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THE INFLUENCE OF RETAINED AUSTENITE ON THE THICK SECTION 
MECHANICAL PROPERTIES OF A COMMERCIAL LOW ALLOY 

ULTRA-HIGH STRENGTH STEEL 

Ronald Martin Horn 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

The relationships between microstructure, mechanical, and fracture 

properties were investigated for thick sections (up to 15 cm) following 

air cooling and tempering in a silicon-modified 4340, 300-M. This steel 

which has high pearli.te hardenability achieves high strength levels 

after very slow cooling. Slow cooling also leads to high levels of 

retained austenite (up to 30%). Properties were determined for micro-

structures equivalent to those developed through air cooling and 

tempering of 2.5, 5.0, 10.0 and 15 cm thick plates. Simulated slow 

cooling was performed on small specimens to model the thicker sections. 

Fracture toughness and Charpy V-notch behavior were used to evaluate 

fracture properties while both round and flat tensile specimens were 

used to measure mechanical properties. Emphasis was placed on 

determining the role of the austenite on these properties. The 

morphology, amount, and mechanical stability of the austenite were 

characterized using transmission electron microscopy and magnetic 

saturation techniques .. It was found that the stability of the 

austenite, which changed with tempering treatment, had a major influence 
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on the fracture properties. Specifically, if the austenite was stable 

the material had good fracture resistance, while if the austenite was 

unstable the fracture toughness was poor. Destabilization of the 

austenite after tempering was found to be associated with tempered 

martensite embrittlement. Finally, it was found that for 300-M there 

was an optimum slow cooling rate which led to a good combination of 

strength, ductility and fracture resistance. 
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I. INTRODUCTION 

Low alloy ultra-high strength steels have been commercially 

important for many decades. In these materials there is a compromise 

between strength and toughness. Consequently, much work has been 

aimed at increasing one without affecting the other. Several approaches 

have been used to make this improvement. The cleanliness of the steel 

is one characteristic shown to influence only the toughness. Recent 

improvements in manufacturing methods, e.g. vacuum arc remelting, have 

led to lower inclusion contents which in turn have been shown to improve 

d "I" 1 uctl lty. Composition changes are another method used to improve 

2-4 
properties. The alloy modifications explored by various steel 

companies have led to several steels of similar yield strength with 

widely varying composition. Significant work has also been undertaken 

ff " h h d" f" " 5-7 
to e ect lmprovements t roug process mo 1 lcatlon. These processing 

modifications change the amount and morphology of the phases present. 

Often, as well, combined approaches are used to develop desired micro-

2 8 
s truc tures. ' 

Most work on low alloy ultra-high strength steels has involved 

conventional quenching and tempering heat treatments; this process, 

however, restricts the versitility possible of other treatments, such 

as isothermal transformations or slower cooling. It also limits the 

usefulness of the research to thin section products. A significant 

proportion of steel components constitute thick section and cannot be 

heat treated in a manner to achieve a uniform microstructure during 

rapid cooling. 
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The work on quenched and tempered steel has shown that one 

constituent, retained austenite, can have significant influence on 

properties. High carbon austenite of the type retained in tool steels 

(due to a low M ) has a deliterious effect. The role of austenite s 

in lower alloy, lower carbon steel after quenching and tempering, is 

more ambiguous. In fact, austenite of a lath morphology has been 

9 associated with increases in fracture toughness in these steels. 

The constituent which has the major influence on the properties 

of steel is the carbide. Its structure, size, and distribution 

determines strength level as well as fracture properties. Carbides 

which are fine and unformly distributed often lead to excellent 

properties while carbides in the form of long continuous plates can 

lead to much lower fracture resistance. It has been found that the 

addition of silicon has a marked influence on both retained 

. 10 11 austenlte and carbide structure in quenched and tempered steels. 

Silicon can also influence the continuous cooling transformation 

. 12 13 
behavior in low alloy heat treatable steels. ' 

With the need to broaden research applicability to thicker section 

sizes, it was considered desirable to look at microstructures achieved 

by slower cooling processes. This study was aimed at investigating 

the microstructure-property relationships in air cooled (normalize'd) 

steel of varying section size (thickness). The investigation centered 

around air cooling because it leads to uniform microstructures in 

section thicknesses of up to 15 cm. The steels used for the investiga-

tion were 4340 and 300-M, a silicon modified version of 4340. These 
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steels were chosen for several reasons. First, they are the most widely 

used commercial high strength steels. Secondly, they are obtainable in 

vacuum arc remelted form. Finally the modified version, 300-M, retains 

large levels of austenite after slow cooling. 

The study had several objectives. First, a goal of the research 

was to establish a method for investigating thick section properties. 

Secondly, the study set out to characterize microstructural-mechanical 

property relationships in different section sizes. Finally, a major 

goal of this work was to unambiguously assess the role of retained 

austenite (with respect to amount, distribution and mechanical and 

thermal stability) on the properties of these steels. 
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I I • EXPERIMENTAL PROCEDURE 

A. Material Preparation 

The ultra-high strength low alloy steels used in this study were 

all vacuum arc remelted aircraft quality material. The heats used were 

certified to meet commercial specification AMS-2300 and military 

specification MIL-S-8844C. The certification included mechanical tests 

as well as inspection tests to verify upper limits on inclusion levels. 

Jernkontoret charts per ASTM specification E45-63 were used to check 

for silicate and oxide inclusions, verifying low levels of each. The 

chemical compositions of the steels used are listed in Table I. It 

should be noted that the phosphorus and sulfur levels were low compared 

to air melted steels. The material was purchased as annealed bars 

which were hot forged and then hot rolled in our laboratory to the 

desired thickness. The material was slow cooled after fabrication and 

then spheroidized at 650°C for one hour to insure good machinability. 

B. Heat Treatment 

Heat treatment consisted of austenitization, cooling, and tempering. 

