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ABSTRACT 

Steels used in saw chain applications require a combination of strength, toughness, and wear 

resistance. The focus of this project is to develop improved steels for saw chain applications by utilizing 

alloying and processing techniques to improve upon the current generation of saw chain steels. This is 

accomplished by studying the relationship between heat treatment processing and the corresponding 

microstructures and properties of two medium carbon low alloy steels. The first alloy is designated 

OCS-01 and is similar to a lean alloyed 8660 steel. The second alloy is a high silicon 9260 alloy, chosen 

for its ability to produce austenite containing microstructures in the carbon and hardness range of interest 

for current saw chain steels. Austempering, quenching and tempering (Q&T), and quenching and 

partitioning (Q&P) (9260 only) processing methods were simulated. 

For Q&P processing, the volume fraction of retained austenite decreased with time at higher 

partitioning temperatures, due to decomposition of the austenite to ferrite and iron carbides. Higher 

austempering temperatures decreased the time to reach bainitic transformation stasis, and increased the 

volume fraction of retained austenite. The austenite carbon content increased with time for each Q&P 

partitioning temperature evaluated. 

Vickers hardness measurements showed a consistent decrease in hardness with increased time 

and temperature when partitioning or tempering, as well as a decrease in hardness with increased 

isothermal austempering temperature. Charpy impact testing showed that the Q&P processing conditions 

of the 9260 alloy offer a significant improvement in Charpy impact energy absorbed at room and low 

(-29 °C (-20 °F)) temperature when compared to the 9260 austempered and Q&T conditions at equivalent 

hardness. DSRW wear testing showed that the Q&P 9260 conditions have improved low-impact abrasive 

wear resistance at equivalent hardness when compared to all other conditions evaluated. 9260 Q&P 

conditions had greater combinations of wear performance and Charpy impact performance when 

compared to the austempered and Q&T 9260 conditions. 

Tensile testing results showed that select 9260 processing conditions offer improved tensile 

properties (yield strength, peak stress, uniform elongation, and/or total elongation) when compared to the 

OCS-01 processing conditions. Increased amounts of retained austenite were observed to increase the 

total elongation of 9260 Q&P conditions, and increase the product of tensile strength and total elongation. 

A 9260 Q&P condition was identified, which offers improved combinations of tensile strength, uniform 

elongation, total elongation, and wear performance when compared to the OCS-01 conditions evaluated.  



 iv 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................................. iii 

LIST OF FIGURES .................................................................................................................................... vii 

LIST OF TABLES ..................................................................................................................................... xvi 

CHAPTER 1: INTRODUCTION ............................................................................................................ 1 

1.1 Problem Statement ........................................................................................................................... 1 

1.2 Project Objectives ............................................................................................................................ 1 

CHAPTER 2: LITERATURE REVIEW ................................................................................................. 3 

2.1 Introduction ...................................................................................................................................... 3 

2.2 Saw Chain ........................................................................................................................................ 3 

2.3 OCS-01 Alloy .................................................................................................................................. 5 

2.4 9260 Alloy ....................................................................................................................................... 7 

2.5 Microstructure Influence on Wear Performance .............................................................................. 7 

2.5.1 Effect of Retained Austenite on Wear Performance ........................................................... 8 

2.6 Microstructures .............................................................................................................................. 12 

2.6.1 Bainitic Microstructures ................................................................................................... 12 

2.6.2 Tempered Martensite ........................................................................................................ 15 

2.6.3 Quenching and Partitioning (Q&P) .................................................................................. 17 

2.6.4 Optimum Quench Temperature for Q&P Processing ....................................................... 23 

2.6.5 The Effect of Morphology on the Mechanical Stability of Austenite ............................... 27 

2.6.6 Morphology of Martensite in Q&P Microstructures......................................................... 28 

2.6.7 Wear Performance of Q&P Steels .................................................................................... 28 

2.7 Dilatometry .................................................................................................................................... 32 

2.7.1 Time to Complete Bainitic Transformation ...................................................................... 32 

2.7.2 Analysis of Dilatometric Data .......................................................................................... 33 



 v 

2.7.3 Cooling Rate of Nitrate Salt Bath ..................................................................................... 34 

2.8 Sub-Sized Stacked Charpy Testing  ............................................................................................... 35 

2.9 Fatigue Performance Factors ......................................................................................................... 36 

CHAPTER 3: EXPERIMENTAL PROCEDURE ................................................................................. 41 

3.1 Introduction .................................................................................................................................... 41 

3.2 Materials ........................................................................................................................................ 41 

3.2.1 OCS-01 Steel .................................................................................................................... 41 

3.2.2 9260 Steel ......................................................................................................................... 41 

3.3 Critical Transformation Temperature Calculations ....................................................................... 42 

3.4 Dilatometry .................................................................................................................................... 42 

3.5 OCS-01 Thermal Processing .......................................................................................................... 43 

3.6 Optimum Quench Temperature For 9260 Q&P ............................................................................. 44 

3.7 9260 Thermal Processing ............................................................................................................... 46 

3.8 9260 Conditions For Further Mechanical Testing ......................................................................... 49 

3.9 Salt Bath Heat Treatment ............................................................................................................... 50 

3.10 Microstructure Characterization .................................................................................................... 50 

3.10.1 Light Optical Microscopy ................................................................................................. 50 

3.10.2 Field Emission Scanning Electron Microscopy ................................................................ 51 

3.10.3 XRD Testing ..................................................................................................................... 51 

3.11 Mechanical Testing ........................................................................................................................ 52 

3.11.1 Vickers Microhardness Testing ........................................................................................ 52 

3.11.2 Sub-Sized and Stacked Charpy V-Notch Testing ............................................................. 53 

3.11.3 Dry-Sand Rubber-Wheel Abrasive Wear Testing ............................................................ 55 

3.11.4 Tensile Testing .................................................................................................................. 58 

CHAPTER 4: RESULTS AND DISCUSSION ..................................................................................... 59 

4.1 Introduction .................................................................................................................................... 59 



 vi 

4.2 As-Received Microstructures ......................................................................................................... 59 

4.3 Dilatometry .................................................................................................................................... 60 

4.3.1 Critical Transformation Temperatures .............................................................................. 60 

4.3.2 Time to “Complete” Bainite Reaction During 9260 Austempering ................................. 63 

4.4 Hardness of the OCS-01 Heat Treated Conditions ........................................................................ 66 

4.5 Hardness of 9260 Heat Treated Conditions  .................................................................................. 67 

4.6 Analysis of Retained Austenite in 9260 ......................................................................................... 70 

4.6.1 9260 Retained Austenite Fraction ..................................................................................... 70 

4.6.2 Austenite Carbon Content in 9260 .................................................................................... 74 

4.7 9260 Conditions for Wear, Charpy, and Tension Testing ............................................................. 75 

4.8 Austenite Fraction and Carbon Content of 9260 Specimens Heat Treated Via Salt Baths ........... 77 

4.9 Microstructural Characterization of Salt Bath Processed Specimens ............................................ 78 

4.9.1 Surface Decarburization during Salt Bath Austenitization ............................................... 78 

4.9.2 OCS-01 Microstructures after Heat Treatment  ................................................................ 82 

4.9.3 9260 Microstructures after Heat Treatment ...................................................................... 85 

4.10 DSRW Wear Test .......................................................................................................................... 87 

4.11 Stacked Charpy Impact Testing of OCS-01 Conditions ................................................................ 90 

4.12 Sub-Sized Charpy Impact Testing of 9260 Conditions  ................................................................ 90 

4.13 OCS-01 Tensile Properties ............................................................................................................ 95 

4.14 9260 Tensile Properties.................................................................................................................. 97 

4.15 Implications: OCS-01 versus 9260 for Saw Chain ...................................................................... 108 

CHAPTER 5: CONCLUSIONS ........................................................................................................... 110 

CHAPTER 6: FUTURE WORK .......................................................................................................... 112 

REFERENCES ......................................................................................................................................... 113 

APPENDIX A: 9260 MICROGRAPHS ................................................................................................... 117 

APPENDIX B: 9260 HRC VERSUS UTS ............................................................................................... 123 



 vii

LIST OF FIGURES 

Figure 2.1  The components that comprise a saw chain [1]................................................................. 4 

Figure 2.2 A schematic of the drive end of a mechanical harvester cutting system [3] ..................... 4 

Figure 2.3 The sub-sized Charpy impact energy at room and low temperatures for each of the six 

alloys tested that fall within the composition range described by U.S. Patent 5,651,938 

[1] ...................................................................................................................................... 6 

Figure 2.4  The K1C fracture toughness for each of the six alloys tested that fall within the 

composition range described by U.S. Patent 5,651,938 [1] .............................................. 6 

Figure 2.5 Correlation between Vickers hardness and microstructure with the relative wear 

resistance of steels tested via a high-stress abrasion test, adapted from K.-H. Zum 

Gahr [11] ........................................................................................................................... 8 

Figure 2.6 LOM image of oil quenched Creusabro® Dual after etching in nital. The 

microstructure is reported to be comprised of fine martensite with austenite and 

titanium carbides or carbonitrides [13] ............................................................................. 8 

Figure 2.7 Impeller-tumbler stirring machine used to test impact with sliding wear [13] ................. 9 

Figure 2.8   Impeller-tumbler impact abrasive sliding wear test results for the austenite containing 

Creusabro® Dual steel versus fully martensitic steels [13]. WQ stands for “water 
quenched”, and HB stands for “Brinell Hardness” .................................................................. 9 

Figure 2.9 DSRW wear test results for the austenite containing Creusabro® Dual steel versus 

fully martensitic steels [13]. WQ stands for “water quenched”, and HB stands for 
“Brinell Hardness” ..................................................................................................................... 10 

Figure 2.10 Vickers hardness as a function of depth below the wear surface for a Creusabro® 

Dual specimen after impeller-tumbler wear test [13] ............................................................ 11 

Figure 2.11 Wear ratios and hardness of heat treated D-2 tool steel as a function of the volume 

fraction of retained austenite for a pin-on-disk wear test conducted using 0.5 and 

1.0 kg loads [15] ......................................................................................................................... 11 

Figure 2.12 A schematic of carbon diffusion and precipitation processes associated with the 

formation of upper and lower bainite [16] .............................................................................. 12 

Figure 2.13 Calculated lower and upper bainite start temperatures for plain carbon steels as a 

function of temperature and carbon content. LBS indicates the lower bainite start 

temperature [16] ......................................................................................................................... 13 

Figure 2.14 Bainite sub-unit thickness as a function of austempering temperature for a variety of 

steels [16] ..................................................................................................................................... 14 

Figure 2.15 Scanning electron microscopy images of (a) as-quenched carbide-free martensite, 

and (b) tempered martensite with carbide particles [22]....................................................... 16 



 viii 

Figure 2.16 Hardness as a function of carbon content and tempering temperature [21] ....................... 16 

Figure 2.17 The relationship between impact energy and tempering temperature for a 0.4 and 

0.5 wt pct carbon steel [21]. Note the Fahrenheit temperature scale .................................. 17 

Figure 2.18  Schematic illustration detailing the steps of a typical quench and partitioning (Q&P) 

process. The relative carbon content of the martensite and austenite phases, as well 

as the theoretical microstructures obtained, are compared for each step of the quench 

and partition process [25] .......................................................................................................... 18 

Figure 2.19 (a) Bright field transmission electron microscopy (TEM) micrograph, and (b) dark 

field TEM micrograph showing a 9260 alloy microstructure consisting of martensite 

and retained austenite after quenching to 190 °C (374 °F) and holding for 

120 seconds followed by quenching to room temperature [8] ............................................. 19 

Figure 2.20 Light optical micrograph of a 9260 alloy quenched to 190 °C (374 °F) and 

partitioned at 400 °C (752 °F) for 10 seconds with a microstructure reported to 

consist of martensite and retained austenite [6]. Sample was tint etched using picral 

followed by sodium metabisulfite [6] ............................................................................. 20 

Figure 2.21 Rockwell C hardness as a function of partitioning time at 250 °C (482 °F), 300 °C 

(572 °F), and 400 °C (752 °F) after partitioning at 180 °C (356 °F) [6] ......................... 20 

Figure 2.22 Austenite volume fraction as a function of partitioning time at 250 °C (482 °F), 

300 °C (572 °F), and 400 °C (752 °F) after partitioning at 180 °C (356 °F) [6] ............. 21 

Figure 2.23 Austenite carbon content as a function of partitioning time at 250 °C (482 °F), 

300 °C (572 °F), and 400 °C (752 °F) after partitioning at 180 °C (356 °F) [6] ............. 21 

Figure 2.24 Rockwell C hardness versus partitioning time for a 9260 alloy comparing:            

(a) Q&P at 190 °C (374 °F) and 250 °C (482 °F) respectively, austempering (bainitic  

heat treatment) at 250 °C (482 °F) and quench and tempering at 250 °C (482 °F) [6].   

(b) Q&P at 190 °C (374 °F) and 400 °C (752 °F) respectively, austempering (bainitic 

heat treatment) at 400 °C (752 °F) [6] ..................................................................................... 22 

Figure 2.25 Volume fraction austenite and Rockwell C hardness against partitioning time for 

9260 alloy Q&P specimens quenched to (a) 190 °C (374 °F) and (b) 210 °C (410 °F) 

followed by partitioning at 300 °C (572 °F ) [24]. The solid line in the figure 

represents the aim retained austenite amount for the rolling contact fatigue (RCF) 

application of interest, and the dashed line represents the minimum hardness to be 

selected for RCF testing in that study [24] ...................................................................... 23 

Figure 2.26 “Optimum” quench temperature calculation for a 9260 steel with an Ms temperature 

of 302 °C (576 °F) ...................................................................................................................... 25 

Figure 2.27 Retained austenite volume fractions as a function of quench temperature for a 9260 

alloy partitioned at 400 °C for 10, 120, and 900 seconds [6] .......................................... 25 

Figure 2.28 Retained austenite volume fractions as a function of quench temperature for a 9260 

alloy partitioned at 400 °C for 30, 240, and 900 seconds [7] .......................................... 26 



 ix 

Figure 2.29 Retained austenite volume fractions as a function of quench temperature for a 

0.19C-1.59Mn-1.63Si-0.036Al steel alloy partitioned at 400 °C for 10, 30, 100, and 

1000 seconds [27] ............................................................................................................ 26 

Figure 2.30 TEM images of blocky (left column) and film-like (right column) austenite at 

(a & b) 0 pct strain, (c & d) 2 pct strain, and (e & f) 12 pct strain [28]. The blocky 

austenite morphology is shown in bright field and the film-like austenite morphology 

is shown in dark field [28] ............................................................................................... 27 

Figure 2.31 Martensite morphology and MS temperature as a function of carbon content [21] ........ 28 

Figure 2.32 DSRW wear results for 9260 Q&T and Q&P conditions at a hardness of 61 ± 2 HRC 

as a function of retained austenite volume fraction [7] ................................................... 29 

Figure 2.33 DSRW wear results for 9260 Q&P conditions as a function of Rockwell C hardness ... 30 

Figure 2.34 Mass loss after impeller-tumbler impact-abrasion wear testing versus surface 

hardness for martensitic (500 HB) and austenite with martensite (Steel A & B) 

microstructures [12] ........................................................................................................ 32 

Figure 2.35  Dilatometer output of temperature and dilation plotted against time for a sample 

undergoing an initial austenitization treatment followed by isothermal austempering 

for a 0.79 wt pct carbon steel. Points one through five in this figure correspond to 

points one through five in the following figure [30] ....................................................... 33 

Figure 2.36 (a) Neutron diffraction intensities of austenite (111) and ferrite (110) peaks are shown 

as time progresses at each corresponding point in Figure 2.35. (b) Diffraction angle 

and intensity are plotted for austenite (111) and ferrite (110) peaks corresponding to 

points one through five in Figure 2.35 [30] ..................................................................... 33 

Figure 2.37 The dilation expansion first derivative is shown for the calculation of (a) Ac1 and 

(b) Ac3 temperatures. The transformation temperature is found when the expansion 

derivative falls below the minimum value found when the derivative is 

approximately constant, indicating a deviation from linear expansion. The Ac1 

temperature was reported to be 748 °C and the Ac3 temperature was reported to be 

782 °C. The plotted expansion derivatives were calculated using temperature 

intervals of 1 °C (d1), 2 °C (d2) and 5 °C (d5) [31] ........................................................ 34 

Figure 2.38 Temperature and cooling rate when quenching steel into a nitrate based low 

temperature molten salt bath (with no agitation or water addition) at 255 °C (495 °F) 

from 871 °C (1600 °F) [33]. The cooling rate is plotted as a function of the 

temperature and not cooling time .................................................................................... 35 

Figure 2.39 Illustration detailing the dimensions (55.0 mm x 10.0 mm x thickness) of the Charpy 

coupons that are riveted together to form a single thicker sample for toughness 

testing [35]. Circles indicate the position of riveting holes in the sample [35] ............... 36 

Figure 2.40 S/N curve for AISI 1522 tempered martensite microstructures tested in rotating 

bending fatigue [22] ........................................................................................................ 37 

 



 x 

Figure 2.41 Endurance limit as a function of ultimate tensile strength for (a) ferrite-pearlite steels, 

and (b) martensitic steels [22] ......................................................................................... 38 

Figure 2.42 Fatigue (endurance) limit versus Rockwell C hardness for several medium carbon 

steel alloys [37] ............................................................................................................... 39 

Figure 2.43 The effect of UTS and surface finish on the fatigue performance of steels .................... 40 

Figure 2.44 UTS versus hardness for quench and tempered steel alloys. Microstructures with 

hardness above 53 HRC show a peak stress that corresponds to a brittle fracture 

(low-strain) failure without necking [21] ........................................................................ 40 

Figure 3.1 Thermal profiles of the austempered conditions for the OCS-01 alloy ........................... 44 

Figure 3.2 Ideal quench temperature calculation for a 9260 alloy steel using Equation 3.1 to 

calculate the martensite start values before (269°C (516 °F)) and after carbon 

partitioning. The peak retained austenite volume fraction for this calculation was 

found to be 42 pct at an initial quench temperature of 192°C (378 °F) .......................... 45 

Figure 3.3 Ideal quench temperature calculation for a 9260 alloy steel using the experimentally 

determined martensite start temperature of 302 °C (576 °F) to calculate 𝑉𝑀𝑖, the 

fraction of martensite formed after the initial quench step. The peak retained austenite 

volume fraction for this calculation was found to be 42 pct at an initial quench 

temperature of 226 °C (439 °F). The fraction of martensite formed during final 

quenching, VMF , was based on calculated Ms temperatures for the carbon-enriched 

austenite ........................................................................................................................... 46 

Figure 3.4 X-ray diffraction scan after background subtraction for a 9260 Q&P sample quenched 

to 190 °C (374 °F) and partitioned at 450 °C (852 °F) for 1 minute via the dilatometer. 53 

Figure 3.5 Image of a 5.33mm (0.210 in) thick 9260 Charpy impact sample .................................. 54 

Figure 3.6 Illustration detailing the dimensions (55.0 mm x 10.0 mm x 1.47 mm) of the Charpy 

coupons that were later riveted together to form a single thicker sample for toughness 

testing [35]. Circles indicate the position of riveting holes in the sample [35] ............... 55 

Figure 3.7 Image of a stacked and riveted Charpy impact sample ................................................... 55 

Figure 3.8 Schematic diagram of the dry-sand rubber wheel test apparatus for abrasive wear 

testing as per ASTM G65-16 [14] ................................................................................... 56 

Figure 3.9 DSRW test coupon after wear testing ............................................................................. 57 

Figure 4.1 Microstructure of the OCS-01 alloy in the as-delivered spherodized condition. The 

sample was etched in 4% picral for 30 seconds to reveal carbides  ................................ 59 

Figure 4.2 Microstructure of the 9260 alloy in the as-delivered spherodized condition. The 

sample was etched in 4% picral for 30 seconds to reveal carbides ................................. 60 



 xi 

Figure 4.3 Strain and strain derivative as a function of temperature for the OCS-01 alloy during 

(a) heating at 1 °C/s, and (b) cooling at 60 °C/s. Dashed lines indicate critical 

transformation temperatures  ........................................................................................... 61 

Figure 4.4 Strain and strain derivative as a function of temperature for the 9260 alloy during 

(a) heating at 1 °C/s, and (b) cooling at 60 °C/s. Dashed lines indicate critical 

transformation temperatures ............................................................................................ 62 

Figure 4.5 Dilation strain of 9260 samples austempered at (a) 350 °C (662 °F), (b) 325 °C 

(617 °F), (c) 300 °C (572 °F), and (d) 250 °C (482 °F). Vertical dashed lines indicate 

the approximate completion of the bainitic transformation ............................................ 64 

Figure 4.6 Strain and strain derivative as a function of time for the 9260 alloy during isothermal 

austempering at the 300 °C (572 °F) ............................................................................... 65 

Figure 4.7 Dilation strain plotted against time for each austempering condition of interest for 

OCS-01 samples. Time zero represents the start of isothermal austempering ................ 66 

Figure 4.8 Hardness as a function of austempering temperature after isothermally austempering 

for 45 minutes for the OCS-01 alloy ............................................................................... 67 

Figure 4.9 Change in Rockwell C hardness with partitioning/tempering time and temperature 

after initial quenching at (a) 160 °C (320 °F),  (b) 190 °C (374 °F), (c) 220 °C 

(428 °F), (d) 250 °C (482 °F) and (e) 25 °C (77 °F) for the 9260 alloy. In this figure, 

the number following the Q, P, and T, designate the quench, partitioning, and 

tempering temperature, respectively, in Celsius.............................................................. 69 

Figure 4.10 Change in Rockwell C hardness with partitioning/tempering time after initial 

quenching for all 9260 Q&P and Q&T processing conditions. In this figure, the 

number following the Q, P, and T, designate the quench, partitioning, and tempering 

temperature, respectively, in Celsius ............................................................................... 70 

Figure 4.11 Retained austenite volume fraction evolution for each initial quench temperature as a 

function of partitioning/tempering time at 250 °C (482 °F) ............................................ 71 

Figure 4.12 Retained austenite volume fraction evolution for each initial quench temperature as a 

function of partitioning/tempering time at 350 °C (662 °F) ............................................ 72 

Figure 4.13 Retained austenite volume fraction evolution for each initial quench temperature as a 

function of partitioning/tempering time at 450 °C (842 °F) ............................................ 72 

Figure 4.14 Retained austenite volume fraction of 9260 Q&T conditions as a function of 

tempering time and temperature after initial quenching to 25 °C (77 °F) ....................... 73 

Figure 4.15 Retained austenite volume fraction evolution for each austempered 9260 conditions 

as a function of austempering temperature ...................................................................... 73 

Figure 4.16 Carbon content as measured via XRD after dilatometric Q&T and Q&P processing of 

9260 alloy. In this figure, the number following the Q, P, and T, designate the quench, 

partitioning, and tempering temperature, respectively, in Celsius .................................. 74 



 xii

Figure 4.17 Retained austenite volume fraction plotted against Rockwell C hardness for all 

high-Si alloy processing conditions ................................................................................ 76 

Figure 4.18 Microstructure obtained via LOM of an OCS-01 sample after austenitization at 

860 °C (1580 °F) for 25 minutes followed by austempering at 218 °C (425 °F) for 

45 minutes. The sample was etched with a 1 pct nital solution to reveal ferrite in the 

microstructure. The bar in the micrograph shows the depth to which ferrite islands 

were observed .................................................................................................................. 79 

Figure 4.19 Hardness as a function of distance from the materials surface for an OCS-01 sample 

with a bulk hardness of 56.8 HRC (the sample austenitized at 860 °C (1580 °F) for 

25 minutes followed by austempering at 218 °C (425 °F) for 45 minutes) .................... 79 

Figure 4.20 Microstructure obtained via LOM of a 9260 sample after austenitization at 900 °C 

(1652 °F) for 15 minutes followed by austempering at 300 °C (572 °F) for 

50 minutes. The sample was etched with a 1 pct nital solution to reveal ferrite in the 

microstructure. The bar in the micrograph shows the depth to which ferrite islands 

were observed .................................................................................................................. 80 

Figure 4.21 Hardness as a function of distance from the materials surface for a 9260 sample with 

a bulk hardness of 55.5 HRC (the sample austenitized at 900 °C (1652 °F) for 

15 minutes followed by austempering at 300 °C (572 °F) for 50 minutes) .................... 80 

Figure 4.22 The surface of the as-received OCS-01 material in the spherodized condition, etched 

with nital and imaged via LOM ...................................................................................... 81 

Figure 4.23 The surface of the as-received 9260 material in the spherodized condition, etched 

with nital and imaged via LOM ...................................................................................... 81 

Figure 4.24 LOM images of OCS-01 conditions: (a) 163 °C (325 °F) austemper, (b) 218 °C 

(425 °F) austemper, (c) 246 °C (475 °F) austemper, (d) 274 °C (525 °F) austemper, 

(e) 301 °C (575 °F) austemper, and (f) quenched and tempered at 371°C (700 °F) ....... 83 

Figure 4.25 FESEM images of OCS-01 conditions: (a) 163 °C (325 °F) austemper, (b) 218 °C 

(425 °F) austemper, (c) 246 °C (475 °F) austemper, (d) 274 °C (525 °F) austemper, 

(e) 301 °C (575 °F) austemper, and (f) quenched and tempered at 371°C (700 °F) ....... 84 

Figure 4.26 (a) LOM and (b) FESEM micrographs of 9260 austempered to 300 °C (572 °F) for 

50 minutes and etched in a 1 pct nital solution ............................................................... 85 

Figure 4.27 (a) LOM and (b) FESEM micrographs of 9260 water quenched & tempered at 250 °C 

(482 °F) for 5 minutes and etched in a 1 pct nital solution ............................................. 86 

Figure 4.28 (a) LOM and (b) FESEM micrographs of 9260 steel quenched to 190 °C and 

partitioned at 350 °C for 1 minute and etched in a 1 pct nital solution ........................... 87 

Figure 4.29 (a) LOM and (b) FESEM micrographs of 9260 steel quenched to 250 °C and 

partitioned at 250 °C for 5 minutes and etched in a 1 pct nital solution ......................... 87 



 xiii 

Figure 4.30 Volume loss during dry-sand rubber-wheel testing of OCS-01 processing conditions 

as a function of hardness. The error bars in the figure represent one standard 

deviation above and below each sample mean ................................................................ 88 

Figure 4.31 Volume loss during dry-sand rubber-wheel testing of 9260 processing conditions as 

a function of hardness. The error bars in the figure represent one standard deviation 

above and below each sample mean ................................................................................ 89 

Figure 4.32 Volume loss during dry-sand rubber-wheel testing of all tested 9260 and OCS-01 

processing conditions as a function of hardness. The error bars in the figure represent 

one standard deviation above and below each sample mean .......................................... 89 

Figure 4.33 Charpy impact energy versus hardness at room temperature (RT) and low 

temperature (20°C (-29 °F)) for austempered and Q&T stacked and riveted OCS-01 

test specimens .................................................................................................................. 91 

Figure 4.34 Charpy impact energy versus hardness for room temperature (RT) and low 

temperature (LT) ( 20 °C (-29 °F)) sub-sized Charpy impact test of austempered, 

Q&T, and Q&P 9260 conditions ..................................................................................... 92 

Figure 4.35 Charpy fracture surfaces of (a) a 9260 sample quenched to 160 °C and partitioned at 

250 °C  for 15 minutes, and (b) a 9260 sample quenched to 220 °C and partitioned at 

350 °C  for 30 minutes .................................................................................................... 93 

Figure 4.36 Charpy impact energy versus pct shear fracture for each 9260 conditions selected for 

mechanical testing. (LT) represents samples tested at (-20 °C (29 °F)), and (RT) 

represents samples tested at room temperature ............................................................... 94 

Figure 4.37 Charpy impact energy versus DSRW wear loss for each 9260 condition. (LT) 

represents samples tested at (-20 °C (29 °F)), and (RT) represents samples tested at 

room temperature ............................................................................................................ 95 

Figure 4.38 Engineering stress and strain for each OCS-01 processing condition ............................. 96 

Figure 4.39 (a) Optical macro image, and (b) FESEM micro image of an OCS-01 condition 

austempered at 274 °C (525 °F) for 45 minutes after tensile testing at 

room temperature............................................................................................................. 97 

Figure 4.40 Engineering stress and strain for each Q&T condition selected for additional 

mechanical testing ........................................................................................................... 99 

Figure 4.41 (a) Optical macro image, and (b) FESEM micro image of a 9260 condition water 

quenched and then tempered at 250 °C for 5 minutes after tensile testing at room 

temperature ...................................................................................................................... 99 

