heat treatments were performed using traditional TRIP steel compositions 

containing 0.12-0.55C, 0.2-2.5Mn and 0.4-1.8Si [10]. TRIP alloys were used in early Q&P research as 

these alloys have sufficient alloy carbon content for austenite retention, manganese to increase 

hardenability and austenite stability and silicon to suppress carbide formation. More heavily alloyed steels 

have been studied since the early days of Q&P research containing elevated carbon and manganese levels, 

molybdenum, aluminum, silicon and nickel [8, 11–16]. Copper effects have been studied in TRIP-steels 

[17–19] but not specifically in Q&P treated alloys.  

This project aims at further optimizing the tensile properties of Q&P processed CMnSi sheet 

steels. Seven alloys containing various levels of carbon, manganese, molybdenum, aluminum, copper and 

nickel were studied. The effect of processing parameters on tensile properties has been a major focus in 

several Q&P studies and it was studied in this work by utilizing three different quenching temperatures 

(QTs): the optimal QT ±25 °C, three different partitioning temperatures (PTs): 350, 400 and 450 °C and 

four different partitioning times (Pts), 10, 30, 60 and 300 s. Resulting tensile properties were measured by 

uniaxial tensile testing and microstructural evolution was evaluated using x-ray diffraction (XRD). The 

reported tensile properties include 0.2 pct yield strength (YS), ultimate tensile strength (UTS), uniform 
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elongation (UE) and total elongation (TE), and retained austenite fractions (RA) and austenite carbon 

contents (C� ) are reported from XRD measurements.  

 

 

Figure 1.1 Total elongation as a function of ultimate tensile strength for various first (bottom left) 
and second (top right) generation advanced high strength steels. [20] 
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CHAPTER 2: BACKGROUND 

The fundamentals of quenching and partitioning heat treatments and the specific impact of each 

of the alloying elements considered here are discussed in detail in the following sections. Special 

emphasis is placed on the role of each alloying element in the Q&P process. Results for some of the 

alloying effects relevant in Q&P processing reported in literature are shown and discussed. In addition to 

alloying effects, Q&P processing effects on tensile properties, transformation induced plasticity (TRIP) 

phenomena and factors impacting austenite stability are reviewed.  

2.1 Quenching and Partitioning Fundamentals 

Quenching and partitioning (Q&P) is a novel processing route to produce third generation AHSS 

proposed by Speer et al. [21]. The Q&P process can be divided into three steps as shown in the 

processing schematic in Figure 2.1 [22].  

 

 

Figure 2.1  Q&P processing schematic, where QT is the quenching temperature, PT is the 
partitioning temperature, and Ms and Mf  are the martensite start and finish 
temperatures respectively. Ci, C� , and Cm refer to the carbon contents of the initial 
alloy, austenite, and martensite, respectively [22]. 

 

During the first step, the steel is either intercritically annealed or fully austenitized. The steel is 

then quenched to a predetermined, so-called quenching temperature between the martensite start, Ms, and 

martensite finish, Mf, temperatures. After the initial quench, the microstructure of the steel consists of 
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martensite and austenite (and possibly intercritical ferrite). During the third part of the treatment, the steel 

is either held at the initial quenching temperature (one-step Q&P) or at an elevated, so-called partitioning 

temperature (two-step Q&P), after which the steel is quenched to room temperature. The partitioning step 

aims at stabilizing austenite by carbon diffusion from martensite to austenite so that austenite is present 

following final quenching to room temperature.  

Retained austenite stabilization is important in Q&P steels in order to achieve the desired 

combination of strength and ductility. Speer et al. proposed a method to calculate an optimal quenching 

temperature to maximize the retained austenite retention at room temperature using the 

Koistinen-Marburger (K-M) and martensite transformation start temperature (Ms) equations [23]. The 

K-M equation can be used to predict the austenite to martensite transformation rate and is given by [24]: 

 
fm=1-e-0.011(Ms-QT) (2.1) 

where fm is the fraction of austenite that transforms to martensite, Ms is the martensite start 

temperature and QT the quenching temperature. Literature reports various alloy sensitive equations for 

the Ms temperature, such as [25]: 

 
Ms=539-423C-30.4Mn-7.5Si+30Al (2.2) 

proposed by Mahieu et al. for CMnSiAl TRIP-steel compositions [26]. The K-M (2.1) and the Ms 

equations (2.2) are utilized twice in the model proposed by Speer et al. [23]. First, the Ms temperature of 

the initial austenite and martensite fraction at a certain quenching temperature below the Ms temperature 

are calculated. Secondly, the Ms temperature of the austenite after partitioning is calculated assuming full 

carbon partitioning from martensite. The resulting austenite and martensite fractions are shown in 

Figure 2.2. An optimal quenching temperature can be identified where no fresh martensite forms upon 

final quenching and the final austenite content reaches a maximum, as shown by the solid line in the 

figure. If the initial quenching temperature is too low, too much austenite is consumed during the initial 

quench, and maximum austenite retention is not achieved. On the other hand, if the initial quenching 

temperature is too high, insufficient carbon is available to stabilize the austenite and fresh martensite will 

form during the final quench thus reducing the austenite fraction. 

Constrained carbon equilibrium (CCE) is usually assumed in the calculation of the optimum 

quenching temperature [23]. CCE assumes that the diffusion of substitutional atoms is restricted, that the 

martensite/austenite interface is constrained, and that only the diffusion of interstitial atoms is possible. 

Therefore, only carbon atoms are assumed to diffuse from martensite to austenite. Furthermore, carbide 

formation and carbon segregation to dislocations in martensite are assumed not to occur. 

Carbon partitioning and phase transformations taking place during the partitioning step have been 

recognized to play an important role in the Q&P process [3, 27–33]. In the early days of Q&P research, 
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bainite formation was suggested to possibly contribute to austenite carbon enrichment leading to austenite 

stabilization in Q&P [34, 35]. Although bainite formation may partly contribute to austenite stabilization, 

Clarke et al. have shown that bainite formation would not solely explain the significant retained austenite 

fractions measured in several studies [27, 36]. Furthermore, bainite formation is sometimes undesirable in 

Q&P since it reduces the amount of austenite available for carbon enrichment and therefore, alloying 

elements suppressing bainite formation kinetics, such as C, Mn, Ni and Mo, are added to Q&P steels [36, 

37].  

Other competing reactions excluded from the CCE model have been shown to potentially occur 

during partitioning. A study conducted by Thomas et al. showed that carbon partitioning and traditional 

tempering phenomena may take place at the same time [30]. Using XRD, transmission electron 

microscopy (TEM) and atom probe tomography (APT) evidence for carbon partitioning, carbon 

clustering and transition carbide formation was found. Similar results were reported by Toji et al. [38]. 

Pierce et al. investigated transition carbide formation in a 0.4C-1.5Mn-1.5Si alloy during Q&P using 

M� ssbauer Effect Spectroscopy (MES), TEM and XRD [39]. Significant � -transition carbide fractions 

were reported and the authors postulated that this might be one of the reasons for the lower retained 

austenite fractions observed when results are compared to model calculations assuming full carbon 

partitioning. 

 

 

Figure 2.2  Optimum retained austenite fraction calculations based on the method proposed by 
Speer et al. for a 0.2C-1.96Al-1.46Mn-0.02Si containing 50% of intercritical ferrite. 
The initial and final martensite (M) and austenite (� ) fractions as a function of initial 
quenching temperature are indicated. Full carbon partitioning is assumed, data adapted 
from [23].  
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2.2 Alloying Effects 

Low-alloy TRIP-steel compositions are frequently used in Q&P research [6]. De Cooman 

reported that the levels of major TRIP steel alloying additions, C, Mn, and Si frequently lie within the 

ranges shown in Table 2.1 [10]. Early Q&P research employed TRIP alloys as cementite formation is 

effectively suppressed by silicon, sufficient alloy carbon content is available for austenite retention and 

manganese increases hardenability and austenite stability. Alloys with elevated carbon and manganese 

levels, and molybdenum, aluminum, silicon and nickel additions have been studied in later work [7, 8, 

11–14]. Copper effects have been studied in TRIP-steels [17–19] but not specifically in Q&P treated 

alloys, although alloys containing 1 wt pct copper have been reported [2]. The alloy compositions 

reviewed in this section are shown in Table 2.2. 

 

Table 2.1 Typical Chemical Composition Ranges for TRIP Steels in wt pct [10] 
 

C Mn Si 
0.12-0.55 0.2-2.5 0.4-1.8 

 

Alloying effects on critical temperatures (Ac1, Ac3, Bs and Ms) are of importance in designing 

Q&P heat treatments. Ac1 and Ac3 temperatures are of importance in designing the intercritical 

annealing/full austenitization temperature, and Bs and Ms in designing the initial quenching temperature. 

Most of the alloying elements decrease these critical temperatures, as shown in experimentally derived 

equations (2.1-2.4), proposed by Mahieu et al., Andrews, and Steven and Haynes, respectively, with the 

exception of silicon and molybdenum, which are shown to increase the Ac3 temperature and aluminum 

which is shown to increase the Ms temperature [26, 40, 41]. 

 

 Ac3=910-203� C+44.7Si-30Mn-15.2Ni+31.5Mo (2.3) 
 

 Bs=830-270C-90Mn-70Cr-37Ni-83Mo (2.4) 

 

Another important aspect of alloying elements is their strengthening effect. Figure 2.3 plots the 

solid solution strengthening of ferrite as a function of various alloying elements [25]. Carbon, silicon, 

copper, manganese and molybdenum increase ferrite yield strength whereas nickel and aluminum are 

shown not to significantly contribute to strengthening. Interstitial atoms, such as carbon and nitrogen, 

have a greater impact on strengthening than substitutional atoms, such as silicon, copper and 

molybdenum, as shown in Figure 2.3.



 7

Table 2.2 Chemical Compositions of Reviewed Alloys in wt pct 

Ref. C Mn Si Al Mo Cr Cu Ni B 
Steel A [38] 1.07 2.9 2.2 0.048 - - - - - 
Steel B [42] 0.59 2.9 2 0.038 - - - - - 

0.2C-3Mn-1.6Si [12] 0.2 3 1.6 0.06 - - - - - 
0.3C-3Mn-1.6Si [24] 0.29 2.95 1.59 0.06 - - - - - 
0.3C-5Mn-1.6Si [24] 0.28 4.96 1.64 0.06 - - - - - 

H0 [13] 0.43 0.59 2.03 0.008 0.03 1.33 - 0.07 - 
H1 [13] 0.43 0.59 2.6 0.008 0.03 1.33 - 0.01 - 
H2 [13] 0.43 1.17 2.6 0.008 0.03 1.33 - 0.07 - 

CMnSi [11] 0.2 1.63 1.63 - - - - - - 
CMnSi [11] 0.24 1.61 1.45 0.3 - - - - - 

CMnAlSi [11] 0.25 1.7 0.55 0.69 - - - - - 
MoCMnAl [11] 0.24 1.6 0.12 1.41 0.17 - - - - 
MoCMnSi [11] 0.21 1.96 1.49 - 0.25 - - - - 

HSi [14] 0.195 3.5 1.54 0.006 - - - - - 
LSi [14] 0.198 3.5 0.45 0.22 - - - - - 

De Knijf et al. [43–45] 0.25 3 1.5 - - - - - - 
de Diego-Calderon et 

al. [46, 47] 0.25 3 1.5 0.023 - - - - 
- 

Seo et al.[48] 0.21  4 1.6  - -  1 - - - 
Arlazarov et al. [49] 0.29 3 1.4 - - - - - - 

0.16C-1.42Si-
1.47Mn[18] 0.16 1.47 1.42 - - - - - - 

0.14C-1.49Si-1.51Mn-
0.5Cu, [17, 18] 0.14 1.51 1.49  - - 0.51 - - 

0.5Cu-0.4Ni [17] 0.15 1.52 1.53 - - - 0.51 0.41 - 
HCLNi [7] 0.37 2.27 2.45 - 0.58 0.8 - 1.47 - 
LCLNi [7] 0.22 2.42 2.49 - 0.49 0.72 - 1.39 - 
HCHNi [7] 0.39 2.39 2.64 - 0.5 0.78 - 4.83 - 
LCHNi [7] 0.28 2.37 3 - 0.6 0.71 - 5.3 - 

CMnSiAl [36] 0.19 1.59 1.63 0.036 - - - - - 
Cheng [2] 0.19 1.53 1.55 0.025 0.45 1.01 1.01 0.95 0.0027 
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Figure 2.3 Change in ferrite yield strength as a function of alloying additions in wt pct for various 
alloying elements, data adapted from [25]. 

2.2.1 Carbon  

Carbon is known to increase the strength of martensite and to stabilize austenite. These effects are 

illustrated in Figure 2.4 and Figure 2.5 [25]. Figure 2.4 shows increasing hardness in as-quenched 

martensite with alloy carbon content which also corresponds to increasing martensite strength. The lower 

impact of carbon on hardness at higher carbon content is explained by the increase in retained austenite 

fraction as shown in Figure 2.5. Morito et al. studied the effect of alloy carbon content on dislocation 

density of as-quenched martensitic microstructures [50]. The authors reported increasing dislocation 

densities with increasing alloy carbon content up to 0.6 wt pct. These results suggest that the 

strengthening from increasing alloy carbon content maybe  strongly correlating with the resulting 

dislocation density. Austenite stabilization is mainly controlled by carbon enrichment although other 

austenite stabilizing elements, such as manganese, can be effective as well [34]. The amount of carbon 

also affects martensite morphology. Lath martensite is reported to form with 0-0.6 wt pct of carbon in the 

alloy while plate martensite forms with 1 wt pct or more, as shown in Figure 2.6. Carbon also decreases 

the Ms temperature which enables austenite retention at room temperature if sufficient carbon enrichment 

of austenite occurs, as shown in the same figure [5]. Carbon is therefore important in Q&P steels as it 

helps austenite retention and also significantly strengthens the martensite matrix.  

The effect of alloy carbon content on tensile properties of Q&P steels have been studied in [12] 

with compositions shown in Table 2.2. In the fully austenitized condition, the 0.2C-3Mn-1.6Si alloy 

exhibited ultimate strength levels of 1200-1450 MPa and total elongations of 9-15 pct. Increasing the 
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alloy carbon content to 0.3 wt pct increased the ultimate tensile strength levels into a range of 

1400-1700 MPa and total elongation levels to 11-17 pct.  

 

 

Figure 2.4 Hardness of as-quenched martensite and converted tensile strength as a function of 
alloy carbon content. Data adapted from [25, 51].  

 

 

Figure 2.5 Retained austenite vol pct as a function of carbon content. Data adapted from [25]. 
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Figure 2.6 Effect of carbon content on Ms temperature and lath and plate martensite morphology. 
Data adapted from [25]. 

2.2.2 Manganese  

Manganese is a common alloying addition in steel and is known to effectively stabilize austenite, 

increase hardenability by retarding the austenite-to-pearlite transformation, lower the Ac1, Ac3 and Ms 

temperatures and contribute to the overall strength of the steel via solid solution strengthening [52, 53]. 

Elevated manganese levels can lead to banding and very stable austenite regions in the microstructure, 

which may reduce the TRIP effect and potentially the ductility and strength of the steel [52]. Manganese 

is also reported to act as a mild carbide-forming element, and decrease carbon diffusivity in austenite 

leading to slower bainite growth kinetics [54]. 

Alloys with increased manganese levels produce interesting tensile properties in recent Q&P 

studies [12, 14, 44, 46, 48, 49, 55], as shown in Figures 2.7 through 2.9 and Tables 2.3 through 2.7. The 

Q&P response of CMnSi steels with elevated manganese levels for three different alloys was studied in 

[12] with alloy compositions included in Table 2.2. Table 2.3 presents YS, UTS, UE and TE data for a 

0.3C-3Mn-1.6Si alloy and Figure 2.7 shows corresponding engineering stress-strain curves for selected 

conditions [12]. UTS and TE levels ranging from 1492 to 1648 MPa and 12 to 17 pct, respectively, were 

measured for this alloy. Tensile properties for a 0.3C-5Mn-1.6Si alloy have also been reported and some 

of these properties are shown in Table 2.4 [12]. The majority of the tested specimens exhibited low 

elongation levels for the Q&P parameters studied, as shown in Table 2.4 and Figure 2.8. The authors 

suspected the low total elongation levels to result from the existence of large areas of untempered 

martensite. The present study aims to improve these properties using a similar alloy composition and 
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alternate thermal processing as discussed further in Chapter 4. Attractive tensile properties were also 

generated for a 0.25C-3Mn-1.5Si alloy, as shown in Figure 2.9 [44]. 

Mašek et al. have also studied the effects of different manganese contents on tensile properties 

and microstructures resulting from a Q&P heat treatment [13]. The alloys used in their study are listed in 

Table 2.2. Their results indicate that increasing manganese content from 0.6 to 1.2 wt pct in an alloy 

containing elevated Si and Cr levels fractions and total elongation levels on average but increased both 

YS and UTS in most cases for the selected alloys and Q&P processing conditions, as shown in Table 2.5.  

Table 2.3 – Tensile Properties Generated in a 0.3C-3Mn-1.5Si Alloy [12] 

QT (°C) PT (°C) Pt (s) YS (MPa) UTS (MPa) UE (pct) TE (pct) 

180 
400 

10 995 1648 9 12 
30 954 1548 11 14 
100 1055 1492 15 17 

450 10 1077 1501 13 16 

200 400 
10 1028 1632 10 13 
30 1055 1535 11 15 
100 1119 1495 15 17 

 

 
Table 2.4 – Tensile Properties Generated in a 0.3C-5Mn-1.5Si Alloy [12] 

QT (°C) PT (°C) Pt (s) YS (MPa) UTS (MPa) UE (pct) TE (pct) 

140 
400 

10 1192 1244 0.9 0.9 
30 - 958 0.6 0.6 
100 1192 1244 0.6 0.6 

450 10 1180 1195 0.8 1.0 

160 
400 

10 - 690 0.4 0.4 
30 - 971 0.6 0.6 
100 - 837 0.5 0.5 

450 10 1229 1276 0.8 1.0 

180 
400 

10 988 1629 9.5 12.4 
30 976 1541 11.3 14.3 
100 1170 1153 1.2 1.2 

450 10 1250 1362 1.0 1.0 
 

 

Table 2.5 – Retained Austenite (RA) fractions, Yield Strength (Rp0.2), Tensile Strength (Rm) and Total 
Elongation (A5mm) Levels of Alloys Studied by Mašek et al. [13] 

Steel Partitioning 
Temperature (°C) RA (pct) Rp0.2 (MPa) Rm (MPa) A5mm (pct) 

H1 
250 13 1516 1965 17 
300 19 1448 1757 24 
350 22 1420 1702 25 

H2 
250 14 1656 2118 17 
300 13 1557 1837 22 
350 17 1221 1720 26 
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Figure 2.7 Engineering stress-strain curves for a 0.3C-3Mn-1.6Si alloy quenched to 200 °C and 
partitioned at 400 °C for various times [12]. 

 

`  

Figure 2.8 Tensile properties obtained in 0.3C-3Mn-1.6Si and 0.3C-5Mn-1.6Si alloys, data 
adapted from [12]. 
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Figure 2.9 Total elongation as a function of ultimate tensile strength for a 0.25C-3Mn-1.5Si alloy 
studied by De Knijf et al. with an A50 sample geometry, data adapted from [44].  

 

Table 2.6 Yield Strength (YS), Ultimate Tensile Strength (UTS), Uniform Elongation (UE), Total 
Elongation (TE) and Strain Hardening Exponent (n) reported by Diego-Caldéron et al. for a 

0.25C-3Mn-1.5Si Alloy [46]. Specimen Designation Shows Quenching and Partitioning Temperatures 
and Partitioning Time for Each Specimen, Respectively. Specimen Thickness, Width and Gauge 

Length were 1, 1 and 4 mm, Respectively.  

Specimen YS (MPa) UTS (MPa) UE (pct) TE (pct) n 
224-350-500 900 1357 10 22 0.19 
244-300-500 721 1419 10 21 0.25 
244-350-500 803 1471 11 21 0.26 
244-400-100 621 1462 17 26 0.24 
244-400-500 821 1267 16 28 0.19 
244-400-1000 681 1275 16 29 0.20 
264-350-500 761 1354 13 24 0.24 

 

 

Table 2.7 Yield Strength (YS), Ultimate Tensile Strength (UTS), Uniform Elongation (UE) and Total 
Elongation (TE) Reported by Arlazarov et al. for a 0.29C-3Mn-1.4Si Alloy [49]. Specimen Designation 

Shows Quenching and Partitioning Temperatures and Partitioning Time for Each Specimen, Respectively. 
Specimen Thickness, Width and Gauge Length were 1.2, 4 and 15 mm, Respectively.  

Specimen YS (MPa) UTS (MPa) UE (pct) TE (pct) 
200-400-100 1200 1433 8.8 15.9 
200-400-300 1201 1409 11.2 16.9 
200-460-10 1104 1408 10.9 16.5 
200-460-30 1033 1397 10.4 15.8 
200-460-50 1063 1442 10.7 16.2 
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2.2.3 Silicon and Aluminum 

Silicon plays an important role in suppressing carbide formation during the Q&P process which is 

schematically illustrated in Figure 2.10 [34, 56]. Since the solubility of silicon in cementite is negligible, 

silicon has to diffuse towards the matrix from the carbide-matrix interface for cementite precipitation to 

occur during tempering and partitioning. Simultaneously, carbon needs to diffuse in the opposite 

direction. At low silicon levels, this process is controlled by carbon diffusion whereas at greater silicon 

levels silicon diffusion starts to control cementite precipitation. In addition, Owen has reported that higher 

tempering temperatures are required for austenite decomposition with greater silicon contents [56].  

Carbide suppression is of importance in Q&P steels since carbides would consume carbon which 

could otherwise stabilize austenite and carbides may also be detrimental to the ductility of the steel [57]. 

During tempering, retained austenite might decompose to ferrite and interlath cementite thus causing 

tempered martensite embrittlement (TME). In addition to carbide suppression, silicon contributes to the 

strength of the steel via solid solution strengthening. [5, 58].  

One of the disadvantages of elevated silicon levels is the highly stable oxides which form during 

hot rolling. These oxides are difficult to remove by pickling and lead to surface finish problems by 

reducing hot dip galvanizibility [59–61]. Aluminum might be used as an alternative for silicon since like 

silicon, aluminum is not soluble in cementite and therefore effectively prevents carbide formation and 

does not deteriorate galvanizibility [26]. Mahieu et al. studied hot-dip galvanizing of aluminum alloyed 

TRIP steels and reported that replacing silicon by aluminum results in the formation of Fe-Al spinels on 

the surface, which do not deteriorate galvanizability and prevent Mn2SiO4 formation [62]. A density 

functional theory (DFT) calculation conducted by Ande and Sluiter showed that silicon is almost twice as 

effective as aluminum in suppressing carbides [63]. However, aluminum alloying has been shown to 

result in significant retained austenite fractions, as shown in Figure 2.11 which plots retained austenite 

fractions as a function of true strain for two TRIP alloys, and to increase austenite carbon content in TRIP 

steels [26, 60, 64]. Aluminum has also been reported to be beneficial to the TRIP effect through delayed 

austenite to strain-induced martensite transformation, as shown in Figure 2.12 which plots the fraction of 

transformation induced martensite as a function of true strain for several TRIP alloys, which also plots 

data from Figure 2.11 [60, 65, 66]. Greater stacking fault energies (SFE) are reported to inhibit strain-

induced � ’-martensite nucleation and aluminum is reported to increase SFE, as shown in Figure 2.13 [67, 

68]. Compared to silicon, aluminum is not a strong ferrite solid solution strengthener, as shown in Figure 

2.3, and has been reported to increase cementite formation temperature, accelerate bainite formation and 

potentially increase austenite carbon content [10, 65, 69].  
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Figure 2.10 Schematic illustrating the effect of silicon on retardation of carbide precipitation [34]. 
Solid lines represent carbide precipitation without silicon and dashed lines with silicon 
addition. 

 

 

Figure 2.11 Retained austenite fraction as a function of true strain for a C-Mn-Al-Si and a C-Mn-Si 
TRIP steel, data adapted from [60].  

 

The Q&P response of silicon and aluminum containing steels has been investigated in multiple 

studies [11, 14, 70–74]. The effect of silicon, aluminum and molybdenum on tensile properties of Q&P 

processed steels was studied in [11] with compositions shown in Table 2.2. The results show that 

increased aluminum content leads to decreased retained austenite fractions, strength and elongation levels, 



 16

as shown in Figure 2.14 and Figure 2.15 although it should be noted that the overall combined levels of Si 

and Al were lower than in the compared alloys. Lehnhoff studied the effect of silicon and aluminum on 

deformation behavior of Fe-Ni-Cr-Si-Al alloys under tensile and cyclic loading [75]. An addition of 2.5 

wt pct of aluminum was reported to increase SFE by 12 J/m2 whereas a silicon addition of 2.5 wt pct was 

reported to decrease SFE by 6.4 J/m2. Increasing SFE was previously mentioned to inhibit the 

transformation induced austenite to martensite transformation. Contrary to this, Lehnhoff reported that 

aluminum promoted the transformation during tensile loading whereas silicon inhibited the 

transformation possibly due to thermodynamic stability effects. 