The austenitization treatments were all carried out at 870°C for one 

hour per inch of thickness. Austenitization treatments were performed 

either in a vertical tube furnace in an argon atmosphere or in a 

res~stance heated conventional furnace in stainless steel bags to 

prevent decarburization. The cooling processes were performed using 

several methods. Oil quenching was performed by directly dropping the 
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specimen(s) into agitated room temperature oil. Air cooling, however, 

was performed differently for the different thickness evaluations. The 

2.5 cm and 5.0 cm thicknesses were cooled directly. When the specimen's 

thickness was smaller than the thickness of interest, steel plates were 

used to build up the specimen's dimensions. Figure 1 shows the molds 

used for the round tensile specimens. The simulations of the 10.0 cm 

and 15.0 em slabs were performed by matching numerically determined 

cooling rates in two step heat treatments using insulating material 

(vermiculite) to slow cooling rates in the 500°C to 870°C range and 

using a programmed salt pot to match rates in the 200°C to 500°C range. 

The cooling was monitored using a thermocouple. Tempering was performed 

in salt pots at the desired temperature for one hour. All specimens 

were directly water quenched from the tempering temperature for 

standardization. 

C. Mechanical Testing 

1. Impact Testing 

Charpy V-notch tests were performed to ASTM E23-72 specification. 

Specimens were tested primarily on a 223 ft-1b. capacity machine with 

the tests for the oil quenched material conducted separately on a 

60 ft-1b. capacity machine. All specimens were made to the dimensions 

shown in Fig. 2a. The test temperatures other than room temperature 

were obtained by using either methyl alcohol-liquid nitrogen mixtures, 

heated water, or a furnace with thermocouple monitoring. 
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2. Tensile Tests 

Two types of tensile tests specimens were used. These are shown in 

Figs. 2b and 3. The cylindrical specimens, following ASTM specifications, 

were 0.63 cm in diameter and had a 2.54 cm gage length. The flat 

tensile specimens were 0.1 cm thick and had the same gage length. The 

cylindrical specimens were tested using a 300,000 lb. MTS universal 

testing machine at a crosshead displacement rate of 0.1 cm/min. The 

flat tensile specimens were pulled using an Instron testing machine at 

a crosshead speed of 0.05 em/min. The yield strength and tensile 

strength values were averaged for both tests. However, elongation and 

reduction in area measurements were only made on the cylindrical tensile 

specimens. 

3. Fracture Toughness Tests 

All fracture toughness tests were performed according to ASTM 

specification E399-72. Standard compact tension specimens shown in 

Fig. 4 were used. The specimens were all 2.54 cm thick except for the 

oil quenched material where some specimens were only 1.B cm thick. 

The specimens were fatigued on a 20,000 lb. MTS machine at 50 Hz. 

Fatigue cracking procedures conformed with ASTM specifications with 

effort made to achieve an a/W ratio of .5. The K1c tests were performed 

on a 300,000 lb. MTS at an acceptable ram speed of 0.005 in/sec 

(.00125 em/sec). The fracture toughness was evaluated using the 

following formula:. 

= P 
1/2 . f(a/W) 

WE 



with 

f(a/W) 

/ 
! 

-·7-

.'$ 

I 
," R 
\J 

1/2 3/2 5/2 
29.6 (~) - 185.5 (~) + 655.7 (~) 

7/2 9/2 
- 1017.0 (~) + 638.9 (~) 

where KI is the stress intensity, P the load, B thickness, W the specimen 

width, and a the crack length. In the case of ductile specimens non-

valid estimates of the fracture toughness were made by using the 95% 

secant line intersection with the load curve to determine the load 

of interest. 

D. Austenite Characterization 

1. Magnetic Saturation 

Flat tensile specimens, as described earlier, were used for 

austenite characterization with a saturation permeameter. The apparatus 

has been described by de Miramon.
14 

The volume of austenite was deter-

mined through the measurement of the specimen's saturation induction 

using the method described in Appendix I. Because the specimens were 

essentially 70-100% magnetic, as opposed to fully non-magnetic as with 

austenitic TRIP steels, it was necessary to use calibration standards 

for reference. These methods for calibration are also described in 

Appendix I. 

2. X-Ray Methods 

The amount of retained austenite was also determined using X-ray 

techniques for certain treatments as a check on the magnetic saturation 
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technique. The estimate was made using a direct comparison of integrated 

intensities as described by Cullity.15 A Picker diffractometer was used 

for measurement. The X-ray source was copper Ka radiation produced 

at 40 kV and 14 rnA. A lithium fluoride monochromator was used to reduce 

florescent radiation. 

Following Cullity15 it can be seen that the amount of retained 

austenite present is given by the following equation (assuming that 

the carbide level is zero): 

I 
J 
I a 

= yY 
R C a a 

where laCy) = integrated intensity for ferrite (austenite) 

C a(y) = concentration for ferrite (austenite) 

1 IFI2 P ~ + 2 ) -2m 
R 

cos 28 = e a(y) v . 2 a(y) aUl cos 

where v is the volume of a unit cell. F the structure factor, p the 

1 . 1· . d -2m h f rou tlP lClty. an e t e temperature actor. This yields the 

following equation for the concentration of austenite: 

1 = 

Areas under the 220
y 

and 3lly peaks were calculated .and compared 

with the 211 peak area. The calculated concentrations were then a 

averaged to reduce preferred orientation effects. 
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E. Transformation Behavior 

To check transformation characteristics that had been previously 

measured, a Theta dilatometer was used. Specimens were austenitized 

for one half hour and continuously cooled under vacuum. A Datatrak 

program was made using numerically calculated cooling profiles and was 

used to control the specimen's cooling rate. The calculation of 

transformation levels was made using a four step procedure. First, 

the final level of austenite was evaluated for the cooling treatment. 

Then initial and final expansion rates were extrapolated from either 

the pre-transformation or post-transformation region into the trans-

formation regime. This transformation was then used to calculate the 

amount of transformation at any given temperature. These data allowed 

the construction of the continuous cooling transformation (CCT) diagram. 