Figure 4.42 Engineering stress and strain for each austempered 9260 condition selected for 

additional mechanical testing ........................................................................................ 100 

Figure 4.43 (a) Optical macro image, and (b) FESEM micro image of a 9260 austempered at 

325 °C for 30 minutes after tensile testing at room temperature ................................... 101 



 xiv 

Figure 4.44 Engineering stress and strain for each 9260 Q&P condition selected for mechanical 

testing ............................................................................................................................ 102 

Figure 4.45 Engineering stress and strain for each 9260 and OCS-01 condition selected for 

mechanical testing ......................................................................................................... 103 

Figure 4.46 (a) Optical macro image, and (b) FESEM micro image of a 9260 Q&P condition 

quenched to 190 °C (374 °F) and partitioned at 250 °C (482 °F) for 30 minutes after 

tensile testing at room temperature ............................................................................... 104 

Figure 4.47 Total elongation versus ultimate tensile strength for each OCS-01 and 9260 

condition selected for tensile testing that experienced necking prior to fracture. The 

total elongation values of the 9260 conditions have been adjusted using the Oliver 

equation (Equation 3.7) to account for the differences in tensile specimen geometries 

between the OCS-01 and 9260 materials (as discussed in Section 3.11.4) [47, 48].  ... 105 

Figure 4.48 Uniform elongation versus ultimate tensile strength for each OCS-01 and 9260 

condition selected for tensile testing that experienced necking prior to fracture .......... 105 

Figure 4.49 Retained austenite fraction versus uniform elongation for OCS-01 and 9260 

conditions at (a) 1630 ± 15 MPa, and (b) 1740 ± 30 MPa ............................................ 106 

Figure 4.50 Product of ultimate tensile strength and total elongation versus retained austenite fraction for 

each 9260 condition that experienced necking prior to fracture ............................................ 107 

Figure 4.51 Charpy impact energy at room and low (-20°C (-29 °F)) temperature as a function of UTS 

for each 9260 condition selected for mechanical testing that experienced  necking prior 

to fracture  ....................................................................................................................... 108 

Figure A.1 LOM (a) and FESEM (b) micrographs of 9260 austempered at 300 °C (572 °F) for 

50 minutes and etched in a 1 pct nital solution ............................................................. 117 

Figure A.2 LOM (a) and FESEM (b) micrographs of 9260 austempered at 325 °C (617 °F) for 

30 minutes and etched in a 1 pct nital solution ............................................................. 117 

Figure A.3 LOM (a) and FESEM (b) micrographs of 9260 austempered at 350 °C (662 °F) for 

30 minutes and etched in a 1 pct nital solution ............................................................. 118 

Figure A.4 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature & 

tempered at 250 °C (482 °F) for 5 minutes and etched in a 1 pct nital solution ........... 118 

Figure A.5 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature and 

tempered at 250 °C (482 °F) for 30 minutes and etched in a 1 pct nital solution ......... 118 

Figure A.6 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature and 

tempered at 350 °C (662 °F) for 15 minutes and etched in a 1 pct nital solution ......... 119 

Figure A.7 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature and 

tempered at 450 °C (852 °F) for 5 minutes and etched in a 1 pct nital solution ........... 119 

Figure A.8 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 160 °C and 

partitioned at 250 °C for 15 minutes and etched in a 1 pct nital solution ..................... 119 



 xv 

Figure A.9 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 160 °C and 

partitioned at 350 °C for 1 minute and etched in a 1 pct nital solution ......................... 120 

Figure A.10 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 190 °C and 

partitioned at 250 °C for 15 minutes and etched in a 1 pct nital solution ..................... 120 

Figure A.11 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 190 °C and 

partitioned at 250 °C for 30 minutes and etched in a 1 pct nital solution ..................... 120 

Figure A.12 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 190 °C and 

partitioned at 350 °C for 1 minute and etched in a 1 pct nital solution ......................... 121 

Figure A.13 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 220 °C and 

partitioned at 350 °C for 15 minutes and etched in a 1 pct nital solution ..................... 121 

Figure A.14 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 220 °C and 

partitioned at 350 °C for 30 minutes and etched in a 1 pct nital solution ..................... 121 

Figure A.15 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 250 °C and 

partitioned at 250 °C for 5 minutes and etched in a 1 pct nital solution ....................... 122 

Figure A.16 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 250 °C and 

partitioned at 250 °C for 30 minutes and etched in a 1 pct nital solution ..................... 122 

Figure B.1 Peak stress versus hardness for each OCS-01 and 9260 condition selected for tensile 

testing, and for some Q&T 10xx and 5160 steels. Adapted from Krauss [21] ............. 123 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xvi 

LIST OF TABLES 

Table 2.1 Proprietary Alloy Compositions (Typical) in wt pct [1] ................................................... 5 

Table 2.2 OCS-01 Proprietary Alloy Composition (Typical) [1] ...................................................... 7 

Table 2.3 Heat Treatment, HRC Hardness, RA and Wear Ratios for a D-2 Tool Steel [15] .......... 11 

Table 2.4 RA Vol. Fraction of 9260 Before (RAi) & After (RAf) DSRW Wear Testing, and 

Austenite Carbon Content Before DSRW Wear Testing [7] ........................................... 30 

Table 2.5 Steel A & B Chemical Compositions (wt pct) [12] ......................................................... 31 

Table 2.6 Steel A & B Mechanical Properties [12] ......................................................................... 31 

Table 3.1 OCS-01 Proprietary Alloy Composition (As Delivered) ................................................ 41 

Table 3.2 9260 Alloy Composition (As Delivered) ........................................................................ 42 

Table 3.3 OCS-01 Processing Matrix .............................................................................................. 44 

Table 3.4 9260 Q&P, Q&T, and Austempering Processing Matrix ................................................ 48 

Table 3.5 High-Si Steel Processing Matrix for Wear Testing of Q&T, Q&P, and Austempered 

Sample Groups  ............................................................................................................... 49 

Table 4.1 Experimentally Measured Critical Transformation Temperatures .................................. 63 

Table 4.2 Rockwell C Hardness of OCS-01 Conditions ................................................................. 66 

Table 4.3 9260 Austempered Hardness ........................................................................................... 68 

Table 4.4 XRD Results for Austempered 9260 ............................................................................... 75 

Table 4.5 9260 Processing Matrix for Mechanical and Wear Testing of Q&T, Q&P, and 

Austempered Sample Groups .......................................................................................... 76 

Table 4.6 Hardness, RA, and %C of Salt Bath Processed 9260 Specimens.................................... 77 

Table 4.6 continued - Hardness, RA, and %C of Salt Bath Processed 9260 Specimens ................ 78 

Table 4.7 OCS-01 Charpy Test Results .......................................................................................... 91 

Table 4.8 9260 Charpy Test Results (Average of 2 Samples)......................................................... 93 

Table 4.9 Tensile Test Results (OCS-01) ........................................................................................ 96 

Table 4.10 Tensile Test Results (9260) ............................................................................................. 98 

Table 4.11 Comparison of Selected 9260 and OCS-01 Conditions  ............................................... 109 



 1 

CHAPTER 1: INTRODUCTION 

 

1.1 Problem Statement 

The focus of this project is to study the relationship between heat treatment processing and the 

resulting properties and microstructures of two medium carbon low alloy steels. The desire is to develop 

increased strength, low and room temperature impact toughness, fatigue, and wear resistance for saw 

chain steel applications. In the present work, an alloy designated OCS-01 (similar to a lean alloyed 8660 

steel), and a high silicon 9260 alloy (to produce retained austenite containing microstructures), were 

subjected to a variety of heat treatments to explore microstructure and property development. The 

influence of retained austenite (RA) and the transformation-induced plasticity (TRIP) effect on the 

material properties are also explored. By better understanding the heat treatment processing, and the 

resulting microstructures and properties of each alloy, saw chain performance, safety, longevity, and 

production efficiency may be improved.  

 

1.2 Project Objectives 

The chapters of this study are structured as follows; Chapter 2: a review of literature, Chapter 3: a 

description of the experimental procedures employed, Chapter 4: reporting and interpretation of results, 

Chapter 5: the conclusions of this study, and Chapter 6: future work. This project was designed to assess 

the effects of different heat treatment and alloying concepts to improve the understanding of 

microstructure development and corresponding properties of each alloy to improve saw chain 

performance.  

 

This is achieved by: 

• Studying two medium carbon low alloy steels: an OCS-01 steel, similar to a lean alloyed 

8660 steel; and a medium carbon with high silicon 9260 steel. 

• Performing quenching and tempering (Q&T), austempering, and quenching and 

partitioning (Q&P) (9260 only) heat treatment processing to obtain different 

microstructures within a specified hardness range. 

• Determine for each alloy, the critical transformation temperatures, and times to complete 

the bainitic transformation for selected austempering temperatures. 

• Observing the microstructure resulting from each heat treatment via light optical 

microscopy (LOM) and field emission scanning electron microscopy (FESEM). 
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• Measuring via X-ray diffraction (XRD), the RA volume fraction and carbon content of 

the austenite in 9260 microstructures. 

• Assessing the influence of processing and microstructure on hardness, tensile behavior, 

Charpy impact energy absorbed, and low-impact abrasive wear performance. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Introduction 

This chapter presents a literature review of saw chain components, OCS-01 and 9260 alloys, the 

effects of microstructure, hardness, and austenite on abrasive wear performance; the effect of morphology 

and carbon content on the mechanical stability of austenite; Q&P, austempered, and Q&T microstructures 

and microstructure development, the methodology for determining the onset and completion of 

transformations during continuous heating/cooling and isothermal holding; salt pot cooling rates for 

dilatometric simulation; a stacked and riveted Charpy impact testing method for sheet steel; and factors 

affecting fatigue performance. 

 

2.2 Saw Chain 

 The focus of this study is to develop improved properties for saw chain components. A saw chain 

is the component of a hand held chainsaw or mechanical timber harvester used for cutting wood [1]. A 

saw chain is typically composed of 4 steel components; the cutter, the drive link, the tie strap, and the 

rivet (each component is shown in Figure 2.1) [1]. The cutter, drive link, and tie strap are typically 

produced from the same alloy, while the rivet is composed of a different alloy to facilitate deformation 

during the riveting procedure [1, 2]. The saw chain is driven around a guide bar where the cutter 

components remove material with each pass [3]. Shown in Figure 2.2, the saw chain is driven around the 

guide bar by a sprocket which is attached to either a motor or hydraulic power source [3]. As the sprocket 

rotates, it drives the linked components of the saw chain which move the saw chain around the guide bar. 

In the present study, the materials that comprise the cutter, drive link, and tie strap are the focus. 

Properties that are critical to the performance of the saw chain include increased strength, low and room 

temperature impact toughness, fatigue, and wear resistance [2]. By improving strength, toughness, or 

fatigue performance, the saw chain is less likely to fail in use [2]. When a saw chain fails, the component 

or entire chain needs to be replaced, in addition to presenting a potential safety hazard [2].  

By improving the wear performance of the saw chain, the life of the chain components might be 

extended [2, 4]. As a component wears, the thickness of the component can decrease, increasing the 

potential for failure [4]. The drive link component wears over time due to the component’s contact with 

the drive sprocket and as it slides along the chainsaw’s bar groove [2]. The cutter, drive link, and tie strap 

also wear at the points of contact with the rivets that connect each component [2]. The cutting surface of 

the “cutter” is not affected significantly by the wear performance of the steel that comprises the cutter, as 

the cutting surface is coated with a hard chromium layer [2].  



 4 

 

Figure 2.1  The components that comprise a saw chain [1]. 

 

 

Figure 2.2 A schematic of the drive end of a mechanical harvester cutting system [3]. 
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2.3 OCS-01 Alloy 

 A steel alloy currently used at Blount International for professional grade saw chain components 

(cutter, drive link, and tie strap) is a patented alloy (U.S. Patent 5,651,938) designated OCS-01 [1]. In the 

present study the correlation between austempering and quenching and tempering heat treatment 

parameters and resulting microstructures and properties is investigated. The patent that covers the 

OCS-01 alloy composition was developed at Blount International to offer improved low temperature 

toughness when compared to other saw chain alloy compositions with hardness between 52 to 55 HRC 

[1]. The composition when austempered to a hardness between 52 and 55 HRC is reported to have a 

fracture toughness of at least 42 ksi in1/2 and an average Charpy energy to failure of greater than 2 ft*lbs 

at temperatures greater than -20 °F (-29 °C) [1]. Per the patent description, the alloy is to be austenitized 

between 1500 °F (816 °C) and 1750 °F (954 °C) for no less than 5 minutes, and then austempered in a salt 

bath at a temperature between 475 °F (246 °C) and 600 °F (316 °F ) for a minimum of 10 minutes to yield 

a lower bainite microstructure [1]. This patent describes a composition range 0.5 to 1.0 wt pct C, 0.3 to 

0.5 wt pct Mn, 0.2 to 0.4 wt pct Ni, 0.2 to 0.4 wt pct Cr, and 0.08 to 0.20 wt pct Mo [1].  

Six alloy compositions (shown in Table 2.1) that fall within the composition range described by 

U.S. Patent 5,651,938 were tested to assess the fracture toughness and Charpy impact energy of each 

condition at room and low temperature after austempering each alloy composition to similar hardness. 

The carbon, manganese, sulfur, phosphorus, molybdenum, and aluminum contents were kept very similar 

between the different alloy compositions, and the chromium and nickel contents were both varied to 

assess the effects of each alloying addition.  

 

Table 2.1 Proprietary Alloy Compositions (Typical) in wt pct [1] 

 

 

Alloy C Mn Si Ni Cr Mo Al S P 

1 0.66 0.41 0.26 0.25 0.25 0.11 0.036 0.004 0.004 

2 0.66 0.41 0.27 0.45 0.25 0.11 0.037 0.004 0.004 

3 0.67 0.40 0.23 0.65 0.25 0.11 0.034 0.003 0.005 

4 0.67 0.40 0.21 0.25 0.45 0.11 0.035 0.004 0.005 

5 0.67 0.40 0.23 0.45 0.45 0.11 0.035 0.003 0.005 

6 0.67 0.41 0.25 0.65 0.45 0.11 0.037 0.003 0.005 

 

Shown in Figure 2.3, the Charpy impact energy at room temperature, -20 °F (-29 °C), and -40 °F 

(-40 °C) was measured for each of the six alloy compositions, and the alloy with the lowest nickel and 

chromium content showed the best performance. Shown in Figure 2.4, the K1C fracture toughness of each 

alloy was measured, and the alloy with the smallest nickel and chromium addition also exhibited the best 
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performance of the alloy compositions assessed. Based on this data, alloy (1) was chosen for use in 

professional grade saw chain applications, and is referred to as OCS-01. The typical composition of the 

OCS-01 alloy is shown in Table 2.2 [1]. One current processing procedure at Blount International for the 

OCS-01 alloy is to austenitize the alloy in a retort furnace with a carbon neutral atmosphere at around 

860 °C (1580 °F) for 25 minutes, followed by austempering the alloy at 274 °C (525 °F) to 301 °C 

(575 °F) for 45 minutes and air cooling after austempering [2]. 

 

 

 

Figure 2.3 The sub-sized Charpy impact energy at room and low temperatures for each of the six 

alloys tested that fall within the composition range described by U.S. Patent 5,651,938 [1]. 

 

                    

Figure 2.4  The K1C fracture toughness for each of the six alloys tested that fall within the 

composition range described by U.S. Patent 5,651,938 [1]. 
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Table 2.2 OCS-01 Proprietary Alloy Composition (Typical) [1]. 

 

 

 C Mn Si Ni Cr Mo Al S P 

wt pct 0.66 0.41 0.26 0.25 0.25 0.11 0.036 0.004 0.004 

 

2.4 9260 Alloy 

A 9260 high silicon, medium carbon steel alloy is of interest in this study for comparison to the 

OCS-01 alloy. The alloy is defined to have a carbon content between 0.56 and 0.64 wt pct, silicon content 

between 1.8 and 2.2 wt pct, manganese content between 0.75 and 1.0 wt pct, and residual sulfur and 

phosphorus [5]. The 9260 composition was selected for this study due to availability and because the 

medium carbon and high silicon content permit austenite containing microstructures in the same hardness 

range of the austempered OCS-01 alloys to be generated via Q&P and austempering processing [6, 7]. 

The high silicon content of the alloy aids in delaying the formation of carbides due to the silicon 

in the alloy being insoluble in the cementite phase, as silicon must be locally rejected for cementite to 

grow [8, 9]. The carbide precipitate suppression by the silicon in the alloy allows for the carbon to instead 

be made available for partitioning to austenite and therefore carbon enriching and stabilizing the austenite 

[8]. The addition of silicon to the alloy is also a much more affordable alternative to other austenite 

stabilizing alloying approaches. Retained austenite in a microstructure is considered to provide work 

hardening, and potentially improved wear resistance, elongation and toughness [10]. The carbide 

suppressing nature of silicon can also reduce the tempering response of martensitic microstructures, and is 

reported to decrease the 𝐵𝑠 temperature and retard the bainitic transformation as well [9]. The manganese 

content of the alloy decreases the critical cooling rate of the steel thus increasing the hardenability [5, 9]. 

The carbon content of the alloy allows for hardness values in the range of those currently found by 

austemper processing the OCS-01 alloy to be produced using the thermal processing routes of interest 

(Q&P, Q&T, & austempering) [6]. 

 

2.5 Microstructure Influence on Wear Performance 

For saw-chain applications, the abrasive wear performance within a specified hardness range of 

500 to 600 HV (Vickers hardness) is of greatest interest [1]. Studies have shown that the surface hardness 

of an alloy has a significant effect on the wear performance of the material, where increased hardness 

often strongly correlates with increased wear performance for a given alloy and microstructure [4, 11, 12]. 

However, at equivalent hardness, the wear performance of an alloy may be different depending on the 

microstructure. Figure 2.5 shows that in the hardness range of 500 to 600 HV, an austempered steel is 

expected to have greater wear performance than a Q&T steel, and increased hardness is expected to 

increase the wear performance of the steel for each microstructure [4].   
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Figure 2.5 Correlation between Vickers hardness and microstructure with the relative wear 

resistance of steels tested via a high-stress abrasion test, adapted from K.-H. Zum Gahr 

[11]. 

 

 

2.5.1 Effect of Retained Austenite on Wear Performance 

Bouchaud et al. developed a steel alloy (Creusabro® Dual) with 0.40 wt pct C, 0.80 wt pct Si, 

1.30 wt pct Mn, 0.70 wt pct Cr, and 0.60 wt pct Ti. When oil quenched, this alloy was shown via X-ray 

diffraction (XRD) to contain 6 volume pct retained austenite [13]. Figure 2.6 shows a typical 

microstructure of the oil quenched Creusabro® Dual alloy, which was reported to be comprised of fine 

martensite with austenite and titanium carbides or carbonitrides [13]. 

 

 

Figure 2.6 LOM image of oil quenched Creusabro® Dual after etching in nital. The microstructure 

is reported to be comprised of fine martensite with austenite and titanium carbides or 

carbonitrides [13].  
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The wear characteristics of the austenite containing microstructures were measured using an 

impeller-tumbler impact-abrasion wear test and a dry-sand rubber-wheel test [13]. The impeller-tumbler 

machine shown in Figure 2.7, rotates a steel specimen in an abrasive media for five hours to create impact 

with abrasive sliding wear conditions [13]. The results of the impeller-tumbler test are shown in 

Figure 2.8, where the wear performance of the oil quenched Creusabro® Dual steel is plotted along with 

some water quenched (WQ), fully martensitic steel conditions at hardness between 400 and 650 HV [13]. 

The Creusabro® Dual showed a 10 pct improvement in this test when compared to the fully martensitic 

steel conditions [13].  

 

 

Figure 2.7 Impeller-tumbler stirring machine used to test impact with sliding wear [13].  

 

 

Figure 2.8 Impeller-tumbler impact abrasive sliding wear test results for the austenite containing 

Creusabro® Dual steel versus fully martensitic steels [13]. WQ stands for “water 
quenched”, and HB stands for “Brinell Hardness”. 
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The Creusabro® Dual steel was tested via a dry-sand rubber-wheel (DSRW) test per ASTM G65 

to simulate low-stress abrasive wear conditions [13]. In this test, a specimen is held against a rubber 

wheel rotating at 200 rpm with a specified amount of force while sand is flowed between the wheel and 

specimen surface at a controlled rate [14]. Figure 2.9 shows the wear results of the DSRW test for the 

Creusabro® Dual steel as well as for water quenched, fully martensitic steels between 400 and 650 HV 

[13]. For the DSRW wear analysis, the Creusabro® Dual steel was observed to have 30 pct less wear than 

the WQ500HB steel [13]. The improvement in impeller-tumbler and DSRW wear performance is thought 

to be due in part to a contribution from the retained austenite in the microstructure undergoing the TRIP 

effect at the wear surface during testing [13]. Figure 2.10 shows the Vickers hardness as a function of 

depth from the wear/impact surface for a Creusabro® Dual sample that has undergone impeller-tumbler 

testing [13]. The hardness increases by around 80 HV at the wear surface, and the depth of hardening due 

to the TRIP effect extends for 0.5 mm under the wear surface [13]. 

Table 2.3 and Figure 2.11 detail the results of a study by Cheng et al. that evaluates the effect of 

retained austenite volume fraction at similar hardness values on wear performance [15]. The relative wear 

in this study is defined as the average weight loss during pin-on-disk wear testing of a heat treated D-2 

specimen divided by the average weight loss of a reference D-2 specimen [15]. A wear ratio of less than 

one indicates a greater wear resistance than the reference sample, an air hardened D-2 sample [15]. The 

study concluded that as the volume fraction of retained austenite increases, independent of hardness, the 

wear resistance correspondingly increases [15]. This trend was true for pin-on-disk wear tests using both 

0.5 Kg and 1.0 Kg loads [15].  

 

 
Figure 2.9 DSRW wear test results for the austenite containing Creusabro® Dual steel versus fully 

martensitic steels [13]. WQ stands for “water quenched”, and HB stands for “Brinell 
Hardness”. 
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Figure 2.10 Vickers hardness as a function of depth below the wear surface for a Creusabro® Dual 

specimen after impeller-tumbler wear test [13].  

 

Table 2.3 Heat Treatment, HRC Hardness, RA and Wear Ratios for a D-2 Tool Steel [15]. 

 
 

 

Figure 2.11 Wear ratios and hardness of heat treated D-2 tool steel as a function of the volume 

fraction of retained austenite for a pin-on-disk wear test conducted using 0.5 and 1.0 kg 

loads [15]. 
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2.6 Microstructures  

 In this study, Q&P, austempered, and Q&T processing are employed, and the resulting properties 

evaluated. This section reviews the constituents that typically comprise each microstructure, and the 

factors influencing microstructure development and resulting properties. 

 

2.6.1  Bainitic Microstructures 

In this study, both the OCS-01 and 9260 alloys are austempered to achieve bainitic 

microstructures. Bainite is obtained by processing steel at temperatures below the “pearlite nose” between 

the Bs (bainite start) and Ms (martensite start) temperatures [16]. Typical bainite consists of a 

non-lamellar mixture of ferrite and carbides, often classified as either upper or lower bainite [16]. As 

illustrated in Figure 2.12, the difference between the two types of bainite is that upper bainite, which 

forms at higher temperatures (see Figure 2.13), contains ferrite plates that are free of carbide precipitates 

and are separated by cementite films or particles, while lower bainite contains fine carbide precipitates 

inside of the bainitic ferrite plates as well as interlath carbides [9, 16].  

 

 

Figure 2.12 A schematic of carbon diffusion and precipitation processes associated with the 

formation of upper and lower bainite [16]. 
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Ferrite plates may be separated by austenite or martensite (due to incomplete austenite 

decomposition) in either upper or lower bainite [9, 16]. At the higher temperatures and lower carbon 

contents that favor upper bainite, the carbon in the supersaturated ferrite can sometimes partition into the 

surrounding austenite and enrich it before carbide precipitation can occur [16]. In lower bainite the 

reduced transformation temperature and decreased rate of carbon diffusion allows for a portion of the 

carbon in the supersaturated ferrite to precipitate as carbides within the ferrite plates [9, 16]. Figure 2.13 

also illustrates acceleration of lower bainite formation at low temperatures (below Ms) due to martensite 

formation during initial cooling before holding [16].  

 

 

Figure 2.13 Calculated lower and upper bainite start temperatures for plain carbon steels as a function 

of temperature and carbon content. LBS indicates the lower bainite start temperature [16].  

 

Carbide-free bainite is another classification of bainitic microstructures that can be developed 

with appropriate alloying methods. If sufficient additions of silicon or aluminum are added to 

austempered steel alloys to suppress cementite precipitation, the austenite located between ferrite plates 

can be stabilized through carbon enrichment and austenite can be retained at room temperature [9, 16, 

17]. The microstructure then consists of fine bainitic ferrite plates separated by carbon-enriched austenite 

at room temperature [16–18].  

Because cementite precipitates can initiate fracture in high-strength steels, their absence in 

carbide-free bainite could contribute to a greater resistance to void formation and cleavage failure [9, 16]. 
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Toughness is increased, as the films of austenite between ferrite plates have a crack blunting effect due to 

the ductility of the austenite, and there is increased work to fracture when the austenite undergoes 

transformation-induced plasticity (TRIP) [9, 16]. The diffusion rate of hydrogen is slower in austenite 

than in ferrite and therefore the austenite may also improve the stress corrosion resistance of the alloy 

[16]. A disadvantage of the austenite phase is that any blocky regions of austenite transform to coarse, 

fresh martensite when a sufficient stress is applied, potentially reducing toughness or formability [16]. As 

the volume fraction of bainitic ferrite (relative to retained austenite) is increased without precipitating 

carbides, the ratio of desirable film-like austenite to blocky austenite is reported to increase [16].  

As the austempering temperature is decreased, the ferrite plate thickness in bainite 

correspondingly decreases, as shown in Figure 2.14 [16]. The thickness of the bainitic ferrite plates 

determines the mean free path across which dislocations glide before piling up, giving a small effective 

grain size, reported to be twice that of the plate thickness [9, 16]. Due to the Hall-Petch effect, as the 

austempering temperature is decreased, the smaller effective grain size of the bainitic ferrite plates should 

then provide a correspondingly greater yield strength [16].  

 

 

Figure 2.14 Bainite sub-unit thickness as a function of austempering temperature for a variety of 

steels [16]. 

 

The bainitic transformation is often “incomplete” after austempering; this phenomena is referred 

to as the “incomplete transformation phenomenon” or “transformation stasis”, where the bainitic ferrite 

transformation ceases (or proceeds at an extremely slow rate) before all of the parent austenite is 
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consumed [19, 20]. Transformation stasis is attributed to two different possible mechanisms [9]. The 

transformation can reach a point of stasis if carbon from the ferrite partitions to the austenite and carbides 

do not precipitate from the austenite causing the austenite to stabilize and the transformation to cease [9]. 

Transformation stasis may also be attributed to solute drag, where elements segregate and interact with 

the interface, thus reducing the interface mobility and creating an energy barrier to interface growth [9].  

 

2.6.2 Tempered Martensite 

In the present study both OCS-01 and 9260 alloys are Q&T processed and evaluated. After 

quenching, a martensitic microstructure is quite hard/strong with limited ductility and toughness [21]. 

Tempering is a heat treatment performed on martensitic microstructures to increase the toughness and 

total elongation of the material at the cost of reduced strength/hardness [21]. Tempering of martensite has 

been observed to occur in three main stages [21]. Stage 1 (100 to 250 °C) is the formation of transition 

epsilon carbides (and eta carbides in steels with greater than 0.2 wt pct carbon), while reducing the carbon 

content of the matrix to as low as 0.25 wt pct carbon, thereby reducing the tetragonality of the martensite 

(c/a ratio) [9, 21]. The driving force for stage 1 is the supersaturation of carbon atoms in the 

body-centered tetragonal crystal lattice of the as-quenched martensite [21]. Figure 2.15 shows an example 

of carbide formation that occurs when tempering martensite [22]. Stage 2 (200 to 300 °C) is the 

decomposition of retained austenite in the microstructure to ferrite and carbides (or bainite if substantial 

amounts of retained austenite are present for decomposition), driven by the thermodynamic instability of 

austenite in the microstructure [9, 21]. Stage 3 (250 °C to Ac1) is the dissolution of transition carbides and 

replacement of carbon-supersaturated martensite with cementite and ferrite [21]. The relief of the internal 

stresses incurred when quenching is another aspect of the tempering process that contributes to increased 

toughness/elongation and decreased hardness/strength [21]. At even higher temperatures, additional 

softening mechanisms can operate [9, 21]. 