Santofimia et al. studied two intercritically annealed Q&P steels with varying amounts of silicon 

and aluminum, as shown in Table 2.2 [14]. The partial substitution of silicon by aluminum in the 

LSi-alloy was reported to lead to lower strength levels and retained austenite fractions and a higher 

fraction of cementite [14]. Figure 2.16 shows the engineering stress-strain curves for miniature size HSi 

and LSi tensile specimens after 10 and 100 s partitioning at 350 °C [14]. The LSi alloy exhibits lower 

strength for both partitioning times and lower total elongation after the longer partitioning time. 

 

 

Figure 2.12 Deformation induced martensite evolution as a function of true strain for CMnSi, 
CMnSiAl and CMnAl TRIP steels, data adapted from [10, 60]. 
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Figure 2.13 Evolution of stacking fault energies (SFE) as a function of aluminum, copper, silicon 
and chromium alloying, data adapted from [67]. 
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(a) 

Figure 2.14 (a) Retained austenite fractions of 0.24C-1.6Mn-1.45Si-0.3Al (dotted lines) and 
0.25C-1.7Mn-0.55Si-0.69Al (solid lines) alloys as a function of partitioning time 
showing a decrease in austenite fractions in the 0.25C-1.7Mn-0.55Si-0.69Al alloy [11]. 
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(b) 

Figure 2.15 (a) Tensile strength (TS), yield strength (YS), (b) total (TE) and uniform elongation 
(UE) of a Q&P processed 0.25C-1.6Mn-0.1Si-1.4Al alloy as a function of partitioning 
time for the indicated partitioning temperatures of 350, 400 and 450 °C [11]. TS and 
TE shown as solid and YS and UE as dashed lines. 

 

 

Figure 2.16 Engineering stress-strain curves for the 0.2C-3.5Mn-1.5Si (HSi) and 
0.2C-3.5Mn-0.45Si-0.2Al (LSi) alloys partitioned at 350 °C for 10 and 100 s, data 
adapted from [14]. 

2.2.4 Molybdenum  

Molybdenum has been used in various AHSS to promote the formation of bainitic or martensitic 

microstructures, through an increase in hardenability by delaying austenite decomposition, and to increase 

strength via secondary hardening [76–78]. The effect of molybdenum on Q&P steels have been studied in 

[11] with compositions shown in Table 2.2. The best combination of tensile properties was measured for 
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the MoCMnSi steel, as shown in Figure 2.17. Molybdenum alloying increased strength levels 

significantly while elongation levels decreased slightly on average when compared to a similar alloy 

without molybdenum alloying. The authors reported that molybdenum alloying increased retained 

austenite fractions, especially at the highest partitioning temperature of 450 °C, as illustrated in 

Figure 2.18.  
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(d) 

Figure 2.17 (a) Tensile strength (TS), yield strength (YS) and (b) total (TE) and uniform elongation 
(UE) of a Q&P processed (a, c) 0.2C-1.6Mn-1.6Si and (b, d) 0.2C-2Mn-1.5Si-0.25Mo 
alloys as a function of partitioning time [11]. TS and TE are shown by solid and YS 
and UE by dashed lines. The square, circle and triangle symbols refer to partitioning 
temperatures of 350, 400 and 450 °C, respectively. 
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Figure 2.18 Retained austenite fractions as a function of partitioning time for 
0.2C-2Mn-1.5Si-0.25Mo (dashed lines) and 0.2C-1.6Mn-1.6Si (solid lines) alloys. The 
square, circle and triangular symbols refer to partitioning temperatures of 350, 400 and 
450 °C, respectively [11].  

2.2.5 Copper and Nickel 

Copper is a tramp element in steel scrap and is very difficult to remove since iron oxidizes before 

copper [79]. Figure 2.13 suggests that copper would increase the SFE and therefore possibly delay the 

austenite to martensite transformation. However, data reported by Kim et al. suggests that a copper 

addition of 0.5 wt pct in an intercritically annealed TRIP steel did not significantly affect the mechanical 

stability of austenite. Copper has been reported to increase the yield strength of normalized 0.08-0.20C 

steels by approximately 78 MPa/wt pct and tensile strength by 56 MPa/wt pct up to 0.8 wt pct Cu [80]. 

Copper is a strong austenite stabilizer and also strengthens ferrite by precipitating fine � -particles which is 

reported to occur for greater copper contents (> 0.7 wt pct) at higher temperatures (400-700 °C) [18, 81]. 

Increasing alloy C, Si, Mn, Cr, Ni, Mo content increases the times required to reach the greatest hardness 

from copper precipitation [81, 82]. Takaki et al. investigated copper and copper precipitation effects on 

tensile properties and grain-refinement [19]. Copper additions were observed to yield better products of 

total elongation and tensile strength compared to an alloy with no copper addition.  

The effect of copper precipitation on grain refinement was investigated in strain-assisted ferrite 

transformation from heavily deformed austenite and in dynamic recrystallization of heavily deformed 

ferrite [19]. Ferrite grain sizes smaller than 1 	 m were observed in both cases. Ferrite grain refinement 

was postulated to result from fine copper precipitates but the authors did not provide further evidence to 

support this. Copper has also been suggested to refine the austenite grain size via solute drag, as reported 

by Nakashima et al. [83]. In a study conducted by Jung et al. a copper addition of 1.5 wt pct was shown 

to suppress carbide formation during quenching resulting in greater carbon levels in solution in a medium 
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carbon steel [82]. The copper addition was also reported to retard the finish temperature of � -transition 

carbides and the start and finish temperatures of cementite precipitation [82]. In addition, 

DFT-calculations performed for copper by Ande and Sluiter also suggest that copper is effective in 

suppressing carbide precipitation [63]. 

Copper is also known to have detrimental effects at high levels, causing hot shortness during hot 

forming [84]. Hot shortness may occur if a steel slab oxidizes at an elevated temperature and is 

consequently deformed. It is caused by wetting of austenite grain boundaries with a liquid copper-rich 

phase which reduces the energy necessary to separate the grain boundaries thus possibly causing cracking 

in ensuing hot deformation steps [84]. Buchner et al. report that copper is liquid in a temperature range of 

1083 to 1177 °C and causes the most severe hot shortness in this temperature range [84]. Some alloying 

elements, such as tin, decrease the solubility of copper in austenite, whereas other elements, such as 

nickel, increase the solubility thus decreasing the tendency to form a molten copper rich phase and cause 

hot shortness [79]. A Ni/Cu ratio of up to 1 has been reported to be sufficient to prevent hot shortness 

[85]. In addition, nickel stabilizes austenite and increases hardenability [25, 85]. Therefore, nickel is 

frequently used in combination with copper although its use is restrained by associated cost [85].  

The effect of nickel and/or copper on the tensile properties of TRIP steels has been investigated in 

several studies [2–4, 7, 70, 86–88]. Kim et al. studied the effect of copper on TRIP steels with 

compositions shown in Table 2.2 [18]. The copper bearing alloy was reported to exhibit significantly 

higher tensile strength and retained austenite fractions and slightly higher yield strength and elongation 

values than the base alloy. Figure 2.19 shows (a) the product of tensile strength and total elongation and 

(b) retained austenite fraction evolution as a function of isothermal holding time for these alloys. The 

improved tensile properties were reported to result from higher retained austenite fractions and ferrite 

strengthening resulting from either solid solution strengthening or the copper clustering effect [18]. 

In another study, Kim et al. investigated the combined effect of copper and nickel in 

intercritically annealed TRIP steels with compositions shown in Table 2.2 [17]. Cu and/or Ni alloying 

was shown to result in significant combinations of strength and ductility and retained austenite fractions, 

as shown in Figure 2.20 where (a) shows the product of tensile strength and total elongation and (b) 

retained austenite fractions as a function of isothermal holding time at 430 °C [17]. The nickel containing 

alloy is shown to contain more austenite in most cases while the product of tensile strength and total 

elongation is similar for both alloys. Rizzo et al. investigated the effect of carbon and nickel alloying on 

the tensile properties of four different Q&P heat treated C-Mn-Si-Ni-Cr-Mo alloys with compositions 

shown in Table 2.2 [7]. High nickel alloys were reported to exhibit a wide range of UTS with modest 

ductility whereas the low nickel alloys exhibited better ductility and greater strength levels, as illustrated 
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in Figure 2.21. The best combination of strength and toughness was measured for a high carbon, low 

nickel alloy [7].  

 

(a) 

 

(b) 

Figure 2.19 (a) Product of tensile strength (TS) and total elongation (EL) and (b) retained austenite 
fractions as a function of isothermal holding time at 430 °C for TRIP steels with and 
without copper addition. Data adapted from [18] 

 

 

(a) 

 

(b) 

Figure 2.20 (a) Product of tensile strength (TS) and total elongation (EL) and (b) retained austenite 
fractions as a function of isothermal holding time at 430 °C for TRIP steels with copper 
and nickel additions. Data adapted from [17]. 
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Figure 2.21 Uniform elongation as a function of ultimate tensile strength for the alloys shown in 
Table 2.2. Data adapted from [7]. 

2.3 Influence of Processing Parameters on Tensile Properties of Q&P Steels 

Microstructures, and therefore tensile properties of Q&P steels, can be modified during every step 

of the Q&P process. Reheating temperature controls the original austenite fraction and the initial 

quenching temperature determines the initial martensite fraction, amount of austenite that will be 

available for enrichment through carbon diffusion from martensite to austenite during the partitioning step 

and maximum carbon available in martensite for partitioning and austenite stabilization. Both partitioning 

time and temperature affect partitioning kinetics, and thus the resulting microstructure and tensile 

properties. The effects of partitioning time (Pt) and temperature (PT), and quenching temperature (QT) on 

tensile properties of Q&P steels are considered in more detail in the following paragraphs. 

The Q&P response on tensile properties of sheet steels have been studied extensively [5, 12, 23, 

36, 44, 48, 89]. An in-depth analysis of the effect of processing parameters on tensile properties of a Q&P 

steel is provided in the doctoral thesis of Amy Clarke (2006) [36]. The composition of the steel used in 

this study is presented in Table 2.2 and some of the results are reviewed here. The effect of partitioning 

time and temperature for fully austenitized samples was investigated using reheating temperatures of 

950 or 900 �C, quenching temperatures of 220 and 240 �C and partitioning for varying times (10-1000 s) 

at 350, 400 and 450 �C.  

For the fully austenitized samples, UTS decreased with increasing partitioning time and with 

increasing partitioning temperature. Yield strengths increased with increasing partitioning time for 

partitioning completed at either 350 or 400 °C and decreased when partitioning took place at 450 °C. 

Uniform elongation decreased with increasing partitioning time at both 350 and 400 �C but increased 
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when partitioning took place at 450 �C. These findings are illustrated in Figures 2.22 and 2.23 where 

UTS, YS and UE are plotted against partitioning time, respectively. Similar results are also reported in [5, 

11].  

 

Figure 2.22 Effect of partitioning time and temperature on ultimate tensile strength and 0.2 pct 
offset yield strength. Samples were fully austenitized at 950 °C, quenched to 220 °C 
and partitioned at 350, 400 and 450 °C [36].  

 

 

Figure 2.23 Uniform elongation as a function of partitioning time and temperature. Samples were 
fully austenitized at 950 °C, quenched to 220 °C and partitioned at 350, 400 and 
450 °C [36]. 

 

Another study of processing parameter effects on tensile properties for a 0.25C-3Mn-1.5Si alloy 

was conducted by De Knijf et al. [44]. The heat treatment matrix for their study is shown in Table 2.8. 

The effect of PT and QT on tensile properties and microstructural evolution is shown in Figure 2.25. For 

a QT of 224 °C, increasing PT decreased UTS for all Pts in most cases. A maximum TE levels and RA 
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fractions were observed after 50-500 s of partitioning for all PTs. The greatest TE and RA levels were 

measured after partitioning at 400 °C for 500 s. Varying the QT did not change the TE, UTS and retained 

austenite levels as much as varying the PT. UTS levels were similar for all the QTs, except for Pts of 10 

and 30 s, after which samples quenched to 244 and 264 °C exhibited greater UTS levels than samples 

quenched to 224 °C. A maximum TE was observed after quenching to a QT of 264 °C although this 

condition did not exhibit the greatest RA fraction. 

Cheng et al. also studied the effect of quenching temperature, partitioning temperature and time 

on the tensile properties of a Q&P heat treated hot-stamping steel with composition shown in Table 2.2 

and heat treating matrix shown in Table 2.9 [2]. The effect of QT was studied in samples partitioned at a 

PT of 330 °C for 60 s, the effect of PT was studied in samples with a QT of 240 °C and a Pt of 60 s and 

the effect of Pt was studied in samples quenched to 240 °C and partitioned at 330 °C for various times. 

For these selected samples, increasing PT and Pt were reported to decrease UTS and increase TE while 

increasing QT increased UTS and decreased TE. Increasing retained austenite fractions increased total 

elongation levels but decreased ultimate tensile strength. The processing parameters were reported to have 

little or no effect on the carbon content of the austenite.  

 

Table 2.8 Heat treating Matrix of a 0.25C-3Mn-1.5Si Steel Studied by De Knijf et al. [44] 

AT (°C) QT (°C) PT (°C) Pt (s) 
850 224, 244, 264 300, 350, 400, 450 10, 50, 100, 250, 500, 1000 

 

 

 

(a) 
 

(b) 

Figure 2.24 The effect of quenching (a, c, e) and partitioning (b, d, f) temperature on total 
elongation, ultimate tensile strength and retained austenite fractions for a 
0.25C-3Mn-1.5Si alloy studied by De Knijf et al. Data adapted from [44]. 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 2.25 Continued  

 

 

(a) 
 

(b) 

Figure 2.26 Tensile strength, total elongation, retained austenite fraction and austenite carbon 
content as a function of (a, b) quenching and (c, d) partitioning temperature, (e, f) and 
partitioning time, for the alloy studied by Cheng et al. with composition shown in 
Table 2.2. Data adapted from [2] 
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(c) 
 

(d) 

 

(e) 

 

(f) 

Figure 2.27 Continued 

 

Table 2.9 Heat treating Matrix of a Si-Bearing Hot-Stamping Steel Studied by Cheng et al. [2]. 
Composition shown in Table 2.2 

AT (°C) At (s) QT (°C) PT (°C) Pt (s) 
890 300 240, 270, 300 240, 270, 300, 330, 360 10, 60, 300, 600 

 

2.4 Transformation Induced Plasticity and Austenite Stability 

The metastable retained austenite that enriches in carbon during partitioning may transform to 

martensite at low enough temperatures or with the aid of sufficient deformation. Figure 2.28 shows the 

chemical free energy versus temperature diagram for a given steel composition [90–92]. At T0, both 

martensite and austenite have the same free energy and are equally stable. Above T0, austenite is more 

stable and below T0 martensite is more stable due to its lower free energy. At temperatures below Ms, 

martensite to austenite transformation occurs spontaneously due to sufficient driving force. At T1, 

undercooling is not adequate to start the transformation but the transformation may start if sufficient 

mechanical driving force is introduced.  
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The austenite to martensite transformation can be either stress-assisted or strain-induced [93]. 

Figure 2.29 schematically shows the relationships between stress-assisted and strain-induced austenite to 

martensite transformation and temperature [93]. Figure 2.29 illustrates that below the Ms temperature 

undercooling is sufficient to trigger the transformation and no additional mechanical energy is required. If 

the testing temperature is between the Ms and Ms
�  temperatures the transformation is stress-assisted and 

yielding is initiated with the onset of the martensitic transformation [93]. If the testing temperature is 

between the Ms
�  and Md temperatures, yielding is initiated with dislocation slip and transformation 

follows at a later stage. Above the Md temperature no martensite is produced [93].  

 

 

Figure 2.28 Gibbs free energy as a function of temperature diagram illustrating the effect of 
mechanical driving force, � GMech, on the austenite to martensite transformation [90–
92]. 

 

Strain-induced transformation of retained austenite to martensite has been reported to improve 

strength and ductility of modern AHSS steels, and therefore, attempts have been made to increase the 

retained austenite fraction in AHSS [94]. In addition to austenite fractions, the mechanical stability of 

austenite is important as well. Austenite mechanical stability is affected e.g. by the test temperature, 

austenite grain size, carbon content, morphology and orientation, and the properties of surrounding phases 

[95–99]. A decrease in grain size and increase in carbon content in addition to film-like morphology have 

been reported to increase austenite stability against strain-induced transformation. Other factors are more 

challenging to evaluate, although some attempts have been made to further understand the effect of 

orientation and surrounding phases in Q&P treated steels [43, 45, 47].  

Austenite clearly plays an important role in improving tensile properties. However, the various 

parameters affecting final austenite fraction and austenite stability make evaluating the exact impact of 
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austenite in a given microstructure challenging. The amount of retained austenite and its carbon content 

have been reported to not always correlate with the resulting tensile properties of Q&P processed steels, 

as shown in Figure 2.30 [100], which shows the product of tensile strength and total elongation as a 

function of retained austenite fractions for several steel grades. Grades with very fine microstructures, 

such as Q&P processed steels, did not exhibit a strong correlation whereas intercritically annealed and 

austempered grades showed stronger correlations between austenite fraction and tensile properties, as 

illustrated in Figure 2.30 [100].  

 

 

Figure 2.29 Schematic representation of stress-assisted and strain-induced martensite transformation 
[93]. � y represents austenite yield strength, Ms the temperature below which undercooling 
is sufficient to trigger austenite to martensite transformation, Ms

�  the temperature below 
which austenite to martensite transformation occurs without prior yielding of austenite 
and Md the temperature above which no transformation occurs. 
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Figure 2.30 Product of tensile strength (TS) and total elongation (TE) as a function of retained 
austenite fraction (f� ret) for several (a) intercritically annealed and austempered and (b) 
Q&P heat treated steel grades [100]. 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 

The following sections introduce the investigated alloys, the applied Q&P heat treatment 

parameters, and methods that were used to assess tensile properties, retained austenite fractions and 

austenite carbon contents. 

3.1 Alloy Design 

Seven alloys with compositions shown in Table 3.1 were investigated. The CMnSi alloys were 

provided by AK Steel and the Mo and Cu bearing alloys were provided by US Steel. The 0.3C-1.5Mn and 

0.4C-1.5Mn alloys were chosen to study the effect of carbon in Q&P steels. Increasing alloy manganese 

content was previously shown to lead to notable combinations of strength and ductility, especially in a 

0.3C-3Mn-1.6Si alloy [12]. Manganese effects were studied using the 0.3C-1.5Mn and 0.3C-5Mn alloys. 

The purpose for the molybdenum addition in the 0.3C-3Mn-Mo alloy was to increase austenite fractions, 

and hence further improve tensile properties, especially after partitioning at 450 °C [11]. Aluminum 

additions are reported to increase austenite stability against austenite to martensite transformation in TRIP 

steels leading to improved uniform elongations, as discussed in section 2.2.3, and this was the driving 

force for the alloying strategy of the 0.3C-3Mn-MoAl alloy. The results for the Mo and Al containing 

alloys were compared with literature results for a 0.3C-3Mn-1.6Si alloy. The 0.2C-Cu and 0.2C-CuNi 

alloys were designed to study copper and nickel effects in Q&P steels. Reduced carbon contents were 

chosen for these alloys to better isolate copper and nickel effects and to compare the results with literature 

data for a 0.2C-1.6Mn-1.5Si alloy. All steels were received in the cold-rolled state with a nominal 

thickness of 1 mm and tensile specimens were machined in the rolling direction according to the 

ASTM-E8 standard geometry [101].  

Table 3.1 Chemical Compositions of the Laboratory Prepared Steels in wt pct 
 

wt pct C Mn Si Ni Mo Al Cu 
0.3C-1.5Mn 0.28 1.48 1.48 - - - - 
0.4C-1.5Mn 0.38 1.54 1.48 - - - - 
0.3C-5Mn 0.29 4.96 1.64 - - - - 

0.3C-3Mn-Mo 0.28 3 1.5 - 0.25 - - 
0.3C-3Mn-MoAl 0.28 3 1.5 . 0.25 0.8 - 

0.2C-Cu 0.2 1.5 1.3 - - - 1.5 
0.2C-CuNi 0.2 1.5 1.3 1.5 - - 1.5 

3.2 Heat treatments 

Tensile specimens were heat treated using heat treating salts and Paratherm NF heat transfer 

fluid, and the heat treating matrix is shown in Table 3.2. Three quenching and three partitioning 
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temperatures and four partitioning times were chosen to study Q&P processing effects on tensile 

properties and retained austenite fraction evolution. Heat treating salts were used for temperatures above 

150 °C and Paratherm™ NF for temperatures below 150 °C. All samples were austenitized for two 

minutes and then transferred to a quench tank where they were held for ten seconds, when quenched to 

salt, and twenty seconds, when quenched to Paratherm™ NF. In both cases, the quench tank temperature 

was set 20 °C below the target temperature in order to reach the desired quench temperature within the 10 

or 20 s time frames, as measured by a spot welded thermocouple attached to the sample, as shown in 

Figure 3.1. All specimens were water quenched to room temperature after partitioning and two tensile 

specimens per condition were heat treated and tensile tested.  

Table 3.2 Heat Treating Matrix Including Annealing, Quenching and Partitioning Times and 
Temperatures 

 

Alloy AT (°C) At (s) QT (°C) Qt (s) PT (°C) Pt (s) 
0.3C-1.5Mn 860 

120 
 

215, 242, 265 

10 
 

350, 400, 450 
 

10, 30, 60, 300 
 

0.4C-1.5Mn 850 200, 225, 250 
0.3C-5Mn 860 85, 110, 135 

0.3C-3Mn-Mo 860 150, 175, 200 
0.3C-3Mn-MoAl 900 175, 200, 225 

0.2C-Cu 870 185, 210, 235 
0.2C-CuNi 860 155, 180, 205 

 

 

(a) 

Time (s) Temperature (°C) 

120 815.0 

131 224.4 

134 205.1 

139 350.3 

144 368.8 

164 380.3 

194 390.0 

234 392.3 

334 394.9 

 

(b) 

Figure 3.1 (a) Temperature as a function of time for a Q&P cycle. Heat treatment consisted of (A) 
annealing at 800 °C for 120 s, (Qi) initial quench to 200 °C for 10 s, (P) partitioning at 
400 °C for 250 s, and (Qf) final quench to room temperature and (b) table showing the 
actual thermocouple readings for selected times. The salt pot was set to 180 °C to reach 
the target temperature of 200 °C. 
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3.3 Optimal Quench Temperature Determination 

The Ac3 and Ms temperatures were determined from dilatometry data provided by D. Coughlin at 

Los Alamos National Laboratory, except for the 0.3C-1.5Mn and 0.4C-1.5Mn alloys. Dilatometry was 

performed using a linear variable differential transducer (LVDT) dilatometer with a heating rate of 

30 °C/s followed by a 120 s hold at the target temperature after which the samples were quenched to room 

temperature using a cooling rate of 65 °C/s. The Ms temperature were determined from dilatometry data 

by using a 2.5° deviation from the linear dilatation.  

For the 0.3C-1.5Mn and 0.4C-1.5Mn alloys, the aforementioned temperatures were determined 

using the Andrews (3.1) and Mahieu (3.2) equations and full austenitization was confirmed with electron 

microscopy for these alloys [26, 41]: 

 Ae3=910-203� C+44.7Si-30Mn (3.1) 
 

 Ms=539-423C-30.4Mn-7.5Si-7.5Mo+30Al (3.2) 
 

where each alloying element is in weight percent. Optimum quenching temperatures for all steels 

were calculated according to the methodology proposed by Speer et al. [23], presented earlier in Chapter 

1. For the 0.3C-1.5Mn and 0.4C-1.5Mn alloys the optimal quench temperature was calculated using 

equations (3.2) and (3.3):  

 
fm=1-e-0.011(Ms-QT) (3.3) 

where fm is the fraction of austenite transformed to martensite at the quenching temperature (QT) 

and Ms is the austenite to martensite transformation start temperature. A similar method was used to 

calculate the optimal quenching temperature for the 0.3C-5Mn, 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl 

alloys with the exception of correcting the equation (3.2) to match the Ms temperature determined from 

the dilatometry data for these alloys. The upper limit of the salt pots (900 °C) limited austenitizing 

capability for the 0.3C-3Mn-MoAl alloy specimens.  

For the 0.2C-Cu and 0.2C-CuNi alloys, equation (3.3) was observed not to correctly predict the 

austenite to martensite transformation, as shown in Figure 3.2 for the 0.2C-CuNi alloy. Figure 3.2 plots 

the austenite-martensite transformation amount as a function of temperature as predicted by equation (3.3) 

with four different constants and by dilatometry data. The lever rule was applied to determine the 

transformation amount from the dilatometry data. Equation (3.3) with constant -0.011 was observed to 

predict a significantly slower transformation rate compared to dilatometry data. For the 0.2C-Cu and 

0.2C-CuNi alloys, the optimal quenching temperatures were determined from the dilatometry data by 

selecting a temperature where 16 and 18 pct of retained austenite still remained after the initial quench, 

respectively. These austenite fractions correspond to the maximum for each alloy predicted by using 
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equations (3.4) [102] and (3.3). An example result from this analysis is shown in Figure 3.3 for the 

0.2C-CuNi alloy.  

 
 Ms=550-361C-39Mn+30Al-5Mo-10Cu-20Cr-17Ni (3.4) 

 

Table 3.3 Critical Temperatures for the Materials Used in This Study. For the 0.3C-1.5Mn and 
0.4C-1.5Mn Alloys the Ac3 and Ms Temperatures were Determined using Equations (3.1) and (3.2) 

(Calc.), and for all the Other Alloys the Temperatures were Determined from Dilatometry Data (Dil.). 