F. Microscopy 

1. Qptical Microscopy 

Specimens for optical metallography were sectioned from fract~re 

toughness specimens. They were mounted in Koldmount, ground on 

successive papers to 600 grit and then polished first using l~ diamond 

paste and then using .05~ alumina. Specimens were etched with a 5% 

nita1 solution for ten seconds, and viewed using a Zeiss Ultraphot 

metallograph. 

2. Transmission Electron Microscopy 

Material slices for specimen preparation were taken from fracture 

toughness specimens. Thin slices were abrasively cut and grounQ under 
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coolant, and were then chemically thinned in an HF-H
2

02 mixture to 

between 50 ~m and 75 ~m in thickness. Discs from the foils were both 

spark cut and punched out, lightly ground, and electropolished in a 

twin jet polisher using a chromic-acetic acid solution at a voltage 

of 25-35 volts. Transmission foils were examined using a Siemens 

Elmiskop IA operated at 100 kV. 

3. Scanning Electron Microscopy 

Fracture surfaces of selected specimens were examined with an 

AMR 1000 scanning electron microscopy at 20 kV. Fatigue fracture 

interfaces as well as fracture areas were studied. 
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III. RESULTS 

A. Transformation Behavior 

The isothermal (TTT) and continuous cooling (CCT) transformation 

behavior of 4340 type steels has been previously characterized. Ericsson12 

13 . 
and Yuen used a magnet1c permeability method to study the differences 

between 4340 and 300-M, cooled isothermally and cvntinuously, 

respectively. Although differences in isothermal behavior were small, 

the continuous cooling behavior was distinctly different. Pearlite 

reactions were found with cooling rates of -0.4 °C/sec in 4340 while 

none were found in 300-M with rates as low as 0.07 °C/sec. Bainite 

transformations were delayed significantly in the 300-M as well. 

Large changes in the amount of retained austenite were also found in 

the silicon modified steel. While present data verified Yuen's trend 

in austenite levels, magnetic saturation and X-ray analysis led to 

revised estimates of the actual austenite quantities. Dilatometry 

results developed from the cooling paths of interest to this study are 

shown in Fig. 5. This study verified the general shape of the CCT 

curves. However, the relative percentages transformed as determined by 

proportion were much different from Yuen's data for the 300-M alloy 

at slow cooling rates. The curves suggest that cooling rates slower 

than 0.3 °C/sec (around 450°C) lead to microstructures containing bainite 

(diffusion dependent transformation). It also shows that the transforma-

tons are confined to a narrow region of temperature for cooling rates 

less than 0.3°C/sec. This implies no pearlite formation for any 
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practical cooling rate. 

B. Cooling Process Determination 

The purpose of this study was to characterize the properties of 

thick section steels containing large levels of retained austenite. 

The cooling process of interest was the air cooling process due to its 

ease of implementation and to the uniformity of microstructure it 

imparts. The determination of the cooling rates that thick sections 

would experience if air cooled was necessary. By matching this rate in 

small specimens, the same microstructure could be achieved. To account 

for conduction in the metal as well as convection and radiation at the 

plate surface, numerical techniques were used to model the heat 

transfer process. The methods used and the computer program which 

resulted are given in Appendix II. 

Prior to the selection of air cooling for investigation it was 

necessary to ascertain that the process would lead to uniform micro

structures in the section thicknesses of interest i.e., no significant 

gradation from center to edge would exist in the transformation regime. 

Computer analysis verified that the gradient is small [< 15°C] in the 

transformation temperature range [< 450°C] in slabs up to 15 cm in 

thickness. Moreover, the cooling rate difference, edge to center, is 

essentially identical. Thus it can be assumed that uniform micro

structures are obtained in the section. 

Having substantiated the absence of a temperature gradient in the 

steel structure, it was necessary to determine the heat transfer 

parameters giving best fit cooling profiles with laboratory determined 
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rates. Figure 6 shows the laboratory rates compared with the numerically 

calculated rates for 2 cm thickness steel. This best fit was obtained 

using a heat transfer coefficient of .00085 and an emissivity of 0.9. 

These parameters also gave the best fit for 3 cm thickness steel air 

cooled. These parameters were used to develop numerically determined 

cooling rates for the thicknesses of interest: 2.5 cm, 5.0 cm, 10.0 cm, 

and 15.0 cm. Figures 7 and 8 show the profiles as determined for these 

thicknesses with both center and edge rates shown as they intersect the 

transformation curve. It became clear that slabs of up to 5 cm thickness 

contain significant martensite levels, while the 10 and 15 cm thick, 

air cooled slabs contain predominantly diffusion controlled transforma-

tion products. 

C. Mechanical Properties 

1. Tensile Properties 

Tensile properties depend directly on cooling rate. Normally, 

untrahigh strength steels are oil quenched to produce fully martensitic 

structures and are then tempered at a temperature that will give the 

material the optimum level of ductility and toughness. In this study, 

the cooling rate was the primary variable used to produce microstructure 

variation. Figures 9 through 13 show comparisons of the yield strength 

and ultimate tensile strength (UTS) properties for 300-M. Oil quenched 

and air cooled material of 2.5 cm, 5.0 em, 10.0 cm and 15.0 cm thickness 

in the as-cooled condition as well as in the tempered condition are 

shown. Figure 14 shows the tensile properties for air cooled 4340 of 

2.5 em thickness. Tables II through IX list these properties. Finally, 
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Figs. IS through 20 show the elongaton and reduction in area for these 

same treatments. Generally, with the slow cooling process there is a 

drop in both yield and ultimate strength. The air cooling treatments 

do, however, lead to strength levels comparable to some quenched and 

tempered steels. The alloy additions to 4340 steel have a significant 

effect as verified by the air cooled properties of the unmodified steel. 

a. Oil quenched properties - 300-M. The properties of 300-M have 

7 16 17 been previously characterized very thoroughly." However, it has 

been shown that heat-to-heat variation in phosphorus and sulfur can 

significantly influence properties. Therefore, for evaluation of 

unconventional heat treatments, it is necessary to know base-line 

quenched and tempered properties. As seen in Fig. 9, tempering this 

steel at 300°C leads to a yield strength of 2S0 ksi and a UTS of 290 ksi. 