 Because the tempering kinetics for each stage are composition dependent, and the temperature 

ranges of each tempering stage overlap, the operative tempering stages are not clearly distinguished via 

hardness measurements alone [9]. The balance between the strength/hardness and the toughness necessary 

for the intended application determines the tempering heat treatment performed [21]. In general, greater 

tempering times and temperatures yield a greater increase in toughness at the expense of decreased 

strength/hardness [22]. Figure 2.16 shows the expected decrease in hardness with increased tempering 

temperature for steels with different carbon levels [21].  
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                                                 (a)                                                             (b) 

Figure 2.15 Scanning electron microscopy images of (a) as-quenched carbide-free martensite, and 

(b) tempered martensite with carbide particles [22]. 

 

 

Figure 2.16 Hardness as a function of carbon content and tempering temperature [21].  
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Tempering is generally performed in a range from 150 °C to 200 °C (~300 °F to 400 °F) or 

between 370 °C (700 °F) and the Ac1 temperature due to a phenomenon known as tempered martensite 

embrittlement (TME) [21]. TME occurs in a range of tempering temperatures where the toughness and 

fracture resistance of steels are decreased [21]. TME has been reported to occur when tempering at 

temperatures as low as 200 °C (400 °F) to 260 °C (500 °F), up to 370 °C (700 °F) or 400 °C (750 °F) 

[21]. Figure 2.17 shows the decrease in Charpy impact energy in the TME zone for a 0.4 and 0.5 carbon 

steel, as well as the trend for increased impact energy at greater tempering temperatures outside of the 

TME zone [21].  

 

 

Figure 2.17 The relationship between impact energy and tempering temperature for a 0.4 and 

0.5 wt pct carbon steel [21]. Note the Fahrenheit temperature scale.  

 

2.6.3 Quenching and Partitioning (Q&P) 

 The Q&P process is of interest to this project as a martensite with austenite microstructure is 

believed to potentially improve formability, toughness and wear resistance compared to other processing 

conditions yielding the same strength and hardness values [6–8, 12, 23, 24]. This is due to the 

transformation induced plasticity (TRIP) effect in which the retained austenite undergoes a stress or strain 

induced transformation to martensite under a sufficiently large applied load or strain [8]. The stability of 

the austenite in the structure determines the conditions under which the TRIP effect occurs [8]. The 

retained austenite TRIP effect is expected to improve toughness by work hardening and expanding the 

volume of the material at the crack tip. Additionally, the TRIP effect is expected to improve surface wear 

properties, as the retained austenite can transform to the harder martensite phase at the wear surface [7, 8].  

Quenching and partitioning (Q&P) processing is intended to yield a microstructure consisting of 

carbon depleted martensite, carbon enriched retained austenite, and carbon enriched fresh martensite [6]. 
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Q&P steels have been shown to offer improved strength and ductility when compared to quenching and 

tempering (Q&T) and austempering processing [18]. During Q&P processing the material is first heated 

to form austenite and to homogenously distribute the carbon throughout the material as described in step 

one of Figure 2.18 [25]. After austenitizing, an interrupted quench to a temperature between the 

martensite start (Ms) and martensite finish (Mf) temperature is performed, yielding martensite and 

untransformed austenite, as shown in step two of Figure 2.18 [8, 25]. After the initial quench, the 

specimen is then partitioned at a temperature above the initial quench temperature to enrich the 

untransformed austenite with carbon from the martensite phase, thus lowering the martensite start 

temperature of the remaining austenite in the structure as described in step three of Figure 2.18 [8, 25]. To 

retain carbon in the austenite phase during partitioning, the alloy should contain additions of an alloying 

element that retards the formation of carbide precipitates, such as silicon. The partitioning step is then 

followed by a final quench to room temperature, transforming a fraction of the carbon enriched austenite 

to fresh, carbon enriched martensite, shown in step four of Figure 2.18 [8, 25]. The remaining fraction of  

the untransformed austenite is now stable at room temperature due to the lowered martensite start 

temperature of the carbon-enriched austenite phase as shown in step four of Figure 2.18 [8, 25].  

 

 

Figure 2.18  Schematic illustration detailing the steps of a typical quench and partitioning (Q&P) 

process. The relative carbon content of the martensite and austenite phases, as well as the 

theoretical microstructures obtained, are compared for each step of the quench and 

partition process [25].   

 

Speer, et al. suggested that the partitioning step can also occur during holding at the initial quench 

temperature as in “1-step” Q&P [8]. Figure 2.19 shows the presence of retained austenite in a TEM 

micrograph of a 9260 alloy after quenching to 190 °C (374 °F) and holding isothermally for 120 seconds 

1.
2. 3. 

4.
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followed by quenching to room temperature [8]. This study reported that a retained austenite content 

greater than 6 pct was achieved when holding at the initial quench temperature for 120 seconds followed 

by final quenching to room temperature as compared to a retained austenite volume fraction less than 

2 pct when quenching directly to room temperature for the same alloy [8].  

 

     

                            (a)                                                                              (b)      

Figure 2.19 (a) Bright field transmission electron microscopy (TEM) micrograph, and (b) dark field 

TEM micrograph showing a 9260 alloy microstructure consisting of martensite and 

retained austenite after quenching to 190 °C (374 °F) and holding for 120 seconds 

followed by quenching to room temperature [8]. 
 

The microstructure and hardness response of a 9260 alloy containing 0.60 wt pct carbon and 

2.0 wt pct silicon was assessed after Q&P processing by Gerdemann et al. and compared to austempering 

and quenching and tempering of the same material [6]. Samples processed using Q&P were quenched to 

temperatures of 150 °C (302 °F), 170 °C (338 °F), 180 °C (356 °F), 190 °C (374 °F) or 210 °C (410 °F), 

and partitioned at temperatures of 250 °C (482 °F ), 300 °C (572 °F ) or 400 °C (752 °F) [6]. Samples 

were also quenched to room temperature and then tempered at 250 °C (482 °F), 300 °C (572 °F ), or 

400 °C (752 °F) as well as austempered at 250 °C (482 °F), 300 °C (572 °F ), or 400 °C (752 °F) for 

hardness and microstructure comparisons between the processing conditions [6]. Figure 2.20 is a light 

optical micrograph of a 9260 sample quenched to 190 °C (374 °F) and partitioned at 400 °C (752 °F) for 

10 seconds showing a typical Q&P microstructure reported to consist of martensite and retained austenite 

[6]. Strong correlations between the measured hardness, austenite volume fraction, and austenite carbon 

content, with the selected partitioning time and temperature were observed [6]. Shown in Figure 2.21, the 

hardness of 9260 Q&P samples was consistently greater for conditions partitioned at lower temperature 

and for less time. The conditions partitioned at 250 °C (482 °F) are observed to have the greatest 

hardness, while the conditions partitioned at 400 °C (752 °F) are observed to have the lowest hardness, 
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and for each partitioning temperature, the hardness consistently decreases with increased partitioning time 

[6]. 

 

 

Figure 2.20 Light optical micrograph of a 9260 alloy quenched to 190 °C (374 °F) and partitioned at 

400 °C (752 °F) for 10 seconds with a microstructure reported to consist of martensite 

and retained austenite [6]. Sample was tint etched using picral followed by sodium 

metabisulfite [6]. 

 

 
Figure 2.21 Rockwell C hardness as a function of partitioning time at 250 °C (482 °F), 300 °C 

(572 °F), and 400 °C (752 °F) after quenching to 180 °C (356 °F) [6]. 

 

Figure 2.22 shows that for conditions partitioned at 300 °C (572 °F) and 400 °C (752 °F), the 

austenite volume fraction decreases with increased partitioning time, which was attributed to the 

decomposition of the austenite to ferrite and cementite after partitioning at these temperatures [6]. For a 

partitioning temperature of 250 °C (482 °F) the austenite volume fraction was observed to increase with 

increased partitioning time, which was attributed to partitioning of carbon to the austenite phase prior to 
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austenite decomposition [6]. The trends in Figure 2.22 were observed at each quench temperature tested 

[6]. Figure 2.23 shows that for each partitioning temperature tested, the carbon content of the austenite 

phase increased with increasing partitioning time and temperature; this behavior was observed for each 

quench temperature tested [6].  

 

 

Figure 2.22 Austenite volume fraction as a function of partitioning time at 250 °C (482 °F), 300 °C 

(572 °F), and 400 °C (752 °F) after quenching to 180 °C (356 °F) [6]. 

 

 

Figure 2.23 Austenite carbon content as a function of partitioning time at 250 °C (482 °F), 300 °C 

(572 °F), and 400 °C (752 °F) after quenching to 180 °C (356 °F) [6]. 
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The hardness as a function of partitioning, austempering and tempering time at 250 °C (482 °F) 

and 400 °C (752 °F) are compared in Figure 2.24. For each 9260 alloy condition tested, the Q&P samples 

exhibited higher hardness than the austemper and Q&T conditions evaluated (except the 9260 condition 

austempered at 250 °C (482 °F) for ~2 minutes) [6].  

 

    

                                        (a)                                                                    (b) 

Figure 2.24 Rockwell C hardness versus partitioning time for a 9260 alloy comparing: (a) Q&P, 

quenched to 190 °C (374 °F) and partitioned at 250 °C (482 °F), austempering (bainitic 

heat treatment) at 250 °C (482 °F), and quench and tempering at 250 °C (482 °F) [6]. 

(b) Q&P, quenched to 190 °C (374 °F) and partitioned at 400 °C (752 °F), austempering 

(bainitic heat treatment) at 400 °C (752 °F) [6].  

 

Follow up work was conducted by Shutts, who found that for a 9260 alloy with 0.6 wt pct carbon 

and 1.96 wt pct silicon processed via Q&P at quench temperatures of 180 °C (356 °F), 190 °C (374 °F), 

200 °C (392 °F), or 210 °C (410 °F), followed by partitioning at 225 °C (437 °F ), 250 °C (482 °F ),  

275 °C (527 °F ), or 300 °C (572 °F ), retained austenite volume fractions of up to 27 pct and hardness 

between HRC 49 and HRC 62 were achievable [24]. Comparison of Figure 2.25 (a) and (b) shows that the 

hardness was observed to decrease with increased partitioning time, and that the maximum hardness 

obtained after quenching to 190 °C (374 °F) followed by partitioning at 300 °C (572 °F ) is lower than the 

maximum hardness obtained after quenching at 210 °C (410 °F) and partitioning at 300 °C (572 °F ) for 

the 9260 alloy examined [24]. At lower quench temperatures, the decrease in hardness may possibly be 

explained by the increased volume fraction of initial martensite formed upon quenching that is then 

softened during the partitioning step, while a higher quench temperature may yield a greater volume 

fraction of “fresh” carbon-enriched martensite upon quenching after the partitioning step [24].  
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The increase in austenite volume fraction measured for the lower quench temperature in 

Figure 2.25 was attributed to the 190 °C (374 °F) quench temperature being most near the 187 °C 

(367 °F) “optimum” quench temperature calculated by Shutts [24]. While a higher initial quench 

temperature may have a greater amount of austenite present during partitioning, this also provides less 

initial martensite and thus a reduced source of carbon for partitioning to the austenite, and therefore yields 

less retained austenite after final cooling as compared to the ideal quench temperature [8, 24]. The 

estimation of the ideal quench temperature for achieving the largest amount of retained austenite after 

processing is detailed in the following section. 

 

(a)                                                                                   (b) 

Figure 2.25 Austenite volume fraction and Rockwell C hardness versus partitioning time for 9260 

alloy Q&P specimens quenched to (a) 190 °C (374 °F) and (b) 210 °C (410 °F) followed 

by partitioning at 300 °C (572 °F )  [24]. The solid line in the figure represents the aim 

retained austenite amount for the rolling contact fatigue (RCF) application of interest, and 

the dashed line represents the minimum hardness to be selected for RCF testing in that 

study [24]. 

 

2.6.4  OPTIMUM QUENCH TEMPERATURE FOR Q&P PROCESSING 

The quench temperatures for Q&P processing can be selected based on a procedure developed 

previously to identify an “optimum” quench temperature that results in maximized austenite retention 

assuming “ideal” partitioning [8]. The procedure employs the Koistenen-Marburger relationship 

fM = 1 - e-1.1 x 10-2 (MS - QT)                                                            (2.1) 

where fM is the volume fraction of martensite formed and QT is the quench temperature, to calculate the 

fraction of martensite and austenite formed based on the degree of undercooling (below Ms) after the 
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initial quench between Ms and Mf [8]. If it is assumed that all of the carbon from the martensite is 

partitioned to the austenite during the partitioning step, a new MS temperature can be calculated for the 

carbon-enriched austenite, using Equation 2.2 [8].  

Ms (°C) = 539 - 423 (%C) - 30.4 (%Mn) - 12.1 (%Cr) - 17.7 (%Ni) - 7.5 (%Mo)            (2.2) 

The Koistenen-Marburger relationship is then used again to calculate the fraction of fresh 

martensite formed when quenching the carbon enriched austenite to room temperature [8, 26]. The model 

results then provide an “optimum” quench temperature where the maximum amount of retained austenite 

is predicted. At a quench temperature below this value, too much austenite is consumed to provide the 

maximum amount of retained austenite after partitioning [8]. At a temperature above the “optimum” 

value, there is not enough martensite formed after the initial quench to provide a sufficient amount of 

carbon enrichment to stabilize austenite during the partitioning step, thus generating a greater amount of 

fresh martensite when quenching [8].  

Figure 2.26 details the weight fraction of each phase based on the initial quench temperature 

along the x-axis for a 9260 steel. Vγi
 and VMi represent the calculated weight fractions of austenite and 

martensite, respectively, formed after initial quenching [8]. The bold line represents VγF
, the calculated 

weight fraction of austenite retained at room temperature after initially quenching to the corresponding 

temperature on the x-axis, assuming idealized full partitioning conditions [8]. VMF represents the 

calculated weight fraction of new martensite formed when quenching to room temperature after the 

partitioning step and assuming idealized full partitioning, and %Cγ represents the austenite carbon content 

assuming full partitioning [8]. It should be noted that the very high austenite carbon enrichments 

predicted in the model have not been observed experimentally [6, 7, 27].  

Previous studies that have measured the effect of quench temperature on retained austenite 

volume fraction and compared these values to the aforementioned “optimum” quench temperature 

calculation include Gerdemann et al., Wolfram, and Clarke, shown in Figure 2.27, Figure 2.28, and 

Figure 2.29 respectively [6, 7, 27]. In each of these studies, the relationship between the quench 

temperature and retained austenite volume fractions did not always follow what the “optimum” quench 

temperature calculation predicted [6, 7, 27]. For each study, Figures 2.27-2.29 show that the retained 

austenite fraction as a function of quench temperature often matched the calculated “optimum” quench 

temperature behavior for only a few of the tested partitioning times and temperatures [6, 7, 27]. In few 

cases was the greatest amount of retained austenite found at the calculated “optimum” quench 

temperature, and the retained austenite volume fractions did not often match the calculated values well for 

any of the conditions [6, 7, 27]. The measured austenite fractions are typically reported in volume percent, 
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and it should be noted that weight and volume fraction are similar, since ferrite and austenite densities 

differ by only a few percent [21]. 

 

 

Figure 2.26 “Optimum” quench temperature calculation for a 9260 steel with an Ms temperature of 

302 °C (576 °F). 

 

 

Figure 2.27 Retained austenite volume fractions as a function of quench temperature for a 9260 alloy 

partitioned at 400 °C for 10, 120, and 900 seconds [6].  

[Gerdemann] 
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Figure 2.28 Retained austenite volume fractions as a function of quench temperature for a 9260 alloy 

partitioned at 400 °C for 30, 240, and 900 seconds [7].  

 

 

Figure 2.29 Retained austenite volume fractions as a function of quench temperature for a 

0.19C-1.59Mn-1.63Si-0.036Al steel alloy partitioned at 400 °C for 10, 30, 100, and 

1000 seconds [27].  

 

[Wolfram] 

[Clarke] 
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2.6.5 The Effect of Morphology on the Mechanical Stability of Austenite  

The morphology of austenite produced via Q&P or austemper processing, either blocky or film-

like, plays a role in the mechanical stability of the austenite [28, 29]. It has been shown via transmission 

electron microscopy (TEM) that the film-like morphology of austenite is more stable than the blocky 

morphology during deformation, even when the film-like morphology contains a lower carbon content 

[28]. Figure 2.30 shows a series of TEM images of blocky (bright field) and film-like austenite (dark 

field) at 0 pct, 2 pct and 12 pct strain [28]. The blocky type austenite begins to transform to twinned 

martensite after 2 pct strain (c), and is completely transformed to twinned martensite at 12 pct strain (e) 

[28]. The film-like austenite is still stable after 12 pct strain, showing no transformation to twinned 

martensite in Figure 2.30 (f) [28].  

 

 

 
                                                       (a)                                      (b)     

 
                                                       (c)                                       (d) 

 
                                                        (e)                                       (f) 

Figure 2.30 TEM images of blocky (left column) and film-like (right column) austenite at 

(a & b) 0 pct strain, (c & d) 2 pct strain, and (e & f) 12 pct strain [28]. The blocky 

austenite morphology is shown in bright field and the film-like austenite morphology is 

shown in dark field [28].  

0 pct strain 

2 pct strain 

12 pct strain 

Blocky Austenite Film-like Austenite 
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 Film-like austenite is desirable in comparison to blocky austenite because film-like austenite can 

contribute to increased toughness in materials [9]. Ductile films of retained austenite between ferrite 

plates (for bainitic microstructures) or between martensite plates or lath (for Q&P microstructures) can 

contribute to increased toughness by acting as crack-blunting regions in the microstructure, and by 

transforming via TRIP to martensite in the stress field of cracks therefore reducing local tensile stresses 

due to the volume expansion of the transformation [9]. Lee et al. reported increased toughness with 

increased austenite volume fraction and austenite stability [29]. Increased toughness was observed 

(particularly at cryogenic temperatures) to correlate much more strongly with the stability of the austenite 

than with the volume fraction of the austenite within the microstructure [29]. Therefore increased 

austenite carbon content, and increased ratios of film-like to blocky austenite might be expected to 

improve the impact toughness of martensite plus austenite microstructures [29].  

 

2.6.6 Morphology of Martensite in Q&P Microstructures 

During Q&P processing of medium carbon steels, the morphology of the martensite that develops 

during the initial quench step and the final quench step is interesting to consider. When a medium carbon 

steel sample is initially quenched to a temperature between the Ms and Mf temperatures it would be 

expected to form predominantly lath martensite as per Figure 2.31, where martensite morphology is 

shown as a function of temperature and carbon content [21]. However during the partitioning step, the 

initial martensite partitions a portion of its carbon to the austenite phase [6]. In the case of 9260 steel with 

a 0.60 wt pct carbon content, the austenite after partitioning contains between 0.8 and 1.8 wt pct carbon 

[6]. It might then be expected that the fresh martensite that forms when quenching to room temperature 

after partitioning may contain plate martensite [21]. This influence of austenite carbon content on the 

details of the martensitic microstructure has not been examined in detail for Q&P microstructures. 

 

2.6.7 Wear Performance of Q&P Steels 

In a study by Wolfram, the DSRW wear performance of several 9260 Q&P processing conditions 

was assessed and compared to some other abrasion resistant steels [7]. DSRW wear loss as a fuction of 

retained austentie content at a fixed hardness for Q&T and Q&P microstrctures is shown in Figure 2.32 

(where results have been normalized to a reference AR400F sample), the martensite with austenite 

microstructure obtained by Q&P processing provided a significant decrease in normalized volume loss 

when compared to the tempered martensite microstrucure at the same hardnesss. However, the wear 

resistance amongst Q&P conditions was not well correlated with the differences in retained austenite 

levels [7]. Wolfram stated that the improvement in wear performance of  Q&P compared to Q&T 

conditions may be a result of differences in the matrix microstructure, e.g. tempered martensite with 
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carbides for Q&T, and martensite with austenite and likely less carbides for Q&P [7]. Figure 2.33 (where 

samples have been normalized to a reference AR400F sample) also shows that for 9260 Q&P conditions, 

the hardness has a strong influence on the abrasive wear test performance [7].  

 

 
Figure 2.31 Martensite morphology and MS temperature as a function of carbon content [21]. 

 

 

Figure 2.32 DSRW wear results for 9260 Q&T and Q&P conditions at a hardness of 61 ± 2 HRC as a 

function of retained austenite volume fraction [7].  
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Figure 2.33 DSRW wear results for 9260 Q&P conditions as a function of Rockwell C hardness [7]. 

 

In Wolfram’s study, the volume fraction of retained austenite was measured for each Q&P 

condition before and after DSRW wear testing to assess the degree of TRIP effect occurring during wear 

testing, as shown in Table 2.4 [7]. The pct of retained austenite lost during DSRW wear testing was 

between 37.8 and 80.9 pct, which suggests that retained austenite in the microstructure transformed via 

the TRIP effect to martensite during wear testing [7].  

 

Table 2.4 RA Vol. Fraction of 9260 Before (RAi) & After (RAf) DSRW Wear Testing, and 

Austenite Carbon Content Before DSRW Wear Testing [7]. 

 

Austenitization 

Temp 

Quench 

Temp 

Partitioning 

Temp 

Partitioning 

Time 
RAi RAf 

RA Loss 

(pct) 

C 

(wt pct) 

860 °C 150 °C 400 °C 30 16.4 6.3 61.6 1.13 

860 °C   240 22.3 7.6 65.9 1.24 

860 °C   900 24.1 15.0 37.8 1.38 

860 °C 190 °C 400 °C 30 20.4 7.8 61.8 1.03 

860 °C   240 24.9 13.7 45.0 1.46 

860 °C   900 24.3 13.9 42.8 1.15 

860 °C 230 °C 400 °C 30 12.3 6.1 50.4 1.22 

860 °C   240 24.2 9.4 61.2 1.37 

860 °C   900 24.1 2.6 80.9 1.21 

Hardness, [HRC] 
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The data in Table 2.4 show no correlation between the pct of RA lost, and the carbon content of 

the austenite phase (as measured before testing) [7]. This suggests that the carbon content of the austenite 

phase did not have a strong influence on the mechanical stability of the austenite under low-stress 

abrasive wear conditions. The study went on to report that there was no correlation observed between the 

pct of RA lost for a particular condition and the DSRW wear performance when accounting for hardness. 

Haiko et al. investigated the wear performance of two medium carbon steels processed to 

generate martensite with austenite microstructures, and compared these conditions to a fully martensitic 

500 HB reference condition [12]. The chemical compositions of two medium carbon steels with silicon, 

aluminum and manganese additions are shown in Table 2.5 and were subjected to direct quench (DQ) and 

direct quench and partitioning (DQ&P) processing [12]. Table 2.6 lists the processing conditions of each 

alloy along with retained austenite (RA) volume fraction and mass loss after impeller-tumbler testing 

[12]. As shown in Figure 2.34, the volume fraction of retained austenite in the DQ and DQ&P conditions 

was not observed to contribute to increased wear resistance for either alloy when accounting for surface 

hardness [12].   

 

Table 2.5 Steel A & B Chemical Compositions (wt pct) [12]. 

 

 C Mn Si Al Cr Mo Nb S P 

Steel A 0.304 2.00 0.560 1.10 2.20 0.004 0.0050 0.001 0.001 

Steel B 0.294 1.86 0.985 0.007 0.002 0.003 0.0006 0.001 0.003 

 

Table 2.6 Steel A & B Mechanical Properties [12]. 
 

Material 
Quench 

Temperature 

Surface Hardness 

(HV10) 

RA 

(wt pct) 

Mass 

Loss (g) 

Steel A DQ RT 635 2.6 0.231 

Steel B DQ RT 616 2.8 0.238 

Steel A DQ&P 175 °C 535 6.3 0.263 

Steel B DQ&P 175 °C 565 6.6 0.253 

Steel A DQ&P 230 °C 524 10.1 0.268 

Steel B DQ&P 220 °C 507 20.2 0.276 

500 HB - 479 < 0.5 0.268 
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Figure 2.34 Mass loss after impeller-tumbler impact-abrasion wear testing versus surface hardness for 

martensitic (500 HB) and austenite with martensite (Steel A & B) microstructures [12]. 

 

2.7 Dilatometry 

Dilatometric analysis is conducted in this project for the purpose of assessing the critical 

transformation temperatures of each alloy during continuous heating and cooling, and for monitoring the 

transformation kinetics during isothermal austempering to determine the time to complete the bainitic 

transformation as a function of austempering temperature. 

  

2.7.1 Time to Complete Bainitic Transformation 

In the present study, dilatometry is utilized to determine the time to complete the isothermal 

bainitic transformation for a given isothermal austempering temperature [30]. In Figure 2.35 the dilation 

and temperature versus time are plotted for a 0.79 wt pct carbon steel coupon austenitized at 900 °C 

(1652 °F) for 30 minutes and then austempered at 300 °C (572 °F) for 280 minutes. Following contraction 

during cooling, a minimum is reached near the onset of isothermal austempering. Subsequent expansion 

indicates that retained austenite has begun decomposing into ferrite and cementite to form bainite [30]. 

Figure 2.36 (a) and (b) show that the austenite (111) diffraction peaks fall and the ferrite (110) diffraction 

peaks rise as the reaction progresses and the austenite decomposes. The dilation (specimen length) 

increases for some period of time before approaching a steady state condition (zero or near-zero change) 

once the reaction has completed [20, 30]. The dilation reaching a steady value can also indicate an 

“incomplete transformation phenomenon” or “transformation stasis” where the bainitic ferrite 

transformation ceases (or proceeds at an extremely slow rate) before all of the parent austenite is 

consumed (as discussed in Section 2.6.1) [19, 20]. 
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Figure 2.35  Dilatometer output of temperature and dilation plotted against time for a sample 

undergoing an initial austenitization treatment followed by isothermal austempering for a 

0.79 wt pct carbon steel. Points one through five in this figure correspond to points one 

through five in the following figure [30]. 

  

   
                                  (a)                                                                                    (b)     

Figure 2.36 (a) Neutron diffraction intensities of austenite (111) and ferrite (110) peaks are shown as 

time progresses at each corresponding point in Figure 2.35. (b) Diffraction angle and 

intensity are plotted for austenite (111) and ferrite (110) peaks corresponding to points 

one through five in Figure 2.35 [30]. 

 

2.7.2 Analysis of Dilatometric Data 

After performing a continuous heating/cooling or isothermal austemper test via a dilatometer, the 

data are analyzed to determine the critical transformation temperature of interest or time to complete the 

isothermal reaction. One such way, which has been determined to provide transformation temperatures 

with a high degree of accuracy, is to assess the first derivative of the strain as a function of the 
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temperature change [31]. The onset or finish of a phase transformation is indicated, respectively, by the 

deviation from or return to linearity of the constant expansion rate due to thermal expansion or 

contraction [31, 32]. By first converting the dilation of the sample to strain by dividing the dilation by the 

sample length, and then calculating the first derivative by calculating the change in strain over an interval 

of temperature change, e.g. 1 °C or 5 °C, the temperature at which the deviation from or return to linearity 

occurs can be determined [31].  

Figure 2.37 illustrates the estimation of the (a) Ac1 and (b) Ac3 temperature of a steel sample 

[31]. The temperature where the strain derivative falls below the minimum value found when the 

derivative is approximately constant is considered to represent the deviation from linearity, and thus the 

onset or completion of the transformation of interest [31]. By increasing the temperature interval over 

which the first derivative is calculated, the analysis will become less sensitive to noise, but may also offer 

less precision when calculating the transformation temperature.   

 

       
(a)                                                                                  (b) 

Figure 2.37 The dilation expansion first derivative is shown for the calculation of (a) Ac1 and (b) Ac3 

temperatures. The transformation temperature is found when the expansion derivative 

falls below the minimum value found when the derivative is approximately constant, 

indicating a deviation from linear expansion. The Ac1 temperature was reported to be 

748 °C and the Ac3 temperature was reported to be 782 °C. The plotted expansion 

derivatives were calculated using temperature intervals of 1 °C (d1), 2 °C (d2) and 5 °C 

(d5) [31].  