Designation Ac3 Temperature 
(°C) 

Austenitizing 
Temperature (°C) 

Ms Temperature 
(°C) 

Calculated 
optimal QT (°C) 

0.3C-1.5Mn 824 (Calc.) 860 364 (Calc.) 242 
0.4C-1.5Mn 806 (Calc.) 850 320 (Calc.) 225 
0.3C-5Mn 795 (Dil.) 860 205 (Dil.) 110 

0.3C-3Mn-Mo 831 (Dil.) 860 287 (Dil.) 175 
0.3C-3Mn-MoAl 927 (Dil.) 900 324 (Dil.) 200 

0.2C-Cu 863 (Dil.) 870 369 (Dil.) 320 
0.2C-CuNi 842 (Dil.) 860 334 (Dil.) 285 

 

 

 

Figure 3.2 Martensite fraction as a function of temperature for the 0.2C-CuNi alloy. Dotted lines 
represent results using the Koistinen-Marburger equation with different constants and 
the solid line represents dilatometry data. 
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Figure 3.3 Retained austenite fraction as a function of quenching temperature for the 0.2C-CuNi 
alloy using equations (3.3) and (3.4).  

3.4 Tensile Testing 

Tensile properties were assessed by uniaxial tensile testing at room temperature using full-size 

ASTM E-8 tensile specimens. Tensile testing was conducted on an Alliance screw driven tensile test 

frame at a constant engineering strain rate of 6.25·10-4 s-1 using a 50.8 mm extensometer with 50% strain 

range. Two specimens were tested per condition for each material. All reported yield strengths (YS) were 

determined using the 0.2 pct offset method and reported ultimate tensile strengths (UTS) are the 

maximum stresses measured during the test. Reported uniform elongations (UE) are the elongations at 

UTS and total elongations (TE) are the final maximum elongations.  

3.5 X-Ray Diffraction 

Retained austenite fractions and austenite carbon contents were determined from x-ray 

diffraction (XRD) measurements. Prior to tensile testing, a 12.5 by 20 mm coupon was cut from the 

tensile specimen for XRD analysis. XRD specimens were ground to 1200 grit and chemically thinned for 

5 minutes using a solution of 10 parts of water, 10 parts of 30 pct hydrogen peroxide and 1 part of 48 pct 

hydrofluoric acid for the first measurement. For the second measurement the same coupon was polished 

using the 800 and 1200 grit papers and thinned for 3 minutes using the aforementioned solution.  

Austenite fractions were measured with XRD using a Phillips X-pert diffractometer. The 

diffractometer used filtered copper radiation with an accelerating voltage of 45 kV and an operating 

current of 40 mA, an X’celerator detector and a 1 degree slit. Scans covered 2-theta angles from 40 to 110 

degrees. The austenite content was calculated according to the SAE method using four austenite and four 
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ferrite peaks: {111} {200} {220} {311} and {110} {200} {211} {220}, respectively [103]. An example 

of the XRD data is shown in Figure 3.4 which shows the XRD spectra for the 0.4C-1.5Mn alloy 

specimens quenched to 225 °C and partitioned at 450 °C for various times ranging from 10 to 300 s. The 

HighScore Plus software was used to fit a calculated profile to measured data using the Pearson 7 

function and a non-linear least-squares fitting method, and to calculate integrated peak intensities [104]. 

 

 

Figure 3.4 XRD spectra for the 0.4C-1.5Mn alloy quenched to 225 °C and partitioned at 450 °C 
for various times. 

 

Austenite carbon contents were calculated from austenite lattice parameter variations. The 

measured lattice parameters from all austenite peak reflections were plotted against cos2
 /sin
  and this 

function was extrapolated to zero in order to determine the austenite lattice parameter. Austenite carbon 

contents for all the alloys were determined using the following relationship [105, 106]: 

 

 a� =3.578+0.033xC+0.00095xMn-0.0002xNi+0.0056xAl +0.0031xMo+0.0015xCu (3.5) 

 

where a�  is austenite lattice parameter and xc, xMn, xAl, xMo, xcu and xNi are wt pct of carbon, 

manganese, aluminum, molybdenum, copper and nickel, respectively. The effect of silicon on the 

austenite lattice parameter was assumed to be insignificant [105]. Equation 3.5 applies to the austenite 

composition ranges shown in Table 3.4. This method was used to estimate the C�  levels in this study for 

two reasons. First, the C�  levels obtained using equation 3.5 correlated well to the results obtained using 

Mössbauer emission spectroscopy (MES) for the 0.4C-1.5Mn alloy. This is illustrated in Figure 3.5 which 

plots austenite carbon contents determined with an equation suggested by Cullity [107] and shown by 



 36

equation 3.6, by equation 3.5 and by MES for the 0.4C-1.5Mn alloy after quenching to 250 °C and 

partitioning at 400 °C. In this example the austenite lattice parameter was estimated as an average from 

the {220} and {311} austenite peak positions for equation 3.6. The C�  levels obtained using the Cullity 

equation were observed to yield greater C�  levels than the levels obtained with MES and equation 3.5. On 

average, the values determined with the Cullity equation were 0.15 wt pct greater than the MES results 

while the values obtained using equation 3.5 were 0.07 wt pct lower. The composition ranges shown in 

Table 3.4 apply to most of the alloying ranges used in this study whereas the Cullity equation does not 

account for the effect of other than carbon. Other equations for austenite carbon content determination 

were considered as well, such as the one used in [48], but equation 3.5 was observed to yield the best fit 

when compared to results obtained using MES. 

 

Table 3.4 Chemical Composition Ranges for Validity of Austenite Lattice Parameter Determined by 
Dyson and Holmes [105] 

 C Mn Si Mo Al Cu Ni 
Min 0.004 0.89 0.13 <0.01 <0.01 <0.05 7.7 
Max 0.126 8.55 4.15 3.73 1.95 2.24 26.0 

 

 

 � � =3.555+0.0�� �  (3.6) 

 

 

Figure 3.5 Austenite carbon content determined from XRD data by the Cullity equation, 
Dyson-Holmes equation and Mössbauer emission spectroscopy (MES)  as a function of 
partitioning time for the 0.4C-1.5Mn alloy after quenching to 250 °C and partitioning at 
400 °C. 
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3.6 Scanning Electron Microscopy 

A JEOL 7000 Field emission scanning electron microscope (FESEM) was used to conduct the 

FESEM work on the resulting microstructures from Q&P heat treatments. Samples for FESEM were 

prepared by grinding and polishing to 1 	 m and etching with 2% Nital solution. The applied accelerating 

voltage was 10 kV.  
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CHAPTER 4: RESULTS AND DISCUSSION 

The following sections present results and a discussion for the various alloys. For each alloy, 

tensile data for partitioning temperatures of 350, 400 and 450 °C as a function of partitioning time are 

presented first, followed by retained austenite fraction and austenite carbon content data. The effects of 

each alloying element are then discussed. In general, changes in the quenching temperature resulted in 

less significant effects and these effects are detailed in Appendix A. Obtained tensile properties, retained 

austenite fractions and austenite carbon contents are provided in detail for all alloys in Appendix B. 

4.1 Quenching and Partitioning Response of CMnSi Sheet Steels Containing 0.2, 0.3 and 0.4 wt 
pct Carbon 

In section 2.2.1, the effects of carbon were discussed to significantly increase martensite strength 

and to stabilize austenite. The effect of alloy carbon content on Q&P response was investigated using the 

0.3C-1.5Mn and 0.4C-1.5Mn alloys. In addition, comparisons to previously reported results for a 0.2C-

1.6Mn-1.6Si alloy were made in some cases [11, 36].  

4.1.1 Effect of Partitioning Time and Temperature on Tensile Properties of the 0.3C-1.5Mn Alloy 

Figures 4.1 through 4.3 show the effect of partitioning time and temperature on YS, UTS, UE, 

TE, YS/UTS and UTS·TE levels for the 0.3C-1.5Mn alloy. UTS levels of 1227-1497 MPa and TE levels 

of 6-12 pct were obtained for this alloy. Figure 4.1a shows that at a PT of 350 °C, YS increased with 

increasing Pt whereas at PTs of 400 and 450 °C a peak in YS was observed after 30 and 10 s of 

partitioning, respectively. UTS decreased with increasing Pt and a maximum level of UTS was reached 

after 10 s of partitioning, as shown in Figure 4.1b. Similar UE and TE levels were measured for all PTs, 

as shown in Figures 4.2a and b. At a PT of 450 °C, TE levels remained relatively unchanged regardless of 

Pt, whereas at 350 and 400 °C decreasing TE levels were observed with increasing Pt. In general, the 

greatest elongation levels were measured for specimens partitioned at 450 °C. Figure 4.3a shows that 

increasing PT and Pt increased the YS/UTS levels. The greatest elongation values were generally 

measured after short partitioning times when the strain hardening was the greatest in this alloy, as 

reflected by the YS/UTS ratio. Figure 4.3b shows the UTS·TE levels for the 0.3C-1.5Mn alloy as a 

function of Pt for three different partitioning temperatures. Increasing Pt decreased the UTS·TE levels at 

all PTs. Partitioning at 350 and 400 °C yielded the greatest UTS·TE levels after 10 and 30 s of 

partitioning whereas partitioning at 450 °C yielded the greatest UTS·TE levels after 60 and 300 s of 

partitioning.  
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(a) (b) 

Figure 4.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-1.5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400, and 
450 °C. 

 

(a) (b) 

Figure 4.2 (a) Uniform and (b) total elongation of the 0.3C-1.5Mn alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C 
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(a) 

 

(b) 

Figure 4.3 (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation of the 0.3C-1.5Mn alloy specimens as a function of partitioning time 
for partitioning temperatures 350, 400, and 450 °C. 

4.1.2 Effect of Partitioning Time and Temperature on Tensile Properties of the 0.4C-1.5Mn Alloy 

Tensile properties as a function of Pt for three different PTs are plotted in Figures 4.4 through 4.6 

for the 0.4C-1.5Mn alloy. UTS levels of 1270-1865 MPa and TE levels of 7-15 pct were obtained for this 

alloy. Increasing PT decreased the Pt to reach the greatest YS, as shown in Figure 4.4a. The peak YS 

levels after partitioning at 350, 400 and 450 °C were measured after 300, 60 and 30 s, respectively. UTS 

decreased with increasing PT and Pt, and the greatest UTS were measured after 10 s of partitioning, as 

shown in Figure 4.4b. In most cases the greatest UE and TE values were measured after partitioning at 

450 °C, similar to the 0.3C-1.5Mn alloy. The maximum levels of UE and TE for PTs 350, 400 and 450 °C 

were measured after 60, 30, and 10 s of partitioning, respectively. Strain hardening behavior was similar 

to the 0.3C-1.5Mn alloy and similar YS/UTS levels were observed. Increasing PT increased the YS/UTS 

levels, and even though the lowest YS/UTS values were measured after partitioning at 350 °C, the 

greatest elongation levels were measured for specimens partitioned at 450 °C. Specimens partitioned at 

450 °C for 10 s exhibited the greatest UTS·TE level and, in general, UTS·TE levels decreased with 

increasing Pt for all PTs. 
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(a) 

 

(b) 

Figure 4.4 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.4C-1.5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400, and 
450 °C. 

 

 

(a) 

 

(b) 

Figure 4.5  (a) Uniform and (b) total elongation of the 0.4C-1.5Mn alloy specimens as a function 
of partitioning time for partitioning temperatures 350, 400, and 450 °C. 
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(a) 

 

(b) 

Figure 4.6 (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation of the 0.4C-1.5Mn alloy as a function of partitioning time for 
partitioning temperatures 350, 400, and 450 °C. 

4.1.3 Effect of Partitioning Time and Temperature on Retained Austenite Fractions and 
Austenite Carbon Content of the 0.3C-1.5Mn Alloy 

Figure 4.7 shows the evolution of retained austenite fractions and austenite carbon content of the 

0.3C-1.5Mn alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. For PTs of 

350 and 450 °C, austenite fractions increased up to 30 s of partitioning, followed by a decrease up to 

300 s of partitioning. For the PT of 400 °C, austenite fractions continuously decreased with increasing Pt. 

The greatest retained austenite fractions were measured after 30, 10 and 30 s of partitioning for PTs 350, 

400 and 450 °C, respectively. Significant austenite decomposition was observed after 300 s of 

partitioning at a PT of 450 °C. Figure 4.7b shows C�  levels for the PTs of 350, 400 and 450 °C as a 

function of Pt. For PTs 350 and 400 °C, increasing Pt initially increased C�  up to 30 s of partitioning 

followed by a decrease after 60 s of partitioning and an increase after 300 s of partitioning. For a PT of 

450 °C, C�  initially decreased up to 30 s of partitioning followed by a modest increase up to 60 s of 

partitioning. The greatest C�  levels were measured after 30, 300 and 10 s of partitioning at PTs 350, 400 

and 450 °C, respectively, as shown in Figure 4.7b. C�  after 300 s of partitioning at a PT of 450 °C could 

not be reliably determined due to absence of (111) and (311) austenite peaks.  
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(a) 

 

(b) 

Figure 4.7 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-1.5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400, and 
450 °C. 

4.1.4 Effect of Partitioning Time and Temperature on Retained Austenite Fractions and 
Austenite Carbon Content of the 0.4C-1.5Mn Alloy 

Figure 4.8 shows retained austenite fractions and C�  for the 0.4C-1.5Mn alloy as a function of 

partitioning time for PTs 350, 400 and 450 °C. Maximum austenite fractions up to 22 vol pct were 

observed after 60 s of partitioning followed by a decrease with longer Pts for all PTs. Greatest austenite 

decomposition was observed after 300 s of partitioning at 450 °C. A greater C�  level was measured after 

10 s of partitioning at 450 °C than at 350 or 400 °C. For a PT of 400 °C, C�  levels increased up to 300 s 

of partitioning whereas for a PT of 450 °C, C�  after 300 s of partitioning could not be reliably determined 

due to absence of austenite peaks corresponding to the (111) and (311) planes. For a PT of 350 °C, the 

greatest C�  levels were measured after 30 s of partitioning. 
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(a) 

 

(b) 

Figure 4.8 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.4C-1.5Mn 
alloy specimens as a function of partitioning time for partitioning temperatures 400 and 
450 °C. 

4.1.5 Effect of Alloy Carbon Content on Tensile Properties 

Figures 4.9 through 4.10 plot the evolution of YS, UTS, UE and TE as a function of partitioning 

time for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys after quenching to the optimal quenching 

temperatures and partitioning at 400 °C. The data for the 0.2C-1.6Mn alloy were limited to the same heat 

treating conditions as for the 0.3C-1.5Mn and 0.4C-1.5Mn alloys. It should also be noted that the 

0.2C-1.6Mn study employed the A50 tensile specimen geometry, shown in Figure 4.11, where a slightly 

shorter gauge length may lead to greater post-uniform elongations. The effect of carbon content and 

partitioning time on YS is shown in Figure 4.9a. The greatest values for YS are obtained for the 

0.4C-1.5Mn alloy. For the 0.2C-1.6Mn and 0.3C-1.5Mn alloys the YS seems to first increase and then 

decrease with increasing partitioning time whereas the YS for the 0.4C-1.5Mn alloy increases with 

increasing partitioning time. If the differences in YS values between the alloys are averaged for each 

partitioning time in this 400 °C partitioning condition, an average increase of 110 MPa per 0.1 wt pct C is 

observed. Figure 4.9b shows the evolution of UTS as a function of partitioning time. UTS increases with 

increasing carbon content and decreasing partitioning time. If the UTS values from the 400 °C 

partitioning conditions are considered, an average increase of 140 MPa per 0.1 wt pct C is observed.  

Figures 4.10a and b show the alloy carbon content and partitioning time effects on UE and TE. 

The 0.2C-1.6Mn alloy exhibits slightly greater UE and TE values at a given partitioning time and for all 

alloys UE and TE levels decrease with increasing Pt. TE values ranging from 6 to 16 pct were measured 



 45

for these alloys and the greatest TE value was measured for the 0.2C-1.6Mn alloy, albeit at lower 

strength. Figures 4.12a and b show carbon effect on YS/UTS and UTS·TE levels. The 0.2C-1.6Mn alloy 

exhibited slightly greater strain hardening in most cases while the UTS·TE levels were similar in general 

regardless of alloy carbon content. Stress-strain curves for 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn 

specimens quenched to calculated optimal temperature and partitioned at 400 °C for 10 and 300 s are 

plotted in Figure 4.13. The figure shows an increase in UTS as carbon content is increased while TE is 

only slightly affected by the increased carbon content. Partitioning for 10 s resulted in greater 

combinations of strength and ductility. The figure also shows that the 0.2C-1.6Mn and 0.3C-1.5Mn alloys 

partitioned for 10 s exhibited similar UTS values as the 0.3C-1.5Mn and 0.4C-1.5Mn alloys partitioned 

for 300 s, respectively.  

The tensile properties obtained for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys are 

presented on a TE versus UTS diagram in Figure 4.14. The greatest UTS value for the 0.2C-1.6Mn alloy 

was 1400 MPa, while the UTS values for the 0.3C-1.5Mn and 0.4C-1.5Mn alloys ranged from 1220 to 

1500 MPa, and 1280 to 1880 MPa, respectively; indicating the strengthening effect of carbon. Lower TE 

levels were observed for the 0.3C-1.5Mn alloy while similar TE levels were measured in the 0.2C-1.6Mn 

and 0.4C-1.5Mn alloys.  

 

 

(a) 

 

(b) 

Figure 4.9 (a) Yield strength and (b) ultimate tensile strength as a function of partitioning time for 
the 0.2C-1.6Mn, 0.3C-1.5Mn, and 0.4C-1.5Mn alloys partitioned at 400 °C. 
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(a) 

 

(b) 

Figure 4.10  (a) Uniform and (b) total elongation as a function of partitioning time for the 
0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys partitioned at 400 °C. 

 

 

Figure 4.11 A50 tensile test specimen geometry. All dimensions in mm. 

 

Figures 4.15a and b plot YS, UTS and TE as a function of partitioning temperature for the 

0.3C-1.5Mn and 0.4C-1.5Mn alloys. The solid lines in both figures correspond to YS, UTS and TE levels 

of an oil-quenched and tempered 4340 alloy [25]. Similar trends for the 0.3C-1.5Mn and 0.4C-1.5Mn 

alloys are seen as partitioning/tempering temperature (PT/TT) is increased. UTS levels decrease in both 

alloys while YS and TE levels generally increase. On average, YS, UTS and TE levels are generally 

greater in the Q&P steels compared to the tempered 4340 alloys. It is interesting to note that while in the 
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4340 alloy increasing PT/TT decreases YS, an increasing trend is observed in the 0.3C-1.5Mn and 

0.4C-1.5Mn Q&P steels. 

 

 

(a) 

 

(b) 

Figure 4.12  (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation as a function of partitioning time for the 0.2C-1.6Mn, 0.3C-1.5Mn 
and 0.4C-1.5Mn alloys. 

 

 

Figure 4.13 Engineering stress-strain curves for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys 
quenched to the respective optimal quenching temperatures and partitioned at 400 °C for 
10 and 300 s. 
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Figure 4.14 Total elongation as a function of ultimate tensile strength for the 0.2C-1.6Mn, 
0.3C-1.5Mn, and 0.4C-1.5Mn alloys. 

 

 

(a) 

 

(b) 

Figure 4.15 Ultimate tensile and yield strength and total elongation as a function of 
tempering/partitioning temperature for (a) the 0.3C-1.5Mn and (b) 0.4C-1.5Mn Q&P 
steels. Solid lines represent data for an oil quenched and tempered 4340 alloy [25].  

4.1.6 Effect of Alloy Carbon Content on Retained Austenite Fractions and Austenite Carbon 
Content 

Figure 4.16 plots the predicted retained austenite fractions as a function of quenching temperature 

for the 0.2C-1.6Mn [11], 0.3C-1.5Mn and 0.4C-1.5Mn alloys. Increasing alloy carbon content increases 

the calculated maximum amount of retained austenite and also decreases the calculated optimal 
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quenching temperature although for the 0.2C-1.6Mn and 0.3C-1.5Mn alloys the optimal quenching 

temperatures are similar. Figure 4.17 plots the predicted and experimentally measured retained austenite 

fractions for the 0.2C-1.6Mn [36], 0.3C-1.5Mn and 0.4C-1.5Mn alloys after quenching to various 

temperatures and partitioning at 400 °C. The 0.2C-1.6Mn alloy specimens were partitioned for 10, 30 and 

100 s and the 0.3C-1.5Mn and 0.4C-1.5Mn alloys were partitioned for 10, 30, 60 and 300 s. The figures 

show that greatest austenite fractions are measured in the 0.4C-1.5Mn alloy and that the QT does not 

seem to significantly affect the retained austenite fractions measured in the 0.3C-1.5Mn and 0.4C-1.5Mn 

alloys over the range of QTs assessed. The lowest retained austenite fractions were measured in the 0.2C-

1.6Mn alloy for which a QT of 240 °C resulted in greater RA fractions than a QT of 220 °C. For all alloys 

the predicted austenite fractions were significantly greater than measured except data for the highest QT 

where the predicted and measured RA seem to correlate well for the 0.3C-1.5Mn and 0.4C-1.5Mn alloys. 

The greatest RA levels were measured after short partitioning times (10-60 s) followed by a decrease after 

longer hold for the 0.3C-1.5Mn and 0.4C-1.5Mn alloys while increasing RA levels with increasing Pt 

were reported for the 0.2C-1.6Mn alloy. The observed lower overall retained austenite fractions might be 

due to non-optimal selection of QT, PT and Pt (Q&P processing) or due to reactions competing for 

available carbon.  

 

 

Figure 4.16 Calculated retained austenite fractions as a function of quenching temperature for the 
0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys. 

 

The measured retained austenite fractions for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn 

alloys after quenching to the calculated optimal quenching temperature and partitioning at 400 °C are 
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compared in Figure 4.18a as a function of partitioning time. Retained austenite fractions increased with 

increasing alloy carbon content and the greatest austenite fractions were measured for the 0.4C-1.5Mn 

alloy. For the 0.2C-1.6Mn and 0.4C-1.5Mn alloys the RA levels increased up to 60 or 100 s of 

partitioning while for the 0.3C-1.5Mn alloy a constantly decreasing trend was observed. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.17 Calculated and experimentally measured retained austenite fractions for the (a) 
0.3C-1.5Mn, (b) 0.4C-1.5Mn and (c) 0.2C-1.6Mn [36] alloys partitioned at 400 °C.  
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Figure 4.18b compares austenite carbon content for the 0.2C-1.6Mn [36], 0.3C-1.5Mn and 

0.4C-1.5Mn alloys. Similar carbon contents in austenite are measured for all alloys after quenching to the 

calculated optimal quenching temperature and partitioning at 400 °C, although it should be noted that 

different approaches were applied to obtain the C�  data for the 0.2C-1.6Mn than for the other two alloys. 

Austenite lattice parameter estimated from the {220} peak position and an equation suggested by Cullity 

[107] were utilized to determine the C�  for the 0.2C-1.6Mn alloy while equation 3.5 was used for the 

0.3C-1.5Mn and 0.4C-1.5Mn alloys. Equation 3.5 was used in this study for reasons discussed in 

section 3.5. For comparison, Figure 4.19 plots C�  levels for all the alloys determined using the Cullity 

equation. Increasing C�  levels were observed with increasing Pt for all alloys. An overall increase in the 

C�  levels of the 0.3C-1.5Mn and 0.4C-1.5Mn alloys was observed and significantly lower C�  levels were 

observed in the 0.2C-1.6Mn alloy when the Cullity equation was applied. Figure 4.20a plots the product 

of UTS and TE against RA fractions retained in the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn alloys and 

Figure 4.20b plots UTS·TE against RA·C�  for the 0.3C-1.5Mn and 0.4C-1.5Mn alloys. It should be noted 

that magnetic saturation was used to measure the RA fractions in the 0.2C-1.6Mn steel. The data from 

[11] were used for the 0.2C-1.6Mn alloy due to comparable partitioning time and temperatures. No clear 

correlation was observed between UTS·TE and RA fractions or UTS·TE and RA·C� , as shown in Figure 

4.20, and similar behavior was reported in [100]. 

 

 

(a) 

 

(b) 

Figure 4.18 (a) Measured retained austenite fractions and (b) austenite carbon content as a function 
of partitioning time for the 0.2C-1.6Mn [36], 0.3C-1.5Mn and 0.4C-1.5Mn alloys after 
quenching to the calculated optimal quenching temperature and partitioned at 400 °C. 
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Figure 4.19 Austenite carbon content determined from XRD data using the austenite peak {220} 
position and the Cullity equation for the 0.2C-1.6Mn, 0.3C-1.5Mn and 0.4C-1.5Mn 
alloys. 

 

 

(a) 

 

(b) 

Figure 4.20 Product of UTS and TE as a function of (a) retained austenite for the 0.2C-1.6Mn [11], 
0.3C-1.5Mn, and 0.4C-1.5Mn alloys and (b) the product of retained austenite and 
austenite carbon content for the 0.3C-1.5Mn, and 0.4C-1.5Mn alloys. Austenite carbon 
content data for the 0.2C-1.6Mn alloy were not available. 
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4.1.7 Effect of Carbon Partitioning on Tensile Properties 

Martensite hardness and strength are known to strongly correlate with its carbon content [108]. 