This treatment is the commercially used treatment for this silicon 

modified alloy steel. 

b. 2.S em air cooled - 300-M. The tensile properties of the 

air cooled treatment are still high even after the accepted 300°C 
\ 

tempering treatment, leading to a 225 ksi yield and 270 ksi ultimate 

tensile strength. Tempering at higher temperatures leads to properties 

very close to those of the oil quenched material. The strength 

properties are essentially identical after tempering at 6S0°C. Double 

tempering, particularly in the 4S0°C range tends to increase the yield 

strength slightly. Reduction in area is somewhat lower than that of 

the oil quenched steel, with a decrease observed after the 4S0°C temper. 

Elongation levels follow those of the oil quenched and tempered material. 
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c. 5.0 em air cooled - 300-M. Figures 11 and 17 characterize the 

behavior of the 300-M following this heat treatment. The tensile 

properties are lower reflecting a change in microstructure from one which 

is fully martensite. The peak yield strength of over 200 ksi, however, 

does suggest the presence of significant amounts of transformation 

products formed at low temperatures « 350°c), as indicated by the 

dilatometric studies. Double tempering leads to some increase. in 

yield strength in the 450°C range. The elongation and reduction in 

area are below those of the quenched and tempered material ,with a 

noticeable dip in the 450°C tempering temperature range. 

d. 10 em and 15 cm air cooled - 300-M. The tensile properties 

for these two conditions are shown in Figs. 12, 13, 18, and 19; the 

properties for both are very similar. Yield strength levels, particularly 

after tempering in the 300°C to 400°C regime,are around 160 ksi. This 

result indicates that the microstructures are considerably different 

from those of the oil quenched steel. The elongations also changed signi-

ficantly with values increased to between 18 and 20 per cent. The 

transformation behavior supports these differences in that the 

transformations on cooling are essentially completed above 325°C. 

Both conditions, however, do show significant "secondary hardening" 

with large increases in UTS after tempering in the 450°C to 550°C 

temperature range. Severe degradation in ductility is concurring with 

this strengthening. Only tempering at 650°C restores the air cooled 

properties to those of the other treatments. 
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e. 2.5 cm air cooled - 4340. The air cooled tensile properties 

are displayed in Figs. 14 and 20. The strength levels are significantly 

below those of the oil quenched 300-M as well as the air cooled 300-M 

of equivalent thickness. This is due to the higher transformation 

start tempertures for 4340, seen previously by Yuen. 13 The strength 

properties remain lower throughout the tempering range. The ductility 

is consistent with the low strength values observed. 

2. Fracture Properties 

The fracture toughness (K
lc

) dependence with tempering temperature 

is displayed in Figs. 21 through 26 for the six conditions investigated. 

The Charpy V-notch impact energies are shown in Figs. 27 and 28, with 

Fig. 29 showing the transition temperature behavior for the 2.5 cm 

air cooled 300-M. Tables X through XIII list results. 

The oil quenched base line K
lc 

properties show a peak value at a 

tempering temperature of 300°C. There is a slight dip at 400°C with 

recovery up to the spheroidized (650°C temper) condition. The properties 

for the 300-M structures for the four air cooling treatments show 

consistent behavior. The as-cooled properties improve with tempering 

with peak values experienced at 300°C. However, tempering in the 450°C 

to 470°C range produces a precipitous drop in toughness. This drop is 

emphasized with double and triple tempering. Recovery of toughness does 

occur with tempering at 650°C. The recovery becomes more limited with 

increasing thickness, with the 10 cm and 15 cm thickness material showing 

brittle fracture characteristics. 
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The 4340 air cooled sample shows behavior similar to the 300-M air 

cooled material. Improvements with tempering occur up to the 

spheroidization treatment, where ductile behavior is seen. Only in the 

275°C tempering temperature range is there a slight drop in toughness. 

Charpy impact behavior is similar to that of the fracture toughness. 

In particular, peak Charpy energies are found for treatments giving 

peak K
Ic 

values. The oil quenched and tempered 300-M gives a minimum 

with a 400°C temper, while all air cooled thicknesses give minimums 

after tempering at 450°C to 470°C. The air cooled 4340 shows the 

minimum at the much lower temperature of 275°C. The 10 cm and 15 cm 

thicknesses mirror the K
1c 

behavior by showing significant embritt1ement 

with tempering at 650°C. However, the peak values of Charpy energy in 

the best condition are good, as exemplified by the 30 ft-1bva1ue for 

10 cm air cooled material tempered at 300°C. 

Transition temperature behavior, which was only studied for the 

2.5 em air cooled 300-M, is shown in Fig. 29. Only the spheroidized 

structure (tempered at 650°C) exhibits high Charpy energies at low 

temperatures, typical of high strength material. The tempering treatment 

with the lowest energies is that one performed at 450°C. At this 

temperature, using 15 ft-1b as an indicator of ductile brittle transition 

temperature (DBTT), this treatment leads to a DBTI above 16.5°C. 

D. Fracture Appearance 

Fracture appearances of K
1c 

specimens are displayed in Figs. 30 

through 35 for the oil quenched and air cooled 300-M, and for the air 
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cooled 4340. Figure 30 shows the fracture appearance as a function of 

tempering for the oil quenched 300-M. While the as-quenched material 

displays a mixed mode fracture, quasi-cleavage with dimpled regions, 

the optimum 300°C tempering treatment shows only shallow dimpled rupture. 

Tempering at 400°C, which leads to a slight falloff in K1c ' develops 

a mixed mode fracture, intergranular and dimpled rupture. Spheroidiza-

tion leads to re-development of a dimpled rupture appearance with fine 

deep dimples, indicative of severe plastic flow prior to failure. 

The air cooled fracture appearances are somewhat different. The 

fracture features are larger in size. The 2.5 cm thick material as 

show in Fig. 31 exhibits mixed fracture features in the as-cooled and 

tempered states up through 400°C tempering temperatures. The amount 

of dimpled rupture increases with tempering, but the quasi-cleavage 

is s till very predominan t. Tempering at 450 to 470°C leads to 

elimination of dimpled rupture with quasi-cleavage as the only fracture 

feature. This coincides with the large drop in fracture toughness. 