 

2.7.3 Cooling Rate of Nitrate Salt Bath 

To establish an appropriate cooling rate to simulate salt bath quenching in the dilatometer, the 

cooling rate of a nitrate based salt at the temperatures used for austemper processing needed to be 

established. Figure 2.38 below illustrates the reported cooling rate of a steel sample (sample dimensions 
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are not mentioned in the study) when quenched from an austenitization temperature of 871 °C (1600 °F) 

into a nitrate based salt bath held at 255 °C (495 °F) [33].  

 

 

Figure 2.38 Temperature and cooling rate when quenching steel into a nitrate based low temperature 

molten salt bath (with no agitation or water addition) at 255 °C (495 °F) from 871 °C 

(1600 °F) [33]. The cooling rate is plotted as a function of the temperature and not 

cooling time. 

 

Shown in Figure 2.38, as the sample approaches the salt bath temperature, the temperature 

differential between the sample and salt bath decreases and therefore the rate of cooling correspondingly 

decreases [33]. Factors that may increase the cooling rate include sample mass and associated surface area 

to mass ratio, salt bath temperature, moisture content of the salt, salt agitation, and salt composition 

(specific heat and thermal conductivity) [33]. 

 

2.8 Sub-Sized Stacked Charpy Testing 

Standard Charpy impact testing as per ASTM-E23 details the dimensions of impact specimens to 

be 55.0 mm x 10.0 mm x 10.0 mm (2.17 in x 0.394 in x 0.394 in) [34]. For sheet steel users with an 

interest in toughness and fracture behavior this presents a problem as sheet steel is  classified to be less 

than 6 mm (~0.25 in) in thickness and therefore cannot be made thick enough for square cross-section 

standard impact specimens. ASTM-E23 list a series of additional sub-sized impact sample dimensions 

with thicknesses as low as 2.4 mm (.094 in) which may be used for sheet steel impact testing if the 

material available for machining is at least 2.4 mm thick [34]. However if the sheet material is thinner 

than 2.4 mm, the ASTM-E23 sub-sized Charpy specimens are not viable. 
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General Motors developed and tested a means of producing sub-sized Charpy impact specimens 

for their press hardened sheet steels by riveting together multiple coupons to form a single Charpy impact 

specimen thick enough for Charpy impact testing [35]. Coupons are 55.0 mm x 10.0 mm x thickness of 

sheet material, and have four 3.3 mm diameter holes milled into each coupon so that they can be stacked 

together and riveted to form a single specimen for Charpy impact testing, as shown in Figure 2.39 [35]. 

With coupons stacked to a thickness greater than 2.4 mm, Charpy impact testing is performed [35]. 

 

 
 

Figure 2.39 Illustration detailing the dimensions (55.0 mm x 10.0 mm x thickness) of the Charpy 

coupons that are riveted together to form a single thicker sample for toughness testing 

[35]. Circles indicate the position of riveting holes in the sample [35].  

 

In the present study both stacked Charpy sheet specimens (1.47 mm (0.058 in) thick per layer) for 

the OCS-01 alloys, and standard sub-sized (5.33 mm (0.210 in) thick) for the 9260 alloy are tested. It 

should be noted that Charpy specimens of varied thickness cannot be directly compared, even when 

taking into account the differences in energy absorbed per area [22, 34]. This is because the stress state at 

the crack tip (and correspondingly, the toughness of the sample) changes with sample thickness [22]. In 

the case of the stacked Charpy specimen, the thickness of the individual coupons that comprise the 

stacked specimen dictate the fracture behavior [22]. The extent of the plastic zone in Charpy coupons is 

larger in thinner specimens because thinner samples allow the plastic zone to contract at the crack tip, 

causing plane stress conditions to prevail [22]. In thicker specimens, plane strain prevails, as the thicker 

samples do not allow inward contraction normal to the plate surface which produces a triaxial stress state 

[22]. Thus, thicker specimens reduce the maximum shear stress near the crack tip causing less plastic 

deformation and therefore reducing the fracture toughness of the specimen [22]. 

 

2.9 Fatigue Performance Factors 

For saw chain applications, high-cycle fatigue behavior is a critical metric for evaluating the 

performance of a steel. High-cycle fatigue is defined as an elastic strain applied over a high number of 

cycles (105 or greater) [22]. As a saw chain component rotates around the bar of a chain saw, it 
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experiences fluctuating amounts of stress applied to the component with each rotation. The stress applied 

is lower than the stress necessary to cause a component failure during a single application of the stress, 

but significant enough that repeated cycles may be a cause for fatigue failure. This thesis does not include 

fatigue testing, but a companion effort is being conducted in this area [36]. However the mechanical 

testing results (e.g. hardness & tensile results) of this study may suggest fatigue behavior for the 

processing conditions assessed.  

The fatigue life of a material is the number of fatigue cycles to failure for a given stress level. The 

fatigue strength, also known as the endurance limit, of a material is the stress below which fatigue failure 

will not occur [22]. Figure 2.40 demonstrates the fatigue life and fatigue strength (endurance limit) of an 

AISI 1522 quench and tempered steel [22].  

 

 

Figure 2.40 S/N curve for AISI 1522 tempered martensite microstructures tested in rotating bending 

fatigue [22]. 

 

For steel alloys the endurance limit (fatigue strength) is established to be the stress at which an 

alloy does not fail after 107 stress cycles [22]. There exists a correlation between the ultimate tensile 

strength (UTS) of a steel and the endurance limit of the same steel where the endurance limit is generally 

around 0.35 to 0.60 of the UTS [37]. Shown in Figure 2.41 (a) and (b), for ferrite-pearlite steels the 

endurance limit has been found to be around 0.42 of the UTS, whereas martensitic steels are shown to 

have an endurance limit around 0.38 of UTS [22].  

At certain thresholds of hardness the fatigue life and peak stress (UTS) of the microstructure no 

longer correspondingly increase with hardness [21]. Above around 1200 MPa (~40HRC), higher strength 
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steel does not always correlate to an increased in fatigue performance [22]. As shown in Figure 2.42, 

above a hardness of approximately 40HRC, the relation between UTS and endurance limit begins to 

deteriorate [37]. At high hardness/strength, the materials become sensitive to residual-stress states, 

inclusions, and surface preparation, all of which may act as stress concentrations leading to premature 

fatigue failure [37].  

 

 
                                             (a)                                                                           (b) 

Figure 2.41 Endurance limit as a function of ultimate tensile strength for (a) ferrite-pearlite steels, and 

(b) martensitic steels [22]. 

 

Components that are quenched or formed at room temperature can experience residual tension at 

the surface which will adversely affect the fatigue performance of the component [37]. The fatigue life of 

a component, particularly for high-strength steels with low fracture toughness, is strongly dependent on 

the surface finish of the component, as shown in Figure 2.43 [37]. Figure 2.43 shows that as the surface of 

a component becomes increasingly rough, the fatigue performance of the component is decreased, and the 

fatigue performance of the component becomes more sensitive to surface finish as the tensile strength of 

the component is increased [37]. 

Figure 2.44 shows that as the hardness of a quench and tempered microstructure increases, the 

peak stress of the microstructure correspondingly increases until a hardness of 52 HRC at which point the 

peak stress begins to decrease with increased hardness due to intergranular fracture prior to necking (i.e. 

below the UTS) [21]. As the hardness is increased above 52 HRC the microstructure is more likely to 
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experience fracture prior to necking, resulting in a decrease in peak stress with increased hardness [21]. 

These failures have been associated with quench-embrittlement effects in high-carbon steels [21]. 

 

 

Figure 2.42 Fatigue (endurance) limit versus Rockwell C hardness for several medium carbon steel 

alloys [37].  
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Figure 2.43 The effect of UTS and surface finish on the fatigue performance of steels [37].  

 

 

 

Figure 2.44 UTS versus hardness for quench and tempered steel alloys. Microstructures with hardness 

above 53 HRC show a peak stress that corresponds to a brittle (low-strain) fracture 

without necking [21]. 
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CHAPTER 3: EXPERIMENTAL PROCEDURE 

 

3.1 Introduction 

This chapter details the materials and processing parameters used in the present study, as well as 

the characterization and mechanical testing methods employed. The chemical compositions of the 

materials studied are provided, as well as the calculation of the Ac3, bainite start (Bs), and martensite start 

(Ms) temperatures for each alloy studied. Dilatometry methods, optimum quench temperature calculations 

for Q&P, thermal processing parameters for the OCS-01 and 9260 alloys, and salt bath heat treatment are 

discussed. Microstructure characterization methods for light optical microscopy (LOM), field emission 

scanning electron microscopy (FESEM) and X-ray diffraction (XRD) are reviewed. Mechanical testing 

methods including Vickers microhardness (HV), sub-sized Charpy V-notch and stacked Charpy V-notch, 

dry-sand rubber-wheel (DSRW), and tensile testing methodologies are discussed. 

 

3.2 Materials 

 The following section details the materials selected for analysis in the present study. Two 

medium carbon low alloy steels are used, and are designated OCS-01 and 9260.  

  

3.2.1 OCS-01 Steel 

 The OCS-01 steel investigated in this study is a proprietary steel alloy developed at Blount 

International. The composition of the alloy is similar to a lean alloyed 8660 steel. The OCS-01 alloy was 

chosen for this study because it is the alloy composition currently used at Blount International for 

professional grade saw chain. Table 3.1 describes the chemical composition of the OCS-01 alloy provided 

for use in this study. Materials were provided in sheet form as a slit coil in the spherodized condition. The 

manufacturer of the slit coil provided is Bilstein GmbH & Co. KG. The thickness of the coils used is 

1.47 mm (0.058 in) and the width is 21.0 mm (0.828 in). 

 

Table 3.1 OCS-01 Proprietary Alloy Composition (As Delivered). 

 

 C Mn Si Ni Cr Mo Al S P Cu 

wt pct 0.640 0.380 0.250 0.240 0.270 0.100 0.047 0.002 0.015 0.040 

 

3.2.2 9260 Steel 

 A 9260 steel alloy is used in the present study for comparison to the OCS-01 alloy. The chemical 

composition of the 9260 steel material provided for this study is listed in Table 3.2 in wt pct of 

constituent elements measured as described by the manufacturer Buderus Edelstahl GmbH. The material 
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was delivered as a spherodized sheet of dimensions 5.6 mm (0.22 in) thick by 400 mm (15.8 in) wide by 

1,100 mm (43.3 in) long. 

 

Table 3.2 9260 Alloy Composition (As Delivered). 

 

 

 C Mn Si Cr S P 

wt pct 0.570 0.815 1.80 0.275 0.0010 0.0070 

 

3.3 Critical Transformation Temperature Calculations 

Empirical formulas for calculating the martensite start, bainite start, and Ac3 temperatures are 

listed below in Equations 3.1, 3.2, and 3.3 respectively. The martensite start, bainite start, and Ac3 

temperatures are of interest to this project for the purpose of interpreting and designing heat treatments. 

Critical temperatures are shown for the as-received OCS-01 and 9260 alloys [38, 39].  

Ms (oC) = 539 - 423 (%C) - 30.4 (%Mn) - 12.1 (%Cr) - 17.7 (%Ni) - 7.5 (%Mo)            (3.1)      Ms (OCS-01) = 248  oC (478 oF)      Ms (9260) = 269 oC (516 oF) 

 

Bs (oC) = 830 - 270 (%C) - 90 (%Mn) - 37 (%Ni) - 70 (%Cr) - 83 (%Mo)               (3.2)      Bs (OCS-01) = 587 oC (1089 oF)        Bs (9260) = 584 oC (1083 oF) 

 

Ac3 (oC) = 902 - 255 (%C) + 19 (%Si ) - 11 (%Mn) + 5 (%Cr) + 13 (%Mo) - 20 (%Ni) + 55 (%V) (3.3) 

Ac3 (OCS-01) = 737 oC (1357 oF) 

Ac3 (9260) = 783 oC (1441 oF) 

 

3.4 Dilatometry 

Dilatometry was conducted for the purpose of heat treating the 9260 alloy under controlled 

conditions, and experimentally establishing critical transformation temperatures and times necessary to 

complete the bainitic transformation at a particular isothermal austempering temperature. The dilatometry 

experiments were performed using a TA Instruments HF Generator 750, and DIL805L software. The 

dilatometer system uses induction heating and helium cooling, and the temperature is monitored via a 

thermocouple spot welded to the center of the sample surface. Sample dimensions of 10.0 mm x 4.0 mm x 

1.0 mm (0.394 in x 0.158 in x 0.039 in) were chosen for processing, as this sample size allows for 

sufficient heating and cooling rates in the dilatometer. Sample geometry is of sufficient surface area and 

volume to be evaluated using Vickers microhardness testing and XRD analysis [40]. 
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The 𝐴𝑐3, Bs, and Ms temperatures of each alloy were measured using continuous heating and 

cooling in the dilatometer to confirm calculations based on Equation 3.1, 3.2 and 3.3 [38]. Dilatometry 

samples were heated at 1 °C/s under vacuum to 900 °C (1652 °F) to measure the Ac1 and Ac3  
temperatures of each alloy. Samples for determining the Bs and Ms temperatures were austenitized for the 

time and temperature specific to each alloy (discussed in Sections 3.5 and 3.7), and then quenched to 

room temperature at a rate of 60 °C/s using helium gas. During the heating portion of the test the 𝐴𝑐1 and 𝐴𝑐3 temperatures can be inferred from deviations from linear expansion in the dilation curve, and during 

the cooling portion of the test the Bs and Ms temperatures can be inferred from the deviations from linear 

contraction during cooling, as discussed in Section 2.7.2. The time to complete the bainitic transformation 

(or reach transformation stasis) for a given isothermal austempering temperature and alloy is determined 

by the time after quenching to the austempering temperature that it takes for the sample strain to finish 

increasing, thus indicating the completion of the bainitic reaction, as shown in Figure 2.35 of 

Section 2.7.1. 

 

3.5 OCS-01 Thermal Processing 

For the OCS-01 alloy, all samples were austenitized at 860 °C (1580 °F) for 25 minutes in a high 

temperature salt bath to simulate the austenitization processes employed at Blount International for saw 

chain components. The samples for austempering were quenched into a medium temperature salt bath for 

45 minutes to allow the desired degree of austempering transformation to occur followed by air cooling. 

The chosen austempering conditions for the OCS-01 alloy are 301 °C (575 °F), 274 °C (525 °F), 246 °C 

(475 °F), 218 °C (425 °F) and 163 °C (325 °F) as displayed in Figure 3.1. The austempering temperatures 

were chosen to assess the effects of austempering temperature changes above and below the 

Ms temperature of the alloy (246 °C (475 °F) experimentally measured via dilatometry) on microstructure 

and properties. The austempering time is based on current industrial practice at Blount International for 

saw chain components.   

A quenched and tempered condition was also investigated for comparison to the OCS-01 alloy 

austempering conditions. The Q&T samples were quenched into room temperature water after 

austenitization and then tempered in a medium temperature salt bath at 371 °C (700 °F) for 2 hours 

followed by a final water quench. The martensite tempering temperature of 371 °C (700 °F) was chosen 

to avoid the tempered martensite embrittlement zone (discussed in Section 2.6.2) and achieve strength and 

hardness comparable to the OCS-01 alloy austempering process [21]. 
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Figure 3.1 Thermal profiles of the austempered conditions for the OCS-01 alloy.    

 

Table 3.3 summarizes the processing conditions for the OCS-01 alloy investigated in this study. 

Using either salt pots or a dilatometer, all OCS-01 conditions were austenitized for 25 minutes at 860 °C 

(1580 °F) followed by either austempering for 45 minutes or Q&T.  

 

Table 3.3 OCS-01 Processing Matrix. 

 

Austenitization 

Temperature (°C) 

Austenitization 

Time (min) 

Quench 

Temperature (°C) 

Holding 

Temperature (°C) 

Holding 

Time (min) 

860 °C (1580 °F) 

860 °C (1580 °F) 

860 °C (1580 °F) 

860 °C (1580 °F) 

860 °C (1580 °F) 

860 °C (1580 °F) 

25 

25 

25 

25 

25 

25 

163 °C (325 °F) 

218 °C (425 °F) 

246 °C (475 °F) 

274 °C (525 °F) 

301 °C (575 °F) 

25 °C (77 °F) 

163 °C (325 °F) 

218 °C (425 °F) 

246 °C (475 °F) 

274 °C (525 °F) 

301 °C (575 °F) 

371 °C (700 °F) 

45 

45 

45 

45 

45 

120 

 

3.6 Optimum Quench Temperature for 9260 Q&P 

 9260 was planned to be processed via Q&P for the purpose of comparing the performance of the 

martensite plus austenite Q&P microstructure to the austempered and Q&T microstructures in 9260 and 

OCS-01 alloys. The method for calculating the Q&P “optimum” quench temperature for a particular 

alloy, assuming full partitioning of all carbon in the alloy to the austenite phase, was addressed in 

Section 2.6.4. 

163 °C (325 °F) 

218 °C (425 °F) 

246 °C (475 °F) 

274 °C (525 °F) 

301 °C (575 °F) 
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Figures 3.2 and 3.3 below are graphs showing the calculated “optimum” quench temperature for 

the 9260 alloy using calculated (Figure 3.2) and experimental (Figure 3.3) Ms temperatures. Vγi
 and 

VMi  represent the calculated volume fractions of austenite and martensite, respectively, formed after 

initial quenching [8]. The bold line represents VγF
, the calculated volume fraction of austenite retained at 

room temperature after initially quenching to the corresponding temperature on the x-axis, assuming 

idealized full partitioning conditions [8]. VMF represents the calculated volume fraction of new martensite 

formed when quenching to room temperature after the partitioning step and assuming idealized full 

partitioning, and %Cγ represents the austenite carbon content assuming full partitioning [8]. 

Figure 3.2 was generated by using Equation 3.1 to calculate the Ms temperature of the 9260 alloy 

based on the composition of the alloy (269°C (516 °F)). Using the calculated Ms temperature, the 

“optimum” quench temperature for the 9260 alloy was calculated to be 192°C (378 °F) with a resulting 

peak volume fraction of 42 pct austenite retained at room temperature. Figure 3.3 was generated similarly 

using the experimentally determined Ms temperature of 302 °C (576 °F) (found via dilatometric analysis 

when cooling at a rate of 60 °C/s) to estimate the volume fraction of martensite formed during the initial 

quench step. The difference between the experimental and calculated Ms temperature may be due to 

Equation 3.1 not taking the silicon content of the alloy into consideration. 

 

 

Figure 3.2 Ideal quench temperature calculation for a 9260 alloy steel using Equation 3.1 to 

calculate the martensite start values before (269 °C (516 °F)) and after carbon 

partitioning. The peak retained austenite volume fraction for this calculation was found to 

be 42 pct at an initial quench temperature of 192 °C (378 °F).  
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Equation 3.1 was also used to calculate the Ms temperature after the partitioning step because 

experiments do not provide the Ms temperatures after the assumed full carbon partitioning step. The peak 

amount of retained austenite was estimated to be 42 pct at an initial quench temperature of 226 °C 

(439 °F) using this method. The difference in the scale of the austenite carbon contents of Figures 3.2 and 

3.3 is due to the different martensite start temperatures used yielding different calculated fractions of 

austenite when quenching to 25 °C (77 °F) (higher martensite start temperatures yield a smaller volume 

fraction of austenite upon cooling). When the total amount of carbon in the alloy is assumed to be 

partitioned entirely into the austenite phase, a smaller volume fraction of austenite after the initial quench 

step yields a much higher calculated wt pct of carbon present in the austenite phase. It should be noted 

that the very high austenite carbon enrichments predicted by this methodology have not been observed 

experimentally [8]. 

 

 

Figure 3.3 Ideal quench temperature calculation for a 9260 alloy steel using the experimentally 

determined martensite start temperature of 302 °C (576 °F) to calculate 𝑉𝑀𝑖, the fraction 

of martensite formed after the initial quench step. The peak retained austenite volume 

fraction for this calculation was found to be 42 pct at an initial quench temperature of 

226 °C (439 °F). The fraction of martensite formed during final quenching, VMF , was 

based on calculated Ms temperatures for the carbon-enriched austenite.  

 

3.7 9260 Thermal Processing 

For the 9260 alloy, initial samples were processed via the dilatometer in order to have good 

control over the thermal processing parameters, while providing samples large enough for subsequent 

Vickers hardness and XRD analysis. Heating and cooling rates were chosen to replicate industrial salt 
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bath processing conditions. Dilatometric analysis (shown in Section 4.3.1) established the Ac3 

temperature to be 864 °C (1587 °F). Taking the experimental Ac3 temperature into consideration, 

austenitization for each 9260 condition processed during this study was performed at 900 °C (1652 °F) 

for 15 minutes to ensure full austenitization of the material as well as complete dissolution of the 

spherodized carbides present in the starting microstructure. 

Four initial quench temperatures were chosen for the 9260 Q&P after taking into consideration 

the calculated “optimum” quench temperatures (Section 3.6) in Figures 3.2 and 3.3. With calculated 

“optimum” quench temperatures of 192 °C (378 °F) and 226 °C (439 °F) (calculated using the calculated 

martensite start and experimental martensite start temperatures, respectively) a test matrix was chosen to 

examine a range of initial quench temperatures that spanned both of the calculated “optimum” quench 

temperatures as well as a temperature both above and below these values. For the 9260 Q&P processing 

conditions, quench temperatures of 160 °C (320 °F), 190°C (374 °F), 220 °C (428 °F) and 

250 °C (482 °F) were selected to cover the range in which it can likely be expected that the “optimum” 

quench temperature for the supplied 9260 alloy composition may be found. Based on prior work by 

Wolfram, each Q&P specimen was held for 30 seconds at the selected quench temperature before heating 

to the selected partitioning temperature [7]. 

A quench temperature of 25 °C (77 °F) was also used for processing because comparison of Q&T 

microstructures with the Q&P microstructures is of interest to this study, and the Q&T conditions can be 

considered as a baseline condition for abrasion resistance testing of  9260 [7]. The Q&T conditions were 

also chosen for the purpose of comparing the retained austenite effects (in Q&P) on the performance of 

the material at comparable hardness values. The 25 °C (77 °F) quench temperature is the lowest 

temperature that can be achieved when cooling with either the dilatometer or when quenching into water 

at room temperature, and yielded a nearly fully martensitic microstructure upon quenching. Figures 3.2 

and 3.3 predict approximately 5 pct austenite for a 25 °C (77 °F) quench temperature.  

Based on pervious work by Gerdemann et al., Shutts, and Wolfram, it was decided that 250 °C 

(482 °F), 350 °C (662 °F) and 450 °C (842 °F) partitioning temperatures would give useful information 

about the partitioning behavior of the alloy during Q&P processing [6, 7, 24]. To reduce the number of 

processing conditions, only partitioning times at each temperature that could be expected to give an 

appreciable amount of retained austenite were chosen.  

Data collected for an initial quench temperature of 160 °C (320 °F) followed by partitioning at 

each selected partitioning temperature for 1, 5, 15, or 30 minutes, showed that for the 250 °C (482 °F) 

partitioning temperature, the greatest amount of retained austenite was found after partitioning for 

30 minutes. It was therefore decided that partitioning times of 5, 15 and 30 minutes at 250 °C (482 °F) 

would be used for processing at this temperature. The 350 °C (662 °F) partitioning temperature developed 
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the peak amount of retained austenite after 5 minutes of partitioning and therefore partitioning times of 1, 

5, 15 and 30 minutes were selected for this temperature. The 450 °C (842 °F) partitioning temperature had 

a peak volume fraction of retained austenite after partitioning for one minute, and therefore partitioning 

times of 1, 5, and 15 minutes were chosen for processing at this temperature to assess the evolution of the 

microstructure with partitioning time. 

 For the Q&T conditions, samples were tempered at 250 °C (482 °F), 350 °C (662 °F) and 

450 °C (842 °F) for 5, 15, or 30 minutes to allow for a comparison at the same temperatures applied 

during the partitioning step for the Q&P conditions. Austempered conditions were also employed for the 

9260 alloy. Austempering temperatures of 250 °C (482 °F), 300 °C (572 °F), 325 °C (617 °F), and 350 °C 

(662 °F) were selected based on prior work by Gerdemann that suggested that austempering in that 

temperature range might yield a hardness between 50 and 60 HRC. Dilatometry was conducted to 

determine the time to complete the bainitic transformation at each austempering temperature (discussed in 

Section 4.3.2). Table 3.4 displays the selected quench temperatures as well as the 

partitioning/tempering/austempering (holding) temperatures and times selected for processing of the 9260 

alloy. 

 

Table 3.4 9260 Q&T, Q&P, and Austempering Processing Matrix. 

 

 

 

Austenitization 

Temperature (°C) 

Quench 

Temperature (°C) 

Holding 

Temp (°C) 

Holding 

Time (min) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

450 °C (852 °F) 

5, 15 & 30 

5, 15 & 30 

5, 15 & 30 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

160 °C (320 °F) 

160 °C (320 °F) 

160 °C (320 °F) 

190 °C (374 °F) 

190 °C (374 °F) 

190 °C (374 °F) 

220 °C (428 °F) 

220 °C (428 °F) 

220 °C (428 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

450 °C (852 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

450 °C (852 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

450 °C (852 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

450 °C (852 °F) 

5, 15 & 30 

1, 5, 15 & 30 

1, 5 & 15 

5, 15 & 30 

1, 5, 15 & 30 

1, 5 & 15 

5, 15 & 30 

1, 5, 15 & 30 

1, 5 & 15 

5, 15 & 30 

1, 5, 15 & 30 

1, 5 & 15 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

250 °C (482 °F) 

300 °C (572 °F) 

325 °C (617 °F) 

350 °C (662 °F) 

250 °C (482 °F) 

300 °C (572 °F) 

325 °C (617 °F) 

350 °C (662 °F) 

110 

50 

30 

25 
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3.8 9260 Conditions for Further Mechanical Testing 

Table 3.5 summarizes the processing conditions chosen for further mechanical testing (wear, 

Charpy, and tension) based on the results from XRD and Vickers hardness testing of the specimens 

processed according to Table 3.4. Conditions between 50 and 60 HRC with similar hardness and varied 

austenite fractions were chosen to assess the effect of austenite volume fraction on wear behavior, and 

conditions with similar austenite fraction and varied austenite carbon content were chosen to assess the 

effect of austenite carbon content and corresponding austenite stability on wear behavior.  

 

Table 3.5 9260 Processing Matrix for Wear and Mechanical Testing of Q&T, Q&P, and 

Austempered Sample Groups. 

 

Austenitization 

Temp (°C) 

Quench Temp 

(°C) 

Holding 

Temp (°C) 

Holding 

Time (min) 
Identifier 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

450 °C (852 °F) 

5 

30 

15 

5 

Q25T250.5m 

Q25T250.30m 

Q25T350.15m 

Q25T450.5m 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

160  °C (320°F) 

160 °C (320 °F) 

190 °C (374 °F) 

190 °C (374 °F) 

190 °C (374 °F) 

220 °C (428 °F) 

220 °C (428 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

350 °C (662 °F) 

350 °C (662 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

15 

1 

15 

30 

1 

15 

30 

5 

30 

Q160P250.15m 

Q160P350.1m 

Q190P250.15m 

Q190P250.30m 

Q190P350.1m 

Q220P350.15m 

Q220P350.30m 

Q250P250.5m 

Q250P250.30m 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

300 °C (572 °F) 

325 °C (617 °F) 

350 °C (662 °F) 

300 °C (572 °F) 

325 °C (617 °F) 

350 °C (662 °F) 

50 

30 

25 

Austemper 300 

Austemper 325 

Austemper 350 

 

The right hand column of Table 3.5 lists the short-hand identifiers chosen for each condition. The 

naming system for identifying each condition (e.g. Q190P350.1m) was developed, with the number 

following the Q representing the temperature in Celsius that the condition was quenched to following 

austenitization, the number following a P representing the partitioning temperature in Celsius, and the 

number following a T representing the tempering temperature in Celsius. Following the partitioning or 

tempering temperature is a period followed by a number and an “m”, which represents the partitioning or 

tempering time in minutes for this condition. A sample designated “Q190P350.1m” would therefore have 

been austenitized at 900 °C for 15 minutes and then quenched to 190 °C for 30 seconds, followed by 
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partitioning at 350 °C for 1 minute and then water quenched. Austempered conditions are identified by 

“Austemper” followed by a number representing the isothermal austempering temperature in Celsius.  