Carbon also affects austenite stability and may be present either in solution or in the form of carbides in 

martensite. Martensite and austenite carbon contents and presence of (transition) carbides significantly 

affect properties and it is therefore important to know the carbon distribution among various phases in 

order to further understand the mechanical behavior of Q&P steels. 

Pierce et al. studied carbon redistribution in the Q&P heat treated 0.4C-1.5Mn alloy using MES 

and selected results are shown in Figure 4.21a [109].  

 

 

(a) 

 

(b) 

Figure 4.21 (a) Total fraction of carbon in � -carbides, austenite and martensite measured using 
M� ssbauer emission spectroscopy and (b) ultimate tensile strength as a function of 
partitioning time for the 0.4C-1.5Mn alloy quenched to 250 °C and partitioned at 400 °C 
for various times. Data for figure (a) adapted from [39]. 

 

MES is a material characterization technique which uses recoilless gamma ray emission and 

absorption to obtain information about the chemical and structural properties of a material. Figure 4.21a 

shows the total fraction of the bulk alloy carbon in � -carbide, austenite and martensite for specimens 

quenched to 250 °C for 10 s and partitioned at 400 °C for 10, 30, 60 and 300 s. The total fractions of the 

bulk alloy carbon in � -carbide and austenite were determined from MES analysis. The total fraction of the 

bulk alloy carbon in martensite was determined using a mass balance calculation. The first data point in 

both figures corresponds to the carbon fraction after full austenitization followed by water quenching to 

room temperature (WQ). Comparison between the WQ and Q&P conditions provides proof of carbon 
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redistribution during partitioning. In Figure 4.21a, the total fraction of carbon in austenite increases up to 

60 s of partitioning followed by a decrease between 60 and 300 s of partitioning. At the same time, the 

total fraction of carbon contained in carbides exhibits a general increase with increasing partitioning time. 

The results show that approximately 50-60 pct of all carbon partitions to austenite under the selected 

partitioning conditions, 30-40 pct is tied up in carbides and the remainder is present in martensite. 

The total fraction of carbon in martensite, i.e. the fraction of carbon not tied up in carbides, is 

observed to decrease with increasing partitioning time in Figure 4.21a. It is interesting to note that the 

total fraction of carbon in martensite and UTS exhibit similar trends, as shown in Figure 4.21b. Both 

martensite carbon content and UTS decrease with increasing Pt. This observation might suggest that 

martensite carbon content strongly affects the UTS in a given alloy. Figure 4.22 further illustrates the 

effect of carbon content on UTS by plotting UTS as a function of martensite carbon content, CM, for the 

0.3C-1.5Mn and 0.4C-1.5Mn alloys. CM was calculated according to the following equation: 

 f � �� � 	 
 f� �� � � =� �  (4.1) 

where fM and f�  are the volume fractions of martensite and austenite, respectively, and XCM, XC� , 

and XC are carbon contents of martensite, austenite, and alloy in weight percent, respectively. f�  and XC�  

were obtained from XRD measurements and XCM was calculated using a mass balance calculation. fM was 

calculated assuming that no other phases than austenite and martensite were present.  

 

 

Figure 4.22 Ultimate tensile strength as a function of carbon in martensite, CM (either in solution or 
tied up in carbides).   
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This approach does not take into account e.g. the possible carbide fraction or carbon gradients in 

martensite or austenite. UTS levels seem to increase with CM. While an increasing trend is observed, the 

data shows significant scatter. This suggests that other factors impact the resulting UTS as well. Possible 

factors include the extent of martensite tempering, and therefore variations in carbide precipitation caused 

by changes in PT and Pt, and carbon gradients in austenite and ferrite since XRD results only provide an 

average value of carbon content in austenite. 

In multiphase microstructures the softest phase is expected to yield first. The resulting YS of a 

material depends on the properties of this phase and the properties of the surrounding phases. Assuming 

full austenitization and ignoring possible bainite formation, the final microstructure of the alloys studied 

here should consist primarily of martensite and austenite. In the steels studied in the current work, 

austenite may be assumed to be the softer phase in most cases. Figure 4.23a plots YS as a function of the 

product of RA and C�  showing no correlation between these two properties. A similar lack of correlation 

is observed if YS is plotted as a function of RA or C�  separately. Figure 4.23b plots YS as a function of 

CM. The dashed line corresponds to YS calculated according to a published relationship for low-carbon, 

as-quenched martensitic grades containing up to 0.24 pct C and 0.5 pct Mn [25]. In general, the data are 

very scattered and a clear trend between YS and CM is absent. The majority of the data points seem to 

exhibit greater YS levels at lower CM levels than predicted by the equation. It is also interesting to note 

that the data in the lower right corner were all obtained after 10 s or 30 s of partitioning at 350 or 400 °C.  

 

 

(a) 

 

(b) 

Figure 4.23 Yield strength as a function of (a) the product of retained austenite fraction and austenite 
carbon content and (b) martensite carbon content for the 0.3C-1.5Mn and 0.4C-1.5Mn 
alloys.  
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4.1.8 Microstructures of the 0.3C-1.5Mn and 0.4C-1.5Mn Alloys 

Figure 4.24 shows FESEM micrographs taken from the 0.3C-1.5Mn and 0.4C-1.5Mn alloys after 

quenching to the calculated optimal quenching temperatures and partitioning at 400 °C for 10 and 300 s. 

Significant differences were not observed between the two alloys at different partitioning times. Large 

plateaued areas potentially indicating the presence of fresh martensite are absent suggesting a successful 

Q&P heat treatment for both alloys.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.24 Micrographs for (a, b) the 0.3C-1.5Mn and (c, d) the 0.4C-1.5Mn alloys after quenching 
to the calculated optimal quenching temperatures and partitioning at 400 °C for (a, c) 10 s 
and (b, d) 300 s. 
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4.2 Quenching and Partitioning Response of CMnSi Sheet Steels Containing 1.5, 3 and 5 wt pct 
Manganese 

In section 2.2.2, manganese was discussed to effectively stabilize austenite and to contribute to 

the overall strength of the alloy via solid solution strengthening. The effect of alloy manganese content on 

Q&P response was investigated using the 0.3C-1.5Mn and 0.3C-5Mn alloys. In addition, comparisons to 

previously reported results for a 0.3C-3Mn-1.6Si alloy, later referred to as the 0.3C-3Mn alloy, were 

made in some cases [12]. Partitioning time and temperature effects on the 0.3C-5Mn alloy are discussed 

first followed by discussion of the effect of alloy manganese content. 

4.2.1 Effect of Partitioning Time and Temperature on Tensile Properties of the 0.3C-5Mn Alloy 

Figures 4.25 through 4.27 show the evolution of tensile properties as a function of Pt for PTs of 

350, 400 and 450 °C. UTS levels of 1482-1874 MPa and TE levels of 10-21 pct were obtained for this 

alloy. In general, increasing PT increased YS but decreased UTS, as shown in Figures 4.25a and b. For 

PTs 350 and 400 °C, the greatest YS levels were reached after 300 s of partitioning whereas the 

maximum YS for PT 450 °C was reached after 60 s of partitioning. The greatest UTS levels were 

measured after 10 s of partitioning for all PTs tested. Increasing PT increased the UE and TE levels in 

most cases, as shown in Figures 4.26a and b. For PTs 350 and 400 °C the greatest UE and TE levels were 

measured after 300 s of partitioning whereas for a PT of 450 °C a peak in elongation levels was observed 

after 60 s of partitioning. The greatest extent of strain hardening was observed for the lowest PT, as 

shown in Figure 4.27a, whereas the greatest elongations were measured after 300 s of partitioning at 

400 °C. Significant combinations of strength and ductility were measured for the 0.3C-5Mn alloy, as 

shown in Figure 4.27b. UTS·TE levels increased with increasing Pt for PT 350 and 400 °C whereas a 

maximum was observed for a PT of 450 °C after 60 s of partitioning. Figure 4.28 plots total elongation as 

a function of ultimate tensile strength for specimens partitioned at 350, 400, and 450 °C. On average, TE 

levels increased and UTS levels decreased with increasing PT. Significant combinations of strength and 

ductility were measured for this alloy. UTS levels up to nearly 1900 MPa and TE levels up to nearly 

21 pct were measured. At UTS values exceeding 1500, 1600 and 1700MPa, TEs of 20, 17 and 12 pct 

were measured, respectively. 
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(a) 

 

(b) 

Figure 4.25 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. 

 

 

(a) 

 

(b) 

Figure 4.26 (a) Uniform and (b) total elongation of the 0.3C-5Mn alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. 
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(a) 

 

(b) 

Figure 4.27 Effect of partitioning temperature on (a) ratio of yield to ultimate tensile strength and (b) 
product of ultimate tensile strength and total elongation as a function of partitioning time 
for the 0.3C-5Mn alloy. 

 

 

Figure 4.28 Total elongation as a function of ultimate tensile strength for the 0.3C-5Mn alloy 
specimens partitioned at 350, 400, and 450 °C. 

4.2.2 Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content in the 0.3C-5Mn Alloy 

Figure 4.29 shows the evolution of retained austenite fractions and austenite carbon content of the 

0.3C-5Mn alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. Retained 
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austenite fractions increased with increasing partitioning time for all PTs and retained austenite fractions 

up to 28 pct were measured. The greatest austenite fractions were measured after 300 s of partitioning at 

450 °C. Since the retained austenite fractions kept increasing, maximum austenite fractions were not 

necessarily reached. Similar C�  levels were measured for samples after partitioning at 350 and 400 °C. 

For these PTs, C�  levels initially decreased with increasing Pt from 10 to 30 s and increased with 

increasing Pt from 30 to 300 s. For a PT of 450 °C the C�  levels increased with increasing Pt from 10 to 

60 s followed by a decrease with further increasing Pt. It should be noted that some error is expected in 

the C�  measurements, since some data points indicate that the C�  levels were lower than the alloy carbon 

content, as shown by a dashed line in Figure 4.29b. It should be noted that equation 3.5 was developed for 

alloys with composition ranges shown in Table 3.4. While most of the alloying element ranges studied 

here fall into those alloying ranges, some error is expected, especially due to the high austenite carbon 

content in the Q&P steels. However, when a MES analysis was performed on a 0.3C-5Mn sample 

quenched to 110 °C and partitioned at 400 °C for 300 s, a C�  content of 0.55 wt pct was measured, 

correlating well with C�  determined from XRD measurements. Further analysis, using e.g. MES is needed 

to confirm these results and investigate C�  redistribution after various Pts and PTs in the 0.3C-5Mn alloy.  

 

 

(a) 

 

(b) 

Figure 4.29 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. The dashed line shows alloy carbon content level. 
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4.2.3 Effect of Alloy Manganese Content on Tensile Properties 

The Q&P response of a 0.3C-5Mn alloy was studied previously and the authors reported 

moderate strength levels with low ductility for this alloy [12]. In previous research the 0.3C-5Mn 

microstructure was observed to contain large, flat, unetched areas in SEM micrographs possibly 

indicating the presence of fresh martensite, as shown in Figure 4.30. This could potentially explain the 

measured low ductility levels and the authors recognized a possibility for improvement for this alloy by 

further optimizing Q&P processing parameters. In the present study, the processing parameters were 

adjusted using dilatometry in order to improve the resulting tensile properties. The dilatometry curve for 

the 0.3C-5Mn alloy is shown in Figure 4.31. Austenitizing temperature was increased to 850 °C and the 

optimal quenching temperature was determined using dilatometry to be 110 °C compared to 160 °C in the 

previous study [12]. Figure 4.32 shows the predicted austenite fractions as a function of quenching 

temperature for the 0.3C-5Mn alloy. The figure shows two data sets, one for which the Ms temperature 

was calculated by using equation 3.2 and one for which the Ms temperature was determined using 

dilatometry. The optimal quenching temperature decreased from approximately 160 to 110 °C when the 

Ms temperature determined from dilatometry was applied. Figure 4.33 shows a micrograph of a 0.3C-5Mn 

sample quenched to 110 °C and partitioned at 400 °C for 60 s. This microstructure showed a significant 

decrease in unetched areas suggesting more effective Q&P processing.  

 

 

Figure 4.30 FESEM micrograph of a 0.3C-5Mn alloy after austenitizing at 780 °C for 120 s, 
quenching to 160 °C and partitioning at 400 °C for 30 s [12]. 
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Figure 4.31 Dilatometry data for the 0.3C-5Mn alloy heated to 900 °C with a heating rate of 
30 °C/s and cooled to room temperature with a cooling rate of 60 °C/s. Data provided 
by Dr. Daniel Coughlin from LANL.  

 

 

Figure 4.32 Calculated optimal quenching temperatures for the 0.3C-5Mn alloy using the 
Ms temperature calculated using equation 3.2 and Ms temperature determined using 
dilatometry.  

 

Figures 4.34 and 4.35 plot YS, UTS, UE and TE levels as a function of Pt for the 0.3C-1.5Mn, 

0.3C-3Mn [12] and 0.3C-5Mn alloy specimens quenched to the respective calculated optimal quenching 

temperatures and partitioned at 400 °C for various times. Increasing alloy manganese content from 1.5 to 



 63

5 wt pct decreases YS levels and significantly increases UTS, UE and TE levels. Contrary to the 

0.3C-1.5Mn alloy specimens, the elongation levels in the 0.3C-3Mn and 0.3C-5Mn alloys increase with 

increasing partitioning time, as shown in Figure 4.35. The change in tensile properties was observed to be 

greater when the alloy manganese content was increased from 1.5 to 3 wt pct and less pronounced with 

further increase. Figures 4.36a and b plot YS/UTS and UTS·TE levels for the three alloys. Significantly 

greater strain hardening and UTS·TE levels were observed in the 0.3C-3Mn and 0.3C-5Mn alloys than for 

the 0.3C-1.5Mn alloy. Figure 4.37 plots engineering stress-strain curves for 0.3C-1.5Mn, 0.3C-3Mn and 

0.3C-5Mn alloys after 10 and 30 s of partitioning at 400 °C. Data after longer partitioning times were not 

available in literature for the 0.3C-3Mn alloy. 

At short partitioning times, increasing alloy manganese content seems to mainly increase the 

resulting UTS levels, although overall, greater alloy manganese content increases both strength and 

ductility, as shown in Figure 4.38 which plots TE as a function of UTS for all three alloys. Figure 4.37 

also shows that increasing alloy manganese content decreases YS levels and results in more pronounced 

round house yielding. The 0.3C-1.5Mn alloy exhibited significantly greater YS levels while the 0.3C-

3Mn and 0.3C-5Mn alloys exhibited similar YS values. 

 

 

Figure 4.33 FESEM micrograph of a 0.3C-5Mn alloy after austenitizing at 850 °C, quenching to 
110 °C and partitioning at 400 °C for 60 s. 
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(a) 

 

(b) 

Figure 4.34 (a) Yield and (b) ultimate tensile strength as a function of partitioning time for the 
0.3C-1.5Mn, 0.3C-3Mn, and 0.3C-5Mn alloys. 

 

 

(a) 

 

(b) 

Figure 4.35 (a) Uniform and (b) total elongation as a function of partitioning time for the 
0.3C-1.5Mn, 0.3C-3Mn, and 0.3C-5Mn alloys. 
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(a) 

 

(b) 

Figure 4.36 (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation as a function of partitioning time for the 0.3C-1.5Mn, 0.3C-3Mn, 
and 0.3C-5Mn alloys. 

 

 

(a) 

 

(b) 

Figure 4.37 Engineering stress-strain curves for the 0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys 
quenched to the respective optimal quenching temperatures and partitioned at 400 °C for 
10 and 30 s. 
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Figure 4.38 Total elongation as a function of ultimate tensile strength for the 0.3C-1.5Mn, 
0.3C-3Mn, and 0.3C-5Mn alloys. 

4.2.4 Effect of Alloy Manganese Content on Retained Austenite Fractions and Austenite Carbon 
Content 

Figure 4.39 shows the predicted retained austenite fractions as a function of quenching 

temperature for the 0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys. Increasing alloy manganese content 

was observed to increase the predicted maximum retained austenite fractions and decrease the predicted 

optimal quenching temperature. Figure 4.40 shows the predicted and measured retained austenite 

fractions for the 0.3C-1.5Mn, 0.3C-3Mn [12] and 0.3C-5Mn alloys. Significantly greater austenite 

fractions were measured for the 0.3C-5Mn alloy than in the 0.3C-1.5Mn and 0.3C-3Mn alloys which 

exhibited similar maximum RA fractions. In addition, the retained austenite fractions for the 0.3C-5Mn 

alloy seemed to increase with increasing QT indicating that maximum retained austenite fractions were 

not necessarily reached. Contrary to the 0.3C and 0.4C alloys the RA levels in the 0.3C-5Mn alloy 

increased with increasing Pt, on average. Manganese has been reported to decrease carbon diffusivity in 

austenite [54]. Slower carbon diffusion in austenite might explain the longer partitioning times generally 

needed to retain the greatest RA in the 0.3C-5Mn alloy. In addition, the measured retained austenite 

fractions for the 0.3C-5Mn alloy are closer to the predicted maximum fractions than in the 0.3C-1.5Mn 

and 0.3C-3Mn alloys. RA fractions up to 80 pct of the predicted maximum fractions were measured for 

the 0.3C-5Mn alloy.  

Figure 4.41 shows retained austenite fractions and austenite carbon content as a function of 

partitioning time for the 0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn specimens quenched to the optimal 

quenching temperatures and partitioned at 400 °C. Increasing alloy manganese content greatly increases 
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the resulting retained austenite fractions, especially with an increase from 3 to 5 wt pct. Significantly 

lower C�  were measured in the 0.3C-5Mn alloy than in the 0.3C-1.5Mn and 0.3C-3Mn specimens, as 

shown in Figure 4.41b. As mentioned in section 4.2.2, some error is expected to accompany C�  levels 

since some data points indicate lower C�  levels than the alloy carbon content. It should be noted that 

different approaches were applied to obtain the C�  data for the 0.3C-3Mn and for the other two alloys, 

shown in Figure 4.41b. An average austenite lattice parameter estimated from the {220} and {311} peak 

positions and an equation suggested by Cullity [107] were utilized to determine the C�  for the 0.3C-3Mn 

alloy while equation 3.5 was used for the 0.3C-1.5Mn and 0.3C-5Mn alloys. For comparison, Figure 4.42 

plots C�  levels for all the alloys determined using the Cullity equation. It should be noted that the Cullity 

equation only takes into account the carbon content and neglects the effect of other alloying elements. 

Increasing alloy manganese content was observed to decrease austenite carbon content, on average, and 

RA levels were observed to increase in the 0.3C-1.5Mn and 0.3C-5Mn alloys when compared to the 

results obtained using equation 3.5.  

 

 

Figure 4.39 Calculated retained austenite fractions as a function of quenching temperature for the 
0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys. Data for the 0.3C-5Mn alloy was 
calculated using dilatometry data. 

 
Austenite carbon contents of the 0.3C-3Mn specimens were seen to be closer to the levels 

measured in the 0.3C-5Mn alloy than the ones measured in the 0.3C-1.5Mn alloy and an overall increase 

in austenite carbon contents were observed in all alloys. Carbide formation and carbon partitioning in the 

0.3C-5Mn alloy was not studied here in detail and further studies utilizing e.g. MES could provide useful 

information with regard to carbon redistribution and resulting tensile properties in alloys containing 
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elevated manganese levels. Figures 4.43a and b plot UTS·TE as a function of retained austenite and the 

product of retained austenite and austenite carbon content for the 0.3C-1.5Mn and 0.3C-5Mn alloys. 

Increasing retained austenite fractions were observed to correlate better with increasing UTS·TE levels 

while more scatter was observed in the data when UTS·TE was plotted against the product of retained 

austenite and austenite carbon content.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.40 Calculated and experimentally measured retained austenite fractions for the 
(a) 0.3C-1.5M, (b) 0.3C-5Mn and (c) 0.3C-3Mn alloys partitioned at 400 °C for 10, 30, 
60 and 300 s. 



 69

 

 

(a) 

 

(b) 

Figure 4.41 (a) Retained austenite fractions and (b) austenite carbon content as a function of 
partitioning time for the 0.3C-1.5Mn, 0.3C-3Mn and 0.3C-5Mn alloys. 

 

 

Figure 4.42 Austenite carbon content calculated via the Cullity method [107] for the 0.3C-1.5Mn, 
0.3C-3Mn and 0.3C-5Mn after quenching to the  calculated optimal quenching 
temperature and partitioning at 400 °C. 
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(a) (b) 

Figure 4.43 Product of UTS and TE as a function of (a) retained austenite and (b) the product of 
retained austenite and austenite carbon content for the 0.3C-1.5Mn, and 0.3C-5Mn alloys.  

4.2.5 Effect of Alloy Manganese Content on Engineering Stress-Strain Curves 

The tensile flow curves of the 0.3C-5Mn alloys exhibited significant discontinuities, especially 

for longer Pts and at higher PTs, as shown in Figure 4.44. Figure 4.45 also shows the strain hardening 

rates for the 0.3C-5Mn specimens after quenching to 110 °C and partitioning at 400 °C for 10 and 300 s. 

Three main reasons were observed to lead to serrated yielding in the 0.3C-5Mn alloy: 1. increased alloy 

manganese content (when compared to the 0.3C-1.5Mn alloy), 2. increased partitioning temperature and 

3. increased partitioning time. In addition, retained austenite fractions increased with increasing Pt in the 

0.3C-5Mn alloy and the mechanical stability of austenite likely varied due to different C�  levels at each 

Pt. Discontinuities in flow curves may occur due to several factors, such as [112]:  

 

i. Instantaneous increase in mobile dislocation density and/or dislocation velocity 

ii. Dynamic strain aging 

iii.  Continuous mechanical twinning 

iv. A sudden increase in specimen temperature 

v. Stress-assisted and strain-induced phase transformations 

 

Serrations due to twinning or a sudden increase in specimen temperature seem unlikely in this 

alloy but cannot be excluded without further analysis. Twinning induced plasticity (TWIP) steels are 

normally heavily alloyed, e.g. Fe-18%Mn-0.6%C-1.5%Al [113], and thus twinning would seem unlikely 
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in the 0.3C-5Mn alloy which exhibits significantly lower amounts of alloying additions. Tensile tests 

were conducted using a relatively slow strain rate at room temperature and therefore significant 

temperature increase is not expected, although it was not monitored.  

 

 

(a) 

 

(b) 

Figure 4.44 Engineering stress-strain curves for the 0.3C-5Mn specimens quenched to 110 °C and (a) 
partitioned at 400 °C for 10, 30 and 300 s and (b) partitioned at 350, 400 and 450 °C for 
60 s.  

 

Deformation induced transformation of austenite to martensite could cause discontinuous flow. 

However, similar serrations were not observed e.g. in the 0.4C-1.5Mn alloy which exhibited significant 

RA levels. Another potential mechanism could be DSA. However, tensile testing in this work was 

performed at room temperature which is significantly lower than the temperature range where DSA has 

traditionally been observed. In addition, alloy manganese content was also observed to impact the serrated 

flow. Increased alloy manganese content may lead to formation of C-Mn dipoles in high-manganese 

steels [114]. C-Mn dipoles are theorized to strongly interact with dislocations [116]. Mn atoms are 

thought to attract C atoms leading to decreased interstitial site energy and trapping of carbon atoms by the 

Mn atoms [115]. In addition to the exact mechanism, it is also unclear whether the observed serrations are 

due to changes in martensite or austenite. Hence, further work is needed to understand the origin of the 

serrations and the impact on tensile properties. 
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Figure 4.45 Strain hardening rate as a function of true strain for the 0.3C-5Mn specimens quenched to 
110 °C and partitioned at 400 °C for 10 and 300 s. 

4.3 Quenching and Partitioning Response of CMnSi Sheet Steels Containing Molybdenum and 
Aluminum Additions 

Recent studies have shown that alloys containing the approximate composition of 

0.3C-3Mn-1.5Mn yield promising combinations of strength and ductility after Q&P processing [12, 44]. 

Mo alloying has been reported to increase retained austenite fractions especially after partitioning at 

higher temperatures in a 0.2C-1.6Mn-1.6Si alloy [11]. Aluminum alloying on the other hand was 

discussed to possibly increase austenite stability against strain-induced martensite transformation and may 

therefore lead to improved uniform elongations in TRIP steels, if strain hardening is positively 

impacted [10]. The effects of Mo and Al alloying were studied with the 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl alloys and detailed list of measured tensile properties and retained austenite fractions are 

provided in Appendix B. Some of the measured tensile properties were compared with published results 

for a 0.3C-3Mn-1.6Si alloy later referred to as the 0.3C-3Mn alloy [12].  

4.3.1 Effect of Partitioning Time and Temperature on Tensile Properties of the 0.3C-3Mn-Mo 
Alloy 

UTS levels of 1418-1770 MPa and TE levels of 9-18 pct were obtained for the 0.3C-3Mn-Mo 

alloy. Figures 4.46 through 4.48 show the impact of PT on tensile properties for this alloy. Figures 4.46a 

and b show how increasing PT decreased YS and UTS in most cases. Maximum YS levels were measured 

after 300 s of partitioning for specimens partitioned at 350 and 400 °C whereas for specimens partitioned 

at 450 °C, a peak was observed at 60 s of partitioning. It is interesting to note that on average the YS 

levels decrease with increasing PT while an increasing trend was observed with the 0.3C-1.5Mn, 
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0.4C-1.5Mn and 0.3C-5Mn alloys. A partitioning time of 10 s resulted in maximum UTS levels for all 

partitioning temperatures.  