The 5.0 cm material exhibits similar fracture features to those of the 
; 

thinner section material (Fig. 32). The amount of dimpled rupture 

present, particularly after tempering at 300°C, is greater, reflecting 

the high ductility. The 470°C temper treatment, however, shows the 

same shift to quasi-cleavage characteris tics. Tempering at 650°C led 

to a ductile fracture appearance. 

Figure 33 shows the various surfaces for the 10 cm section air 

cooled 300-M. TIle behavior follows that of the thinner sections. The 

material never exhibits total dimpled rupture. The 650°C treatment does 
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not" however, lead to any recovery of fracture toughness. This is 

supported by the cleavage fracture mode observed on the fracture 

surfaces. The slower cooled material, 15 cm thick, exhibits less 

dimpled rupture at all tempering ranges, as shown in Fig. 34. Both 

the 450°C and 650°c treatments show quasi-cleavage (cleavage) modes 

operative during fracture. 

Figure 35 shows only two treatments for the 4340 air cooled material. 

It shows a shift in mode after tempering in the embrittlement region. 

The 4340 steel, however, does show ductile fracture appearance in most 

conditions, particularly after the 650°C temper. 

E. Retained Austenite Behavior 

Figures 36 through 41 characterize the behavior of the retained 

austenite for the conditions investigated. Tables VI through IX list 

results. Magnetic saturation was used to determine the behavior of the 

austenite. X-ray results were used for spot checking. However, as 

shown by the behavior with loading, particularly in the as-cooled form, 

the unstability of the austenite could lead to low X-ray values. 

Prior to discussion of each individual condition, it is necessary 

to discuss the general behavior of the austenite particular to the air 

cooled structures. Figure 42 shows an example of the stress-strain 

behavior. The austenite in this form is basically stable to stress, 

with transformation taking place primarily in the unform elongation 

region of the stress-strain curve. The uniform elongation region is 

therefore extended in the conditions which contain large amounts of 

austenite. Specific behavior for the condition studied now follows. 
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1. Oil Quenched - 300-M 

Figure 36 shows the level of austenite in this condition as a 

function of tempering temperature and strain. The austenite levels prior 

to loading, at yield, and after 2% plastic strain are shown. The as

quenched material had approximately 5.5% austenite initially. This 

initial level decreased slightly with tempering [~2% decomposes] through 

400°C. Tempering at 470°C reduced the level significantly to less than 

1%. The amount of austenite after varying levels of plastic strain, 

however, changed drastically with tempering. The as-quenched austenite 

essentially transformed by yield with none remaining after 2% strain. 

Tempering at 300°c led to marked changes in behavior; the austenite 

that remained was much more stable to loading. Approximately 30% of the 

austenite was still present after 2% plastic strain. However, after the 

400°C temper the austenite reverted to the behavior exhibited in the 

oil quenched condition, was unstable to load, and transformed by 2% 

strain. The austenite in the 470°C temper had transformed by yield. 

2. 2.5 cm Air Cooled - 300-M 

The austenite level and stability are characterized in Fig. 37. 

The initial percentage was significantly higher following the air 

cooling treatment, approximately 14.5%. Tempering reduced this amount 

substantially as it did in the quenched and tempered 300~M. Magnetic 

saturation showed that the level of austenite was less following tempering 

at 300°C than at 350°C or 400°C. The drop off did not take place at 

400°C as it did after oil quenching. Tempering in the 450-470°C range 

led to a significant reduction in the initial austenite level. Double 
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tempering at up to 400°C also shown, had little effect on the initial 

austenite level. Double tempering at temperatures above 400°C, however, 

led to a large reduction in the austenite present. The effect of loading 

is also shown in Fig. 37. In the as-cooled condition there was a 

substantial amount of transformation with load after 2% plastic strain, 

essentially a 60% reduction in level. This was consistent with the 

behavior of the oil quenched material. Following tempering in the 

300-400°C range, the remaining austenite was more stable to load. The 

absolute level as well as the percentage transforming was significantly 

different from the as-cooled austenite. Tempering in the 425-470°C 

range, however, reversed this trend. The austenite lost its stability 

to loading and after the 470°C treatment it was, essentially, fully 

transformed after 2% strain. Double tempering seemed to affect only 

the initial levels, with the amount transforming with the first 

increment of strain basically constant. 

3. 5.0 ern Air Cool - 300-M 

Figure 38 shows the behavior for the microstructure developed 

through air cooling a 5.0 em thick slab. The initial austenite level 

was higher than either of the other two conditions discussed with the 

initial level approximately 17.5%. Tempering in the 300°C to 450°C 

temperature range led to a decrease in the austenite level from that 

of the as-cooled material. The same behavior, as observed in the 2.5 em 

material, was observed in the 300 to 400°C range where the austenite 

level was lower with lower tempering temperature. Higher temperatures 
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of tempering [> 400°C] led to a significant decomposition of the 

austenite with only 8% austenite retained after a one hour temper at 

470°C. 

The stability of the austenite with loading is shown as well. The 

behavior is similar to the previous treatments. However, the as-cooled 

stability while lower than that of the austenite conditioned by tempering 

was more stable than the austenite found in the oil quenched and 2.5 cm 

air cooled material prior to tempering. The stability was maximized 

in the 300-400°C tempering temperature regime. Instability to load 

set in again after tempering between 425° and 470°C with 2% strain 

eliminating all austenite after the highest tempering temperature. 

Double tempering led to behavior similar to that found in the thinner 

section. It reduced the initial austenite level in the unstable regime 

(425-470°C). However the austenite behavior with strain, specifically 

the absolute amount of austenite transforming with strain, was constant. 