 

3.9 Salt Bath Heat Treatment 

 The conditions discussed in Tables 3.3 and 3.5 were processed via salt bath immersion to 

facilitate heat treating of samples for mechanical testing that are too large for processing via the 

dilatometer. Austenitization for all conditions was performed for the times and temperatures specific to 

each alloy (as described in Table 3.3 and 3.5) in a high temperature salt bath composed of a mixture of 

sodium chloride and potassium chloride. Q&T samples were water quenched after austenitization 

followed by tempering in a medium temperature salt bath composed of a mixture of sodium nitrate and 

potassium nitrate, and then water quenched to room temperature. Austempered samples were quenched 

into a medium temperature salt bath after austenitization and held isothermally, then air cooled to room 

temperature. 

Q&P samples were austenitized and then quenched into a medium temperature salt bath followed 

by a partitioning step in a higher temperature medium salt bath and then water quenched to room 

temperature. The temperature of each salt bath was monitored with a thermocouple inserted into the bath. 

The high temperature salt bath was measured to have an error of ± 4 °C, while the medium temperature 

salt bath was measured to have an error of ± 2 °C.  

 

3.10 Microstructure Characterization 

 The following section discusses the methods used to characterize the microstructure of each alloy 

condition, including LOM, FESEM, and XRD analysis. 

 

3.10.1 Light Optical Microscopy 

LOM was performed using an Olympus PG3 microscope in the bright field imaging mode. 

Samples were prepared for microstructural characterization by grinding with 240 grit, 320 grit, 400 grit, 

and 600 grit silicon carbide abrasive with water cooling, followed by a 6 micron diamond polish on a silk 

pad with 15 Newtons of force for 3 minutes, a 3 micron diamond polish on a silk pad with 10 Newtons of 

force for 2 minutes, a 1 micron diamond polish on an imperial pad with 5 Newtons of force for 1 minute, 

and then a 0.05 micron colloidal silica polish by hand on an imperial pad for 45 seconds. After each 

polishing step, samples were washed and then rinsed with ethanol followed by drying with a heat gun. 

Samples were subsequently etched using 1 pct nital for roughly 15 seconds to reveal the general 

microstructure of each processing condition, or 4 pct picral for 30 seconds to reveal carbides in the 
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as-received spherodized microstructures. LOM analysis was performed on OCS-01 and 9260 conditions 

processed via salt bath immersion. 

 

3.10.2 Field Emission Scanning Electron Microscopy 

 FESEM was performed using a JEOL® JSM7000F microscope. Samples for examination were 

prepared using the same methods described in Section 3.10.1 for LOM. All samples for FESEM analysis 

were etched using 1 pct nital. The working distance was set to 10 mm, voltage was set to 10 KV, and the 

small probe current (3) was used during imaging to obtain a high degree of resolution. FESEM analysis 

was performed on OCS-01 and 9260 conditions processed via salt bath immersion.  

 

3.10.3 XRD Testing 

The microstructures of the 9260 alloy processing conditions were expected to contain some 

fraction of retained austenite. XRD testing and analysis was therefore of interest to this project so that the 

volume fraction of retained austenite and the austenite carbon content for each processing condition could 

be assessed. XRD analysis was performed on each 9260 processing condition for the purpose of 

understanding the relationship between processing parameters and the resulting austenite volume fraction 

and carbon content, and to assess effect of austenite volume fraction and carbon content on the properties.  

Samples of the 9260 alloy for XRD analysis were machined to size on a low speed saw and 

subsequently processed in the dilatometer to simulate Q&P, Q&T and austemper processing in a salt bath. 

Samples tested were of dimensions 10.0 mm x 4.0 mm x 1.0 mm (0.394 in x 0.158 in x 0.039 in) (before 

chemical thinning) as limited by thermal processing via the dilatometer. After thermal processing, each 

sample was polished to a 1200 grit finish and then thinned for approximately 3 minutes in a solution of 

de-ionized water, 30 pct hydrogen peroxide and 48 pct hydrofluoric acid mixed in a 10:10:1 ratio such 

that approximately half of the sample thickness was chemically removed for the purpose of avoiding any 

surface damage incurred during grinding that may have potentially caused some fraction of retained 

austenite in the structure to undergo transformation to martensite [41]. 

Once chemical polishing was completed, samples were placed on an amorphous silicon plate 

during XRD measurement to reduce any background interference and improve the definition of each 

peak. A copper X-ray source at 45 kV and 40 mA was used during testing. Samples were scanned from a 

2-theta value of 40° to 102° to reveal both the {110}, {200}, {211}, and {220} ferrite peaks, and {111}, 

{200}, {220} and {311} austenite peaks [41]. Step size during analysis was set to 0.02° per step and 

collection time per step was 180 seconds. These parameters were chosen so that a sufficiently well 

detailed scan could be acquired for analysis of the retained austenite content of each microstructure [41].  
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Once the scan was recorded, the XRD data were uploaded into a HighScorePlus software package 

where the Cu Kα2 peak and its influence on the background level was first removed, followed by setting 

the background, and then identifying and fitting the peaks of interest to determine the 2-theta position, 

number of counts (peak intensity), and full-width at half-maximum of each peak of interest [27]. 

Figure 3.4 shows a 9260 Q&P sample XRD scan after background corrections. The processed XRD data 

were then used to calculate the phase fractions of austenite and ferrite in the microstructure of each 

condition using Equation 3.4 from the SAE method for phase volume fraction calculation [42].  

                                                      

Equation 3.4 was used (via a spreadsheet created by Clarke) to calculate the ferrite and austenite 

phase volume fractions using the integrated intensities of the {110}, {200}, {211}, and {220} ferrite 

peaks and {111}, {200}, {220}, and {311} austenite peaks, as well as the steel chemical composition [27, 

42]. In Equation 3.4, the variable I is the integrated intensity of a particular peak, R is a function of alloy 

content and peak position, and n is the number of peaks for the ferrite or austenite phase [42]. The carbon 

content in the austenite was calculated with the Cullity method using the {220} austenite peak to 

determine the lattice spacing and therefore the carbon content present in the austenite using Equation 3.5 𝑎𝑜 = 3.555 + 0.044𝑥                                                                (3.5) 

where 𝑎0 is the austenite lattice parameter in Angstroms and 𝑥 is the carbon content of the austenite phase 

in wt pct [43].  

 

3.11 Mechanical Testing 

This section discusses the mechanical testing procedures used including Vickers microhardness, 

sub-sized and stacked Charpy impact testing, DSRW wear, and tensile testing.  

 

3.11.1 Vickers Microhardness Testing 

After heat treatment via the dilatometer or salt baths, each OCS-01 and 9260 processing condition 

was evaluated using Vickers microhardness (HV) testing with a 500 gram load. Testing was performed 

using a LECO® Series 200 microhardness indenter. Dilatometrically processed samples were hardness 

tested after XRD analysis to prevent any mechanical deformation affecting XRD results. The sample size, 

as limited by processing on the dilatometer, of 10.0 mm x 4.0 mm x 1.0 mm (0.394 in x 0.158 in x 

0.039 in) and subsequent chemical thinning to roughly 0.5 mm (0.020 in) thick for XRD analysis, did not 

(3.4) 
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permit Rockwell C hardness testing (where ASTM E18 requires a sample at least 0.86 mm thick for 

Rockwell C testing of samples 50 HRC) [44]. Each 9260 condition was tested a total of 10 times, and 

each indentation was spaced at least 5 times the indentation diameter apart and at least 5 indentation 

diameters away from the sample surface. After collecting Vickers microhardness data, Equation 3.6 from 

the ASTM E140 hardness conversion standard was used to convert the Vickers hardness values to 

Rockwell C hardness values [45]. The measurement error for the hardness of each OCS-01 and 9260 

processing condition is reported as one standard deviation above and below the sample mean.  

HRC = 3.149 + (7.96683E-2(VH)) - (3.55432E-05(VH)2) - (6.72186E+03(VH)-1)              (3.6) 

 

 
Figure 3.4 X-ray diffraction scan after background subtraction for a 9260 Q&P sample quenched to 

190 °C (374 °F) and partitioned at 450 °C (852 °F) for 1 minute via the dilatometer. 

 

3.11.2 Sub-Sized and Stacked Charpy V-Notch Testing 

Charpy V-notch impact testing was used to assess impact toughness of samples at room 

temperature and -29 °C (-20 °F) for the OCS-01 and 9260 conditions. Test temperatures were chosen 

based on the operating conditions relevant to saw chains used in forestry and harvester applications. 

Thickness limitations of the supplied OCS-01 and 9260 sheet materials necessitated smaller sample 

dimensions than the standard Charpy coupons’ 10.0 mm x 10.0 mm cross-section (0.394 in x 0.394 in) 

[34] . OCS-01 and 9260 materials were received in sheet form of thickness 1.47 mm (0.058 in) and 

5.60 mm (0.220 in) respectively, and were therefore too thin to be machined into ASTM-E23 standard 

dimension Charpy coupons [34]. ASTM-E23 lists a series of additional sub-sized impact sample 
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dimensions with thicknesses as low as 2.5 mm (0.10 in) which may be used for sheet steel impact testing. 

As the 9260 material thickness was above this threshold, the 9260 processing conditions were machined 

to a thickness of 5.33 mm (0.210 in) as shown in Figure 3.5. 

 

 

Figure 3.5 Image of a 5.33 mm (0.210 in) thick 9260 Charpy impact sample. 

 

Because the OCS-01 material thickness was below the sub-sized Charpy thickness threshold of 

2.5 mm (0.10 in), a different approach was used to assess the impact properties. As discussed in 

Section 2.8, stacking several sheet coupons atop one another and then riveting the coupons together is an 

approach tested with success at General Motors. This technique was selected for evaluating the impact 

properties of the OCS-01 conditions because of the thickness limitations of the material [35]. Sub-sized 

coupons for stacking were machined to dimensions of 55.0 mm x 10.0 mm x 1.47 mm (0.058 in) thick, 

with a 2 mm deep 45° notch as illustrated in Figure 3.6. 

 Four 3.3 mm diameter riveting holes were milled into each sample during machining of the 

individual coupons and 8 sheet coupons were later stacked and riveted together to form each test 

specimen for a total thickness of 11.8 mm (0.464 in) as shown in Figure 3.7. It was decided to stack 

8 samples together so that a sufficiently large value of Charpy energy absorption could be measured and 

allow for greater differentiation between the impact energies of each OCS-01 sample condition. Stacked 

Charpy specimens were evaluated for both room temperature and low temperature test conditions. The 

low temperature tests were performed by submerging samples in an insulated bath filled with ethanol and 

cooled with liquid nitrogen to achieve the desired sample testing temperature of -29 °C (-20 °F). Low 

temperature impact tests were performed within 5 seconds of removing the stacked Charpy samples from 

the low temperature bath as to maintain an appropriate specimen temperature during testing [34]. The 

uncertainty in the measurement of the absorbed Charpy impact energy is ± 0.5 ft*lbs. 
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Figure 3.6 Illustration detailing the dimensions (55.0 mm x 10.0 mm x 1.47 mm) of the Charpy 

coupons that were later riveted together to form a single thicker sample for toughness 

testing [35]. Circles indicate the position of riveting holes in the sample [35].  

 

It should be noted that Charpy specimens of varied thickness cannot be directly compared, even 

when taking into account the differences in energy absorbed per area [34]. This is because an increase in 

the thickness of the impact coupon increases the degree of constraint, which tends to induce brittle 

fracture at a higher temperature, i.e. increase ductile to brittle transition temperature (as discussed in 

Section 2.8) [34].  

 

 

Figure 3.7 Image of a stacked and riveted Charpy impact sample. 

 

3.11.3 Dry-Sand Rubber-Wheel Abrasive Wear Testing 

  The abrasive wear performance of the OCS-01 and 9260 processing conditions was assessed 

using DSRW wear testing. DSRW abrasive wear testing assesses the resistance of metallic materials to 

low impact abrasive scratching. The purpose of this test is to rank materials in a reproducible manner by 

each material’s resistance to abrasive wear under a specified set of conditions as described by ASTM 

G65-16 [14]. Test results are reported as volume lost during testing, where materials of greater abrasion 

resistance will have lower amounts of reported volume loss [14].  

During DSRW testing, a testing apparatus is used per ASTM G65-16 testing conditions as shown 

in Figure 3.8 [14]. As per ASTM G65-16 procedure B, the force applied to the specimen against the 

rotating wheel is 130N (30lb) [14]. The rate of sand flow between the sample and rubber wheel is defined 

to be 300 to 400 g/min [14]. The average sand flow during testing in the present study was 361 g/min, and 
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the flow rate was measured before the start of each test to insure that the flow rate was within 5 g/min of 

the average flow rate [14]. The speed of the rubber wheel is maintained at 200 ± 2 rpm, and the lineal 

abrasion distance (1436 m) is held constant for each specimen tested (which corresponds to a testing time 

of about 10 minutes at 200 rpm) [14]. The lineal abrasion distance is the total distance that the rubber 

wheel surface slides against the material surface (a function of wheel circumference and total 

revolutions). Wear tests were spaced 30 minutes apart from the end of one test to the start of the next, to 

allow the wheel surface and sample holder to return to room temperature before the next test began.  

 

Figure 3.8 Schematic diagram of the dry-sand rubber wheel test apparatus for abrasive wear testing 

as per ASTM G65-16 [14]. 

 

The circumference of the wheel decreases as the wheel wears, and therefore the total number of 

revolutions must increase as the wheel wears to account for the decrease in lineal abrasion distance per 

wheel revolution and maintain consistency during testing [14]. Previous research by Wolfram reported 

that after approximately 100 wear tests, when testing per ASTM G65 procedure B, the surface of the 

wheel was noticeably deteriorated to the point that uneven pressure was applied on the sample wear 

surface due to the wheel surface wearing faster at the edges [7]. Therefore, in the present study, the rubber 

wheels were resurfaced with a new 60a durometer polyurethane rubber surface after every 75 tests to be 

sure that the wheel surface would be consistent for all conditions test, and the rubber surface was 

observed after each test to be sure that the wheel surface was satisfactory for continued testing.  

The sand used for DSRW testing was the specified ASTM 50/70 grade test sand which must have 

a moisture content below 0.5 wt pct [14]. The moisture content of the sand is measured each day of 

testing by first weighing and then drying a sample of sand in an oven at 120 °C (250 °F) for a minimum 
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of one hour followed by weighing the sample once more to measure the wt pct of moisture that was 

present in the sample [14]. The sand used during DSRW testing was found to have an average moisture 

content of 0.15 wt pct. Steel test coupons are specified to have dimensions 25 mm (1.0”) x 76 mm (3.0”) 

x thickness of material [14]. The coupons used during testing had dimensions of 25 mm (1.0”) x 76 mm 

(3.0”) x 1.47 mm (0.058”) thick for the OCS-01 alloy processing conditions tested, and 25 mm (1.0”) x 

76 mm (3.0”) x 5.6 mm (0.22”) thick for the 9260 alloy processing conditions tested. Five of each 

OCS-01 and 9260 condition were wear tested, and each test coupon was machined such that the wear 

track was parallel to the rolling direction as shown in Figure 3.9.  

 

 

Figure 3.9 DSRW test coupon after wear testing. 
 

The heat treated surfaces were tested without additional machining. Before and after each test, 

samples were cleaned with ethanol and dried, and then weighed on a scale accurate to 0.0001 grams. The 

results of each test were reported as volume loss, and the mass loss of each sample was converted to 

volume loss using a density of 7.8 x 103 kg m-3. The variables affecting the amount of error in the wear 

loss measurements include, sand and wheel morphologies, sand flow rate, sand moisture content, lineal 

abrasion distance (due to small variations in wheel rpm and diameter), ambient testing temperature, and 

the amount of surface decarburization. 
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3.11.4 Tensile Testing 

Tensile testing in this study was performed using a MTS® Alliance® RT/100 screw driven test 

frame, and a 20,000 lbf load cell. Samples were tested at room temperature at an engineering strain rate of 

0.001 s-1. The extensometer used was an Instron extensometer with a 1.00 in gauge length and a 0.500 in 

range. The uncertainty of the measured tensile strength is 0.5 pct. Materials were machined after heat 

treatment via salt pot immersion for tensile testing. Total plastic elongation and uniform plastic 

elongation are reported for each test condition, and are calculated by subtracting the elastic contribution to 

the elongation at the points of peak stress (uniform elongation) and fracture (total elongation). 

Tensile samples of OCS-01 and 9260 alloys were machined to meet ASTM E8-16a sub-sized 

specimen dimensions [46]. This standard specifies a 25.0 ± 0.1 mm (1.000 ± 0.003 inch) gauge length and 

a 6.0 ± 0.1 mm (0.250 ± 0.005 inch) gauge width [46]. The shoulder radius for each sample was 6.00 mm 

(0.250 in), the grip width was 10.16 mm (0.400 in), and grip length was 43.2 mm (1.70 in) [46]. The 

OCS-01 specimens were 1.47 mm (0.058 in) thick, the as-provided sheet thickness. The 9260 specimens 

were machined to 3.81 mm (0.150 in) thick, to be sure that the maximum load did not exceed the 

20,000 lbf load cell capacity. Because the increased thickness of the 9260 tensile samples (where all other 

dimensions are the same) increases the post uniform elongation, the Oliver equation (Equation 3.7) is 

used to convert total plastic elongation values of the 9260 tensile specimens to adjust for the difference in 

total plastic elongation measured for the thicker 9260 tensile specimens [47, 48].  

TPEOCS-01=TPE9260 ( k9260
kOCS-01

)n
 where k = Lo√A

                                              (3.7) 

TPE is the total plastic elongation, n is a material specific constant (n = 0.4 is used for low alloy steels per 

ISO 2566-1), L0 is the gauge length, A0 is the original cross-sectional area, and k is a constant defined by 𝐿0 and 𝐴0 [47, 48]. (It should be noted that the material specific constant of 0.4, as defined per 

ISO 2566-1, is to only applicable for hot-rolled, normalized or annealed low alloy steels with tensile 

strength between 300 and 700 MPa; however, there are no other material constants in literature for low 

alloys steels outside of this definition, and as such the material constant value of 0.4 offers the best 

estimation available [47, 48].) When inputting the dimensions of the OCS-01 and 9260 tensile specimens 

and solving for the total plastic elongation of the OCS-01 specimens relative to the 9260 specimens, the 

result is: 

TPEOCS-01=TPE9260(0.82)                                                            (3.8) 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Introduction 

This chapter presents and discusses the dilatometry, microstructural characterization, hardness, 

Charpy impact, DSRW, and tensile results. Retained austenite fraction and austenite carbon contents are 

also reported for the higher-Si 9260 alloy. 

 

4.2 As-Received Microstructures 

Figure 4.1 is a representative micrograph of the carbide distribution in the (as delivered) OCS-01 

spherodized condition after etching in picral to reveal the carbides. The largest of the spherodized 

carbides were about 2.5 microns in diameter and the smallest carbides were about 0.12 microns in 

diameter. Carbide distribution was consistent throughout the spherodized sample with no areas of the 

microstructure containing an obvious excess or lack of carbides compared to the average distribution of 

carbides in the sample. The as-delivered spherodized OCS-01 was measured to have a hardness of 

84 HRB. 

 

 

Figure 4.1 Microstructure of the OCS-01 alloy in the as-delivered spherodized condition. The 

sample was etched in 4% picral for 30 seconds to reveal carbides.  
 

Figure 4.2 is a representative micrograph of the carbide distribution in the (as-delivered) 

spherodized 9260 condition. The largest of the rounded spherodized carbides were about 2.0 microns in 

diameter and the smallest carbides were about 0.10 microns in diameter, the elongated carbides were 
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measured to be up to 5.5 microns long. The carbide distribution was consistent throughout the imaged 

sample.  

 

 

Figure 4.2 Microstructure of the 9260 alloy in the as-delivered spherodized condition. The sample 

was etched in 4% picral for 30 seconds to reveal carbides.  

 

When compared to the OCS-01 spherodized condition, the spherodized carbides in the 9260 are 

similar in size; however, the 9260 condition contains some elongated carbides not observed in the 

OCS-01 spherodized condition, and the carbides are fewer and farther between, which may be attributed 

to the carbide suppressing effect of the high silicon additions in the 9260 alloy. The as-delivered 

spherodized 9260 condition was measured to have a hardness of 89 HRB. 

 

4.3 Dilatometry 

 The following sections discuss the results of dilatometric analysis to determine each alloy’s 

critical transformation temperatures, and the time to complete the bainitic transformation for selected 

isothermal austempering temperatures.  

 

4.3.1 Critical Transformation Temperatures 

Continuous heating and cooling experiments were performed on the OCS-01 and 9260 alloys to 

determine the critical transformation temperatures of each alloy. During continuous heating, the samples 

were heated at a rate of 1 °C/s to a temperature of 900 °C (1652 °F). For continuous cooling, samples 

were first austenitized at the austenitization times and temperatures specific to each alloy, as shown 

earlier in Tables 3.3 and 3.4, followed by continuous cooling at 60 °C/s. Figure 4.3 and 4.4 present the 

dilation results for OCS-01 and 9260, respectively.  
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Analysis of the OCS-01 alloy dilation results determined the transformation temperatures of 

interest to be 746 °C (1375 °F) for the Ac1 temperature, and 803 °C (1477 °F) for the Ac3 temperature at 

a heating rate of 1 °C/s, as shown in Figure 4.3 (a). The Ms temperature was 246 °C (475 °F) and the Bs 

temperature was 612 °C (1134 °F) for OCS-01 alloy at the cooling rate of 60 °C/s, as shown in Figure 4.3 

(b). The measured Ms temperature of the OCS-01 alloy may not be the “true” Ms temperature for the 

alloy if the austenite was enriched with carbon during the bainite transformation observed in 

Figure 4.3 (b); however, it would be the effective Ms temperature for the OCS-01 conditions processed 

via salt bath. 

 

   

                                             (a)                                                                               (b) 

Figure 4.3 Strain and strain derivative as a function of temperature for the OCS-01 alloy during 

(a) heating at 1 °C/s, and (b) cooling at 60 °C/s. Dashed lines indicate critical 

transformation temperatures.  
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Analysis of the 9260 alloy dilation results determined the transformation temperatures of interest 

to be 780 °C (1436 °F) for the Ac1 temperature, and 864 °C (1587 °F) for the Ac3 temperature at a 

heating rate of 1 °C/s, as shown in Figure 4.4 (a). The Ms temperature of the 9260 alloy was found to be 

314 °C (597 °F) at a cooling rate of 60 °C/s, as shown in Figure 4.4 (b). The higher experimental Ac3 

temperature for the 9260 alloy in comparison to the OCS-01 alloy is partly related to the elevated silicon 

content, and should be considered in any industrial follow up efforts. The critical transformation 

temperatures measured for each alloy are summarized in Table 4.1. 

 

   

                                            (a)                                                                                (b) 

Figure 4.4 Strain and strain derivative as a function of temperature for the 9260 alloy during 

(a) heating at 1 °C/s, and (b) cooling at 60 °C/s. Dashed lines indicate critical 

transformation temperatures.  

 

The Ac3 temperature of each alloy was measured to ensure that the austenitization temperature 

selected for each alloy would result in complete austenitization prior to quenching. The experimentally 
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determined Ms temperatures were used to predict the microstructure that would result from each 

processing condition of the OCS-01 and 9260 alloys. For the 9260 alloy, the experimentally determined 

Ms temperature was also used to calculate the “optimum” quench temperature as discussed in Section 3.6. 

 

Table 4.1 Experimentally Measured Critical Transformation Temperatures.  

 Ac3 Ac1 Bs Ms 

OCS-01 803 °C (1477 °F) 746 °C (1375 °F) 612 °C (1134 °F) 246 °C (475 °F) 

9260 864 °C (1587 °F) 780 °C (1436 °F) - 314 °C (597 °F) 

 

For the austempering processing conditions of each alloy, shown in Table 3.3 and 3.5, it is 

expected that for each condition isothermally austempered below the experimental Ms temperature, the 

resulting microstructure should have a fraction of martensite in addition to bainite. The expected fraction 

of martensite can be predicted by the Koistenen-Marburger relationship (Equation 2.1) shown in 

Section 2.6.4. For the OCS-01 alloy, the conditions isothermally austempered at 218 °C (425 °F), and 

163 °C (325 °F) would be expected to form 26.5 pct and 59.9 pct martensite respectively, during cooling 

to the austempering temperature. The 9260 conditions isothermally austempered at 300 °C (572 °F), and 

250 °C (482 °F) would be expected to form 14.3 pct and 50.5 pct martensite, respectively.  

 

4.3.2 Time to “Complete” Bainite Reaction During 9260 Austempering 

OCS-01 was processed using industrially applied austempering times whereas the transformation 

kinetics of 9260 were measured to help select later heat treatment details. To determine the amount of 

time necessary for the 9260 alloy to complete (or reach transformation stasis [9, 20]) the bainitic 

transformation during austempering at 250 °C (482 °F), 300 °C (572 °F), 325 °C (617 °F) and 350 °C 

(662 °F), dilatometric analysis was conducted during isothermal austempering. The bainitic 

transformation was deemed to reach a stasis point when the derivative of the dilation with time reached a 

constant (zero or near zero) value as indicated by the dashed vertical lines in Figure 4.5.  

Figure 4.6 shows the method for determining the end of transformation, where the strain 

derivative with time was assessed to accurately determine the end of transformation. At the “completion” 

of the transformation there sometimes appeared to be a very small rate of dilation after the bainitic 

transformation stasis point was reached, attributed to instability in the dilatometer signal, which was 

considered when determining the end of the isothermal transformation [49]. As the austempering 

temperature decreased, the time to complete the transformation increased for all conditions tested. The 

amount of dilation strain during isothermal austempering was also observed to increase with decreased 

austempering temperature, implying a greater extent of bainitic transformation. 
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The 350 °C (662 °F) austemper took 25 minutes to reach transformation stasis, the 

325 °C (617 °F) austemper took 30 minutes, the 300 °C (572 °F) austemper took 50 minutes, and the 

250 °C (482 °F) austemper took 110 minutes to reach transformation stasis. These results are necessary 

both for the purpose of correctly processing the 9260 alloy during austempering to achieve the intended 

fully transformed microstructure, and in consideration of practical processing in potential industrial 

applications.  

 

    
                               (a)                                                                                 (b) 

   
     (c)                                                                                  (d)                  

Figure 4.5 Dilation strain of 9260 samples austempered at (a) 350 °C (662 °F), (b) 325 °C (617 °F), 

(c) 300 °C (572 °F), and (d) 250 °C (482 °F). Vertical dashed lines indicate the 

approximate completion of the bainitic transformation. 

 

350 °C (662 °F) 325 °C (617 °F) 

300 °C (572 °F) 250 °C (482 °F) 
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The dilation of the OCS-01 conditions during isothermal austempering was measured during the 

45 minute hold at each austempering temperature. As shown in Figure 4.7, the samples isothermally 

austempered at higher temperatures were observed to reach transformation stasis during the bainitic 

transformation quickly. Only the conditions austempered at 274 °C (525 °F) and 301 °C (575 °F) were 

observed to reach transformation stasis during the isothermal 45 minute austempering period. The 

conditions austempered above and below 274 °C (525 °F) exhibited less dilation strain during 

austempering and may thus have untransformed austenite after isothermal austempering which could 

transform to fresh martensite upon the later cooling step.  

 

 

Figure 4.6 Strain and strain derivative as a function of time for the 9260 alloy during isothermal 

austempering at 300 °C (572 °F). 
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Figure 4.7 Dilation strain plotted against time for each austempering condition of interest for 

OCS-01 samples. Time zero represents the start of isothermal austempering. 

 

4.4 Hardness of the OCS-01 Heat Treated Conditions 

 After salt bath processing of the OCS-01 conditions, the Vickers hardness of each specimen was 

measured and converted to Rockwell C hardness to assess the influence of processing parameters on the 

resulting hardness. Table 4.2 summarizes the results of the hardness testing for the OCS-01 conditions. 

 

Table 4.2 Rockwell C Hardness of OCS-01 Conditions. 

Processing Condition n Mean 
Standard 

Deviation 
Minimum Maximum Range 

163 °C (325 °F) Austemper 20 60.1 0.46 58.7 60.6 1.9 

218 °C (425 °F) Austemper 20 56.8 0.53 55.8 58.0 2.2 

246 °C (475 °F) Austemper 20 56.2 0.77 53.8 57.3 3.5 

274 °C (525 °F) Austemper 20 54.6 0.76 52.5 55.6 3.1 

301 °C (575 °F) Austemper 20 52.8 0.96 50.7 54.4 3.7 

Quench and Temper 

(371 °C for 120 min) 
20 50.6 0.96 48.9 52.6 3.7 
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 Figure 4.8 shows the average hardness as a function of austempering temperature when 

isothermally austempered for 45 minutes. The decrease in hardness with increased isothermal 

austempering temperature appears to be relatively constant over the range of temperatures examined. 