 

 

(a) 

 

(b) 

Figure 4.46 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 400, 
and 450 °C. 

 

 

(a) 

 

(b) 

Figure 4.47 (a) Uniform and (b) total elongation of the 0.3C-3Mn-Mo alloy specimens as a 
function of partitioning time for partitioning temperatures 350, 400, and 450 °C. 
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The greatest elongation levels were measured for specimens partitioned at 400 °C while the 

lowest levels were measured for specimens partitioned at 350 °C, as shown in Figures 4.47a and b. For 

PTs of 400 and 450 °C the maximum elongation levels were measured after 60 s of partitioning whereas 

for PT 350 °C a maximum was observed after 300 s of partitioning. PT did not seem to significantly 

affect the YS/UTS levels in this alloy, as shown in Figure 4.48a. Specimens partitioned at 400 °C 

exhibited the greatest levels of UTS·TE in most cases, as shown in Figure 4.48b. 

 

 

(a) 

 

(b) 

Figure 4.48 (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation of the 0.3C-3Mn-Mo alloy specimens as a function of partitioning 
time for partitioning temperatures 350, 400, and 450 °C. 

4.3.2 Effect of Partitioning Time and Temperature on Tensile Properties of the 0.3C-3Mn-MoAl 
Alloy 

UTS levels of 1396-1786 MPa and TE levels of 9-19 pct were obtained for the 0.3C-3Mn-MoAl 

alloy. Figures 4.49 through 4.51 show the impact of PT on tensile properties for this alloy. Figure 4.49a 

shows how increasing Pt for PTs 350 and 400 °C first decreased YS up to 60 s followed by an increase in 

YS levels whereas for a PT of 450 °C maximum YS is measured after 60 s of partitioning. Figure 4.49b 

shows a decreasing trend for UTS levels with increasing PT and Pt. A partitioning time of 10 s resulted in 

maximum UTS levels for all partitioning temperatures.  
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(a) 

 

(b) 

Figure 4.49 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-MoAl 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 400, 
and 450 °C. 

 

 

(a) 

 

(b) 

Figure 4.50 (a) Uniform and (b) total elongation of the 0.3C-3Mn-MoAl alloy specimens as a 
function of partitioning time for partitioning temperatures 350, 400, and 450 °C. 
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The greatest uniform and total elongation levels were measured for specimens partitioned at 

450 °C while the lowest levels were measured for specimens partitioned at 350 °C, as shown in 

Figures 4.50a and b. For all PTs the maximum elongation levels were measured after 300 s of 

partitioning. For PTs 350 and 400 °C the greatest YS/UTS levels were measured after 300 s of 

partitioning whereas for a PT of 450 °C a maximum was observed after 60 s of partitioning, as shown in 

Figure 4.51a. Specimens partitioned at 450 °C exhibited the greatest levels of UTS·TE in most cases, and 

specimens partitioned at 350 °C clearly exhibited the lowest levels. 

 

 

(a) 

 

(b) 

Figure 4.51 (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation of the 0.3C-3Mn-MoAl alloy specimens as a function of partitioning 
time for partitioning temperatures 350, 400, and 450 °C. 

4.3.3 Effect of Partitioning Time and Temperature on Retained Austenite Fractions and 
Austenite Carbon Content of the 0.3C-3Mn-Mo Alloy 

Figure 4.52 shows the evolution of retained austenite fractions and austenite carbon content of the 

0.3C-3Mn-Mo alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. For PTs 

350 and 400 °C, austenite fractions increased with increasing Pt while for a PT of 450 °C a maximum was 

observed after 60 of partitioning. In general, the greatest austenite fractions were measured after 

partitioning at 450 °C. Each PT exhibited different trends for C� . For a PT of 350 °C, C�  decreased 

initially with increasing Pt from 10 to 30 s followed with an increase with increasing Pt from 30 to 300 s. 

For the PT of 400 °C, C�  increased with increasing Pt up to 60 s followed by a decrease with further 
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partitioning. For the PT of 450 °C, C�  seemed to be relatively unaffected by the change in Pt and the C�  

levels were observed to decrease on average when PT was increased from 400 to 450 °C. 

 

 

(a) 

 

(b) 

Figure 4.52 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 
400, and 450 °C.  

4.3.4 Effect of Partitioning Time and Temperature on Retained Austenite Fractions and 
Austenite Carbon Content of the 0.3C-3Mn-MoAl Alloy 

Figure 4.53 shows the evolution of retained austenite fractions and austenite carbon content of the 

0.3C-3Mn-MoAl alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. 

Maximum amounts of retained austenite were observed after 60, 30 and 60 s of partitioning for PTs 350, 

400 and 450 °C, respectively. Specimens partitioned at a Pt of 450 °C exhibited the greatest retained 

austenite fractions in most cases. On average, C�  increased with increasing Pt for all PTs, as shown in 

Figure 4.53b. Similar C�  levels were measured for samples partitioned at 400 and 450 °C while samples 

partitioned at 350 °C exhibited significantly lower C�  levels. Similarly to the 0.3C-5Mn alloy, some of the 

data points for this alloy exhibited C�  levels lower than the alloy carbon content and overall rather low C�  

levels were measured.  
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(a) 

 

(b) 

Figure 4.53 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-
MoAl alloy specimens as a function of partitioning time for partitioning temperatures 
350, 400, and 450 °C. The dashed line shows alloy carbon content level. 

4.3.5 Effect of Molybdenum and Aluminum on Tensile Properties 

Figures 4.54 through 4.58 show the YS, UTS, UE, TE, YS/UTS and UTS·TE levels for the 

0.3C-3Mn, 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys quenched to the calculated optimal QTs and 

partitioned at 400 °C. Data for the 0.3C-3Mn partitioned at 350 or 450 °C were not available in sufficient 

amounts to make comparisons [12]. Figure 4.54a plots YS levels for the three alloys. Mo addition 

decreased YS levels while aluminum alloying increased YS levels slightly. YS levels generally increased 

with increasing Pt for all three alloys. Aluminum and molybdenum alloying did not significantly affect 

UTS, UE and TE levels after partitioning at 400 °C, as shown in Figure 4.54b and Figure 4.55a and b. 

YS/UTS and UTS·TE were also similar in all alloys albeit slightly greater YS/UTS levels were measured 

in the 0.3C-3Mn-MoAl alloy indicating more moderate strain hardening. At a PT of 450 °C, aluminum 

alloying was observed to increase TE levels, as shown in Figure 4.57a. This also resulted in greater 

UTS·TE levels as UTS levels were not significantly affected, as shown in Figure 4.57b. The effect of 

increasing PT from 400 to 450 °C on retained austenite fractions and austenite carbon content in the 0.3C-

3Mn-Mo and 0.3C-3Mn-MoAl alloys is further discussed in section 0.  
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(a) 

 

(b) 

Figure 4.54 (a) Yield and (b) ultimate tensile strength as a function of partitioning time for the 
0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys partitioned at 400 °C. 

 

 

(a) 

 

(b) 

Figure 4.55  (a) Uniform and (b) total elongation as a function of partitioning time for the 0.3C-3Mn, 
0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys partitioned at 400 °C. 
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(a) 

 

(b) 

Figure 4.56 (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation as a function of partitioning time for the 0.3C-3Mn, 0.3C-3Mn-Mo, 
and 0.3C-3Mn-MoAl alloys partitioned at 400 °C. 

 

 

(a) 

 

(b) 

Figure 4.57 (a) Total elongation (b) product of ultimate tensile strength and total elongation as a 
function of partitioning time for the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys 
partitioned at 450 °C. 
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Figure 4.58 plots TE as a function of UTS for the 0.3C-3Mn, 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl alloys. In most cases the 0.3C-3Mn alloy is shown to exhibit the greatest combinations 

of strength and ductility although the tensile properties of the three alloys are generally similar to each 

other. The differences between the three alloys are further illustrated with engineering stress-strain curves 

in Figure 4.59a for specimens quenched to 200 °C and partitioned at 400 °C for 30 s. Alloying with 

0.25 wt pct molybdenum decreased TE and slightly increased UTS when compared to the 0.3C-3Mn 

alloy, although the differences in UTS levels between all the alloys are again minimal. Nevertheless, this 

correlates with previously reported results where molybdenum was shown to increase UTS and slightly 

decrease overall TE levels. The aluminum addition of 0.85 wt pct to the 0.3C-3Mn-Mo alloy decreased 

UTS but increased UE and TE in this particular condition. Aluminum was reported to potentially retard 

austenite to strain-induced martensite formation and therefore increase UE levels [10]. Aluminum was 

also reported not to act as a significant ferrite strengthener which might result in lower UTS levels. 

Therefore, the observations made from Figure 4.58 seem to correlate with information in literature. 

However, the differences between the three alloys are not significant and Q&P processing effects on these 

observations cannot be neglected. 

 

 

Figure 4.58 Total elongation as a function of ultimate tensile strength for 0.3C-3Mn, 
0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys. 

 

Figure 4.59b shows YS as a function of Pt for different QTs and Figure 4.60 shows a micrograph 

of a 0.3C-3Mn-MoAl specimen quenched to 225 °C and partitioned at 400 °C for 10 s. Based on the 

presence of ferrite, the 0.3C-3Mn-MoAl alloy specimens quenched to 225 °C were apparently not fully 
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austenitized and therefore the results for these specimens may not be fully comparable with results 

obtained for other alloys.  

 

(a) 

 

(b)  

Figure 4.59 (a) Engineering stress-strain curves for 0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl 
specimens quenched to 200 °C and partitioned at 400 °C for 30 s and (b) yield strength as 
a function of partitioning time for 0.3C-3Mn-MoAl alloy specimens. 

 

 

Figure 4.60 FESEM micrograph of a 0.3C-3Mn-MoAl specimen quenched to 225 °C and 
partitioned for 10 s at 400 °C. 

 

The arrows in Figure 4.60 point to potential ferrite grains. The specimens quenched to 225 °C 

exhibited continuously decreasing YS with increasing Pt, as shown in Figure 4.59b while the specimens 

quenched to 175 and 200 °C exhibited increasing YS levels with increasing Pt. Decreasing YS levels with 
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increasing Pt have been reported in intercritically annealed, aluminum alloyed Q&P steels [14, 74]. 

Further microstructural characterization, such as EBSD analysis, is needed to confirm the presence of 

ferrite and to analyze whether the presence of ferrite is leading to continuously decreasing YS with 

increasing Pt for these samples. 

4.3.6 Effect of Molybdenum and Aluminum on Retained Austenite Fractions and Austenite 
Carbon Content 

Figure 4.61 shows the predicted retained austenite fractions for the 0.3C-3Mn [12], 

0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. The lower predicted retained austenite fractions compared to 

the 0.3C-3Mn alloy in the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys are due to slightly lower carbon 

content and aluminum alloying. Figure 4.62 shows the predicted and measured retained austenite 

fractions for the 0.3C-3Mn, 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. Retained austenite fractions up to 

81 and 88 pct of the calculated maximum fractions were measured for the 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl alloys, respectively, as shown in Figure 4.62. These values are closer to the calculated 

maximum retained austenite fractions than those reported for the 0.3C-3Mn alloy for which significantly 

lower retained austenite fractions were measured [12].  

 

 

Figure 4.61 Calculated retained austenite fractions as a function of quenching temperature for the 
0.3C-3Mn, 0.3C-3Mn-Mo, and 0.3C-3Mn-MoAl alloys. 

 

De Knijf et al. studied the effect of Q&P parameters on tensile properties and retained austenite 

fractions in a 0.25C-3Mn-1.5Si alloy [46]. The authors report RA levels ranging from 5 to 20 vol pct for 

QTs 224, 244 and 264 °C partitioned at a PT of 400 °C, which are generally greater than those reported 
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for the 0.3C-3Mn alloy, although higher QTs were used in the study by De Knijf et al. In addition, for the 

0.3C-3Mn alloy a maximum in the RA levels was frequently observed after 30 s of partitioning while in 

the study conducted by De Knijf et al. increasing RA levels with increasing Pt were reported. The RA 

levels reported by De Knijf et al. also are closer to those reported here for the 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl alloys.  

 

 
(a) 

 
(b) 

 

(c) 

Figure 4.62 Calculated and experimentally measured retained austenite fractions for the (a) 
0.3C-3Mn-Mo and (b) 0.3C-3Mn-MoAl and (c) 0.3C-3Mn [12] alloys. 
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For both the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys the RA levels were similar. Q&P 

processing parameters seemed to greatly impact the resulting maximum RA levels and depending on the 

QT and PT the maximum RA was measured after a Pt of 30, 60 or 300 s. For the 0.3C-3Mn-Mo alloy a 

QT of 150 °C seemed to be too low to retain optimal retained austenite fractions. On average, the samples 

quenched to this temperature exhibited lower ductility and greater strength. Figures 4.63a and b plot 

retained austenite fractions and austenite carbon contents as a function of partitioning time after 

quenching to the calculated optimal QT and partitioning at 400 °C for the 0.3C-3Mn, 0.3C-3Mn-Mo and 

0.3C-3Mn-Mo alloys. The figure shows that in these conditions the 0.3C-3Mn-Mo alloy exhibits 

generally greater austenite fractions than the 0.3C-3Mn-MoAl alloy while the C�  values are similar in 

both alloys. The 0.3C-3Mn was observed to exhibit the lowest retained austenite fractions but the greatest 

C�  levels, as shown in Figure 4.63b. It should be again noted that different approaches were applied to 

obtain the C�  data for the 0.3C-3Mn and for the other two alloys, shown in Figure 4.63b. An average 

austenite lattice parameter estimated from the {220} and {311} peak positions and an equation suggested 

by Cullity [107] were utilized to determine the C�  for the 0.3C-3Mn alloy while equation 3.5 was used for 

the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. For comparison, Figure 4.64 plots C�  levels for all the 

alloys determined using the Cullity equation. In Figure 4.64, increasing alloying is observed to increase 

austenite carbon content, although the impact of Mn, Mo and Al is not considered in this data. 

 

 

(a) 

 

(b) 

Figure 4.63 (a) Retained austenite fractions and (b) austenite carbon content as a function of 
partitioning time for the 0.3C-3Mn, 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys 
quenched to the calculated optimal quenching temperatures and partitioned at 400 °C.  
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Figures 4.65a and b plot UTS·TE as a function of retained austenite and the product of retained 

austenite and austenite carbon content for the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. In general 

greater austenite fractions resulted in greater UTS·TE levels although significant scatter was observed in 

both alloys. Increase in the product of retained austenite fractions and austenite carbon content was 

observed to correlate more with increasing UTS·TE levels, especially in the 0.3C-3Mn-MoAl alloy. 

Figures 4.66 and 4.67 plot retained austenite fractions and total elongation levels for different 

partitioning temperatures as a function of Pt for the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys. The 

figures show that increasing partitioning temperature increased retained austenite fractions in both alloys, 

on average. For the 0.3C-3Mn-Mo alloy RA levels generally increased with increasing Pt, except for the 

300 s hold at 450 °C. Molybdenum alloying was previously shown to increase retained austenite fractions 

after partitioning at 450 °C. However, it is challenging to determine whether the observed impact here is 

due to Mo addition or alloy carbon and/or manganese content. For the 0.3C-3Mn-MoAl alloy a peak in 

the retained austenite fractions was observed at short Pts (30-60 s) followed by a decrease with a longer 

hold at each PT. Significant differences in the impact of PT and Pt on TE levels between the alloys were 

observed. For the 0.3C-3Mn-Mo alloy maximum TE levels were measured after 300 s, 60 s and 60 s of 

partitioning at 350, 400 and 450 °C, respectively, while in the 0.3C-3Mn-MoAl alloy TE levels increased 

with increasing Pt for each PT. In the 0.3C-3Mn-Mo alloy total elongation levels stay the same or 

decrease with increasing PT from 400 to 450 °C.  

 

 

Figure 4.64 Austenite carbon content calculated by the Cullity method [107] for the 0.3C-3Mn, 
0.3C-3Mn-Mo and 0.3C-3Mn-MoAl after quenching to the calculated optimal quenching 
temperature and partitioning at 400 °C.  
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(a) (b) 

Figure 4.65 Product of UTS and TE as a function of (a) retained austenite and (b) the product of 
retained austenite and austenite carbon content for the 0.3C-3Mn-Mo, and 
0.3C-3Mn-MoAl alloys. 

 

 

(a) 

 

(b) 

Figure 4.66 (a) Retained austenite fractions and (b) total elongation levels as a function of 
partitioning time for the 0.3C-3Mn-Mo specimens quenched to the calculated optimal 
quenching temperature. 
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(a) 

 

(b) 

Figure 4.67 (a) Retained austenite fractions and (b) total elongation levels as a function of 
partitioning time for the 0.3C-3Mn-MoAl specimens quenched to calculated optimal 
quenching temperature. 

 

It is interesting to note that while the retained austenite fractions are greater after a PT of 450 °C, 

the TE levels did not increase accordingly in the 0.3C-3Mn-Mo alloy. For the 0.3C-3Mn-MoAl alloy both 

RA and TE levels increase with increasing PT as shown in Figure 4.67. Figure 4.68 shows micrographs 

for the 0.3C-3Mn-Mo alloy after partitioning at 400 and 450 °C for 60 s. Significant differences were not 

observed between these two conditions. Data reported by De Knijf et al. suggests that, depending on the 

QT, increasing PT may not always increase the resulting TE levels in a 0.25C-3Mn-1.5Si alloy [44]. 

Further investigation is therefore needed to determine if the decrease in TE levels at a PT of 450 °C is due 

to the selected QT or some other factor, such as alloying. 

In section 4.3.5, the 0.3C-3Mn-MoAl alloy was shown to exhibit greater TE and UTS·TE levels 

than the 0.3C-3Mn-Mo alloy after partitioning at 450 °C. Figure 4.69 plots the retained austenite fractions 

and austenite carbon contents for both alloys after quenching to the calculated optimal QT and 

partitioning at 450 °C. Slightly greater RA levels were observed in the 0.3C-3Mn-Mo alloy. RA levels 

increased up to 60 s of partitioning followed by a decrease with further holding times for both alloys. A 

greater effect was observed in the C�  levels. For the 0.3C-3Mn-MoAl the C�  levels generally increased 

with increasing Pt while for the 0.3C-3Mn-Mo alloy a maximum was observed after 30 s of partitioning 

followed by a decrease with further holding. On average, significantly greater C�  levels were observed in 

the 0.3C-3Mn-MoAl indicating increased mechanical stability of austenite which might explain the 

greater observed TE levels in this alloy. However, it is unclear whether the observed effect is due to the 
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Al addition or e.g. the selected QT. Hence, further investigation, e.g. tensile testing and retained austenite 

measurements of samples from both alloys quenched to various QTs, is needed to further study this 

observation. 

 

 

(a) 

 

(b) 

Figure 4.68 Micrographs for the 0.3C-3Mn-Mo alloy after partitioning at (a) 400 °C and (b) 450 °C 
for 60 s. 

 

 

(a) 

 

(b) 

Figure 4.69 (a) Retained austenite fractions and (b) austenite carbon content for the 0.3C-3Mn-Mo 
and 0.3C-3Mn-MoAl alloys quenched to the respective calculated optimal quenching 
temperatures and partitioned at 450 °C. 
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4.3.7 Alloying Effects on Engineering Stress-Strain Curves in the 0.3C-3Mn-Mo and 
0.3C-3Mn-MoAl Alloys 

Similar to the 0.3C-5Mn alloy, serrated flow was observed in both the 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl alloys. The effect of increasing PT and Pt on serrated flow in these alloys is illustrated 

in Figures 4.70 and 4.71. Figure 4.70b and Figure 4.71b also further illustrate the different responses of 

these alloys with increasing PT from 400 to 450 °C. For the 0.3C-3Mn-Mo alloy the elongation levels 

decreased while an increasing trend was observed for the 0.3C-3Mn-MoAl alloy. The effect of increasing 

PT on YS is also illustrated with these figures. For the 0.3C-3Mn-Mo alloy YS levels seem to decrease 

and for the 0.3C-3Mn-MoAl alloy an increasing trend is observed. For both alloys increasing PT and Pt 

decreased UTS levels. 

The impact of aluminum alloying on UE is shown in Figure 4.72 which plots engineering 

stress-strain curves and instantaneous strain hardening exponent, n-values, for 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl specimens quenched to 175 and 200 °C, respectively, and partitioned at 350 °C for 

300 s. In addition, Figure 4.73 plots the strain hardening rates as a function of true strain for the same 

specimens. Similar RA and C�  levels were observed for these heat treatments, namely 16.7 vol pct and 

0.73 wt pct. These specimens were chosen in order to eliminate the possible differences in partitioning 

responses and C�  levels which greatly impact austenite stability.  

Figure 4.72a shows that for these specimens Al alloying seems to increase UE, albeit at lower 

strength levels. The instantaneous strain-hardening, i.e. the n-value, is defined by:  

n=
�  ln �
�  ln �

=
ln� 2-ln� 1

ln� 2-ln� 1
 (4.3) 

where �  and �  are true stress and strain, respectively. Greater n-values have been shown to lead to 

improved elongation levels in Q&P steels in [117]. Figure 4.72b shows that for both alloys increasing true 

strain decreases n-values and the 0.3C-3Mn-MoAl specimen was observed to exhibit slightly greater 

instantaneous n-values. This could possibly indicate slower austenite to strain-induced martensite 

transformation leading to greater observed UE. When strain hardening is assessed by plotting d� /d�  as a 

function of true strain the effect seems less pronounced, as shown in Figure 4.73. Further testing, such as 

interrupted tensile testing and retained austenite measurements, are needed to confirm the impact of 

aluminum alloying on austenite to strain-induced martensite transformation in these alloys. 
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(a) 

 

(b) 

Figure 4.70 Engineering stress-strain curves for the 0.3C-3Mn-Mo specimens quenched to 175 °C 
and (a) partitioned at 400 °C for 10, 30 and 300 s and (b) partitioned at 350, 400 and 
450 °C for 60 s. 

 

 

(a) 

 

(b) 

Figure 4.71 Engineering stress-strain curves for the 0.3C-3Mn-MoAl specimens quenched to 200 °C 
and (a) partitioned at 400 °C for 10, 30 and 300 s and (b) partitioned at 350, 400 and 
450 °C for 60 s.  
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(a) 

 

(b) 

Figure 4.72 (a) Engineering stress-strain curves and (b) instantaneous strain-hardening values as a 
function of true strain for the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl samples quenched to 
calculated optimal quenching temperatures and partitioned at 350 °C for 300 s. 

 

 

Figure 4.73 Strain hardening rate as a function of true strain for the 0.3C-3Mn-Mo and 
0.3C-3Mn-MoAl samples quenched to the calculated optimal quenching temperatures 
and partitioned at 350 °C for 300 s. 
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4.4 Quenching and Partitioning Response of CMnSi Sheet Steels Containing Copper and Nickel 
Additions 

Copper alloying has been reported to increase ferrite strength and the amount of carbon in 

solution after quenching (i.e. reducing auto-tempering), increase austenite fractions and possibly decrease 

prior austenite grain size due to solute drag [81–83]. In TRIP steels, copper alloying has been reported to 

increase retained austenite fractions and UTS·TE levels [18]. Nickel alloying further increased retained 

austenite fractions while UTS·TE levels were not necessarily greatly affected [17]. In the present study 

copper and nickel effects on Q&P heat treated steels were studied using the 0.2C-Cu and 0.2C-CuNi 

alloys. 

4.4.1 Effect of Partitioning Temperature on Tensile Properties of the 0.2C-Cu Alloy 

Figures 4.74 through 4.76 show the evolution of tensile properties as a function of Pt for three 

different partitioning temperatures. UTS levels of 1136-1512 MPa and TE levels of 8-15 pct were 

obtained for this alloy.  

 

 

(a) 

 

(b) 

Figure 4.74 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-Cu alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400, and 
450 °C. 
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(a) 

 

(b) 

Figure 4.75 (a) Uniform and (b) total elongation of the 0.2C-Cu alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. 

 

 

(a) 
 

(b) 

Figure 4.76 Effect of partitioning temperature on (a) ratio of yield to ultimate tensile strength and (b) 
product of ultimate tensile strength and total elongation as a function of partitioning time 
for the 0.2C-Cu alloy. 
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For a PT of 350 °C YS first decreased up to 60 s of partitioning and increased significantly with 

increasing Pt, as shown in Figure 4.74a. At PTs of 400 and 450 °C, YS increased with increasing Pt and 

greater YS levels were observed after partitioning at 400 °C than after a PT of 450 °C. UTS levels 

decreased with increasing PT and Pt, as shown in Figure 4.74b. Maximum UE levels were measured after 

30 s of partitioning for all PTs and similar trends were observed for TE levels except for samples 

partitioned at 400 °C which exhibited the greatest TE level after 300 s of partitioning, as shown in Figure 

4.75. Figure 4.76 shows that YS/UTS ratios decreased with decreasing PTs and the greatest UTS·TE 

levels on average were obtained in samples partitioned at 450 °C. 