Figure 43 compares the behavior for the 400° and 470°C temper conditions 

of this 5.0 cm section. The slope of the line representing the austenite 

level serves as a good measure of the austenite stability as a function 

of strain. The decomposition rate is much greater after tempering at 

470°C. This leads to a higher work hardening rate, as expected, when 

austenite transforms to martensite. Table XIV shows the levels of aus

tenite present for the 5.0 cm thick material as determined with X-rays 

for several conditions of interest. The levels correlate well with the 

magnetic saturation levels. The table also shows the lattice parameter 

for the austenite peaks of interest. There seems to be a decrease in a 
o 
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after tempering in the 470°C range, implying the formation of carbides 

concurrent with the decrease in austenite stability. 

4. 10 em and 15 em Air Cool - 300-M 

Figures 39 and 40 show the austenite levels and austenite behavior 

for these two thicknesses. The initial levels in the as-cooled con-

ditions were essentially the same, approximately 29%. The levels present 

after tempering in the 300°C to 400°C range were similar to other 

treatments' with decomposition more rapid at lower temperatures, leading 

to higher austenite levels after the 400°C temper. Then, as with the 

other treatments, the austenite level fell off at 450°C, particularly 

sharply in the 10 em thick material. The stability of the austenite 

was high in the 300°-400°C range with lower stability in both the as-

cooled and 450°C temper conditions. However, the as-cooled instability 

was less pronounced than for the thinner air cooled sections. 

5. 2.5 em Air Cool - 4340 

In an attempt to understand the role of silicon on the austenite 

level and stability, the austenite behavior was also explored in this 

steel. Figure 41 shows the behavior of the austenite, as a function of 

tempering temperature. The retained austenite level was significantly 

below that of the counterpart treatment in the 300-M, 4.5% compared 

with 14.5%. The level of austenite was essentially unchanged with 

tempering at 200°C. However, tempering at 275°C led to a drastic 

decrease in the austenite level, with even higher treatments leading 

to total decomposition. The behavior of the austenite when subjected 

to a load was similar in both the as-cooled and 200°C temper conditions 
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with all the austenite transforming with 2% strain. The austenite level 

decreased following tempering at 275°C and was essentially eliminated 

by yield. 

F. }licrostructure Characterization 

1. Optical Metallography 

Figures 44 through 49 characterize the basic microstructural 

features of the treatments of interest. 

a. Oil quenched - 300-M. Figure 44 shows the microstructural 

features of the as-quenched, 470°C temper, and 650°C temper conditions. 

The as-quenched sample is typically martensitic with no discernable 

transformation products present in some alloys with lower hardenability. 

The 470°C temper shows the structure beyond the normal use range. The 

attack is heavy revealing the formation of carbides throughout the 

microstructure. Finally, the 650°C temper shows the typical spheroidized 

structure, containing fine, uniform carbides. 

b. 2.5 em air cool - 300-M. The as-cooled, double tempered at 

450°C, and 650°C temper microstructures are displayed in Fig. 45. The 

as-cooled microstructure is bainitic in general appearance. The 

transformation temperature, however, indicates that the structure must 

also contain significant levels of martensite. The double tempered 

microstructure shows a characteristic carbide-containing morphology. 

It is also noteworthy that the etchant reveals accentuated boundary 

attack implying significant carbide precipitation. The 650°C temper 

shows a much coarser structure than that shown by the oil quenched 

material tempered at the same temperature. However, all areas show 
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evidence of uniform carbide precipitation. 

c. 5.0 cm air cool - 300-M. Figure 46 shows the as-cooled, 300°C, 

and 470°C temper treatments. The as-cooled structure is again typically 

bainitic [lower] with feature sizes larger than those observed in the 

thinner section. The structure tempered at 300°C still retains the 

basic microstructural features with some boundary enhancement. The 

470°C temper is now very similar to the 2.5 cm air cool material with 

boundary precipitation. Although not displayed, the 650°C temper also 

shows microstructural features similar to the thinner section; i.e., 

more pronounced features. 

d. 10 em air cool - 300-M. Figure 47 depicts optically the 

microstructural features of the as-cooled, 300°C temper, 450°C temper, 

and 650°C temper treatments. The as-cooled structure is a bainitic 

structure, more characteristically formed at higher temperatures 

(350°C to 450°C range). There appear to be possible areas of ferrite, 

characteristically light etching. The 300°C treatment lead to structures 

more typically bainitic in appearance, while the 470°C temper shows 

distinct grain boundary attack suggesting extensive precipitation. 

This boundary accentuation remains even after tempering at 650°C. The 

microstructure is much more non-uniform than that exhibited by the oil 

quenched material given the same tempering treatment. 

e. 15 em air cool - 300-M. The microstructure for the as-cooled 

structure and the 450°C temper treatment are displayed in Fig. 48. 

The slow cooling rate experienced by this material developed a micro-

structure that, optically, shows little change with post-cooling treatment. 
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The structures are baini·te. There also appear to be areas of ferrite, 

as with the 10 cm thick section material. Carbide precipitation 

is present in both the as-cooled and tempered structures. 

f. 2.5 cm air cool - 4340. The as-cooled and spheroidized 

conditions are shown by Fig. 49. The as-cooled structure is significantly 

different from that of the 2.5 cm thick, air cooled 300-M. Considerable 

carbide formation seems to have occurred during the initial heat 

treatment. There are also areas of ferrite in the as-cooled micro-

structure. . Little change in optical appearance takes place with 

tempering. The 650°c tempering treatment does not produce homogeneously 

distributed carbides throughout the structure. 

2. Transmission Electron Microscopy 

A necessary part of an adequate characterization of the complex 

microstructures is transmission electron microscopy. Figures 50 and 51 

characterize the oil quenched 300-M microstructures, while Figs. 52 

through 57 characterize the air-cooled 300-M microstructures of 

different thicknesses. Finally, Figs. 58 through 61 characterize the 

microstructural features developed in selected conditions after 

tempering. All micrographs will be discussed in further detail in 

the following section to explain microstructure-property relationships. 

C . 1 h d f" d' " 18 d"d"f" h onvent~ona met 0 s 0 ~n ex~ng were use to ~ ent~ y var~ous p ases 

where possible. In most cases where both austenite and ferrite phases 

were present the phases exhibited the Kurdjurnov-Sachs relationship19 
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IV. DISCUSSION 

Having presented the basic data and figures, it is now necessary 

to present a coherent discussion of the factors that influence the 

specific properties and general behavior of the slow cooled material. 