When the alloy is austempered below the Ms temperature (where a fraction of martensite is expected to 

form), which is the case for the conditions austempered at 218 °C (425 °F) and 163 °C (325 °F), the 

change in hardness with austempering temperature is not observed to deviate substantially from the 

relationship between isothermal austempering temperature and hardness observed for the conditions 

austempered above the Ms temperature.  

 

 

Figure 4.8 Hardness as a function of austempering temperature after isothermally austempering for 

45 minutes for the OCS-01 alloy. 

 

4.5 Hardness of 9260 Heat Treated Conditions 

After heat treatment via the dilatometer, each 9260 processing condition was evaluated using 

Vickers microhardness. The Vickers microhardness (VH) results were then converted to Rockwell C 

hardness (HRC). Table 4.3 displays the Rockwell C hardness of each 9260 austempering condition 

measured after processing for the minimum amount of time necessary to complete the bainitic 

transformation (as determined by dilatometry at each austempering temperature). The hardness of the 

300 °C (572 °F), 325 °C (617 °F), and 350 °C (662 °F) austempering conditions fell within or very near 
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the currently desired hardness range of HRC 50 to 55 for production saw-chain components, with values 

for the 325 °C (617 °F) austempering condition falling in the middle of the desired hardness range. The 

hardness of each condition was observed to decrease with increased austempering temperature. 

The average hardnesses are plotted vs hold time for the Q&P and Q&T conditions at each quench 

temperature in Figure 4.9, and are overlaid in Figure 4.10 to summarize the results. As shown in 

Figures 4.9 and 4.10, during Q&P and Q&T processing, the hardness consistently decreased with 

increasing partitioning time and with increasing partitioning temperature for all initial quench 

temperatures, consistent with studies by both Gerdemann et al. (Section 2.6.3) and Shutts (Section 2.6.3) 

[6, 24]. Figure 4.9 shows that the correlation between hardness and partitioning/tempering time and 

temperature was consistent regardless of the initial quench temperature. 

The partitioning/tempering temperature appears to have a greater influence on hardness than the 

partitioning/tempering time for the results shown in Figure 4.9 and 4.10. The conditions with a 450 °C 

(842 °F) partitioning temperature all have hardness values that fall below the current desired hardness 

range (~50 to 55 HRC) for saw-chain parts at Blount International. Most of the conditions partitioned or 

tempered at 350 °C (662 °F) fall within the desired hardness range, and most conditions partitioned or 

tempered at 250 °C (482 °F) were above this hardness range. However, depending on the abrasive wear, 

tensile, and Charpy impact performance of the specimens evaluated, there may be an opportunity to 

change the desired hardness range for saw chain parts to further enhance performance depending on the 

combination of performance metrics observed, recognizing that the presence of austenite in 9260 could 

have a profound influence on its behavior.  

 

Table 4.3 9260 Austempered Hardness. 

Austempering 

Temperature 

Austempering 

Time 
n 

Mean 

(HRC) 

Standard 

Deviation 

Minimum 

(HRC) 

Maximum 

(HRC) 

Range 

(HRC) 

250 °C 110 min 10 59.5 0.33 59.0 60.0 1.0 

300 °C 50 min 10 55.5 0.74 54.4 56.3 1.9 

325 °C 30 min 10 52.9 0.40 52.4 53.8 1.4 

350 °C 25 min 10 49.6 0.83 48.4 51.1 2.7 
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                                  (a)                                                                      (b) 

               
                                               (c)                                                                     (d) 

 
     (e) 

Figure 4.9 Change in Rockwell C hardness with partitioning/tempering time and temperature after 

initial quenching at (a) 160 °C (320 °F),  (b) 190 °C (374 °F), (c) 220 °C (428 °F), 

(d) 250 °C (482 °F) and (e) 25 °C (77 °F) for the 9260 alloy. In this figure, the number 

following the Q, P, and T, designate the quench, partitioning, and tempering temperature, 

respectively, in Celsius.  
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Figure 4.10 Change in Rockwell C hardness with partitioning/tempering time after initial quenching 

for all 9260 Q&P and Q&T processing conditions. In this figure, the number following 

the Q, P, or T, designate the quench, partitioning, and tempering temperature, 

respectively, in Celsius. 

 

4.6 Analysis of Retained Austenite in 9260  

 X-ray diffraction analysis was performed on each 9260 condition to closely examine the 

correlation between processing parameters and the volume fraction of retained austenite, and the austenite 

carbon content. 

 

4.6.1 9260 Retained Austenite Fraction  

 Retained austenite volume fractions present after quenching to 160 °C (320 °F), 190 °C (374 °F), 

220 °C (428 °F),  250 °C (482 °F) or 25 °C (77 °F), and then partitioning or tempering at temperatures of 

250 °C (482 °F), 350 °C (662 °F),or 450 °C (842 °F) for 1, 5, 15 or 30 minutes were measured via XRD 

analysis. Results are presented in Figures 4.11, 4.12, and 4.13 (where conditions are separated by 

partitioning temperature) and Figure 4.14 (where the RA fraction of each Q&T condition is shown as a 

function of tempering time and temperature). For the 250 °C (482 °F) partitioning temperature shown in 

Figure 4.11, a small increase in the volume fraction of austenite retained at room temperature may have 

occurred with increasing partitioning time for each initial quench temperature tested. For the 

350 °C (662 °F) and 450 °C (842 °F) partitioning temperatures a trend of decreased austenite volume 

fraction at room temperature with increasing partitioning time was observed for each initial quench 

temperature tested, as shown in Figures 4.12 and 4.13 respectively. The decrease in the volume fraction of 

retained austenite with increasing time when partitioning at 350 °C (662 °F) and 450 °C (842 °F) may be 
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attributed to (much faster) early partitioning followed by decomposition of some retained austenite into 

ferrite and iron carbides [10]. These trends are consistent with research conducted by Gerdemann et al. 

(Section 2.6.3) on a 9260 alloy, where increased austenite volume fraction with increased partitioning 

time at 250 °C (482 °F), and decreased volume fraction of austenite with time when partitioning at 

300 °C (572 °F) and 400 °C (752 °F), were observed for each quench temperature tested [6].  

 

    

Figure 4.11 Retained austenite volume fraction evolution for each initial quench temperature as a 

function of partitioning/tempering time at 250 °C (482 °F). 

 

The Q&T conditions, as shown in Figure 4.14, were initially quenched to 25 °C (77 °F) and 

tempered at 250 °C (482 °F), 350 °C (662 °F), or 450 °C (842 °F) for 5, 15 and 30 minutes were 

measured via XRD and exhibited austenite fractions below 7 pct in every instance. The volume fraction 

of retained austenite was observed to increase slightly with tempering time for all tempering 

temperatures. The conditions tempered at 450 °C (842 °F) were observed to have lower austenite than the 

conditions tempered at 250 °C (482 °F) or 350 °C (662 °F). Figure 4.15, shows the volume fraction of 

retained austenite as a function of austempering temperature. The volume fraction of austenite was 

observed to increase with higher austempering temperatures. It should be noted that as the austempering 

temperature increased, the austempering time and dilation strain correspondingly decreased, as discussed 

in Section 4.3.2. This behavior is consistent with literature for Si-steels at the point of transformation 

stasis, as higher austempering temperatures and shorter austempering times have been observed to 

decrease the extent of bainitic transformation, yielding a greater fraction of untransformed austenite 

which may be retained at room temperature if sufficiently enriched with carbon [16, 19, 20].  
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Figure 4.12 Retained austenite volume fraction evolution for each initial quench temperature as a 

function of partitioning/tempering time at 350 °C (662 °F). 

 

 

Figure 4.13 Retained austenite volume fraction evolution for each initial quench temperature as a 

function of partitioning/tempering time at 450 °C (842 °F). 
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Figure 4.14 Retained austenite volume fraction of 9260 Q&T conditions as a function of tempering 

time and temperature after initial quenching to 25 °C (77 °F). 

 

 

Figure 4.15 Retained austenite volume fraction evolution for all austempered 9260 conditions as a 

function of austempering temperature. 
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4.6.2 Austenite Carbon Content in 9260  

Figure 4.16 displays the change in carbon content in the austenite phase with 

partitioning/tempering (holding) time for 9260 Q&P and Q&T processing conditions. The purpose for 

measuring the carbon content was to assess the effect of processing parameters on austenite carbon 

content, since the carbon content may influence the mechanical performance and wear resistance of the 

processing conditions (due to the potential differences in TRIP behavior resulting from increased 

austenite stability with larger amounts of carbon in the retained austenite) [6, 16, 50]. 

For all conditions tested, the carbon content in the austenite phase increased with increased 

holding time at all partitioning temperatures. This trend is in agreement with prior work by Gerdemann et 

al. (Section 2.6.3) [6]. Figure 4.16 shows that the carbon content for the 250 °C (482 °F) partitioning 

temperatures was consistently lower (0.80 to 1.01 wt pct carbon) than the 350 °C (662 °F) (1.27 to 

1.72 wt pct carbon) and 450 °C (842 °F)  (1.26 to 1.54 wt pct carbon) partitioning temperatures for all 

conditions tested. Carbon partitioning to austenite occurs to a much greater extent for the conditions 

partitioned at temperatures above 250 °C (482 °F). In addition, as the amount of austenite retained 

decreases with time when partitioning at 350 °C (662 °F) and 450 °C (842 °F), more stable, higher carbon 

austenite is left behind.  

 

 

Figure 4.16 Carbon content as measured via XRD after dilatometric Q&T and Q&P processing of 

9260 alloy. In this figure, the number following the Q, P, and T, designate the quench, 

partitioning, or tempering temperature, respectively, in Celsius. 
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The Q&T conditions had austenite carbon contents in the range of 1.08 to 1.25 wt pct carbon, and 

showed little change in austenite carbon content with increased tempering time for the tempering 

temperatures investigated. It is interpreted that some carbon partitioning occurred during tempering of this 

steel. The austempered conditions, as shown in Table 4.4, were observed to have carbon contents of 

1.19 to 1.73 wt pct carbon. The carbon content of the austenite consistently increased with increasing 

austempering temperature. It should be noted that the austempering time was shorter with increased 

austempering temperature as discussed in Section 4.3.2, and shown in Table 4.4. 

 

Table 4.4 Vickers Hardness and XRD Results for Austempered 9260. 

Austempering 

Temperature 

Austempering 

Time 

RA 

Vol. Fraction 

Austenite Carbon 

Content (wt pct) 

250 °C 110 min 0.158 1.19 

300 °C 50 min 0.153 1.53 

325 °C 30 min 0.235 1.57 

350 °C 25 min 0.230 1.73 

 

4.7 9260 Conditions for Wear, Charpy, and Tension Testing 

In order to identify the most attractive results to be evaluated in detail by wear, Charpy, and 

tension testing, retained austenite volume fraction vs. hardness values were plotted in Figure 4.17 for each 

9260 processing condition produced via the dilatometer. Table 4.5 summarizes the results for the 9260 

processing conditions that were chosen for further mechanical testing (based on results in Figures 4.9 

through 4.15) to assess the influence of hardness, RA, and microstructure on the performance of the alloy. 

The conditions chosen for wear, Charpy, and tension testing are also circled in Figure 4.17. These 

conditions had similar hardness (~52.5, 57.5, or 59.5 HRC) with varying austenite fraction, or varying 

hardness at a similar austenite fraction (~0, 0.17, 0.22, or 0.28). Carbon content of the austenite was 

another variable considered when evaluating the test results of the conditions chosen for additional 

mechanical testing. Better combinations of toughness and wear resistance might be expected for higher 

hardness and larger retained austenite volume fractions (due to a TRIP contribution) [8]. Four Q&T, nine 

Q&P, and three austempered 9260 conditions were thus chosen for additional mechanical testing. It 

should be noted that the larger wear and mechanical testing specimens were heat treated in salt baths, and 

separate measurements of hardness and retained austenite characteristics were made for these specimens, 

as reported in Section 4.8 below.  

It should also be noted that the peak austenite fractions for some of the Q&P processing 

conditions selected are obtained at hardness levels greater than Blount International’s current target 
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hardness, and it is also important to assess whether the higher hardness with austenite Q&P conditions are 

able to generate better wear resistance with “adequate” or even improved toughness.  

 

 

Figure 4.17 Retained austenite volume fraction plotted against Rockwell C hardness for all high-Si 

alloy processing conditions.  

 

Table 4.5 9260 Processing Matrix for Mechanical and Wear Testing of Q&T, Q&P, and 

Austempered Sample Groups. 

 

Austenitization 

Temp (°C) 

Quench Temp 

(°C) 

Holding 

Temp (°C) 

Holding 

Time (min) 

Hardness 

(HRC) 

RA 

Vol. Fraction 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

25 °C (77 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

450 °C (852 °F) 

5 

30 

15 

5 

61.4±0.4 

59.5±0.3 

57.4±0.4 

53.1±0.4 

0.01 

0.07 

0.04 

0.00 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

160  °C (320°F) 

160 °C (320 °F) 

190 °C (374 °F) 

190 °C (374 °F) 

190 °C (374 °F) 

220 °C (428 °F) 

220 °C (428 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

350 °C (662 °F) 

350 °C (662 °F) 

350 °C (662 °F) 

250 °C (482 °F) 

250 °C (482 °F) 

15 

1 

15 

30 

1 

15 

30 

5 

30 

61.9±0.5 

59.6±0.5 

57.8±0.3 

56.8±0.4 

55.5±0.4 

53.0±0.6 

52.1±0.5 

61.9±0.6 

57.8±0.8 

0.26 

0.23 

0.24 

0.28 

0.29 

0.19 

0.17 

0.21 

0.23 

900 °C (1652 °F) 

900 °C (1652 °F) 

900 °C (1652 °F) 

 300 °C (572 °F) 

325 °C (617 °F) 

350 °C (662 °F) 

300 °C (572 °F) 

325 °C (617 °F) 

350 °C (662 °F) 

50 

30 

25 

55.5±0.7 

52.9±0.4 

49.6±0.8 

0.15 

0.26 

0.23 
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4.8 Austenite Fraction and Carbon Content of 9260 Specimens Heat Treated via Salt Baths 

The 9260 conditions selected for wear, Charpy, and tensile testing, shown in Table 4.5, were heat 

treated via salt bath immersion to produce full sized wear and mechanical testing specimens.  Since heat 

treatment via the dilatometer is limited to very small samples, salt bath heat treatment was utilized to 

permit the processing of full sized mechanical and wear testing specimens. Because the larger specimens 

heat treated via salt baths are expected to deviate from the linear cooling and heating behavior simulated 

for dilatometric specimens, separate measurements of hardness and retained austenite characteristics were 

made for these specimens, as reported in Table 4.6 below. Because the hardness values of the tensile and 

Charpy specimens were very similar, the hardness for both of these sample geometries are reported 

together with the same value. The DSRW wear test samples have a greater mass than the tensile or 

Charpy specimens which affects heating and cooling rate, and as such the hardness of the DSRW 

specimens deviated from the hardness measured for tensile and Charpy samples, and therefore was 

reported separately. The hardness of the salt bath processed coupons was slightly lower than the samples 

processed via the dilatometer in general, and the austempered conditions showed a more significant 

decrease in hardness than the other conditions when compared to the samples processed via the 

dilatometer. Retained austenite and austenite carbon content were measured via XRD for the DSRW 

specimens, and confirmed to be similar to the values measured for the dilatometer processed specimens 

for most conditions. Retained austenite values for the DSRW Q&P conditions were found to be 

consistently lower (particularly the conditions quenched to 160 °C (320°F)) than the samples processed 

via the dilatometer. The values reported in Table 4.6 are used in place of the values gathered for the 

samples processed via dilatometer when assessing the influence of hardness, RA, and austenite carbon 

content on DSRW, Charpy, and tensile test results in the following sections.  

 

Table 4.6 Hardness, RA, and %C of Salt Bath Processed 9260 Specimens. 

Condition 
Hardness of DSRW 

Specimens (HRC) 

Hardness of Tensile & 

Charpy Specimens (HRC) 

RA 

(vol fraction) 
%C 

Q&T250.5m 

Q&T250.30m 

Q&T350.15m 

Q&T450.5m 

56.1±0.3 

55.7±0.4 

52.1±0.4 

53.5±0.5 

59.0±0.3 

57.7±0.7 

56.9±0.3 

52.4±0.5 

0.06 

0.07 

0.07 

0.00 

1.12 

1.16 

0.98 

- 

Austemper 300 

Austemper 325 

Austemper 350 

51.7±0.6 

46.9±0.4 

45.6±0.7 

50.7±0.4 

48.6±0.4 

45.6±0.6 

0.19 

0.23 

0.27 

1.58 

1.59 

1.62 

Q160P250.15m 

Q160P350.1m 

56.5±0.3 

54.6±0.5 

58.9±0.4 

55.7±0.3 

0.20 

0.19 

0.92 

1.14 
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Table 4.6 Hardness, RA, and %C of Salt Bath Processed 9260 Specimens - Continued. 

Condition 
Hardness of DSRW 

Specimens (HRC) 

Hardness of Tensile & 

Charpy Specimens (HRC) 

RA 

(vol fraction) 
%C 

Q190P250.15m 

Q190P250.30m 

Q190P350.1m 

Q220P350.15m 

Q220P350.30m 

Q250P250.5m 

Q250P250.30m 

53.9±0.5 

54.3±0.4 

54.0±0.3 

51.5±0.6 

51.0±0.5 

58.6±0.5 

54.5±0.7 

55.1±0.5 

56.5±0.3 

53.8±0.4 

49.2±0.7 

48.6±0.3 

60.8±0.6 

57.4±0.3 

0.19 

0.24 

0.29 

0.20 

0.15 

0.19 

0.26 

0.88 

0.96

1.20

1.65 

1.65 

0.84 

0.77 

 

4.9 Microstructural Characterization of Salt Bath Processed Specimens 

 This section presents the heat treated microstructures of each alloy and processing condition. The 

heat treated microstructures shown in the following section were processed via salt bath immersion. 

 

4.9.1 Surface Decarburization during Salt Bath Austenitization 

 Optical microscopy was conducted on salt bath heat treated samples of the OCS-01 and 9260 

alloys to determine the degree of decarburization that occurred during the austenitization of each alloy. 

Cross sections of DSRW specimens were mounted and polished, followed by etching with 1 pct nital to 

reveal the decarburized layer. For the OCS-01 conditions, the decarburized layer was measured to be 

about 91 microns thick, based on the presence of ferrite islands to this depth, as shown in Figure 4.18. 

Vickers hardness measurements (converted to Rockwell C hardness), shown in Figure 4.19, indicate that 

softening due to decarburization is not noticeable at depths greater than 100 microns from the surface. For 

the 9260 conditions, the decarburized layer was measured to be 117 microns thick on average, based on 

the ferrite islands observed to this depth, as shown in Figure 4.20. Vickers hardness measurements 

(converted to Rockwell C hardness), shown in Figure 4.21, indicate that softening due to decarburization 

was found within 125 microns of the surface. The surfaces of the as-received OCS-01 and 9260 materials 

were also assessed after nital and picral etching to determine whether the decarburization found in the salt 

bath heat treated samples was present before heat treatment. Figures 4.22 and 4.23 show the surfaces of 

the as-received OCS-01 and 9260 conditions, respectively, after nital etching. A reduction in the size or 

distribution of spherodized carbides at the surface would indicate surface decarburization [51, 52]. No 

decarburization was observed at the surface of either as-received condition, as the size and distribution of 

carbides at the surface of each condition was found to be consistent with the size and distribution of 

carbides in the bulk of the material. Because samples for DSRW wear testing were tested using the as-

heat treated surfaces, it was necessary to assess the degree of decarburization that occurred during 
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austenitization so that the effect of the decarburized layer could be taken into consideration when 

analyzing the results. 

 

 
Figure 4.18 Microstructure obtained via LOM of an OCS-01 sample after austenitization at 860 °C 

(1580 °F) for 25 minutes followed by austempering at 218 °C (425 °F) for 45 minutes. 

The sample was etched with a 1 pct nital solution to reveal ferrite in the microstructure. 

The bar in the micrograph shows the depth to which ferrite islands were observed. 
 

 
Figure 4.19 Hardness as a function of distance from the materials surface for an OCS-01 sample with 

a bulk hardness of 56.8 HRC (the sample austenitized at 860 °C (1580 °F) for 25 minutes 

followed by austempering at 218 °C (425 °F) for 45 minutes). 
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Figure 4.20 Microstructure obtained via LOM of a 9260 sample after austenitization at 900 °C 

(1652 °F) for 15 minutes followed by austempering at 300 °C (572 °F) for 50 minutes. 

The sample was etched with a 1 pct nital solution to reveal ferrite in the microstructure. 

The bar in the micrograph shows the depth to which ferrite islands were observed. 
 

 

Figure 4.21 Hardness as a function of distance from the materials surface for a 9260 sample with a 

bulk hardness of 55.5 HRC (the sample austenitized at 900 °C (1652 °F) for 15 minutes 

followed by austempering at 300 °C (572 °F) for 50 minutes). 
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Figure 4.22 The surface of the as-received OCS-01 material in the spherodized condition, etched with 

nital and imaged via LOM. 

 

 
Figure 4.23 The surface of the as-received 9260 material in the spherodized condition, etched with 

nital and imaged via LOM. 
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4.9.2 OCS-01 Microstructures after Heat Treatment 

 The microstructures of the OCS-01 conditions were imaged via LOM and FESEM after salt bath 

processing (of DSRW specimens) to assess the microstructures developed, and compare these 

microstructures to the microstructures predicted based on the critical transformation temperatures 

determined by dilatometric analysis. The conditions isothermally austempered at 218 °C (425 °F) and 

163 °C (325 °F) were expected to contain a mixture of lower bainite and martensite based on the fact that 

these conditions were austempered below the Ms temperature, and that the dilation during austempering 

showed that the bainitic transformation did not proceed to a transformation stasis during the 45 minute 

austemper. Both tempered an untempered martensite may be expected. As shown in Figure 4.24 (a) and 

(b) LOM images, there are regions of the microstructure that appear darker than others, interpreted to be 

bainite, confirming that the microstructures consist of a mixture of bainite and martensite. The bainite 

constituent of the microstructure is expected to etch preferentially compared to the untempered martensite 

constituent in nital, resulting in the darker appearance. In the FESEM images in Figure 4.25 (a) and (b), 

the deeply etched regions with high contrast are interpreted to be bainite, and are observed to contain 

carbides. Featureless regions are interpreted as untempered martensite. 

In Figure 4.24 (c), and Figure 4.25 (c) bainite and martensite are also observed in the LOM and 

FESEM images of the condition austempered at 246 °C (475 °F). This condition is austempered at the 

experimentally determined Ms temperature; however, the dilation during austempering shows that the 

bainitic transformation does not reach a transformation stasis in 45 minutes, and therefore fresh 

martensite may form upon cooling, explaining the contrast between phases evident in the micrograph. 

The conditions isothermally austempered at 274 °C (525 °F) and 301 °C (575 °F) are expected to 

be comprised of lower bainite and are shown in Figure 4.24 (d) and (e), and Figure 4.25 (d) and (e). The 

LOM images in Figures 4.24 (d) and (e) of these conditions are interpreted to be largely bainitic. The 

FESEM images in Figures 4.25 (d) and (e) mostly show bainitic regions containing a large amount of 

interlath carbides, consistent with lower bainite, and a darker constituent with less etching response that 

may be fresh martensite formed due to incomplete bainitic transformation associated with transformation 

stasis [9, 20]. 

In Figures 4.24 (f) and 4.25 (f) the OCS-01 Q&T condition which was quenched in room 

temperature water and then tempered in a salt bath at 371 °C (700 °F) for two hours is shown. The LOM 

image appears consistent with a typical tempered lath martensite microstructure, and the FESEM image 

shows what is interpreted to be predominantly lath martensite with carbides. There were no high 

temperature decomposition products observed in any of the OCS-01 microstructures, such as pearlite or 

equiaxed ferrite. This suggests that all conditions were successfully fully austenitized and subsequently 

quenched without forming any unwanted phases.  
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(a)                                                                               (b)  

 

   
   (c)                                                                                (d) 

 

   
                                       (e)                                                                                  (f) 

Figure 4.24 LOM images of OCS-01 conditions: (a) 163 °C (325 °F) austemper, (b) 218 °C (425 °F) 

austemper, (c) 246 °C (475 °F) austemper, (d) 274 °C (525 °F) austemper, (e) 301 °C 

(575 °F) austemper, and (f) quenched and tempered at 371°C (700 °F). 
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(a)                                                                               (b)  

 

   
   (c)                                                                                (d) 

 

   
                                       (e)                                                                                  (f) 

Figure 4.25 FESEM images of OCS-01 conditions: (a) 163 °C (325 °F) austemper, (b) 218 °C 

(425 °F) austemper, (c) 246 °C (475 °F) austemper, (d) 274 °C (525 °F) austemper, 

(e) 301 °C (575 °F) austemper, and (f) quenched and tempered at 371°C (700 °F). 
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4.9.3 9260 Microstructures after Heat Treatment  

After salt bath processing of the sixteen 9260 conditions intended for mechanical and wear testing 

(the processes for selecting these conditions is discussed in Section 4.7), LOM and FESEM imaging (of 

DSRW specimens) were conducted for each condition to assess the microstructures developed. 

Figure 4.26 displays a LOM and FESEM micrograph representative of the austempered 9260 conditions, 

Figure 4.27 shows a LOM and FESEM micrograph representative of the 9260 Q&T conditions, and 

Figure 4.28 features a LOM and FESEM micrograph representative of the 9260 Q&P conditions. A 

complete series of LOM and FESEM micrographs for each 9260 processing condition can be found in 

Appendix A. Austenite volume percents (from XRD) are shown in the top-left corner of each figure.  

None of the 9260 samples appeared to contain any equiaxed-ferrite or pearlite, which suggests 

that all of the conditions were successfully fully austenitized and subsequently quenched by moving to 

water or salt baths without developing any high temperature decomposition products. It is difficult to 

confirm the amounts of retained austenite in the SEM micrographs. Electron back scatter diffraction 

(EBSD) or transmission electron microscopy (TEM) would be more appropriate for discerning austenite 

within these microstructures. 

The austempered 9260 conditions are largely consistent with a carbide free bainitic 

microstructure, where ferrite plates separated by interlath retained austenite or MA (martensite-austenite 

constituent) can be discerned in Figure 4.26 (b). X-ray diffraction analysis (discussed in Section 4.8) 

performed on austempered samples processed via the salt baths indicate austenite amounts between 

19 and 27 vol pct for the austempered conditions.  

 

   
(a)                                                                                (b) 

Figure 4.26 (a) LOM and (b) FESEM micrographs of 9260 austempered to 300 °C (572 °F) for 

50 minutes and etched in a 1 pct nital solution.  

 

19 pct ɣ 19 pct ɣ 
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The quench and tempered 9260 conditions, as shown in Figure 4.27, all display a typical 

martensite microstructure. X-ray diffraction analysis performed on 9260 Q&T samples processed via 

the salt baths show between 0 and 7 vol pct retained austenite for the quench and tempered conditions. 

If the small amount of retained austenite within the Q&T microstructures is of an interlath morphology, 

it would be especially difficult to discern the austenite phase from FESEM micrographs. The 

microstructures of each Q&T condition are interpreted to be comprised of martensitic laths, with 

interlath carbides observed in some locations.  

 

   
                                    (a)                                                                                (b) 

Figure 4.27 (a) LOM and (b) FESEM micrographs of 9260 quench & tempered at 250 °C (482 °F) for 

5 minutes and etched in a 1 pct nital solution.  

 

Figure 4.28 is a representative 9260 Q&P microstructure for the 9260 Q&P conditions after salt 

bath processing. Each Q&P condition processed via salt baths was determined via XRD to have between 

15 and 29 volume pct austenite. The samples appear to be comprised of martensite laths with interlath 

austenite and some larger features interpreted as fresh martensite. There are substantial differences in the 

volume fraction of austenite retained, but it is difficult to distinguish when observing the microstructures 

of each conditions due to the interlath and blocky austenite being difficult to discern via LOM or FESEM 

analysis. Without phase identification, it is difficult to discern which features may be retained austenite, 

and whether some of the regions with a prominent etching response may represent bainite that formed 

during partitioning, such as in Figure 4.29, representing the 1-step Q&P process involving quenching to 

250 °C (482 °F) and holding for 5 minutes. 