4.4.2 Effect of Partitioning Temperature on Tensile Properties of the 0.2C-CuNi Alloy 

Figures 4.77 through 4.79 show the evolution of tensile properties as a function of Pt for three 

different partitioning temperatures. UTS levels of 1153-1562 MPa and TE levels of 7-15 pct were 

obtained for this alloy. For a PT of 350 °C the maximum YS was measured after 10 s of partitioning 

whereas for PTs 400 and 450 °C maximum YS levels were measured after 300 and 60 s of partitioning, 

respectively. UTS levels decreased with increasing PT and Pt and the greatest UTS levels were measured 

at a PT of 350 °C. UE and TE levels increased with increasing PT.  

 

(a) 

 

(b) 

Figure 4.77 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-CuNi alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400, and 
450 °C. 
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(a) 

 

(b) 

Figure 4.78 (a) Uniform and (b) total elongation of the 0.2C-CuNi alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. 

 

 

(a) 

 

(b) 

Figure 4.79 Effect of partitioning temperature on (a) ratio of yield to ultimate tensile strength and (b) 
product of ultimate tensile strength and total elongation as a function of partitioning 
time for the 0.2C-CuNi alloy. 

 



 97

On average, for all the PTs, UE and TE increased up to 60 s of partitioning and remained 

relatively unchanged with longer partitioning time. YS/UTS ratios generally increased with increasing PT 

and Pt with the exception of samples partitioned at 450 °C for 300 s for which the YS/UTS ratio 

decreased. The greatest UTS·TE levels were measured for samples partitioned at 450 °C. 

4.4.3 Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.2C-Cu Alloy 

Figure 4.80 shows the evolution of retained austenite fractions and austenite carbon content of the 

0.2C-Cu alloy specimens as a function of partitioning time for PTs 350, 400, and 450 °C. Retained 

austenite fractions reached a maximum after 30 s of partitioning for samples partitioned at 350 and 

400 °C whereas for samples partitioned at 450 °C a maximum was reached after 10 s of partitioning. 

Samples partitioned at 400 and 450 °C exhibited maximum C�  after 30 s of partitioning while for 

specimens partitioned at 350 °C a maximum was observed after 10 s of partitioning. Once again, austenite 

carbon contents lower than the alloy carbon content were measured in some instances, as shown by the 

dashed line in Figure 4.80b. 

 

(a) 

 

(b) 

Figure 4.80 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-Cu alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400, and 
450 °C. The dashed line shows alloy carbon content level. 

4.4.4 Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.2C-CuNi Alloy 

Figure 4.81 shows the evolution of retained austenite fractions and austenite carbon content of the 

0.2C-CuNi alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. The greatest 
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retained austenite fractions were measured after 60, 10 and 30 s of partitioning for PTs 350, 400, and 

450 °C, respectively. For PTs 400 and 450 °C austenite carbon content increased up to 60 s of partitioning 

and with longer partitioning C�  remained relatively unchanged for a PT of 400 °C and decreased for a PT 

of 450 °C. For a PT of 350 °C, C�  levels first decreased with increasing partitioning time up to 60 s 

followed by an increase with longer partitioning time.  

 

(a) 

 

(b) 

Figure 4.81 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-CuNi 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 
400, and 450 °C.  

4.4.5 Effect of Copper and Nickel Alloying on Tensile Properties 

Figures 4.82 through 4.85 show the effect of copper and nickel additions on YS, UTS, UE, TE, 

YS/UTS and UTS·TE. For comparison, some data corresponding to the same partitioning times and 

temperatures for a 0.2C-1.6Mn-1.6Si alloy, later referred to as the 0.2C alloy, are presented as well [11]. 

It should again be noted that slightly different specimen geometry was used for the 0.2C specimens, as 

shown in Figure 4.11. Figure 4.82a shows the effect of copper and nickel additions on YS of specimens 

quenched to respective calculated optimal QTs and partitioned at 400 °C. Copper alloying is observed to 

significantly increase YS levels and an increasing trend with increasing Pt was observed. Further nickel 

alloying decreased YS levels while still maintaining a greater YS level compared to the 0.2C alloy. 

Copper and nickel additions also increased the UTS levels, as shown in Figure 4.82b. A greater effect was 

observed at a Pt of 10 s and the difference between the alloy UTS levels was reduced with increasing Pt.  
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(a) (b) 

Figure 4.82 (a) Yield and (b) ultimate tensile strength as a function of partitioning time for the 0.2C, 
0.2C-Cu, and 0.2C-CuNi alloys partitioned at 400 °C. 

 

Figures 4.83a and b show the copper and nickel addition effect on UE and TE levels. At short Pts 

up to 60 s the copper and nickel alloying decreased the UE and TE levels compared to the 0.2C alloy. 

With increasing Pt up to 300 s the UE and TE levels for the 0.2C alloy decrease significantly but remain 

the same in the 0.2C-Cu alloy and increase in the 0.2C-CuNi alloy. In general, copper alloying increased 

YS/UTS levels indicating lower strain-hardening behavior while the 0.2C and 0.2C-CuNi alloy exhibited 

more similar strain-hardening behavior, as shown in Figure 4.84a. Figure 4.84b shows that at a PT of 

400 °C the UTS·TE levels seem to be relatively unchanged, while the UTS·TE levels for the 0.2C alloy 

initially increase followed by a decease with longer hold. Figure 4.85a shows that at a partitioning 

temperature of 450 °C the differences in the TE levels between the different alloys become smaller. This 

also affected the resulting UTS·TE levels which were similar in all three alloys partitioned at 450 °C, as 

shown in Figure 4.85b. On average, a decrease in the TE and UTS·TE levels with increasing Pt was 

observed in all alloys for a PT of 450 °C and the most significant decrease was observed in the 0.2C-Cu 

alloy, as shown in Figure 4.85a and b. 

Figure 4.86a shows engineering stress-strain curves for all three alloys after quenching to the 

calculated optimal QT and partitioning at 400 °C for 10 s. In this processing condition copper and nickel 

additions increase both YS and UTS and decrease TE. When the YS and UTS levels for the 0.2C, 

0.2C-Cu and 0.2C-CuNi alloys were compared at a PT of 400 °C, the copper addition was observed to 

increase YS and UTS by 86 and 33 MPa/wt pct, on average, while in literature copper has been reported 
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to increase yield strength of normalized 0.08-0.20C steels by approximately 78 MPa/wt pct and tensile 

strength by 56 MPa/wt pct up to 0.8 wt pct Cu [80]. Further nickel alloying decreased YS on average by 

35 MPa/wt pct but increased UTS by 15 MPa/wt pct. Figure 4.86b plots engineering stress-strain curves 

for the same partitioning temperature after 300 s of partitioning. UTS is observed to decrease in all alloys. 

For the 0.2C-1.6Mn-1.6Si alloy, YS slightly increases and TE decreases while the YS and TE of the 

0.2C-Cu and 0.2C-CuNi alloys increase. Copper alloying seemed to especially increase YS although 

greater UTS levels are also obtained when compared to the 0.2C alloy. Further nickel alloying on the 

other hand significantly decreased YS and slightly decreased UTS compared to the 0.2C-Cu alloy. 

Figure 4.87plots UTS·TE as a function of Pt for the 0.2C-Cu and 0.2C-CuNi alloys partitioned at 350, 

400, and 450 °C. While nickel alloying was not observed to increase the maximum UTS·TE level, the 

average UTS·TE levels are slightly greater. The greatest UTS·TE levels were measured after 30 s of 

partitioning at a PT of 450 °C in both alloys. Figure 4.88 shows micrographs for those conditions. Large, 

plateaued areas are absent indicating successful Q&P heat treatment for both alloys. Figure 4.89 plots TE 

as a function of UTS for all three alloys. In general, the property ranges for all three alloys overlap and 

significant differences are not observed. The small differences might be more due to the selected Q&P 

processing parameters than alloying effects. 

 

 

(a) 

 

(b) 

Figure 4.83  (a) Uniform and (b) total elongation as a function of partitioning time for the 0.2C, 
0.2C-Cu, and 0.2C-CuNi alloys partitioned at 400 °C. 
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(a) 

 

(b) 

Figure 4.84 (a) Ratio of yield to ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation as a function of partitioning time for the 0.2C, 0.2C-Cu, and 
0.2C-CuNi alloys partitioned at 400 °C. 

 

 

(a) 

 

(b) 

Figure 4.85 (a) Total elongation (b) product of ultimate tensile strength and total elongation as a 
function of partitioning time for the 0.2C, 0.2C-Cu, and 0.2C-CuNi alloys partitioned at 
450 °C. 
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(a) 

 

(b) 

Figure 4.86 Engineering stress-strain curves for the 0.2C, 0.2C-Cu, and 0.2C-CuNi alloys after 
quenching to calculated optimal quenching temperatures and partitioning at 400 °C for 10 
and 300 s. 

 

 

(a) 

 

(b) 

Figure 4.87 Product of ultimate tensile strength and total elongation as a function of partitioning time 
for various partitioning temperatures for the (a) 0.2C-Cu and (b) 0.2C-CuNi alloys. 
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(a) 

 

(b) 

Figure 4.88 Micrographs for the (a) 0.2C-Cu and (b) 0.2C-CuNi alloys partitioned at 450 °C for 30 s. 

 

 

Figure 4.89 Total elongation as a function of ultimate tensile strength for the 0.2C, 0.2C-Cu, and 
0.2C-CuNi alloys.  

4.4.6 Effect of Copper and Nickel on Retained Austenite Fractions and Austenite Carbon 
Contents 

Figure 4.90 shows the predicted and measured retained austenite fractions for the 0.2C [36], 

0.2C-Cu and 0.2C-CuNi alloys as a function of QT. The same method was used to calculate the RA 

fractions for all alloys [103]. QT does not seem to significantly impact the resulting retained austenite 

fractions for the QTs studied for the copper containing alloys while decreasing QT from 240 to 220 °C 

decreased the RA fractions in the 0.2C alloy. On average, the 0.2C-CuNi alloy exhibited the greatest 
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retained austenite fractions both in the predicted and measured RA levels, especially after longer hold 

times.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.90 Calculated retained austenite fractions as a function of quenching temperature for the 
(a) 0.2C-Cu, (b) 0.2C-CuNi and (c) 0.2C alloys [36]. Ms temperatures for the copper and 
nickel containing alloys were determined via dilatometry while equation 3.2 was used for 
the 0.2C alloy [36].  
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Nickel additions had similar effects on retained austenite fraction in Cu and Ni containing TRIP 

steels, as discussed in section 2.2.5. RA fractions accounting for 74 and 84 pct of the calculated maximum 

RA levels were measured for the 0.2C-Cu and 0.2C-CuNi alloys, respectively, and significantly lower 

amounts were measured for the 0.2C alloy, approximately 33 pct from the calculated maximum RA 

fractions. Generally, RA levels decreased with increasing Pt for the copper and nickel containing alloys 

but the effect was less pronounced in the 0.2C-CuNi alloy, as illustrated in Figure 4.91a. This might 

suggest that nickel addition might increase the chemical stability of austenite.  

 

 

(a) 
 

(b) 

Figure 4.91 (a) Retained austenite fractions and (b) austenite carbon content as a function of 
partitioning time for the 0.2C [36], 0.2C-Cu and 0.2C-CuNi alloys quenched to the 
calculated optimal quenching temperature and partitioned at 400 °C. Equation 3.5 was 
used to determine austenite carbon contents for the copper and nickel containing alloys 
while an equation proposed by Cullity was used for the 0.2C alloy [107]. 

 

Copper and nickel alloying significantly increased the retained austenite fractions compared to 

the 0.2C alloy, as shown in Figure 4.90. Figure 4.91 plots the retained austenite fractions and C�  content 

as a function of Pt for all three alloys quenched to the calculated optimal quenching temperatures and 

partitioned at 400 °C. RA fractions were observed to increase with increasing copper and/or nickel 

alloying, on average. Slightly lower C�  levels were observed in the 0.2C-CuNi alloy than in the 0.2C-Cu 

alloy and similar trends were observed in other conditions on average as well. Generally, C�  levels 

increased with increasing Pt for all alloys. The 0.2C alloy was observed to exhibit the greatest C�  levels in 

Figure 4.91b. It should be noted once more that different approaches were applied to get the C�  data for 
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the 0.2C and for the other two alloys. The austenite lattice parameter was estimated from the {220} peak 

position and an equation suggested by Cullity [107] was utilized to determine C�  for the 0.2C alloy while 

equation 3.5 was used for the 0.2C-Cu and 0.2C-CuNi alloys. For comparison, Figure 4.92 plots C�  levels 

for all the alloys determined using the Cullity equation. In this figure, the 0.2C alloy generally exhibits 

the lowest C�  levels and the 0.2C-Cu alloy exhibits the greatest levels although the effects of copper and 

nickel are not taken into account in this figure.  

Kim et al. reported earlier that while nickel alloying in Cu containing TRIP steels increased RA 

levels after selected holding times, it did not have a pronounced impact on UTS·TE levels. Figure 4.93 

plots the product of ultimate tensile strength and total elongation as a function of retained austenite for the 

0.2C-Cu and 0.2C-CuNi alloys. Greater austenite fractions were measured for the 0.2C-CuNi alloy but the 

greatest UTS·TE levels are similar in both alloys. Although greater retained austenite fractions generally 

lead to better combinations of strength and ductility, significant scatter is observed indicating that factors 

other than austenite fraction also impact the resulting tensile properties. A similar amount of scatter was 

observed if UTS·TE was plotted against the product of retained austenite fraction and C� . 

 

 

Figure 4.92 Austenite carbon content as a function of partitioning time for the 0.2C [36], 0.2C-Cu and 
0.2C-CuNi alloys quenched to the calculated optimal quenching temperature and 
partitioned at 400 °C. Austenite peak {220} position and the equation proposed by 
Cullity was used for all alloys to estimate the austenite carbon content [107]. 
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Figure 4.93 Product of ultimate tensile strength and total elongation as a function of retained 
austenite fraction for the 0.2C-Cu and 0.2C-CuNi alloys. 

4.5 Effect of Austenite Fraction on Tensile Properties and an Summary of Tensile Properties 

Retained austenite has been recognized to be an important microstructural constituent in third 

generation AHSS especially to improve ductility. However, austenite fractions do not always correlate 

with improved tensile properties, as was shown in [100]. The following section discusses some 

observations made on the relationship of austenite fractions and tensile properties in the alloys studied 

here. The impact of austenite on resulting tensile properties is shown in Figure 4.94 which plots UTS·TE 

as a function of RA for all alloys studied here. An increasing trend with increasing RA is observed in 

general, although for a given austenite content a wide range of UTS·TE levels can be generated. One 

factor affecting UTS·TE levels is alloying. Stronger correlations between UTS·TE and RA levels were 

observed in the 0.3C-1.5Mn, 0.3C-3Mn-Mo, 0.3C-3Mn-Mo and 0.3C-5Mn alloys than in the 0.4C-

1.5Mn, 0.2C-Cu and 0.2C-CuNi alloys. Q&P processing parameters may also affect not only the resulting 

austenite fractions but also austenite carbon content which is a major contributor to austenite mechanical 

stability. 

Austenite mechanical stability was characterized in this study by measuring austenite carbon 

content via XRD. The Md30 temperature which is the temperature where 50 pct of the austenite has 

transformed to martensite at 30 pct strain was calculated using an empirical relationship developed for 

stainless steel and used to describe the mechanical stability of austenite in the studied Q&P steels. Greater 

C�  levels lower the Md30 temperature indicating greater austenite stability. An Md30 temperature equation 

derived by Nohara et al. was utilized assuming only carbon partitioning [118]: 
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Md30
 551-462*C-9.2*Si-8.1*Mn-13.7Cr-29*Ni- 

18.5*Mo-29*Cu-13.3*Al-68Nb-462N 
(4.4) 

 

Using this equation, rather high Md30 temperatures were obtained, as shown in Figure 4.95 which 

plots the calculated Md30 temperatures for all data points generated in this work. This might be due to the 

fact that the utilized Md30 equation was originally derived for fully austenitic stainless steels. In addition, 

the effects of surrounding matrix, austenite grain size and distribution, texture, and morphology were not 

considered. Also, rather low C�  levels were determined for some of the alloys in this study which in part 

increased the calculated Md30 temperatures. Jacques reports that in TRIP steels an austenite carbon content 

must be in the range of ~0.9 to 1.2 wt pct in order to achieve optimal tensile properties [94]. De Cooman 

comments that optimal benefit from the TRIP effect is achieved when room temperature is between M�
s 

and Md30 because uniform elongation shows a maximum in this temperature range [10]. Sakuma et al. 

studied the effect of testing temperature on deformation induced austenite to martensite deformation and 

stress-strain behavior. The authors reported that maximum uniform elongations in CMnSi TRIP steels 

with ~10 vol pct retained austenite were measured in the temperature range of 20-70 °C [119]. 

 

 

Figure 4.94  Product of ultimate tensile strength and total elongation as a function of retained 
austenite fractions for all data points investigated in this work. 

 

Figure 4.95 plots UTS·TE as a function of Md30 temperature obtained using equation 4.4 for all 

data points. Solid data points in this figure correspond to RA levels greater than 20 pct. Among these 

solid data points, decreasing Md30 temperature, and increasing austenite stability, seemed to result in 
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lower UTS·TE levels. Figure 4.96 plots measured total elongation levels as a function of ultimate tensile 

strength for all data generated in this work. Total elongations up to 20 pct and ultimate tensile strengths of 

nearly 1900 MPa were measured. 

 

 

Figure 4.95 Product of ultimate tensile strength and total elongation as a function of Md30 
temperature for all data points studied in this thesis. Solid data points correspond to 
data points with more than 20 pct of retained austenite.  
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Figure 4.96 Total elongation as a function of ultimate tensile strength for all data generated in this 
work.  

 

 

 

 

 

 

 



 111

CHAPTER 5: SUMMARY AND CONCLUSIONS 

The Q&P response of CMnSi sheet steels containing Ni, Mo, Al and Cu additions was studied. In 

general, partitioning temperature had a more pronounced effect on resulting tensile properties and 

retained austenite fractions than quenching temperature. Therefore, the observed effects of partitioning 

temperature and time were discussed more in depth for all alloys. 

The effect of carbon was studied using the 0.3C-1.5Mn and 0.4C-1.5Mn alloys. In addition, 

comparisons to a 0.2C-1.6Mn alloy were made. Increasing alloy carbon content was observed to mainly 

increase strength levels without significantly affecting elongation levels. Ultimate tensile strength levels 

up to 1490 and 1865 MPa and total elongation levels up to 12 and 15 pct were measured for the 

0.3C-1.5Mn and 0.4C-1.5Mn alloys, respectively. Increasing alloy carbon content also increased retained 

austenite fractions. Significant retained austenite fractions up to 22 vol pct were measured for the 

0.4C-1.5Mn alloy. However, in both alloys, the resulting retained austenite fractions were significantly 

lower than the calculated maximum fractions assuming full carbon depletion of martensite. 

The effect of manganese was studied using the 0.3C-1.5Mn and 0.3C-5Mn alloys. In addition, 

comparisons to a 0.3C-3Mn alloy were made. Yield strength levels decreased and ultimate tensile 

strength, uniform and total elongation increased with increasing alloy manganese content. Significant 

combinations of strength and ductility were measured for the 0.3C-5Mn alloy e.g. strength levels 

exceeding 1500, 1600, and 1700 MPa with elongation levels of 20, 17 and 12 pct, respectively. Increasing 

alloy manganese content was also observed to significantly increase retained austenite fractions and lower 

austenite carbon content levels. Retained austenite fractions of up to 28 vol pct were measured for the 

0.3C-5Mn alloy. In general, a more pronounced effect was observed when alloy manganese content was 

increased from 1.5 to 3 wt pct and a less pronounced effect was observed with further increase.  

The effects of molybdenum and aluminum additions were studied in the 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl alloys. Limited comparisons to a 0.3C-3Mn alloy were also made. Ultimate tensile 

strength and total elongation levels up to 1770 MPa and 18 pct were measured for both the 0.3C-3Mn-Mo 

and 0.3C-3Mn-MoAl alloys. At a PT of 400 °C, yield strength levels decreased by the Mo addition while 

the yield strength levels in the 0.3C-3Mn-MoAl and 0.3C-3Mn alloys were similar. Mo and Al additions 

did not have a significant impact on ultimate tensile strength, uniform or total elongation levels in this 

partitioning condition. At a PT of 450 °C, aluminum alloying significantly increased total elongation 

levels while the ultimate tensile strength levels remained relatively unchanged compared to the 

0.3C-3Mn-Mo alloy. Similar retained austenite fractions and austenite carbon contents were measured for 

both the 0.3C-3Mn-Mo and 0.3C-3Mn-MoAl alloys at a PT of 400 °C. At a PT of 450 °C retained 
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austenite fractions increased for both alloys but austenite carbon content levels decreased for the 

0.3C-3Mn-Mo alloy. The total elongation levels were also observed to decrease in this alloy when 

compared to the 400 °C partitioning condition while increased total elongation levels were observed for 

the 0.3C-3Mn-MoAl alloy. Aluminum addition was also observed to increase strain hardening. 

The effect of copper and nickel alloying was studied using the 0.2C-Cu and 0.2C-CuNi alloys and 

comparisons to a 0.2C alloy were made. Ultimate tensile strength levels exceeding 1500 MPa and 

maximum total elongations of 15 pct were measured for both the 0.2C-Cu and 0.2C-CuNi alloys. The 

copper addition increased yield strength levels compared to the 0.2C alloy while further nickel additions 

decreased the yield strength levels. Ultimate tensile strength levels were generally the greatest in the 

0.2C-CuNi alloy and lowest in the 0.2C alloy. Significantly greater retained austenite fractions were 

measured in the copper/nickel containing alloys compared to the 0.2C alloy, with the 0.2C-CuNi alloy 

exhibiting the greatest fractions on average. The measured retained austenite fractions were close to the 

predicted levels in the copper/nickel containing alloys. Austenite carbon contents were relatively similar 

in all alloys.  

In general, increasing austenite fractions were observed to increase the UTS·TE levels. The 

correlation was strongly alloy dependent, however. A stronger correlation was observed in the 

0.3C-1.5Mn, 0.3C-3Mn-Mo, 0.3C-3Mn-MoAl and 0.3C-5Mn alloys while the data was more scattered for 

the 0.4C-1.5Mn, 0.2C-Cu and 0.2C-CuNi alloys. Significant scatter in the data also suggests that other 

factors such as austenite stability and mechanical properties of surrounding phases impact the resulting 

UTS·TE levels. 
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CHAPTER 6: FUTURE WORK 

·  Serrated plastic deformation was observed in the alloys containing elevated manganese levels. 

Further investigation, using e.g. transmission electron microscopy (TEM) and Mössbauer 

emission spectroscopy (MES) could provide useful information about dislocation substructure 

and carbon redistribution after different partitioning treatments. In addition, tensile testing at 

elevated temperatures could provide useful information about the potential influence of dynamic 

strain aging and deformation induced austenite to martensite phase transformation on 

discontinuous plastic flow. 

 

·  Increasing retained austenite fractions were observed to increase UTS·TE levels although a large 

amount of scatter was observed in the data suggesting other factors impact the resulting 

mechanical properties as well. Further investigations of factors affecting austenite stability, such 

as austenite grain size and tensile properties of surrounding phases might provide useful 

information about the role of austenite in improving tensile properties in Q&P steels. 

 

·  Low austenite carbon contents were measured in the 0.3C-3Mn-Mo, 0.3C-3Mn-MoAl and 

0.3C-5Mn alloys by XRD. Further analysis, using e.g. MES, is needed to study carbon 

redistribution between austenite, martensite and possible (transition) carbides after different 

partitioning conditions in Q&P alloys containing elevated manganese additions. 

 

·  Aluminum additions were shown to potentially increase uniform elongation levels. Interrupted 

tensile testing and retained austenite measurements after testing for the 0.3C-3Mn-Mo and 

0.3C-3Mn-MoAl specimens having similar Q&P processing routes, retained austenite fractions 

and austenite carbon contents would be beneficial to characterize the effect of aluminum on the 

deformation induced austenite to martensite transformation.  

 

·  Retained austenite fractions increased with increasing quenching temperature for the 0.3C-5Mn 

alloy. This might suggest that the maximum retained austenite fractions were not obtained for this 

alloy. Further testing using higher quenching temperatures and longer partitioning times are 

required to investigate whether the retained austenite fractions were optimized or not in this alloy. 

 



 114

·  At a quenching temperature of 175 °C increasing partitioning temperature from 400 to 450 °C 

increased retained austenite fractions but decreased total elongation levels for the 0.3C-3Mn-Mo 

alloy. Additional testing involving Q&P heat treatments at various quenching temperatures, 

tensile testing and microstructural characterization could lead to improved properties and further 

understanding of the relationship between microstructure and mechanical properties for this alloy. 

 

·  Nickel additions were observed to be beneficial in retaining greater austenite fractions after 

longer hold times. The impact of copper and nickel on the chemical stability of austenite could be 

studied using differential scanning calorimetry (DSC). The effect of copper and nickel on 

mechanical stability of austenite could be further studied with interrupted tensile tests and 

retained austenite measurements. 
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APPENDIX A:  Q&P PROCESSING EFFECTS ON TENSILE PROPERTIES, RETAINED 
AUSTENITE FRACTIONS AND AUSTENITE CARBON CONTENTS 

This appendix presents the effect of quenching temperature, partitioning temperature and 

partitioning time on tensile properties, retained austenite fractions and austenite carbon contents for the 

alloys studied in this work. 