A. Transformation Characteristics 

1. Continuous Cooling Behavior 

Although the majority of attention in high strength steels has 

been focused on the rapid cooling treatments that lead to fully 

martensitic structures, there has been interest in the thick section 

microstructures which necessarily are not fully martensitic. There 

has been much interest in the area of usingTTT diagram information 

. 20 21 
to construct continuous cooling transformation (CCT) dlagrams. ' 

These attempts are based on the assumptions that (1) the amount of 

nucleation for transformation on a continuous cooling path is never 

greater than the isothermal nucleation rate, and (2) the amount of 

transformation is to a first approximation the amount transformed at 

an average temperature for that time. These assumptions lead to CCT 

diagrams which are shifted to the right and down from standard TTT 

diagrams. These assumptions apply to all materials. A comparison of 

diagrams for 300-M and 4340 (TTT with CCT) , shows these assumptions 

to be valid. The assumptions apply particularly well to the pearlite 

transformations. However, typical additions to highly hardenable low 

alloy high strength steels effect bainite transformations to a much 
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smaller degree. Therefore, continuous cooling can lead to predominantly 

"-bainitic microstructures. The effect of elemental additions on 

continuous cooling behavior must be evaluated in all regions. The 

primary additions common to 4340 and 300-M are nickel, chromium, and 

molybdenum. Th 1 d 1 · f . 22,23 ese e ements retar pear lte ormatlon. Isothermal 

transformtion studies have shown that the levels found in 4340 yield 

adequate pearlite hardenability. The bainite transformations start, 

isothermally, more rapidly (~15 seconds as compared with 250 seconds) 

than do pealite transformations. Continuous cooling behavior has been 

24 shown to be analogous using primary end quench methods. The bainite 

reaction in continuous cooling processes start if cooling to ~400°C 

is not achieved in around 25 seconds. Therefore 4340 cooled in any 

significant section size will contain Some bainite. 

The elemental additions which distinguish 300-M from 4340 are 

approximately 1.4 wt% silicon, 0.1 wt% vanadium, and 0.2 wt% additional 

molybdenum. Both vanadium and molybdenum are strong carbide formers 

and retard pearlite formation. The addition of silicon has been shown 

25 to have a strong influence on the bainite transformation by Babu. 

He found that silicon additions retarded the bainite incubation time 

slightly, particularly in the 350°C to 400°C range. The transformation 

kinetics were more drastically affected, with the time for completion 

significantly lengthened. In many cases, the reactions were found to 

be stabilized short of completion. Isothermal studies using metal-

lographic techniques are not as conclusive. However, continuous cooling 

work does point out the effectiveness of the additions to 4340 in 
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altering bainite transformations, and therefore the hardenability. 

Yuen's data
l3 

as well as published data
26 

support this change in CCT 

behavior. Hardness levels are high, also indicating that the trans-

formations take place at lower temperatures. The transformation 

behavior derived from the air cooling processes is not in agreement 

with Yuen's findings. The magnetic technique used by Yuen was difficult 

to calibrate, leading to unusually high estimates of retained austenite 

levels. Yuen also found a discontinuity in the transformation levels 

in the region where the microstructure changed from a: "lower bainite" -

martensite mixture to an "upper bainite" morphology. This was found 

to be much less pronounced using dilatometric techniques, showing a 

continuous change in behavior. The levels of retained austenite found 

in slow cooling treatments using X-ray and magnetic saturation 

techniques while not as high as those estimates made by Yuen, were 

nonetheless very substantial. Silicon, therefore, seems to be the major 

factor leading to these changes in structure with slow cooling. 

2. As-cooled Structure 

The as-cooled microstructures found in 300-M through continuous 

(slow) cooling can be divided into three classes: martensitic, 

martensitic-bainitic, and bainitic. The oil quenched (untempered) 

material is fully martensitic with -5% retained austenite. An optical 

micrograph of this structure is shown in Fig. 44 indicating typical 

medium carbon martensite appearance. Transmission electron microscopy 

(TEM) can give a better evaluation of the microstructural features 

present. Figure 50 shows the typical lath structure with retained 
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austenite films present between the laths. The laths themselves show 

heavy dislocation tangles. Figure 51 shows one different area of a 

large lath. There appear to be some internal precipitation; too fine, 

however, to lead to any diffraction spots. Again, boundary films of 

austenite appear to be present. There also appear to be selected 

areas of twinned martensite, as expected for the high carbon content. 

More extensive twinning was seen in adjoining areas. This morphology 

h b b f . ··1 1 27-28 as een seen e_ore 1n S1ID1 ar stee s. The amount of twinning 

does, however, seem to be present to a greater extent than in oil 

quenched 4340. 

Slower cooling rates produce distinctly different microstructures 

as revealed by optical metallography uiscussed earlier. The 2.5 cm 

thick air cooled material and the 5.0 cm air cooled material show similar 

microstructural features optically with both having characteristic 

bainite microstructures. Transmission electron microscopy is able to 

reveal more about the structure. Figure 52 shows the mixed micro-

structure that is present in the 2.5 cm air cooled material along with 

significant amounts of retained austenite, as indicated by dark field 

imaging. The austenite is clearly interlath in character with varying 

width. The austenite is at times surrounded by bainitic ferrite 

indicating that the ferrite really has a packet structure consisting of 

several laths close in orientation. Figure 53 shows austenite of 

slightly different morphology. The austenite is wavy in nature as seen 

29 earlier by Huang in an isothermally transformed bainite formed 

~n:a silicon steel. The bright field shows evidence of internal 
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precipitation as well as martensite laths between the bainite, which 

are twinned and thus exemplify the mixed morphology present. 

The microstructure of the 5.0 cm air cooled 300-M is similar to 

that of the thinner section material. It also contains a significant 

amount of retained austenite as shown by dark field analysis. The 

austenite is perhaps more extensive as would be expected. Figure 54 

shows TEM of different areas at the same magnification as in Fig. 53. 