 

6 pct ɣ 6 pct ɣ 
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(a)                                                                                (b) 

Figure 4.28 (a) LOM and (b) FESEM micrographs of 9260 steel quenched to 190 °C and partitioned 

at 350 °C for 1 minute and etched in a 1 pct nital solution.  

 

   
(a)                                                                               (b)   

Figure 4.29 (a) LOM and (b) FESEM micrographs of 9260 steel quenched to 250 °C and partitioned 

at 250 °C for 5 minutes and etched in a 1 pct nital solution.  

 

4.10 DSRW Wear Testing 

The volume loss during dry-sand rubber-wheel (DSRW) testing (as a function of hardness) for 

each OCS-01 condition and each 9260 condition selected for additional mechanical testing is reported 

below. Figure 4.30 displays the volume loss of each OCS-01 processing condition as a function of 

hardness as an average of 5 tests. Recall that only Q&T and austemper conditions were used for the 

OCS-01 alloy, since Q&P is applied to steels with higher Si concentrations. The wear performance of the 

OCS-01 alloy processing conditions was observed to show a strong correlation with hardness. There was 

not a clear difference between the wear behavior of Q&T vs. austempered conditions when accounting for 

the influence of hardness on DSRW wear loss.  

19 pct ɣ 19 pct ɣ 

29 pct ɣ 29 pct ɣ 
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Figure 4.31 displays the volume wear loss for each 9260 condition tested, and Figure 4.32 

displays the volume loss for both 9260 and OCS-01 alloy processing conditions together, as a function of 

hardness. A consistent trend of decreased material loss with increasing hardness was found for all 

materials and processing conditions tested, as expected. The austempered 9260 conditions were 

unexpectedly softer (based on earlier results in Table 4.5 for dilatometry specimens) than the larger Q&T 

and Q&P specimens heat treated via salt bath processing, and therefore most of the austempered 

conditions were not hard enough to allow an appropriate comparison between the austempered 9260 and 

the other processing conditions. The 9260 Q&P conditions exhibited reduced wear loss (better 

performance) than the 9260 and OCS-01 Q&T conditions as well as the austempered 9260 and OCS-01 

conditions at equivalent hardness for all conditions tested. The results show that austenite-containing 

microstructures produced via Q&P processing of the 9260 alloy appear to enhance wear resistance.  

 

 

Figure 4.30 Volume loss during dry-sand rubber-wheel testing of OCS-01 processing conditions as a 

function of hardness. The error bars in the figure represent one standard deviation above 

and below each sample mean.  
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Figure 4.31 Volume loss during dry-sand rubber-wheel testing of 9260 processing conditions as a 

function of hardness. The error bars in the figure represent one standard deviation above 

and below each sample mean. 

 

  

Figure 4.32 Volume loss during dry-sand rubber-wheel testing of all tested 9260 and OCS-01 

processing conditions as a function of hardness. The error bars in the figure represent one 

standard deviation above and below each sample mean. 
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Both 9260 and OCS-01 conditions were tested with the as-heat treated surfaces, and as such, the 

degree of decarburization (discussed in Section 4.9.1) at the surface of the test coupons probably 

influenced the measured amount of volume loss due to wear. Because the 9260 exhibited a decarburized 

layer 113 microns thick versus a decarburized layer 95 microns thick for the OCS-01 conditions (see 

Figures 4.18 through 4.21), the 9260 conditions were likely more affected by surface decarburization than 

the OCS-01 conditions. (The wear tracks of DSRW coupons were between 411 and 485 microns deep). 

Because the 9260 conditions tested have a larger amount of decarburization at the surface, it might be 

expected that the Q&P 9260 conditions would exhibit an even greater improvement compared to the 

austempered OCS-01 conditions if the decarburized layers were not present. Due to the soft decarburized 

layer at the surface of each condition, the sensitivity of the DSRW test is perhaps reduced. Without a 

decarburized layer at the surface of the wear tested materials, a greater degree of differentiation between 

conditions would be expected. 

 

4.11 Stacked Charpy Impact Testing of OCS-01 Conditions  

Charpy impact testing was performed on OCS-01 alloy samples using eight stacked Charpy 

samples (1.47 mm (0.058 in) thick) riveted into a single test specimen. A single stacked coupon of each 

processing condition was impact tested at both room temperature and low temperature (-29 °C (-20 °F)). 

For each processing condition of the OCS-01 alloy (at both test temperatures), there was usually a 

decrease in impact toughness as the hardness decreased, as shown in Figure 4.33. The Charpy absorbed 

energy was higher at room temperature, as expected. The difference in impact toughness between the 

room temperature and low temperature testing was small at the lowest austempering temperatures where 

more martensite is expected and low-strain fracture was more likely to occur due to high hardness. Table 

4.7 reports the pct shear fracture and Charpy impact energy of each OCS-01 condition at room and low 

temperature. A general trend of increased pct shear fracture with increased Charpy impact energy is 

observed for the austempered conditions.  The Q&T condition shows significantly more pct shear fracture 

than the softest austempered condition at room and low temperature, while exhibiting lower room 

temperature impact energy and slightly greater low temperature impact energy.  

 

4.12 Sub-Sized Charpy Impact Testing of 9260 Conditions 

The sub-sized Charpy impact energy for each 9260 condition selected for additional mechanical 

testing was assessed at both room and low (-20°C (-29 °F)) temperature, as shown in Figure 4.34 (as an 

average of 2 samples for each condition). The conditions shown in Figure 4.34 were plotted as impact 

energy versus hardness, and grouped by the processing method (austemper, Q&T, and Q&P) and testing 

temperature. For all conditions tested, a strong correlation between increased hardness and decreased 



 91 

impact energy is observed at both room and low (-20°C (-29 °F)) temperature. At room temperature, the 

Q&P conditions showed a significant improvement over both the Q&T and austempered 9260 conditions 

for all conditions tested. At low temperature (-20°C (-29 °F)), the Q&P conditions showed a smaller but 

consistent improvement over Q&T conditions, and a more significant improvement over the austempered 

conditions. The improved impact toughness of the Q&P conditions might be explained by the crack 

blunting effect of the austenite in the microstructure [29]. Because the hardness of the austempered and 

Q&T conditions does not overlap, it cannot be determined which of the two processing methods offers 

better impact toughness at the temperatures evaluated.  

 

 

Figure 4.33 Charpy impact energy versus hardness at room temperature (RT) and low 

temperature (-20°C (-29 °F)) for austempered and Q&T stacked and riveted OCS-01 test 

specimens.  

 

Table 4.7 OCS-01 Charpy Test Results. 

Condition 
% Shear Fracture at 

(-20 °C (-29 °F)) 

% Shear Fracture at 

Room Temperature 

Energy absorbed at 

(-20 °C (-29 °F)) 

(J/cm2) 

Energy absorbed at 

Room Temperature 

(J/cm2) 

325 °F (163 °C) 14 16 10.1 11.5 

425 °F (218 °C) 17 22 13.7 22.3 

475 °F (246 °C) 17 26 14.4 24.1 

525 °F (274 °C) 18 27 17.7 26.7 

575 °F (301 °C) 20 29 20.2 27.7 

Q&T at 700 °F 

(371 °C) 
35 53 22.7 26.6 
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Figure 4.34 Charpy impact energy versus hardness for room temperature (RT) and low 

temperature (LT) (-20 °C (-29 °F)) sub-sized Charpy impact test of austempered, Q&T, 

and Q&P 9260 conditions.  

 

Figure 4.35 shows examples of the fracture surfaces of the 9260 processing conditions with the 

least (Figure 4.35 (a)) and greatest (Figure 4.35 (b)) pct shear fracture. The pct shear fracture of each 

sample surface (rounded to the nearest half percent), and Charpy energy absorbed (average of 2 samples) 

are summarized in Table 4.8 and plotted in Figure 4.36, which in general shows a positive correlation 

between the pct shear fracture and the Charpy energy absorbed at both room and low (-20°C (-29 °F)) 

temperature (with the exception of the austempered 9260 conditions tested at room temperature). An 

interesting feature observed in Figure 4.36 is that the austempered and Q&P conditions exhibit a different 

correlation than the Q&T conditions between Charpy impact energy and percent shear fracture.  

When evaluating the fracture surfaces of the Charpy impact specimens, it was observed that the 

radial lines on the fracture surfaces were more prominent for more ductile samples, as would be expected. 

A full ductile to brittle transition temperature study for selected conditions of interest may be important if 

the conditions here are considered for industrial implementation. It should be noted that the OCS-01 and 

9260 Charpy impact results cannot be directly compared (even when accounting for energy absorbed per 

area) due to the difference in sample thickness between OCS-01 and 9260 Charpy specimens affecting the 

stress state and the resulting fracture behavior of the samples (as discussed in Section 3.11.2). 
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                                                 (a)                                                                 (b) 

Figure 4.35 Charpy fracture surfaces of (a) a 9260 sample quenched to 160 °C and partitioned at 

250 °C  for 15 minutes, and (b) a 9260 sample quenched to 220 °C and partitioned at 

350 °C  for 30 minutes.  

 

Table 4.8 9260 Charpy Test Results (Average of 2 Samples). 

Condition 
% Shear Fracture at 

(-20 °C (-29 °F)) 

% Shear Fracture at 

Room Temperature 

Energy absorbed at 

(-20 °C (-29 °F)) 

(J/cm2) 

Energy absorbed at 

Room Temperature 

(J/cm2) 

Q&T250.5m 

Q&T250.30m 

Q&T350.15m 

Q&T450.5m 

4.5 

4.5 

4.5 

9 

5 

5 

8 

16 

10.7 

11.5 

11.5 

13.9 

11.5 

11.9 

12.7 

15.9 

Austemper 300 

Austemper 325 

Austemper 350 

5 

5.5 

5 

12 

11 

11 

13.9 

14.7 

15.1 

21.9 

25.0 

25.8 

Q160P250.15m 

Q160P350.1m 

Q190P250.15m 

Q190P250.30m 

Q190P350.1m 

Q220P350.15m 

Q220P350.30m 

Q250P250.5m 

Q250P250.30m 

3.5 

3.5 

4.5 

4 

3.5 

8 

8 

3.5 

3.5 

5 

7 

5 

5 

5 

19 

25 

5 

5 

11.9 

13.1 

13.5 

12.7 

13.5 

18.7 

19.9 

11.1 

12.3 

13.5 

17.5 

16.7 

16.3 

17.5 

30.6 

31.0 

13.1 

16.3 
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Figure 4.36 Charpy impact energy versus pct shear fracture for each 9260 condition selected for 

mechanical testing. (LT) represents samples tested at (-20 °C (-29 °F)), and (RT) 

represents samples tested at room temperature. 

 

Figure 4.37 shows the average Charpy impact energy versus the average DSRW wear loss for 

each 9260 condition selected for wear testing, where lower volume loss and higher Charpy impact energy 

are both desirable. The 9260 Q&P conditions show a general trend of improved Charpy impact energy at 

equivalent DSRW volume loss for all conditions tested when compared to the austempered and Q&T 

conditions. This suggests that the martensite with austenite Q&P microstructures offer improved 

combinations of toughness and wear loss when compared to Q&T and austempered 9260 microstructures. 

When compared to the 9260 Q&T conditions with similar amounts of wear loss, the austempered 

conditions are observed to have similar (or perhaps slightly improved) toughness at low temperature 

(-20 °C (-29 °F)), and improved toughness at room temperature. This may due to either the difference in 

microstructures (carbide-free bainite versus tempered martensite) and/or the more significant fraction of 

retained austenite in the austempered conditions (0.15 to 0.27 volume fraction of austenite for the 

austempered conditions versus 0.00 to 0.07 volume fraction of austenite for the Q&T conditions). The 

austenite constituent in the 9260 austempered and Q&P microstructures may increase Charpy impact 

energy due to the inherently ductile FCC austenite acting as crack-blunting regions in the microstructure, 

by increasing the work to fracture when the austenite undergoes TRIP, and by reducing local tensile 

stresses at the crack tip due to the associated volume expansion [9].  
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Figure 4.37 Charpy impact energy versus DSRW wear loss for each 9260 condition. (LT) represents 

samples tested at (-20 °C (-29 °F)), and (RT) represents samples tested at room 

temperature. 

 

4.13 OCS-01 Tensile Properties 

Tensile testing results for each OCS-01 condition are shown in Figure 4.38, and summarized in 

Table 4.9. The conditions austempered at 163 °C (325 °F) and 218 °C (425 °F) (below the Ms 

temperature of 246 °C (475 °F), and containing martensite along with bainite) exhibited prominent round 

house yielding behavior, which lowered the 0.2 pct offset yield strength (YS) for both conditions. Both of 

the aforementioned conditions austempered below the Ms temperature were also observed to experience 

fracture without necking, where fracture occurred before the ultimate tensile strength (UTS). This 

behavior is attributed to the high hardness martensite in these two conditions (56.8 HRC for the 

conditions austempered at 218 °C (425 °F), and 60.1 HRC for the sample austempered at 163 °C 

(325 °F)) resulting in fracture without necking. The condition austempered at 163 °C (325 °F) exhibited 

the lowest yield strength and lowest peak stress of all samples measured and this is attributed to the 

prominent round house yielding behavior decreasing the yield strength, and the low-strain fracture prior 

to necking. The condition austempered at 218 °C (425 °F) exhibited the second lowest yield strength and 

highest peak stress of the samples measured. The prominent round house yielding behavior of the 218 °C 

(425 °F) austempered condition decreased the measured yield strength, and the fracture occurred at a 
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much greater strain than the 163 °C (325 °F) austempered condition (resulting in a much greater peak 

stress).  

 

 

Figure 4.38 Engineering stress and strain for each OCS-01 processing condition. 

 

Table 4.9 Tensile Test Results (OCS-01). 

Condition Microstructure 

Yield 

Strength 

(MPa) 

Peak 

Stress 

(MPa) 

Total 

Elongation 

(pct) 

Uniform 

Elongation 

(pct) 

*163 °C (325 °F) Austemper 

*218 °C (425 °F) Austemper 

246 °C (475 °F) Austemper 

274 °C (525 °F) Austemper 

301 °C (575 °F) Austemper 

Quench and Temper 

Bainite + Martensite 

Bainite + Martensite 

Lower Bainite 

Lower Bainite 

Lower Bainite 

Tempered Martensite 

1355 

1260 

1890 

1765 

1530 

1470 

1935* 

2280* 

2200 

2020 

1755 

1615 

0.7* 

4.4* 

5.1 

5.5 

6.2 

6.5 

0.7* 

4.4* 

3.4 

2.8 

3.0 

3.6 

*Sample experienced fracture without necking.     

 

The OCS-01 conditions austempered at 301 °C (575 °F), 274 °C (525 °F), and 246 °C (475 °F) 

showed less prominent round house yielding and low-strain fracture prior to necking. For these 

conditions, with decreasing austempering temperature, the yield strength, peak stress, and uniform 

elongation increased, and the total elongation decreased. The OCS-01 Q&T condition exhibited the 

largest total elongation and the lowest peak stress of the alloys tested, consistent with its lower hardness. 
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The 0.2 pct offset yield strength of the Q&T condition was below the austempered conditions, with the 

exception of the conditions tempered below the Ms temperature which exhibit prominent round house 

yielding behavior leading to a reduced yield strength. Figure 4.39 presents optical and FESEM images of 

the fracture surface of an OCS-01 condition austempered at 274 °C (525 °F). This condition was selected 

for fracture analysis to identify the fracture mechanism of the OCS-01 processed with parameters 

employed industrially, and for reference to the fracture mechanism of some selected 9260 conditions. 

Figure 4.39 (a) shows that fracture initiated from the corner of the sample, shear lips formed during 

plastic deformation, and shallow radial lines were observed on the fracture surface. Figure 4.39 (b) shows 

a fracture mechanism interpreted to be quasi-cleavage along with microvoid coalescence [53]. 

 

   
                                     (a)                                                                                 (b) 

Figure 4.39 (a) Optical macro image, and (b) FESEM micro image (imaged in the middle of the fast 

fracture region) of an OCS-01 condition austempered at 274 °C (525 °F) for 45 minutes 

after tensile testing at room temperature.  

 

4.14 9260 Tensile Properties 

The tensile properties of each 9260 condition chosen for additional mechanical testing are 

presented below. Table 4.10 summarizes the yield strength, peak stress, uniform elongation, and total 

elongation of each 9260 condition evaluated. In addition, the adjusted total elongation is shown for 

conditions that experienced necking prior to fracture (using Oliver’s equation to estimate the total 

elongation of the 9260 conditions if the tensile sample thickness was the same as the OCS-01 conditions) 

to compare the total elongations of 9260 conditions to the total elongations of OCS-01 conditions. 

Figures 4.40, 4.42, and 4.44 show the engineering stress-strain curves for the 9260 conditions tested. The 

differences in apparent elastic modulus observed for some samples are believed to be due to internal 

stresses incurred when quenching, causing a small amount of bending in some samples [37]. The elastic 

strains were removed to report uniform and total elongations. 
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Table 4.10 Tensile Test Results (9260). 

Condition 

Yield 

Strength 

(MPa) 

Peak Stress 

(MPa) 

Uniform 

Elongation 

(pct) 

Total 

Elongation 

(pct) 

Adjusted Total 

Elongation** 

(pct) 

*Q&T250.5m 

*Q&T250.30m 

Q&T350.15m 

Q&T450.5m 

Austemper 300 

Austemper 325 

Austemper 350 

*Q160P250.15m 

*Q160P350.1m 

*Q190P250.15m 

Q190P250.30m 

*Q190P350.1m 

Q220P350.15m 

Q220P350.30m 

*Q250P250.5m 

*Q250P250.30m 

1926 

1908 

2025 

1688 

1310 

1307 

1148 

1734 

1202 

1028 

1126 

1015 

1326 

1365 

1635 

1186 

2045* 

2386* 

2343 

1898 

1770 

1709 

1403 

1779* 

1870* 

2222* 

2362 

1879* 

1629 

1641 

1863* 

1807* 

0.4* 

3.2* 

2.9 

3.7 

5.1 

4.6 

14.1 

0.3* 

2.4* 

5.2* 

7.6 

4.4* 

4.9 

3.6 

0.4* 

0.9* 

0.4* 

3.2* 

5.0 

11.2 

15.6 

14.9 

20.0 

0.3* 

2.4* 

5.2* 

8.9 

4.4* 

15.7 

8.6 

0.4* 

0.9* 

- 

- 

4.1 

9.2 

12.8 

12.2 

16.4 

- 

- 

- 

7.3 

- 

12.9 

7.1 

- 

- 

*Sample experienced fracture without necking. 

**Adjusted for comparison to thinner OCS-01 specimen results. 

 

Figure 4.40 displays the engineering stress and strain for the Q&T conditions selected for 

evaluation. The Q&T condition tempered at 250 °C for 5 minutes is denoted by the bold line, and was 

observed to have the lowest peak stress due to low-strain fracture without necking. The Q&T condition 

tempered at 250 °C for 30 minutes (denoted by the dashed line) was observed to have the highest peak 

stress, although this condition also experienced a fracture without necking, albeit at higher strain. The 

fracture without necking behavior observed for the conditions involving tempering at 250 °C for 5 and 

30 minutes are consistent with the high hardness measured (59 and 57.7 HRC respectively) for each 

condition, as discussed in Section 2.9. Figure 4.41 presents optical and FESEM images of the fracture 

surface of a 9260 Q&T condition water quenched and then tempered at 250 °C for 5 minutes. This 

condition was selected for fracture analysis to identify the fracture mechanism of the conditions that 

experienced fracture at low strain. Figure 4.41 (a) shows that fracture initiated from the corner of the 

sample, and very small shear lips formed during limited plastic deformation. Figure 4.41 (b) shows a 

fracture mechanism interpreted to be quasi-cleavage which correlates with the low strain fracture before 

necking the condition exhibited [53]. The Q&T specimen tempered at 350 °C for 15 minutes experienced 
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necking, and was measured to have the highest yield strength of the Q&T conditions and a peak stress 

only slightly below the specimen tempered at 250 °C for 30 minutes. The specimen tempered at 450 °C 

for 5 minutes showed the largest total elongation, and the lowest peak stress and yield strength of the 

Q&T samples evaluated.  

 

 

Figure 4.40 Engineering stress and strain for each 9260 Q&T condition selected for additional 

mechanical testing.  

 

   
                                     (a)                                                                                 (b) 

Figure 4.41 (a) Optical macro image, and (b) FESEM micro image (imaged in the middle of the fast 

fracture region) of a 9260 condition water quenched and then tempered at 250 °C for 

5 minutes after tensile testing at room temperature.   
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Figure 4.42 presents engineering stress-strain results for the three isothermally austempered 9260 

conditions. The specimen austempered at the lowest temperature (300 °C) had the highest yield strength 

and peak stress. The condition austempered at 325 °C was observed to have a yield strength and peak 

stress slightly below the 300 °C austemper condition, and the condition austempered at 350 °C was 

observed to have a much greater total elongation, and decreased yield strength and peak stress when 

compared to the other two austempered conditions.  

 

 

Figure 4.42 Engineering stress and strain for each austempered 9260 condition selected for additional 

mechanical testing.  

 

Figure 4.43 presents optical and FESEM images of the fracture surface of a 9260 condition 

austempered at 325 °C for 30 minutes. This condition was selected for fracture analysis to identify the 

fracture mechanism of the more ductile 9260 conditions. Figure 4.43 (a) shows that fracture initiated from 

the corner of the sample, large shear lips formed during plastic deformation, and more prominent radial 

lines were observed when compared to the less ductile OCS-01 condition austempered at 274 °C (525 °F), 

and the 9260 condition water quenched and tempered at 250 °C (482 °F) for 5 minutes. Figure 4.43 (b) 

shows a fracture mechanism interpreted to be predominantly microvoid coalescence; this fracture 

mechanism correlates with the increased total and post uniform elongation observed [53]. 
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                                     (a)                                                                                 (b) 

Figure 4.43 (a) Optical macro image, and (b) FESEM micro image (imaged in the middle of the fast 

fracture region) of a 9260 austempered at 325 °C for 30 minutes after tensile testing at 

room temperature.  

 

 The tensile testing results for the nine Q&P 9260 conditions chosen for wear, Charpy, and tensile 

testing are shown in Figure 4.44. Of the Q&P conditions tested, all but three conditions experienced 

fracture short of necking. The Q&P conditions which experienced fracture without necking have hardness 

between 53.8 and 58.9 HRC, which all fall above the threshold where fracture without necking might be 

expected to occur according to the literature summarized in Figure 2.44. While outside the scope of the 

present work, it would be interesting to explore whether failure without necking could be avoided in these 

austenite containing steels through optimized Q&P processing parameters. 

The conditions that experienced necking prior to fracture include the Q190P250.30m, 

Q220P350.15m and Q220P350.30m conditions, generally consistent with the expectation that longer 

partitioning times at higher temperature would reduce the hardness. The Q220P350.15m condition had 

the greatest total elongation, second largest uniform elongation, and lowest peak stress of the conditions 

tested which is not unexpected due to this condition being the second softest of the Q&P conditions 

tested. The Q220P350.30m had the third largest total and uniform elongation, as well as the second 

lowest peak stress. The Q190P250.30m condition had the highest peak stress of the Q&P conditions 

measured, with a total and uniform elongation higher than all conditions except the Q220P350.15m 

condition. With a measured hardness of 56.5 HRC, the Q190P250.30m condition was the only Q&P 

condition above 53 HRC that did not experience fracture prior to necking. Many Q&P conditions with the 

exception of the conditions designated Q160P250.30m, Q220P350.15m, Q220P350.30m, and 

Q250P250.5m, exhibited pronounced round-house yielding behavior. 
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Figure 4.44 Engineering stress and strain for each 9260 Q&P condition selected for mechanical 

testing.  

 

Figure 4.45 shows the tensile behavior of each 9260 and OCS-01 condition tested, overlaid on the 

same figure. The peak stress as a function of hardness for each OCS-01 and 9260 condition tested can be 

found in Figure B.1 of Appendix B where data from this study are overlaid on the results from Figure 

2.44 (where peak stress versus hardness is plotted for Q&T 10xx and 5160 steels). Based on the results 

shown in Figure 4.45 and listed in Table 4.10, it appears that some 9260 conditions offer better 

combinations of yield strength, peak stress, uniform elongation and total elongation than the OCS-01 

conditions. The 9260 condition austempered at 300 °C (572 °F), when compared to the OCS-01 

conditions austempered at 301 °C (575 °F) which has a measured peak stress 15 MPa lower, exhibited 

significantly increased total elongation (12.8 pct vs 6.2 pct) and uniform elongation (5.1 pct vs 3.0 pct). 

The increased total elongation of the 9260 carbide-free bainitic microstructures when compared to 

conventional OCS-01 bainite may be attributed to both the film-like austenite in the microstructure, as 

well as the lack of carbides, as carbides can initiate fracture in high-strength steels [9, 16]. The 

Q&T350.15m 9260 condition, when compared to the highest peak stress OCS-01 condition (austempered 

at 218 °C (425 °F)), offers higher yield strength, peak stress, and total elongation.  

The Q190P250.30m 9260 condition, when compared to all OCS 01 conditions, has greater peak 

stress, total elongation, and uniform elongation, and does not experience the fracture prior to necking 

observed for the highest peak stress OCS-01 condition. These observation suggest that austenite 
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containing microstructures are able to obtain greater uniform and total elongation at equivalent tensile 

strength to non-austenite containing microstructures.  

 

 

Figure 4.45 Engineering stress and strain for each 9260 and OCS-01 condition selected for 

mechanical testing.  

 

Figure 4.46 presents optical and FESEM images of the fracture surface of a 9260 Q&P condition 

quenched to 190 °C (374 °F) and partitioned at 250 °C (482 °F) for 30 minutes. This condition was 

selected for fracture analysis because it was found to have improved tensile properties when compared to 

the OCS-01 processing condition employed industrially, and because the total elongation of this condition 

fell near the middle of the range of total elongation observed for 9260 conditions and fractured shortly 

after the onset of necking. Figure 4.46 (a) shows that fracture initiated from the corner of the sample, 

moderate sized shear lips formed during plastic deformation (larger than the less ductile 9260 condition 

shown in Figure 4.41 and smaller than the shear lips of the more ductile condition shown in Figure 4.43, 

as expected), and more prominent radial lines are observed when compared to the less ductile OCS-01 

condition austempered at 274 °C (525 °F). Figure 4.46 (b) shows a fracture mechanism interpreted to be 

quasi-cleavage with relatively shallow microvoid coalescence and smaller cleavage facets when 

compared to the OCS-01 condition austempered at 274 °C (525 °F) shown in Figure 4.39 (b). 

Figure 4.47 shows adjusted total elongation as a function of UTS for each 9260 and OCS-01 that 

experienced necking prior to fracture. This figure shows that the Q190P250.30m 9260 condition offers 

both increased UTS and increased total elongation when compared to every OCS-01 condition that 



 104 

experienced necking prior to fracture. The 9260 conditions austempered at 300 °C (572 °F) and 325 °C 

(617 °F) offer significantly improved total elongation (at equivalent UTS) when compared to the OCS-01 

condition austempered at 301 °C (575 °F), and the Q&T450.5m 9260 condition offers both improved 

UTS and total elongation compared to the OCS-01 condition austempered at 301 °C (575 °F). The 

Q220P350.15m and Q220P350.30m 9260 conditions both offer better UTS and total elongation than the 

Q&T OCS-01 condition. 

 

   
                                     (a)                                                                                 (b) 

Figure 4.46 (a) Optical macro image, and (b) FESEM micro image (imaged in the middle of the fast 

fracture region) of a 9260 Q&P condition quenched to 190 °C (374 °F) and partitioned at 

250 °C (482 °F) for 30 minutes after tensile testing at room temperature.  

 

Figure 4.48 shows uniform elongation versus ultimate tensile strength for all 9260 and OCS-01 

conditions that experienced necking prior to fracture. This figure shows that the trends observed in 

Figure 4.47, where many 9260 conditions offered greater combinations of total elongation and tensile 

strength, is also true for combinations of uniform elongation and tensile strength. The 9260 condition 

austempered at 300 °C (572 °F) offer significantly improved uniform elongation with a slightly higher 

UTS when compared to the OCS-01 condition austempered at 301 °C (575 °F), and the Q&T450.5m 

9260 condition offers both improved UTS and uniform elongation compared to the OCS-01 condition 

austempered at 301 °C (575 °F). The Q220P350.15m 9260 condition offers greater tensile strength and 

uniform elongation than the Q&T OCS-01 condition. The Q&T350.15m 9260 condition offers 

significantly improved tensile strength and equivalent uniform elongation compared to the OCS-01 

conditions austempered at 301 °C (575 °F) and 274 °C (525 °F). The Q190P250.30m condition offers 

both significantly increased UTS and increased uniform elongation when compared to every OCS-01 and 

9260 condition with tensile strength above 1500 MPa that experienced necking prior to fracture. 
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Figure 4.47 Total elongation versus ultimate tensile strength for each OCS-01 and 9260 condition 

selected for tensile testing that experienced necking prior to fracture. The total elongation 

values of the 9260 conditions have been adjusted using the Oliver equation 

(Equation 3.7) to account for the differences in tensile specimen geometries between the 

OCS-01 and 9260 materials (as discussed in Section 3.11.4) [47, 48].  