A.1:  Effect of Partitioning Temperature on Tensile Properties of the 0.3C-1.5Mn Alloy 

The effects of PT on tensile properties of the 0.3C-1.5Mn alloy are shown in Figures A.1.1 

through A.1.3. A summary of tensile properties is given in Appendix B. UTS levels of 1227-1497 MPa 

and TE levels of 6-12 pct were obtained for this alloy. In general, increasing PT increased YS and 

decreased UTS. UTS also decreased with increasing Pt and a maximum level of UTS was reached after 

10 s of partitioning, as shown in Figure A.1.1b. Figure A.1.1b shows that at a PT of 350 °C, YS increased 

with increasing Pt whereas at a PT of 400 and 450 °C a peak in YS was observed after 30 and 10 s of 

partitioning, respectively. Similar UE and TE levels were measured for all PTs, as shown in 

Figures A.1.2a and b. At a PT of 450 °C, TE levels remained relatively unchanged regardless of Pt, 

whereas at 350 and 400 °C decreasing TE levels were observed with increasing Pt. In general, the greatest 

elongation levels were measured for specimens partitioned at 450 °C.  

 

 

(a) 

 

(b) 

Figure A.1.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-1.5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. 
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The ratio of YS/UTS can be used as a rough estimate of strain hardening. Smaller YS/UTS values 

indicate greater strain hardening behavior. Figure A.1.3a shows that increasing PT and Pt decreased the 

amount of strain hardening in the 0.3C-1.5Mn alloy. The greatest elongation values were generally 

achieved with short partitioning times. The product of UTS and TE can be used to evaluate the optimal 

properties combinations for sheet steels. Figure A.1.3b shows the UTS·TE levels for the 0.3C-1.5Mn 

alloy as a function of Pt for three different partitioning temperatures. Increasing Pt decreased the UTS·TE 

levels at all PTs. Partitioning at 350 and 400 °C yielded the greatest UTS·TE levels after 10 or 30 s of 

partitioning whereas partitioning at 450 °C yielded the greatest levels after 60 or 300 s of partitioning. 

 

 

 (a) 
 

(b) 

Figure A.1.2 (a) Uniform and (b) total elongation of the 0.3C-1.5Mn alloy specimens as a function 
of partitioning time for partitioning temperatures 350, 400 and 450 °C. 
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(a) 

 

(b) 

Figure A.1.3 (a) Ratio of yield and ultimate tensile strength and (b) product of ultimate tensile strength 
and total elongation of the 0.3C-1.5Mn alloy specimens as a function of partitioning time 
for partitioning temperatures 350, 400 and 450 °C. 

A.2:  Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-1.5Mn Alloy 

Figure A.2.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.3C-1.5Mn alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. For PTs 

350 and 400 °C, austenite fractions increased up to 30 s of partitioning, then decreased and increased 

again up to Pt 300 s. For a PT of 450 °C, austenite fractions decrease first with increasing Pt and increase 

slightly up to Pt of 60 s. The greatest retained austenite fractions were measured after 30, 10 and 30 s of 

partitioning for PTs 350, 400 and 450 °C, respectively. Significant austenite decomposition was observed 

after 300 s of partitioning at a PT of 450 °C. Greatest C�  levels were measured after 60, 300 and 10 s of 

partitioning at a PT of 350, 400 and 450 °C, respectively. C�  after 300 s of partitioning at the PT of 

450 °C could not be reliably determined due to absence of some of the austenite peaks.  
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(a) 

 

(b) 

Figure A.2.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-1.5Mn 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 
400 and 450 °C. 

A.3:  Effect of Quenching Temperature on Tensile Properties of the 0.3C-1.5Mn Alloy 

Figures A.3.1 through A.3.3 show the effect of QT on tensile properties of the 0.3C-1.5Mn alloy. 

Overall, QT seemed to have a significantly lower impact on the resulting tensile properties than PT. In 

most cases, the greatest YS and UTS levels were measured for the lowest QT, 215 °C, as shown in 

Figures A.3.1a and b. Quenching to 242 °C and 265 °C resulted in similar YS and UTS levels. The 

greatest UE and TE levels were measured after quenching to 265 °C for 10 s, as shown in Figures A.3.2a 

and A.3.2b. Strain hardening behavior and the product of UTS and TE remained relatively unaffected by 

QT variations and the greatest UTS·TE value was reached after quenching to 265 °C for 10 s, as shown in 

Figures A.3.3a and b. 
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(a) 

 

(b) 

Figure A.3.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-1.5Mn alloy 
specimens as a function of partitioning time for quench temperatures 215, 242 and 
265 °C. 

 

 

(a) 

 

(b) 

Figure A.3.2 (a) Uniform and (b) total elongation of the 0.3C-1.5Mn alloy specimens as a function of 
partitioning time for quench temperatures 215, 242 and 265 °C. 
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(a) 

 

(b) 

Figure A.3.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation of the 0.3C-1.5Mn alloy specimens as a function of quench 
temperatures 215, 242 and 265 °C. 

A.4:  Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-1.5Mn Alloy 

Figures A.4.1a and b shows the evolution of retained austenite fractions and austenite carbon 

content of the 0.3C-1.5Mn alloy specimens as a function of partitioning time for QTs 215, 242 and 

265 °C. For all the QTs retained austenite fractions decrease with increasing Pt, as shown in 

Figure A.4.1a. On average, the greatest austenite fractions were measured after quenching to 265 °C and 

the lowest after quenching to 242 °C. Significant scatter was observed in the C�  measurements. C�  levels 

increased with increasing Pt for all the QTs. On average, the greatest C�  levels were measured for samples 

quenched to 242 °C while the lowest C�  levels were measured for samples quenched to 215 °C. 

Significant C�  levels up to 1.4 wt pct were measured. 
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(a) 

 

(b) 

Figure A.4.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-1.5Mn 
alloy specimens as a function of partitioning time for partitioning temperatures 215, 
242 and 265 °C. 

A.5:  Effect of Partitioning Temperature on Tensile Properties of the 0.4C-1.5Mn Alloy 

Tensile properties as a function of Pt for three different PTs are plotted in Figures A.5.1 through 

A.5.3 for the 0.4C-1.5Mn alloy and a summary of tensile properties is given in Appendix B. UTS levels 

of 1270-1865 MPa and TE levels of 7-15 pct were obtained for this alloy. Increasing PT decreased the Pt 

to reach the greatest YS. The peak YS levels after partitioning at 350, 400 and 450 °C were measured 

after 300, 60 and 30 s, respectively. UTS decreased with increasing PT and Pt, and the greatest UTS and 

TE levels were measured after 10 s of partitioning, as shown in Figure A.5.1b and Figure A.5.2b.  
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(a) 

 

(b) 

Figure A.5.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.4C-1.5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. 

 

 

(a) 
 

(b) 

Figure A.5.2 (a) Uniform and (b) total elongation of the 0.4C-1.5Mn alloy specimens as a function 
of partitioning time for partitioning temperatures 350, 400 and 450 °C. 

 

In most cases the greatest UE and TE values were measured after partitioning at 450 °C. The 

maximum levels of UE and TE for PTs 350, 400 and 450 °C were measured after 60, 30, and 10 s of 
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partitioning, respectively. Strain hardening behavior was similar to the 0.3C-1.5Mn alloy. Increasing PT 

increased the YS/UTS levels, and even though the lowest YS/UTS values were measured after 

partitioning at 350 °C, the greatest elongation levels were measured for specimens partitioned at 450 °C. 

Specimens partitioned at 450 °C for 10 s exhibited the greatest UTS·TE level and, in general, UTS·TE 

levels decreased with increasing Pt. 

 

 

 (a) 

 

(b) 

Figure A.5.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate 
tensile strength and total elongation of the 0.4C-1.5Mn alloy as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. 

A.6:  Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.4C-1.5Mn Alloy 

Figure A.6.1 shows retained austenite fractions and C�  levels of the 0.4C-1.5Mn alloy specimens 

as a function of partitioning time for PTs 350, 400 and 450 °C. Maximum austenite fractions were 

observed after 60 s of partitioning for all PTs. Greatest austenite decomposition was observed after 300 s 

of partitioning at 450 °C than at 350 or at 400 °C. Greater C�  levels were measured after 10 s of 

partitioning at 450 °C than at 400 °C. For a PT of 400 °C C�  levels increased up to 300 s of partitioning 

whereas for a PT of 450 °C C�  after 300 s of partitioning could not be reliably determined due to absence 

of austenite peaks. For a PT of 350 °C, C�  levels increased up to 60 s of partitioning followed by a 

decrease up to 300 s of partitioning. 
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 (a) 

 

(b) 

Figure A.6.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.4C-1.5Mn 
alloy specimens as a function of partitioning time for partitioning temperatures 400 and 
450 °C. 

A.7:  Effect of Quenching Temperature on Tensile Properties of the 0.4C-1.5Mn Alloy 

In the 0.4C-1.5Mn alloy, QT shows a more pronounced effect on tensile properties, as shown 

Figure A.7.1-Figure A.7.3. Figure A.7.1a shows that increasing QT decreased YS levels in general, 

although QTs 225 and 250 °C exhibited similar YS levels. The greatest UTS levels were measured after 

quenching at 200 °C whereas remarkably similar UTS levels were measured after quenching to 225 and 

250 °C, as shown in Figure A.7.1b. Figures A.7.2a and b show that UE and TE were not greatly affected 

by QT, but on average the greatest elongation levels were measured after quenching to the highest QT of 

250 °C. Similarly to the 0.3C-1.5Mn alloy, QT did not significantly affect YS/UTS and UTS·TE levels.  
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 (a) 

 

(b) 

Figure A.7.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.4C-1.5Mn alloy 
specimens as a function of partitioning time for quench temperatures 200, 225 and 
250 °C. 

 

 

 (a) 

 

(b) 

Figure A.7.2 (a) Uniform and (b) total elongation of the 0.4C-1.5Mn alloy specimens as a function 
of partitioning time for quench temperatures 200, 225 and 250 °C. 
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(a) 

 

(b) 

Figure A.7.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate 
tensile strength and total elongation of the 0.4C-1.5Mn alloy as a function quench 
temperatures 200, 225 and 250 °C. 

A.8:  Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.4C-1.5Mn Alloy 

Figure A.8.1shows retained austenite fractions and C�  levels of the 0.4C-1.5Mn alloy specimens 

as a function of partitioning time for QTs 200, 225 and 250 °C. The greatest austenite fractions were 

observed after 60 s of partitioning for QTs 225 and 250 °C whereas for QT of 200 °C the maximum was 

observed after 10 s of partitioning. In general, similar austenite fraction trends were observed for QTs 225 

and 250 °C. The C�  levels were similar for all the QTs illustrating an increasing trend with increasing Pt.  
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(a) 

 

(b) 

Figure A.8.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.4C-1.5Mn 
alloy specimens as a function of partitioning time for quenching temperatures 200, 225 
and 250 °C. 

A.9:  Effect of Partitioning Temperature on Tensile Properties of the 0.3C-5Mn Alloy 

Figures A.9.1 through A.9.3 show the evolution of tensile properties as a function of Pt for three 

different partitioning temperatures and a complete list of tensile properties for the 0.3C-5Mn alloy are 

given in Appendix B. UTS levels of 1482-1874 MPa and TE levels of 10-21 pct were obtained for this 

alloy. In general, increasing PT increased YS but decreased UTS, as shown in Figures A.9.1a and b. For 

PT 350 and 400 °C, the greatest YS levels were reached after 300 s of partitioning whereas the maximum 

YS for PT 450 °C was reached after 60 s of partitioning. The greatest UTS levels were measured after 10 

s of partitioning for all PTs tested. 

Increasing PT increased the UE and TE levels in most cases. For PTs 350 and 400 °C the greatest 

UE and TE levels were measured after 300 s of partitioning whereas for a PT of 450 °C a peak in 

elongation levels was observed after 60 s of partitioning. The greatest extent of strain hardening was 

observed for the lowest PT whereas the greatest elongations were measured after 300 s of partitioning at 

400 °C. UTS·TE levels increased with increasing Pt for PT 350 and 400 °C whereas a maximum was 

observed for a PT of 450 °C after 60 s of partitioning. 



 137

 

(a) 

 

(b) 

Figure A.9.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. 

 

 

(a) 

 

(b) 

Figure A.9.2 (a) Uniform and (b) total elongation of the 0.3C-5Mn alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. 
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(a) 

 

(b) 

Figure A.9.3 Effect of partitioning temperature on (a) ratio of yield strength and ultimate tensile 
strength and (b) product of ultimate tensile strength and total elongation as a function of 
partitioning time for the 0.3C-5Mn alloy. 

A.10:  Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-5Mn Alloy 

Figure A.10.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.3C-5Mn alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. Retained 

austenite fractions increased with increasing partitioning time for all the PTs. The greatest austenite 

fractions were measured after 300 s of partitioning at 450 °C. Similar C�  levels were measured for 

samples after partitioning at 350 and 400 °C. For these PTs, C�  levels initially decreased with increasing 

Pt from 10 to 30 s and increased with increasing Pt from 30 to 300 s. For a PT of 450 °C the C�  levels 

increased with increasing Pt from 10 to 60 s followed by a decrease with further increasing Pt. It should 

be noted that some error is expected to be included in the C�  measurements, since some data points 

indicate that the C�  levels would be lower than the alloy carbon content, as shown in Figure A.10.1b. 
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(a) 

 

(b) 

Figure A.10.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-5Mn alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. The dashed line shows alloy carbon content level. 

A.11:  Effect of Quenching Temperature on Tensile Properties of the 0.3C-5Mn Alloy 

Figures A.11.1 through A.11.3 show the effect of QT on tensile properties of the 0.3C-5Mn alloy. 

QTs 85 and 110 °C had similar YS and UTS levels regardless of Pt, whereas YS levels corresponding to a 

QT of 135 °C were generally lower and UTS levels generally greater than those obtained for 85 and 110 

°C, as shown in Figure A.11.1b. Although UE and TE levels were similar regardless of QT, slightly lower 

elongation levels were measured for a QT of 135 °C. Maximum elongation levels were measured after 

300 s partitioning for all QTs. The greatest amount of strain hardening was observed in specimens 

quenched to 135 °C but this condition also exhibited the lowest UTS·TE levels. The greatest UTS·TE 

levels were measured in specimens quenched to 110 °C and partitioned at 400 °C for 300 s. 



 140

 

(a) 

 

(b) 

Figure A.11.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-5Mn alloy 
specimens as a function of partitioning time for quench temperatures 85, 110 and 135 °C. 

 

 

(a) 

 

(b) 

Figure A.11.2 (a) Uniform and (b) total elongation of the 0.3C-5Mn alloy specimens as a function of 
partitioning time for quench temperatures 85, 110 and 135 °C. 
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(a) 

 

(b) 

Figure A.11.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation of the 0.3C-5Mn alloy as a function of partitioning time for 
quench temperatures 85, 110 and 135 °C. 

A.12:  Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-5Mn Alloy 

Figure A.12.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.3C-5Mn alloy specimens as a function of partitioning time for QTs 85, 110 and 135 °C. For QTs 

110 and 135 °C, retained austenite fractions increased with increasing Pt while for QT 85 °C a maximum 

for retained austenite fractions was observed after 30 s of partitioning. QTs 100 and 135 °C also exhibited 

similar trends for C�  as a function of Pt, although greater C�  levels were measured for the samples after 

quenching to 135 °C. For the QT of 85 °C the C�  levels increased with increasing Pt 
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(a) 

 

(b) 

Figure A.12.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-5Mn 
alloy specimens as a function of partitioning time for quenching temperatures 85, 110 
and 135 °C. The red dashed line shows alloy carbon content level. 

A.13:  Effect of Partitioning Temperature on Tensile Properties of the 0.3C-3Mn-Mo Alloy 

The effect of partitioning temperature on tensile properties of the 0.3C-3Mn-Mo alloy is shown in 

Figures A.13.1 through A.13.3 and a complete list of the resulting tensile properties is given in 

Appendix B. UTS levels of 1418-1770 MPa and TE levels of 9-18 pct were obtained for this alloy. 

Figures A.13.1a and b show how increasing PT decreased YS and UTS in most cases. Maximum YS 

levels were measured after 300 s of partitioning for specimens partitioned at 350 and 400 °C whereas for 

specimens partitioned at 450 °C, a peak was observed at 60 s of partitioning. A partitioning time of 10 s 

resulted in maximum UTS levels for all partitioning temperatures.  

The greatest elongation levels were measured for specimens partitioned at 400 °C while the 

lowest levels were measured for specimens partitioned at 350 °C, as shown in Figure A.13.2a and b. For 

PTs of 400 and 450 °C the maximum elongation levels were measured after 60 s of partitioning whereas 

for PT 350 °C a maximum was observed after 300 s of partitioning. PT did not seem to affect the YS/UTS 

levels in this alloy, as shown in Figure A.13.3a. Specimens partitioned at 400 °C exhibited the greatest 

levels of UTS·TE in most cases. This is surprising since earlier research implied that molybdenum 

additions increase total elongation especially in specimens that had been partitioned at higher 

temperatures. 
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(a) 

 

(b) 

Figure A.13.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 400 
and 450 °C. 

 

 

(a) 

 

(b) 

Figure A.13.2 (a) Uniform and (b) total elongation of the 0.3C-3Mn-Mo alloy specimens as a 
function of partitioning time for partitioning temperatures 350, 400 and 450 °C. 
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(a) 

 

(b) 

Figure A.13.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation of the 0.3C-3Mn-Mo alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. 

A.14:  Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-3Mn-Mo Alloy 

Figure A.14.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.3C-3Mn-Mo alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. For 

PTs 350 and 400 °C austenite fractions increased with increasing Pt while for PT of 450 °C a maximum 

was observed after 60 of partitioning. In general, the greatest austenite fractions were measured after 

partitioning at 450 °C. Each PT exhibited different trends for C�  levels. For a PT of 350 °C, the C�  

decreased initially with increasing Pt from 10 to 30 s followed with an increase with increasing Pt from 

30 to 300 s. For the PT of 400 °C, C�  increased with increasing Pt up to 60 s followed with a decrease 

with further increasing Pt. For the PT of 450 °C the C�  levels seemed to be relatively unaffected by the 

change in Pt. 
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(a) 

 

(b) 

Figure A.14.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 400 
and 450 °C. The red dashed line shows alloy carbon content level. 

A.15:  Effect of Quenching Temperature on Tensile Properties of the 0.3C-3Mn-Mo Alloy 

Figures A.15.1 through A.15.3 show the evolution of tensile properties as a function of Pt for 

three different QTs for the 0.3C-3Mn-Mo alloy.  

 

(a) 

 

(b) 

Figure A.15.1  (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-Mo 
alloy as a function of partitioning time for quench temperatures 150, 175 and 200 °C. 
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(a) 

 

(b) 

Figure A.15.2 (a) Uniform and (b) total elongation of the 0.3C-3Mn-Mo alloy specimens as a 
function of partitioning time for quench temperatures 150, 175 and 200 °C. 

 

 

(a) 

 

(b) 

Figure A.15.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation for the 0.3C-3Mn-Mo alloy specimens as a function of 
partitioning time for quench temperatures 150, 175, 200 °C. 

 
Figure A.15.1a shows that QTs 175 and 200 °C did not significantly affect YS whereas 

quenching to the lowest QT, 150 °C, increased YS significantly. Specimens quenched to 150 °C also 



 147

exhibited the greatest UTS levels in most cases whereas specimens quenched to higher temperatures 

exhibited rather similar UTS levels. Quenching to 150 °C decreased both UE and TE levels significantly. 

The greatest elongation levels were measured for specimens quenched to 175 °C in most cases, as shown 

in Figures A.15.2a and b. Specimens quenched to 150 °C exhibited the lowest amount of strain hardening 

whereas quenching to either 175 or 200 °C did not significantly affect the strain hardening behavior, as 

shown in Figure A.15.3a. The greatest UTS·TE levels were measured for specimens quenched to 175 °C. 

A.16:  Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-3MnMo Alloy 

Figure A.16.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.3C-3Mn-Mo alloy specimens as a function of partitioning time for QTs 150, 175 and 200 °C. 

Similar retained austenite fraction evolution was observed for the QTs of 175 and 200 °C although 

slightly greater fractions were measured for the samples quenched to 175 °C. The greatest austenite 

fractions for QTs 175 and 200 °C were measured after 300 s partitioning. The samples quenched to 

150 °C exhibited significantly lower overall austenite levels with a maximum after 30 s of partitioning. 

For the QTs of 175 and 200 °C the greatest C�  was measured after 60 s of partitioning while for the 

samples quenched to 150 °C the greatest C�  was measured after 300 s of partitioning. 

 

 

(a) 

 

(b) 

Figure A.16.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-Mo 
alloy specimens as a function of partitioning time for quenching temperatures 150, 175 
and 200 °C. 
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A.17:  Effect of Partitioning Temperature on Tensile Properties of the 0.3C-3Mn-MoAl Alloy 

The effect of partitioning temperature on tensile properties of the 0.3C-3Mn-MoAl alloy is shown 

in Figures A.17.1 through A.17.3 and a complete list of the resulting tensile properties is given in 

Appendix B. UTS levels of 1396-1786 MPa and TE levels of 8.5-19 pct were obtained for this alloy. 

Figure A.17.1a shows how increasing for PTs 350 and 400 °C YS first decreases with increasing Pt from 

10 to 60 s whereas for a PT of 450 °C maximum YS is measured after 60 s of partitioning. Figure A.17.1b 

shows a decreasing trend for UTS levels with increasing PT and Pt. A partitioning time of 10 s resulted in 

maximum UTS levels for all partitioning temperatures.  

The greatest elongation levels were measured for specimens partitioned at 450 °C while the 

lowest levels were measured for specimens partitioned at 350 °C, as shown in Figures A.17.2a and b. For 

all PTs the maximum elongation levels were measured after 300 s of partitioning. For PTs 350 and 

400 °C the greatest YS/UTS levels were measured after 300 s of partitioning whereas for a PT of 450 °C 

a maximum was observed after 60 s of partitioning, as shown in Figure A.17.3a. Specimens partitioned at 

450 °C exhibited the greatest levels of UTS·TE in most cases, and specimens partitioned at 350 °C 

exhibited clearly the lowest levels. 

 

 

(a) 

 

(b) 

Figure A.17.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-MoAl 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 400 
and 450 °C. 
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(a) 

 

(b) 

Figure A.17.2 (a) Uniform and (b) total elongation of the 0.3C-3Mn-MoAl alloy specimens as a 
function of partitioning time for partitioning temperatures 350, 400 and 450 °C. 

 

 

(a) 

 

(b) 

Figure A.17.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation of the 0.3C-3Mn-MoAl alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. 
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A.18:  Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-3Mn-MoAl Alloy 

Figure A.18.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.3C-3Mn-MoAl alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. 

Maximum amount of retained austenite was observed after 60, 30 and 60 s of partitioning for PTs 350, 

400 and 450 °C, respectively. Specimens partitioned at a Pt of 450 °C exhibited the greatest retained 

austenite fractions in most cases. C�  levels increased with increasing Pt for all the PTs. Similar C�  levels 

were measured for samples partitioned at 400 and 450 °C while samples partitioned at 350 °C exhibited 

significantly lower C�  levels. 

 

 

(a) 

 

(b) 

Figure A.18.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-
MoAl alloy specimens as a function of partitioning time for partitioning temperatures 
350, 400 and 450 °C. The dashed line shows alloy carbon content level. 

A.19:  Effect of Quenching Temperature on Tensile Properties of the 0.3C-3Mn-MoAl Alloy 

Figures A.19.1 through A.19.3 show the evolution of tensile properties as a function of Pt for 

three different QTs for the 0.3C-3Mn-MoAl alloy. Figure A.19.1a shows that QTs 175 and 200 °C 

exhibited similar YS levels in most cases whereas quenching to the highest QT, 225 °C, decreased YS 

significantly and YS levels also decreased with increasing Pt. After 10 and 30 s of partitioning, the 

greatest UTS levels were measured for specimens quenched to 200 °C while specimens quenched to 

225 °C exhibited greater UTS levels after longer partitioning times. In general, the QT had a less 

pronounced effect on UTS and similar levels were measured for all conditions. 
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(a) 

 

(b) 

Figure A.19.1  (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.3C-3Mn-MoAl 
alloy as a function of partitioning time for quench temperatures 175, 200 and 225 °C. 

 

 

(a) 

 

(b) 

Figure A.19.2 (a) Uniform and (b) total elongation of the 0.3C-3Mn-MoAl alloy specimens as a 
function of partitioning time for quench temperatures 175, 200 and 225 °C. 

 

The QT had little impact also on UE and TE as shown in Figures A.19.2a and b. The greatest TE 

levels were measured for specimens quenched to 200 °C and the lowest UE levels were measured in 

specimens quenched to 175 °C. In general, UE and TE levels increased with increasing Pt. Figure A.19.3a 
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shows that specimens quenched to 175 and 200 °C exhibited similar YS/UTS level evolution with 

increasing Pt whereas specimens quenched to 225 °C exhibited significantly lower YS/UTS levels. 

Figure A.19.3b shows that quenching to 200 °C resulted in the greatest UTS·TE levels and that UTS·TE 

levels increased with increasing Pt for all the QTs. 

 

 

(a) 

 

(b) 

Figure A.19.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation for the 0.3C-3Mn-MoAl alloy specimens as a function of 
partitioning time for quench temperatures 175, 200, 225 °C. 

A.20:  Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.3C-3MnMoAl Alloy 

Figure A.20.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.3C-3Mn-Moal alloy specimens as a function of partitioning time for QTs 175, 200 and 225 °C. 

Similar retained austenite fractions were measured for all the specimens for all the QTs up to a Pt of 30 s. 

Increasing partitioning time from 30 to 60 s results in a decrease in retained austenite fractions in samples 

quenched to 200 °C and austenite fraction remains relatively unchanged even up to 300 s of partitioning. 

For samples quenched to 175 and 225 °C, the maximum austenite fractions are measured after 60 s of 

partitioning followed with a decrease in austenite fractions with increasing Pt. The greatest C�  levels for 

specimens quenched to 175, 200 and 225 °C are measured after 10, 300 and 60 s of partitioning, 

respectively.  
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(a) 

 

(b) 

Figure A.20.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.3C-3Mn-
MoAl alloy specimens as a function of partitioning time for quenching temperatures 
175, 200 and 225 °C.  

A.21:  Effect of Partitioning Temperature on Tensile Properties of the 0.2C-Cu Alloy 

Figure A.21.1-Figure A.21.3 show the evolution of tensile properties as a function of Pt for three 

different partitioning temperatures and a complete list of tensile properties for the 0.2C-Cu alloy are given 

in Appendix B. UTS levels of 1136-11512 MPa and TE levels of 8-15 pct were obtained for this alloy. 

For a PT of 350 °C YS first decreased up to 60 s of partitioning and increased significantly with 

increasing Pt, as shown in Figure A.21.1a. At PTs of 400 and 450 °C YS increased with increasing Pt and 

greater YS levels were observed after partitioning at 400 °C. UTS levels decreased with increasing PT 

and Pt, as shown in Figure A.21.1b. Maximum UE levels were measured after 30 s of partitioning for all 

the PTs and similar trends were observed for TE levels except for samples partitioned at 400 °C which 

exhibited the greatest TE levels after 300 s of partitioning, as shown in Figure A.21.2. Figure A.21.3 

shows that YS/UTS ratios decreased with decreasing PTs and the greatest UTS·TE levels on average 

were obtained in samples partitioned at 450 °C. 
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(a) 

 

(b) 

Figure A.21.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-Cu alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. 

 

 

(a) 

 

(b) 

Figure A.21.2 (a) Uniform and (b) total elongation of the 0.2C-Cu alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400 and 450 °C. 
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(a) 
 

(b) 

Figure A.21.3 Effect of partitioning temperature on (a) ratio of yield strength and ultimate tensile 
strength and (b) product of ultimate tensile strength and total elongation as a function of 
partitioning time for the 0.2C-Cu alloy. 

A.22:  Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.2C-Cu Alloy 

Figure A.22.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.2C-Cu alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. Retained 

austenite fractions reached a maximum after 30 s of partitioning for samples partitioned at 350 and 

400 °C whereas for samples partitioned at 450 °C a maximum was reached after 10 s of partitioning. 

Samples partitioned at 400 and 450 °C exhibited maximum C�  levels after 30 s of partitioning while for 

samples partitioned at 350 °C a maximum was observed after 10 s of partitioning.  
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(a) 

 

(b) 

Figure A.22.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-Cu alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. The red dashed line shows alloy carbon content level. 

A.23:  Effect of Quenching Temperature on Tensile Properties of the 0.2C-Cu Alloy 

Figures A.23.1 through A.23.3 show the effect of QT on tensile properties of the 0.2C-Cu alloy. 

QTs 295 and 320 °C had similar YS evolution with increasing Pt. For both QT’s, YS increased up to 60 s 

of partitioning and remained relatively unchanged for longer partitioning time. For the QT of 345 °C YS 

initially decreases with increasing Pt from 10 to 30 s followed by an increase with increasing Pt from 30 

to 300 s. UTS levels decreased for all QT’s with increasing Pt. On average, UTS levels increased with 

decreasing QT and the greatest UTS levels were measured after 10 s of partitioning for all the QTs. The 

maximum UE and TE levels were measured after 10, 30 and 60 s of partitioning for QTs of 295, 320 and 

340 °C, respectively. YS/UTS ratios decreased with increasing QT, on average, and the greatest UTS·TE 

values were measured after 60 s of partitioning at a QT of 345 °C. 
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(a) 
 

(b) 

Figure A.23.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-Cu alloy 
specimens as a function of partitioning time for quench temperatures 295, 320 and 
345 °C. 

 

 

(a) 

 

(b) 

Figure A.23.2 (a) Uniform and (b) total elongation of the 0.2C-Cu alloy specimens as a function of 
partitioning time for quench temperatures 295, 320 and 345 °C. 
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(a) 

 

(b) 

Figure A.23.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation of the 0.2C-Cu alloy as a function of partitioning time for 
quench temperatures 295, 320 and 345 °C. 

A.24:  Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.2C-Cu Alloy 

Figure A.24.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.2C-Cu alloy specimens as a function of partitioning time for QTs 295, 320 and 345 °C. Similar 

retained austenite fractions were measured for all conditions except for a QT of 295 °C partitioned for 

60 s at 400 °C, which exhibited significantly lower austenite fractions. Carbon contents measured in 

austenite for all the QTs as a function of Pt were relatively similar. The greatest C�  levels were measured 

after 10, 30 and 300 s pf partitioning for QTs 345, 320 and 295 °C, respectively. 
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(a) 

 

(b) 

Figure A.24.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-Cu alloy 
specimens as a function of partitioning time for quenching temperatures 295, 320 and 
345 °C. The red dashed line shows alloy carbon content level. 

A.25:  Effect of Partitioning Temperature on Tensile Properties of the 0.2C-CuNi Alloy 

Figures A.25.1 through A.25.3 show the evolution of tensile properties as a function of Pt for 

three different partitioning temperatures and a complete list of tensile properties for the 0.2C-CuNi alloy 

are given in Appendix B. UTS levels of 1153-1562 MPa and TE levels of 7-15 pct were obtained for this 

alloy. For a PT of 350 °C the maximum YS was measured after 10 s of partitioning whereas for PTs 400 

and 450 °C maximum YS levels were measured after 300 and 60 s of partitioning. UTS levels decreased 

with increasing PT and Pt and the greatest UTS levels were measured at a PT of 350 °C. UE and TE 

levels increased with increasing PT. On average, for all the PTs, UE and TE increased up to 60 s of 

partitioning and remained relatively unchanged with longer partitioning time. YS/UTS ratios generally 

increased with increasing PT and Pt with the exception of samples partitioned at 450 °C for 300 s for 

which the YS/UTS ratio decreased. The greatest UTS·TE levels were measured for samples partitioned at 

450 °C. 
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(a) 

 

(b) 

Figure A.25.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-CuNi alloy 
specimens as a function of partitioning time for partitioning temperatures 350, 400 and 
450 °C. 

 

 

(a) 

`  

(b) 

Figure A.25.2 (a) Uniform and (b) total elongation of the 0.2C-CuNi alloy specimens as a function of 
partitioning time for partitioning temperatures 350, 400, and 450 °C. 
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(a) 
 

(b) 

Figure A.25.3 Effect of partitioning temperature on (a) ratio of yield strength and ultimate tensile 
strength and (b) product of ultimate tensile strength and total elongation as a function of 
partitioning time for the 0.2C-CuNi alloy. 

A.26:  Effect of Partitioning Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.2C-CuNi Alloy 

Figure A.26.1 shows the evolution of retained austenite fractions and austenite carbon content of 

the 0.2C-CuNi alloy specimens as a function of partitioning time for PTs 350, 400 and 450 °C. The 

greatest retained austenite fractions were measured after 60, 10 and 30 s of partitioning for PTs 350, 400 

and 450 °C, respectively. For PTs 400 and 450 °C austenite carbon content increased up to 60 s of 

partitioning and with longer partitioning C�  remained relatively unchanged for a PT of 400 °C and 

decreased for a PT of 450 °C. For a PT of 350 °C, C�  levels first decreased with increasing partitioning 

time up to 60 s followed by an increase with longer partitioning time.  
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(a) 

 

(b) 

Figure A.26.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-CuNi 
alloy specimens as a function of partitioning time for partitioning temperatures 350, 
400 and 450 °C. The red dashed line shows alloy carbon content level. 

A.27:  Effect of Quenching Temperature on Tensile Properties of the 0.2C-CuNi Alloy 

Figures A.27.1 through A.27.3 show the effect of QT on tensile properties of the 0.2C-CuNi 

alloy. For a QT of 260 °C YS levels increased with increasing Pt up to 60 s followed by a decrease with 

longer Pt. For a QT of 285 °C the YS levels generally increased with increasing Pt and for the QT of 

310 °C YS levels decreased with increasing Pt. QT did not significantly affect the UTS levels. Both UE 

and TE levels increased with increasing Pt for QTs of 285 and 310 °C while maximum UE and TE levels 

for a QT of 260 °C were measured after 30 s of partitioning. YS/UTS ratios generally decreased with 

increasing QT and the greatest UTS·TE levels were measured in the samples quenched to 310 °C and 

partitioned at 400 for 300 s. 
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(a) 
 

(b) 

Figure A.27.1 (a) 0.2 pct offset yield strength and (b) ultimate tensile strength of the 0.2C-CuNi alloy 
specimens as a function of partitioning time for quench temperatures 260, 285 and 
310 °C. 

 

 

(a) 

 

(b) 

Figure A.27.2 (a) Uniform and (b) total elongation of the 0.2C-CuNi alloy specimens as a function of 
partitioning time for quench temperatures 260, 285 and 310 °C. 
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(a) 
 

(b) 

Figure A.27.3 (a) Ratio of yield strength and ultimate tensile strength and (b) product of ultimate tensile 
strength and total elongation of the 0.2C-CuNi alloy as a function of partitioning time for 
quench temperatures 260, 285 and 310 °C. 

A.28:  Effect of Quenching Temperature on Retained Austenite Fractions and Austenite Carbon 
Content of the 0.2C-CuNi Alloy 

Figure A.28.1 shows the effect of quenching temperature on retained austenite fractions and 

austenite carbon content for the 0.2C-CuNi alloy. For QTs of 260 and 285 °C the greatest retained 

austenite fractions were measured after 10 s of partitioning while for samples quenched to 310 °C the 

greatest RAf levels were measured after 300 s of partitioning. For QTs 260 and 310 °C the greatest C�  

levels were measured after 300 s of partitioning while for the samples quenched to 285 °C a maximum in 

the C�  levels was observed after 60 s of partitioning.  
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(a) 

 

(b) 

Figure A.28.1 (a) Retained austenite fractions and (b) austenite carbon contents of the 0.2C-CuNi 
alloy specimens as a function of partitioning time for quenching temperatures 260, 285 
and 310 °C. The red dashed line shows alloy carbon content level. 
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APPENDIX B:  TENSILE PROPERTIES, RETAINED AUSTENITE FRACTIONS AN D AUSTENITE CARBON CONTENTS 

The tables in this appendix present the obtained average tensile properties, austenite fractions and austenite carbon contents for the 

investigated alloys.  

Table B.1 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the 0.3C-1.5Mn Alloy 

0.3C-1.5Mn 
QT  
(°C) 

PT  
(°C) 

Pt  
(s) 

YS 
(MPa) 

UTS  
(MPa) 

TE  
(pct) 

UE  
(pct) 

UTS·TE 
(MPa·pct) 

YS/UTS 
(MPa·MPa) 

RA  
(vol pct) 

C�   
(wt pct) 

242 350 

10 994 1493 10.0 8.5 14922 0.67 8.6 0.78 

30 1059 1433 9.5 6.7 13588 0.74 12.5 1.34 

60 1139 1356 8.4 5.4 11329 0.84 11.1 0.84 

300 1175 1362 6.7 3.6 9091 0.86 10.1 1.13 

215 400 

10 1150 1497 10.2 7.2 15306 0.77 13.0 0.85 

30 1228 1410 7.3 4.3 10301 0.87 10.1 0.90 

60 1280 1424 7.8 4.0 11157 0.90 10.5 0.92 

300 1278 1401 6.2 3.2 8672 0.91 7.3 1.19 

242 400 

10 1179 1417 10.7 8.2 15192 0.83 11.4 0.88 

30 1240 1389 8.8 6.1 12182 0.89 9.5 1.37 

60 1211 1336 6.8 3.9 9087 0.91 8.4 1.20 

300 1172 1300 7.4 4.8 9567 0.90 8.4 1.43 

265 400 

10 1120 1452 12.2 8.7 17636 0.77 14.2 0.90 

30 1242 1385 9.1 5.4 12585 0.90 12.7 1.18 

60 1228 1353 7.2 4.0 9687 0.91 11.6 1.14 

300 1239 1357 7.0 3.7 9462 0.91 8.2 1.20 

242 450 

10 1260 1378 9.7 5.8 13338 0.91 9.5 1.39 
30 1245 1319 9.8 6.3 12947 0.94 10.2 1.13 
60 1198 1293 10.0 6.3 12867 0.93 8.5 1.20 

300 1180 1227 9.5 6.2 11616 0.96 0.9 - 
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Table B.2 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the 0.4C-1.5Mn Alloy 

0.4C-1.5Mn 
QT  
(°C) 

PT  
(°C) 

Pt  
(s) 

YS  
(MPa) 

UTS 
(MPa) 

TE  
(pct) 

UE  
(pct) 

UTS·TE 
(MPa·pct) 

YS/UTS 
(MPa·MPa) 

RA  
(vol pct) 

C�   
(wt pct) 

225 350 

10 1155 1865 9.3 7.1 17271 0.62 8.6 1.09 

30 1033 1708 10.4 8.0 17682 0.60 11.1 1.13 

60 1157 1586 11.1 8.0 17667 0.73 16.4 1.23 

300 1327 1522 7.5 3.9 11426 0.87 13.3 1.11 

200 400 

10 1238 1628 11.5 9.3 18718 0.76 15.8 0.96 

30 1352 1543 9.9 6.8 15233 0.88 15.3 1.16 

60 1368 1550 8.1 4.7 12528 0.88 11.6 1.29 

300 1356 1510 7.5 3.8 11284 0.90 11.5 1.18 

225 400 

10 996 1674 11.4 8.4 19008 0.60 11.0 0.81 

30 1233 1456 12.3 8.5 17959 0.85 14.8 1.36 

60 1293 1435 7.0 3.8 10004 0.90 17.4 1.28 

300 1286 1380 7.7 3.9 10601 0.93 11.5 1.45 

250 400 

10 1037 1639 12.5 10.2 20518 0.63 13.9 1.01 

30 1213 1478 12.9 9.5 19040 0.82 14.5 1.24 

60 1267 1441 10.0 6.6 14360 0.88 17.4 1.33 

300 1286 1390 7.3 3.9 10148 0.92 12.6 1.46 

225 450 

10 1218 1405 14.8 11.4 20723 0.87 16.9 1.08 
30 1285 1378 14.0 8.5 19353 0.93 17.9 1.29 
60 1229 1341 12.3 7.7 16516 0.92 21.5 1.26 
300 1189 1270 8.0 5.7 10107 0.94 4.2 - 
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Table B.3 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the 0.3C-5Mn Alloy 

0.3C-5Mn 
QT  
(°C) 

PT  
(°C) 

Pt  
(s) 

YS  
(MPa) 

UTS 
(MPa) 

TE  
(pct) 

UE  
(pct) 

UTS·TE 
(MPa·pct) 

YS/UTS 
(MPa·MPa) 

RA  
(vol pct) 

C�   
(wt pct) 

110 350 

10 989 1874 9.6 7.4 18035 0.53 10.7 0.54 

30 967 1791 10.4 8.3 18622 0.54 16.4 0.17 

60 988 1718 12.0 9.3 20633 0.58 16.5 0.21 

300 1054 1637 17.0 13.7 27852 0.64 21.5 0.49 

85 400 

10 976 1733 9.8 7.4 17002 0.56 15.1 0.11 

30 1051 1620 14.5 10.7 23454 0.65 18.8 0.39 

60 1092 1598 17.0 13.8 27221 0.68 18.2 0.45 

300 1201 1542 19.0 17.3 29370 0.78 17.2 0.49 

110 400 

10 992 1721 11.8 9.2 20373 0.58 13.1 0.60 

30 1022 1615 14.7 11.2 23741 0.63 17.4 0.23 

60 1115 1578 17.2 15.4 27168 0.71 18.7 0.32 

300 1123 1547 20.5 17.4 31750 0.73 25.4 0.46 

135 400 

10 993 1780 10.7 8.4 18997 0.56 13.0 0.29 

30 973 1713 12.3 11.0 20992 0.57 16.9 0.25 

60 917 1701 13.9 13.2 23605 0.54 23.5 0.55 

300 993 1613 15.8 14.7 25536 0.62 27.5 0.42 

110 450 

10 1012 1643 14.3 11.2 23513 0.62 15.3 0.36 
30 1145 1565 19.3 17.0 30262 0.73 22.4 0.44 
60 1178 1482 20.0 17.6 29699 0.79 23.8 0.59 
300 1058 1523 18.2 15.4 27648 0.69 27.9 0.38 
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Table B.4 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the 0.3C-3Mn-Mo Alloy 

0.3C-3Mn-Mo 
QT  
(°C) 

PT  
(°C) 

Pt  
(s) 

YS  
(MPa) 

UTS 
(MPa) 

TE  
(pct) 

UE  
(pct) 

UTS·TE 
(MPa·pct) 

YS/UTS 
(MPa·MPa) 

RA  
(vol pct) 

C�   
(wt pct) 

175 350 

10 1099 1770 9.0 6.9 16009 0.62 10.5 0.58 

30 1094 1634 10.4 7.5 16938 0.67 14.4 0.45 

60 1125 1585 11.4 8.3 17992 0.71 15.9 0.62 

300 1172 1485 12.0 8.8 17796 0.79 16.7 0.74 

150 400 

10 1205 1618 10.3 7.3 16645 0.74 11.1 0.20 

30 1326 1571 9.4 6.2 14769 0.84 14.0 0.44 

60 1318 1519 9.9 6.2 15076 0.87 12.2 0.59 

300 1303 1476 9.5 5.6 13966 0.88 13.1 0.70 

175 400 

10 1071 1700 8.7 6.6 14723 0.63 15.3 0.55 

30 1002 1537 13.9 10.6 21433 0.65 19.3 0.63 

60 1006 1486 17.7 13.1 26319 0.68 18.8 0.88 

300 1143 1421 16.1 11.9 22935 0.80 20.7 0.78 

200 400 

10 968 1676 10.0 7.6 16738 0.58 13.5 0.74 

30 1003 1535 12.2 9.5 18727 0.65 17.0 0.65 

60 1015 1483 13.4 10.9 19836 0.68 17.4 0.74 

300 1114 1427 17.1 12.5 24336 0.78 20.4 0.70 

175 450 

10 973 1548 11.6 9.3 18022 0.63 19.2 0.64 
30 963 1454 13.6 10.7 19796 0.66 19.9 0.67 
60 1024 1418 15.4 12.0 21880 0.72 22.1 0.66 
300 921 1436 14.8 12.3 21305 0.64 19.9 0.61 
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Table B.5 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the 0.3C-3Mn-MoAl Alloy 

0.3C-3Mn-MoAl 
QT  
(°C) 

PT  
(°C) 

Pt  
(s) 

YS  
(MPa) 

UTS 
(MPa) 

TE  
(pct) 

UE  
(pct) 

UTS·TE 
(MPa·pct) 

YS/UTS 
(MPa·MPa) 

RA  
(vol pct) 

C�   
(wt pct) 

200 350 

10 1171 1783 8.9 6.6 15872 0.66 9.4 0.19 

30 1052 1672 10.7 8.1 17862 0.63 14.5 0.26 

60 973 1650 12.4 9.3 20471 0.59 17.7 0.60 

300 1126 1449 14.0 10.6 20343 0.78 16.7 0.72 

175 400 

10 1055 1675 11.5 8.4 19292 0.63 12.4 0.95 

30 1041 1517 13.7 10.7 20773 0.69 19.3 0.57 

60 1133 1463 15.4 12.0 22571 0.77 21.8 0.57 

300 1146 1413 16.3 12.0 23085 0.81 20.2 0.75 

200 400 

10 1121 1716 11.5 8.8 19670 0.65 14.9 0.56 

30 1089 1549 13.7 10.5 21140 0.70 19.1 0.63 

60 1094 1482 15.8 12.5 23404 0.74 16.0 0.82 

300 1244 1431 17.9 13.3 25553 0.87 16.4 0.92 

225 400 

10 993 1619 11.8 9.1 19060 0.61 13.8 0.66 

30 936 1533 13.9 11.2 21228 0.61 18.0 0.62 

60 904 1505 15.0 12.4 22631 0.60 22.1 0.77 

300 774 1478 16.6 14.1 24504 0.52 22.0 0.64 

200 450 

10 948 1552 14.0 11.4 21749 0.61 18.7 0.72 
30 1036 1451 16.7 13.9 24203 0.71 17.7 0.71 
60 1129 1406 18.0 14.9 25283 0.80 20.0 0.79 
300 1120 1397 18.4 15.3 25671 0.80 17.5 0.84 
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Table B.6 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the 0.2C-Cu Alloy  

0.2C-Cu 
QT  
(°C) 

PT  
(°C) 

Pt  
(s) 

YS  
(MPa) 

UTS 
(MPa) 

TE  
(pct) 

UE  
(pct) 

UTS·TE 
(MPa·pct) 

YS/UTS 
(MPa·MPa) 

RA  
(vol pct) 

C�   
(wt pct) 

320 350 

10 1022 1510 8.3 5.9 12575 0.68 6.3 1.18 

30 990 1413 9.3 6.4 13106 0.70 12.6 0.53 

60 983 1357 9.0 6.2 12209 0.72 10.6 0.57 

300 1099 1299 8.5 4.9 11008 0.85 9.1 0.83 

295 400 

10 971 1365 10.8 7.9 14746 0.71 12.4 0.32 

30 1088 1275 10.0 6.8 12751 0.85 11.4 0.61 

60 1145 1268 9.1 5.3 11505 0.90 7.9 0.85 

300 1133 1220 9.9 5.7 12027 0.93 8.1 0.97 

320 400 

10 975 1371 9.6 6.9 13135 0.71 12.7 0.23 

30 1029 1273 10.8 7.4 13737 0.81 12.9 1.14 

60 1074 1246 10.7 6.9 13316 0.86 12.0 1.05 

300 1080 1188 11.0 6.9 13036 0.91 8.0 0.99 

345 400 

10 987 1410 9.2 6.7 13023 0.70 10.9 1.11 

30 945 1261 11.8 8.2 14882 0.75 13.0 0.78 

60 958 1210 12.6 8.7 15206 0.79 11.3 1.01 

300 1075 1184 11.6 7.5 13773 0.91 8.3 0.89 

320 450 

10 985 1245 12.6 9.2 15683 0.79 13.1 0.92 
30 1033 1173 15.3 10.7 17978 0.88 10.4 1.05 
60 1045 1152 14.0 9.8 16101 0.91 9.9 0.90 
300 1049 1137 11.6 8.3 13159 0.92 5.6 0.71 
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Table B.7 Tensile Properties, Retained Austenite Fractions and Austenite Carbon Contents for the 0.2C-CuNi Alloy  

0.2C-CuNi 
QT  
(°C) 

PT  
(°C) 

Pt  
(s) 

YS  
(MPa) 

UTS 
(MPa) 

TE  
(pct) 

UE  
(pct) 

UTS·TE 
(MPa·pct) 

YS/UTS 
(MPa·MPa) 

RA  
(vol pct) 

C�   
(wt pct) 

285 350 

10 1054 1530 8.7 6.2 13355 0.69 8.3 0.69 

30 973 1442 9.6 6.9 13795 0.67 10.3 0.67 

60 960 1403 9.6 7.0 13459 0.68 13.5 0.50 

300 1028 1273 9.9 6.5 12645 0.81 11.5 0.75 

260 400 

10 947 1398 11.1 8.2 15489 0.68 14.2 0.56 

30 999 1297 12.1 8.5 15646 0.77 12.0 0.70 

60 1093 1250 11.6 7.7 14491 0.87 12.3 0.84 

300 1072 1187 11.1 6.9 13158 0.90 10.7 0.97 

285 400 

10 967 1456 9.9 7.3 14476 0.66 14.9 0.66 

30 945 1313 11.4 8.2 14979 0.72 13.3 0.76 

60 982 1241 12.4 8.7 15335 0.79 13.9 0.97 

300 1023 1173 13.1 9.0 15314 0.87 12.6 0.95 

310 400 

10 1057 1549 8.0 5.7 12432 0.68 10.4 0.79 

30 970 1392 10.7 7.7 14913 0.70 11.9 0.81 

60 926 1299 10.9 7.8 14101 0.71 13.1 0.70 

300 882 1161 14.2 10.3 16517 0.76 13.8 0.97 

285 450 

10 890 1311 11.1 8.1 14578 0.68 14.3 0.69 

30 920 1195 14.9 11.2 17763 0.77 15.1 0.85 

60 996 1171 14.8 11.1 17314 0.85 13.9 0.93 

300 892 1158 14.4 11.0 16689 0.77 11.2 0.72 
 

 

 