 

 

Figure 4.48 Uniform elongation versus ultimate tensile strength for each OCS-01 and 9260 condition 

selected for tensile testing that experienced necking prior to fracture. 
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Figure 4.49 shows the uniform elongation as a function of retained austenite fraction for OCS-01 

and 9260 conditions observed to have similar ultimate tensile strengths. In Figure 4.49 (a), there is no 

clear difference in uniform elongation between the OCS-01 Q&T condition with no austenite, and the 

Q220P350.30m condition with 15 volume pct austenite and 1.65 wt pct carbon in the austenite. However, 

the Q220P350.30m condition with 20 volume pct austenite and 1.65 wt pct carbon in austenite is 

observed to have increased uniform elongation. For Q&P microstructures, increased fractions of austenite 

(with similar austenite carbon content) may correspond to increased uniform elongation. Figure 4.49 (b) 

shows that the 9260 conditions austempered at 300 °C (572 °F) and 325 °C (617 °F) which contain 

19 and 23 volume pct austenite, respectively, show increased uniform elongation compared to the 

OCS-01 conditions austempered at 301 °C (575 °F) with no austenite. However, the 9260 condition 

austempered at 300 °C (572 °F) exhibited the greatest uniform elongation even though it had a smaller 

fraction of austenite than the 9260 condition austempered at 325 °C (617 °F) and very similar austenite 

carbon contents of 1.58 and 1.59 wt pct respectively; this suggests that there are variables beyond just 

retained austenite fraction that are affecting the uniform elongation of the 9260 austempered conditions.  

 

  
                                               (a)                                                                                         (b) 

Figure 4.49 Retained austenite fraction versus uniform elongation for OCS-01 and 9260 conditions at 

(a) 1630 ± 15 MPa, and (b) 1740 ± 30 MPa. 

 

Figure 4.50 shows the correlation between the product of UTS and total elongation, and the 

retained austenite fraction for each 9260 condition that experienced necking prior to fracture. In general, 

the product of UTS and total elongation appears to increase with increased retained austenite fraction. 

However, the scatter in the data suggests that factors other than just retained austenite, such as perhaps 
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austenite carbon content and the properties of the other phases in each microstructure affect the resulting 

combinations of strength and ductility. The importance of retained austenite on UTS*TE has been well 

documented at lower carbon levels for automotive sheet steels [27, 54–56]. 

 

 

Figure 4.50 Product of ultimate tensile strength and total elongation versus retained austenite fraction 

for each 9260 condition that experienced necking prior to fracture.  

 

Figure 4.51 shows the Charpy impact energy of each 9260 condition that experienced necking 

prior to fracture as a function of UTS. The trends observed in Figure 4.51 are the same as those observed 

in Figure 4.34 where Charpy impact energy was plotted versus hardness. The 9260 Q&P conditions show 

a significant improvement in absorbed impact energy when compared to the 9260 Q&T and austempered 

conditions. The Q&T and austempered results do not overlap in strength, and so it cannot be determined 

which of these two processing methods provides the better combinations of impact energy and UTS. The 

austempered 9260 conditions contain equal or greater fractions of austenite when compared to the Q&P 

conditions (0.19 to 0.27 for the austempered conditions versus 0.15 to 0.20 for the Q&P conditions) that 

are found in the same range of UTS (1400 to 1800 MPa), and the austenite carbon contents are similar 

(1.58 to 1.62 wt pct C for austempered conditions versus 1.65 wt pct C for Q&P conditions) which 

suggests that it is the martensite plus austenite microstructure of the Q&P conditions, and not simply the 

volume fraction of austenite, that provides the observed improvement in Charpy impact energy at 

equivalent UTS.  
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Figure 4.51 Charpy impact energy at room and low (-20°C (-29 °F)) temperature as a function of 

UTS for each 9260 condition selected for mechanical testing that experienced  necking 

prior to fracture. 

 

4.15 Implications: OCS-01 versus 9260 for Saw Chain  

 When comparing the mechanical and wear tested OCS-01 and 9260 conditions, one 9260 

condition was observed to show both improved tensile and wear properties when compared to the 

OCS-01 conditions. As shown in Table 4.11 (absorbed Charpy energy is not compared due to the 

different sample thicknesses, however the area under the tensile curve (total elongation*((UTS+YS)/2) is 

shown), when compared to the austempering process employed industrially ((274 °C (525 °F) and 

301 °C (575 °F) austempered OCS-01 conditions) the 9260 Q190P250.30m condition was observed to 

offer improved UTS, total elongation, uniform elongation, DSRW wear loss, and area under the tensile 

curve [22]. When the Q190P250.30m condition is compared to the strongest OCS-01 condition that did 

not exhibit failure without necking (246 °C (475 °F) austemper), the 9260 Q&P condition was observed 

to offer improved UTS, total elongation, and uniform elongation, and area under the tensile curve, with 

similar DSRW wear loss (within one quarter of a standard deviation apart). Based on this information, the 

9260 condition quenched to 190 °C (374 °F) and partitioned at 250 °C (482 °F) for 30 minutes might be 

expected to offer improved saw chain performance due to both decreased wear and increased strength 

when compared to the OCS-01 processing parameters evaluated. Q&P processing may also offer 

increased productivity due to shorter processing times. 
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Table 4.11 Comparison of Selected 9260 and OCS-01 Conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Condition 

Ultimate 

Tensile 

Strength 

(MPa) 

Total 

Elongation 

(pct) 

Uniform 

Elongation 

(pct) 

 
DSRW Wear 

Loss (cm3) 

Area Under 

Tensile Curve 

(MPa) 

9260 

Q190P250.30m 
2362±12 8.9 7.6  0.0811±0.0017 13254 

OCS-01 Austemper 

246 °C (475 °F) 
2200±11 5.1 3.4  0.0807±0.0011 10430 

OCS-01 Austemper 

274 °C (525 °F) 
2020±10 5.5 2.8  0.0836±0.0015 10409 

OCS-01 Austemper 

301 °C (575 °F) 
1755±9 6.2 3.0  0.0849±0.0018 10184 
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CHAPTER 5: CONCLUSIONS 

 

In this study, two medium carbon steels, one containing low silicon (OCS-01) and one containing 

high silicon (9260), were subjected to austempering, Q&T, and Q&P (9260 only) processing to explore 

microstructure and property development. This study was conducted for the purpose of developing 

improved properties for saw chain applications, and a greater understanding of the correlation between 

the processing parameters of each alloy and the resulting microstructures and properties. Both alloys and 

their corresponding processing conditions were evaluated using dilatometry, XRD (9260 only), LOM, and 

FESEM, followed by Vickers hardness, Charpy impact, DSRW, and tensile testing.  

 

The key results and implication can be summarized as follows: 

• The 9260 Q&P conditions offered an improvement in DSRW wear when compared to the 9260 

and OCS-01 Q&T, and the 9260 and OCS-01 austempered conditions at equivalent hardness. 

• A 9260 condition was identified, which appears to offer superior tensile and wear properties 

when compared to the OCS-01 austempered conditions currently employed industrially. 

• 9260 Q&P conditions show improved Charpy impact energy at room and low (-20 °F (-29 °C)) 

temperature when compared to 9260 Q&T and austempered conditions at equivalent hardness. 

• 9260 Q&P conditions show improved combinations of DSRW wear performance and Charpy 

impact energy at room and low (-20 °F (-29 °C)) temperature when compared to 9260 Q&T and 

austempered conditions at equivalent hardness. 

• Select 9260 processing conditions were found to offer better combinations of tensile strength, 

uniform elongation, and total elongation when compared to OCS-01 austempered and Q&T 

processing conditions. 

 

Additional observations include the following: 

• The time to complete isothermal bainitic transformation was determined, and decreased with 

increased austempering temperature for the OCS-01 and 9260 alloys. 

• Hardness decreased with increased partitioning/tempering time and temperature for the 9260 

Q&P and Q&T conditions. Hardness also decreased with increased isothermal austempering 

temperature for both the OCS-01 and 9260 alloys. 

• For the 9260 Q&P conditions, increased partitioning time at 250 °C (482 °F) resulted in a small 

increase in the volume fraction of retained austenite, while increased partitioning time at 

350 °C (662 °F) and 450 °C (852 °F) resulted in substantially decreased volume fractions of 

retained austenite.  
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• An increase in austenite carbon content with increased partitioning time at each partitioning 

temperature evaluated was observed for 9260 Q&P conditions 

• Wear decreased with increased hardness for all 9260 and OCS-01 conditions evaluated by 

low-impact abrasive wear testing (DSRW). 

• 9260 and OCS-01 processing conditions exhibited fracture without necking for many conditions 

above 53 HRC. 

• Increased volume fractions of RA in 9260 Q&P conditions increased total elongation. Increased 

volume fraction of RA in 9260 Q&P and austempered conditions increased the combinations of 

tensile strength and total elongation. 
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CHAPTER 6: FUTURE WORK 

  

Further experimentation would provide a greater understanding of the microstructures and 

properties that result from the selected OCS-01 and 9260 processing parameters, as well as offer a better 

comparison between OCS-01 and 9260 processing conditions. This work has shown that some 9260 

processing conditions offer greater combinations of tensile strength, elongation, and wear resistance when 

compared to austempered OCS-01. Follow up work to determine the optimum hold time at the initial 

quench temperature for optimizing the amount of retained austenite may be of interest, as this study used 

a fixed hold time of 30 seconds. The present study used a minimum partitioning time of 1 minute, and for 

conditions partitioned at 350 °C (662 °F) and above, it was found that the fraction of retained austenite 

decreased with increased partitioning time for all partitioning times tested. Therefore an investigation of 

the properties and microstructures of 9260 conditions with partitioning times less than 1 minute at the 

higher partitioning temperatures might provide insight into the most optimum partitioning times for these 

temperatures, and the resulting properties. 

A study to explore whether fracture without necking can be avoided in high-hardness austenite 

containing microstructures through optimized Q&P processing parameters could also be of interest. 

Follow up work to compare the fatigue properties of the conditions assessed in the present study would 

also provide valuable insight into how the 9260 conditions that showed improved tensile and wear 

performance perform in the high cycle fatigue conditions that saw chain components experience.  

DSRW testing of OCS-01 and 9260 specimens with the decarburized layer removed would reveal 

the full extent of the distinction in wear performance between the OCS-01 and 9260 conditions. Charpy 

impact testing of specimens with identical dimensions would allow a direct comparison of the OCS-01 

and 9260 conditions to determine which conditions offer the most desirable impact performance. A full 

ductile to brittle impact transition curve for the OCS-01 and 9260 conditions may also aid comparison of 

toughness. 

Electron backscatter diffraction would offer further insight into the distribution and morphology 

of the austenite in the 9260 conditions, and confirm if the features observed in the FESEM images of 

9260 conditions that were interpreted to be austenite are in fact austenite. Transmission electron 

microscopy may also be of interest to confirm the absence of carbides in the 9260 austempered 

conditions, and also for determining the morphology of the austenite in the 9260 microstructures. An 

analysis of the prior austenite grain size of each alloy would be beneficial to assess the influence of grain 

size on the properties measured for the OCS-01 and 9260 conditions. 

 

 



 113 

REFERENCES 

 

1. I. Thompson, L. Ward, J. Peck, and D. Lewis, “High Strength Steel Composition Having 

Enhanced Low Temperature Toughness,” United States Patent 5,651,938, issued July 29, 1997. 

2. M. Taylor, K. McNaughton, and J. Kaufman, Private Communication, October 15, 2015. 

3. “Oregon® Mechanical Timber Harvesting Handbook,” Blount International, 

www.oregonproducts.com, 2017. 

4. J.A. Hawk, R.D. Wilson, D.R. Danks and M.T. Kiser, “Abrasive Wear Mechanisms,” ASM 

Handbooks Online, Volume 11, Failure Analysis and Prevention, ASM International, Materials 

Park, OH, pp. 1936, 2003. 

5. H.E. Chandler, “Heat Treater’s Guide: Practices and Procedures for Irons and Steels,” 2nd Edition, 

American Society for Metals, Materials Park, OH, pp. 495-496, 1995. 

6. F.L.H. Gerdemann, J.G. Speer, and D.K. Matlock, “Microstructure and Hardness of Steel Grade 

9260 Heat-Treated by the Quenching and Partitioning (Q&P) Process,” Materials Science and 

Technology Conference Proceedings, pp. 439-449, 2004. 

7. P. Wolfram, “The Microstructural Dependence of Wear Resistance in Austenite Containing Plate 
Steels,” M.S. Thesis, Colorado School of Mines, ASPPRC, Golden CO, 2013. 

8. J.G. Speer, A.M. Streicher, D.K. Matlock, F.C. Rizzo Assunção, and G. Krauss, “Quenching and 
Partitioning: A Fundamentally New Process to Create High Strength TRIP Sheet Microstructures,” 
ISS/TMS, Austenite Formation and Decomposition, pp. 505-522, 2003. 

9. B.C. De Cooman, and J.G. Speer, “Fundamentals of Steel Product Physical Metallurgy,” AIST, 

Warrendale, PA, pp. 146, 184-185, 475-488, 2012. 

10. E. De Moor, S. Lacroix, A.J. Clarke, J. Penning, and J.G. Speer, “Effect of Retained Austenite 
Stabilized via Quench and Partitioning on the Strain Hardening of Martensitic Steels,” 
Metallurgical and Materials Transactions A: Physical Metallurgy and Materials Science, vol. 39, 

no. 11, pp. 2586-2595, 2008. 

11. K.-H. Zum Gahr, "Microstructure and Wear of Materials,” Elsevier Science Publishers, pp. 227, 

1987. 

12. O. Haiko, M. Somani, D. Porter, P. Kantanen, J. Kömi, N. Ojala, and V. Heino, “Comparison of 
Impact-Abrasive Wear Characteristics and Performance of Direct Quenched (DQ) and Direct 

Quenched and Partitioned (DQ&P) Steels,” Wear, vol. 400-401, pp. 21-30, 2017. 

13. F. Bouchaud, N. Aichoun, J. Mauguin, and S. Corre, “New Wear-Resistant Steel Creusabro® 

Dual,” AIST, International Symposium on the Recent Developments in Plate Steels, pp. 93-101, 

2011. 

14. ASTM G65-16 Standard Test Method for Measuring Abrasion Using the Dry Sand / Rubber 

Wheel, ASTM International, West Conshohocken, PA, pp. 1-14, 2017. 



 114 

15. L.C. Cheng, T.B. Wu, and C.T. Hu; "The Role of Microstructural Features in Abrasive Wear of a 

D-2 Tool Steel," Materials Science, vol. 23, issue 5, pp. 1610-1614, 1988. 

16. H. Bhadeshia, “Bainite in Steels: Transformations, Microstructure and Properties,” 2nd Edition, 
The Institute of Materials, London, U.K., pp. 23, 190-195, 373-377, 2001. 

17. X.Y. Long, J. Kang, B. Lv, and F.C. Zhang, “Carbide-free Bainite in Medium Carbon Steel,” 
Materials and Design, vol. 64, pp. 237-245, 2014. 

18. D.V. Edmonds, “Advanced Bainitic and Martensitic Steels with Carbide-Free Microstructures 

Containing Retained Austenite,” Materials Science Forum, vol. 638-642, pp. 110-117, 2010. 

19. O. Bouaziz, D. Quidort, and P. Maugis, “Bainite Transformation Stasis Controlled by Plastic 
Work in Austenite,” Revue de Métallurgie, vol. 101, no. 1, pp. 71-78, 2003. 

20. S. Van Der Zwaag, and H. Chen, “A Detailed Study of the Transformation Stasis Phenomenon 
during the Isothermal Bainite Transformation in Mn Based Low Alloy Steels,” The Minerals, 

Metals & Materials Society, TMS 2014: 143rd Annual Meeting & Exhibition, pp. 909-917, 2014. 

21. G. Krauss, “STEELS: Processing, Structure, and Performance,” Second Edition, ASM 

International, Materials Park, Ohio, pp. 27-29, 71-82, 2015. 

22. B.C. De Cooman, and K.O Findley, “Introduction to the Mechanical Behavior of Steel,” AIST, 

Warrendale, PA, pp. 227, 475-488, 2017. 

23. H. Liu, X. Lu, X. Jin, H. Dong, and J. Shi, “Enhanced Mechanical Properties of a Hot Stamped 
Advanced High-strength Steel Treated by Quenching and Partitioning Process,” Scripta 

Materialia, vol. 64, no. 8, pp. 749-752, 2011. 

24. A. Shutts, “Rolling Contact Fatigue Testing of 9260 Steel Processed by Quenching and 

Partitioning,” M.S. Thesis, Colorado School of Mines, ASPPRC, Golden CO, pp. 37, 2006. 

25. D.K. Matlock, V. Brautigam, and J.G. Speer, “Application of the Quenching and Partitioning 
(Q&P) Process to a Medium-carbon, High Si Microalloyed Bar Steel,” Proceedings of 

THERMEC, pp. 1089-1094, 2003. 

26. K.W. Andrews, “Empirical Formulae for the Calculation of Some Transformation Temperatures,” 
JISI, Vol 203, pp. 721-727, 1965. 

27. A.J. Clarke, “Carbon Partitioning into Austenite from Martensite in a Silicon-Containing 

High-Strength Sheet Steel,” Ph.D. Thesis, Colorado School of Mines, Golden, CO, 2006. 

28. X.C. Xiong, B. Chen, M.X. Huang, J.F. Wang, and L. Wang, “The Effect of Morphology on the 
Stability of Retained Austenite in a Quenched and Partitioned Steel,” Scripta Materialia, vol. 68, 

pp. 321-324, 2013. 

29. S.W. Lee and H.C. Lee, “The Mechanical Stability of Austenite and Cryogenic Toughness of 
Ferritic Fe-Mn-AI Alloys,” Metallurgical Transactions, vol. 24, no. 6, pp. 1333-1343, 1993. 

 

 



 115 

30. M. Koo, P. Xu, and H. Suzuki, “Bainitic Transformation Behavior Studied by Simultaneous 

Neutron Diffraction and Dilatometric Measurement,” Scripta Materialia, vol. 61, no. 8, 

pp. 797-800, 2009. 

31. P. Motyčka and M. Kövér, “Evaluation Methods of Dilatometer Curves of Phase 

Transformations,” Comat, pp. 2-8, 2012. 

32. I. Vieira, J. Klemm-Toole, E. Buchner, D. L. Williamson, K. O. Findley, and E. De Moor, “A 
Dilatometric Study of Tempering Complemented by Mössbauer Spectroscopy and Other 

Characterization Techniques,” Scientific Reports, vol. 7, no. 1, pp. 1-4, 2017. 

33. G. Dubal, “The Basics of Molten Salt Quenchants,” ASM International, Materials Park, OH, pp. 2, 

2003. 

34. ASTM E23-16b Standard Test Methods for Notched Bar Impact Testing of Metallic Materials,” 
ASTM International, West Conshohocken, PA, pp. 1-26, 2016. 

35. J. Wang, C. Enloe, J. Singh, and C. Horvath, “Effect of Prior Austenite Grain Size on Impact 
Toughness of Press Hardened Steel,” SAE International Journal of Materials and Manufacturing, 

Warrendale, PA, vol. 9, no. 2, pp. 1-6, 2016. 

36. T. Gaag, Private Communication, January 9, 2018. 

37. F.C. Campbell, “Elements of Metallurgy and Engineering Alloys,” ASM International, Materials 

Park, OH, pp. 243-261, 2008. 

38. W.H.P. Hougardy, “Critical Points of Hypoeutectoid Steel,” Werkstoffkunde Stahl Band 1: 

Grundlagen, Verlag Stahleisen G.m.b.H., Düsseldorf, pp. 229, 1984. 

39. Y. K. Lee, “Empirical Formula of Isothermal Bainite Start Temperature of Steels,” Journal of 

Materials Science Letters 21, Department of Metallurgical Engineering, Yonsei University, Seoul, 

Korea, pp. 1253-1255, 2002. 

40. ASTM E92-16 Standard Test Methods for Vickers Hardness and Knoop Hardness of Metallic 

Materials, ASTM International, West Conshohocken, PA, vol. 82, no. July 2010, pp. 1-27, 2016. 

41. P.J. Jacques, S. Allain, O. Bouaziz, A. De, A.-F. Gourgues, B.M. Hance, Y. Houbaert, J. Huang, 

A. Iza-Mendia, S.E. Kruger, M. Radu, L. Samek, J. Speer, L. Zhao, and S. van der Zwaag, “On 
Measurement of Retained Austenite in Multiphase TRIP Steels - Results of Blind Round Robin 

Test Involving Six Different Techniques,” Materials Science and Technology, vol. 25, no. 5, 

pp. 567-574, 2009. 

42.  “Retained Austenite and Its Measurement by X-Ray Diffraction,” SP-453, Society of Automotive 

Engineers, Inc., Warrendale, PA, pp. 12, 1980. 

43. B.D. Cullity, “Elements of X-Ray Diffraction,” 2nd Edition, Addison-Wesley Publishing 

Company, Inc., Boston, MA, 1978. 

44. ASTM E18-17 Standard Test Methods for Rockwell Hardness of Metallic Materials, ASTM 

International, West Conshohocken, PA, pp. 1-38, 2017. 



 116 

45. ASTM E140-12be1 Standard Hardness Conversion Tables for Metals Relationship Among Brinell 

Hardness, Vickers Hardness, Rockwell Hardness, Superficial Hardness, Knoop Hardness, 

Scleroscope Hardness, and Leeb Hardness, ASTM International, pp. 16, 2012. 

46. ASTM E8/E8M-16a Standard Test Methods for Tension Testing of Metallic Materials, ASTM 

International, West Conshohocken, PA, pp. 1-27, 2016. 

47. ISO 2566-1:1984(E) Steel Conversion of Elongation Values Part 1: Carbon and Low Alloy Steels, 

International Organization of Standardization, pp. 1-28, 1984. 

48. Y. Takeda, C. Kiattisaksri, M. Aramaki, S. Munetoh, and O. Furukimi, “Effects of Tensile Test 
Specimen Thickness on Elongation and Deformation Energy for Industrial Pure Iron,” Tetsu-to-

Hagané, vol. 102, no. 10, pp. 599-606, 2016. 

49. E. De Moor, Private Communication, April 28, 2017. 

50. A.J. Clarke, J.G. Speer, M.K. Miller, R.E. Hackenberg, D. V Edmonds, D. K. Matlock, F.C. 

Rizzo, K.D. Clarke, and E. De Moor, “Carbon Partitioning to Austenite from Martensite or Bainite 

During the Quench and Partition (Q&P) Process : A Critical Assessment,” Acta Materialia, 

vol. 56, issue 1, pp. 16-22, 2008. 

51. B. Edenhofer, D. Joritz, M. Rink, and K. Voges, “Thermochemical Surface Engineering of Steels: 

Improving Materials Performance,” Woodhead Publishing Limited, Cambridge, UK, 2015. 

52. G.F. Vander Voort, “Understanding and Measuring Decarburization,” Advanced Materials and 

Processesing, pp. 22–27, 2015. 

53. “Deformation and Fracture Mechanics of Engineering Materials,” John Wiley & Sons, Inc., 

Hoboken, NJ, pp. 269-282, 2013. 

54. A. Araújo, “Effects of Microalloying on Hot-Rolled and Cold-Rolled Q&P Steels,” M.S. Thesis, 

Colorado School of Mines, ASPPRC, Golden CO, 2016. 

55. J. Kähkönen, “Quenching and Partitioning Response of Carbon-Manganese-Silicon Sheet Steels 

Containing Nickel, Molybdenum, Aluminum and Copper Additions,” M.S. Thesis, Colorado 

School of Mines, ASPPRC, Golden CO, 2016. 

56. D.K. Matlock and J.G. Speer, “Design Considerations for the Next Generation of Advanced High 

Strength Sheet Steels,” Proceedings of the 3rd International Conference on Structural Steels, The 

Korean Institute of Metals and Materials, Seoul, Korea, pp. 774-781, 2006. 

 

 

 

 

 

 

 

 

 

 



 117 

APPENDIX A: 9260 MICROGRAPHS 

 

 

       
(a)                                                                              (b) 

Figure A.1 LOM (a) and FESEM (b) micrographs of 9260 austempered at 300 °C (572 °F) for 50 

minutes and etched in a 1 pct nital solution.  

 

       
                                    (a)                                                                                 (b) 

Figure A.2 LOM (a) and FESEM (b) micrographs of 9260 austempered at 325 °C (617 °F) for 30 

minutes and etched in a 1 pct nital solution.  

 

 

23 pct ɣ 23 pct ɣ 

19 pct ɣ 19 pct ɣ 
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                                      (a)                                                                                (b) 

Figure A.3 LOM (a) and FESEM (b) micrographs of 9260 austempered at 350 °C (662 °F) for 30 

minutes and etched in a 1 pct nital solution.  

 

         
                                     (a)                                                                                (b) 

Figure A.4 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature & 

tempered at 250 °C (482 °F) for 5 minutes and etched in a 1 pct nital solution.  

 

       
                                    (a)                                                                                 (b) 

Figure A.5 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature and 

tempered at 250 °C (482 °F) for 30 minutes and etched in a 1 pct nital solution.  
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                                    (a)                                                                                (b) 

Figure A.6 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature and 

tempered at 350 °C (662 °F) for 15 minutes and etched in a 1 pct nital solution. 

       
                                    (a)                                                                                  (b) 

Figure A.7 LOM (a) and FESEM (b) micrographs of 9260 quenched to room temperature and 

tempered at 450 °C (852 °F) for 5 minutes and etched in a 1 pct nital solution.  

 

       
(a)                                                                                (b) 

Figure A.8 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 160 °C and partitioned 

at 250 °C for 15 minutes and etched in a 1 pct nital solution. 
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(a)                                                                                  (b) 

Figure A.9 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 160 °C and partitioned 

at 350 °C for 1 minute and etched in a 1 pct nital solution.  

 

       
(a)                                                                                  (b) 

Figure A.10 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 190 °C and partitioned 

at 250 °C for 15 minutes and etched in a 1 pct nital solution.  

 

       
(a)                                                                                  (b) 

Figure A.11 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 190 °C and partitioned 

at 250 °C for 30 minutes and etched in a 1 pct nital solution.  
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 121 

       
(a)                                                                                  (b) 

Figure A.12 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 190 °C and partitioned 

at 350 °C for 1 minute and etched in a 1 pct nital solution.  

 

       
(a)                                                                                  (b) 

Figure A.13 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 220 °C and partitioned 

at 350 °C for 15 minutes and etched in a 1 pct nital solution. 

 

       
(a)                                                                                 (b) 

Figure A.14 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 220 °C and partitioned 

at 350 °C for 30 minutes and etched in a 1 pct nital solution.  
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(a)                                                                                 (b)   

Figure A.15 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 250 °C and partitioned 

at 250 °C for 5 minutes and etched in a 1 pct nital solution. 

 

       
(a)                                                                                  (b) 

Figure A.16 LOM (a) and FESEM (b) micrographs of 9260 steel quenched to 250 °C and partitioned 

at 250 °C for 30 minutes and etched in a 1 pct nital solution.  
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APPENDIX B: 9260 PEAK STRESS VERSUS UTS 

 

Peak stress as a function of hardness for each OCS-01 and 9260 condition tested are shown in 

Figure B.1, where data from this study is overlaid on the data from Figure 2.44 (where peak stress versus 

hardness is plotted for Q&T 10xx and 5160 steels). Multiple OCS-01 austempered conditions and 9260 

Q&P and Q&T conditions are observed to have combinations of hardness and peak stress in the upper 

range of the Q&T 10xx and 5160 steels between 55 and 62 HRC.  

 

 

Figure B.1 Peak stress versus hardness for each OCS-01 and 9260 condition selected for tensile 

testing, and for some Q&T 10xx and 5160 steels. Adapted from Krauss [21]. 

 

 

 

 

 