The austenite laths are longer and thicker indicating that the trans-

formation had longer time for carbon segregation. There appears to be 

little internal precipitation in the laths which contain austenite. 

The austenite has a wavy morphology as seen in the 2.5 cm thick material. 

The structures from both continuous cooling treatments have micro-

structtires that strongly resemble the isothermal structures in a silicon 

29 
steel characterized by Huang. He found similar ferrite-austenite 

mixtures after isothermal transformation at 315°C, and was able in 

certain locations to resolve carbide films in conjunction with the 

austenite, which had the same wavy morphology. 

The structures formed through cooling at the slower rates 

«0.15 °C/sec), corresponding to 10 em air cool and 15 cm air cool 

material, do not shmo,1 the same differences in transmission micrographs 

as are seen in optical micrographs. The thick plates of austenite 

are shown in Fig. 55 for the 10 cm slab. The austenite is extensive 

as verified by magnetic saturation and X-ray results. Figure 55 shows 

that the austenite has the same morphology as seen before. The ferrite 

has an appearance that is similar to that seen in the higher isothermal 
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treatments~9 Figure 56a shows another area of the as-cooled structure. 

Again, stringer-type austenite is extensively found, with little 

evidence of extensive carbide precipitation. The 15 cm air cooled 

structure is shown in Fig. 57. The plates of retained austenite are 

characteristically seen as long, thick films and imaged in dark field. 

Figure 56b show another region where the austenite morphology resembles 

that found in more rapidly cooled structures. There is evidence of 

twinned structures present, although not extensively seen. The micro-

structures support the conclusion that the structures are complex and 

that different morphologies are associated with the various trans-

formation temperatures. 

The microstructures found in the air cooled 4340 are markedly 

different. The retained austenite level is very similar to that of 

the oil quenched 300-M, containing approximately 4%. There are fewer 

ferrite-austenite regions as found in the slow cooled 300-M. Substantial 

carbide precipitation has occurred. The optical micrographs also 

reveal significant ferrite which would partially account for the lower 

strength. 

3. Tempering Transformation 

The tempering behavior of 300-M is interesting. It has been well 

established that the addition of silicon to hardenable steels can 

. . f' l' fl h . b h . 10,30-32 Slgnl lcant y ln uence t e temperlng e aVlor. Tempering of 

33-35 
martensitic steels can be divided into the following four stages: 

(1) the formation of E-carbide, (2) the decomposition of retained 

austenite, (3) the formation of cementite, and finally (4) se'condary 
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hardening. These stages can overlap and at times are changed in order 

with temperature ranges subject to composition. Secondary hardening 

is usually associated only with steels having appreciable levels of 

alloy carbide formers. Silicon has been shown to have the largest 

effect on the tempering response of ultrahigh strength low alloy steels. 

In particular, it has been found that silicon extends the range over 

which (-carbide is stable and retards the decomposition of retained 

austenite. Owen31 has suggested that silicon is rejected by the 

carbides, leading to a buildup of silicon and thereby increasing the 

carbon activity surrounding the particle. This leads to a significant 

reduction in the carbide growth rate. Reisdorf
32 

has suggested that 

(-carbide is actually an iron-silicon carbide. Hith this background, 

a discussion of the tempering behavior of the oil quenched material 

and of the tempered (or thermally conditioned) slow cooled 300-M is in 

order. 

The 300-M material in the oil quenched condition exhibits tempering 

behavior similar to other silicon-containing high strength steels. 

Tempering at 300°C leads to a structure that still contains retained 

austenite while having extensive amounts of carbide, as demonstrated 

by the microstructure displayed by Fig. 58a. Others have shown that 

(-carbide is present in this steel after a 300°C treatment.
36 

This 

structure is similar to the'oil quenched structure. The retained 

austenite has not decomposed at 300°C, the normal tempering temperature. 

Tempering at higher temperatures, 400°C to 470°C, leads to the 

decomposition of the retained austenite; this decomposition is 
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concurrent with the occurrance of cementite in the microstructures. 37 

Figure 58b shows carbide precipitation at the lath boundaries after 

tempering at 470°C. 

The tempering process in the other air cooled conditions is 

analogous to the process in the oil quenched 300-M. However, there 

is progressively less and less effect on the structure with tempering 

up to 400°C as the cooling rates become slower (equivalent to thicker 

slabs.) Tempering at temperatures below the transformation temperature 

does not seem to influence the microstructure sig~1ificantly. There 

are, however, subtle differences which are observed between the behavior 

of the various slab thicknesses. The 2.5 cm air cooled material does 

show a significant change in yield strength with little change in 

ultimate strength with tempering. This is probably due to (1) the 

formation of additional E-carbide from the martensite formed at lower 

temperatures, and (2) the transformation of high carbon austenite to 

martensite. Although no microscopy was performed or. the material 

tempered at 300°C,magnetic saturation showed significant austenite 

present which was highly stabilized. The features of the material 

tempered at 470°C, a temperature where austenite was unstable, were 

examined. Transmission electron microscopy revealed that the micro

structure had changed. There were internal carbides present, taking 

on the same morphology as the austenite had in the as-cooled condition. 

The characterization of 5.0 cm air cooled 300-M is the.most 

complete. The 300°C tempered condition was examined first. This 

treatment led to good strength-toughness properties. Figure 59 shml7s 
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the austenite which is present in large amounts (-15%). The austenite 

retains the same structure as that present in the as-cooled material. 

This is to be expected since little transformation takes place below 

this temperature, as shown by dilatometry. Tempering at 470°C, however, 

leads to different morphologies and different properties. Figure 60 

shows retained austenite that is still present in the structure. The 

diffraction pattern indicates a (210) orientation of cementite present 

with the austenite and ferrite orientations. Figure 61 shows a different 

area that does not contain austenite. The morphology of the carbide 

structures is similar to the austenite seen in the as-cooled material 

29 
and in other silicon steels by Huang. These films are not continuous 

implying that the carbide has precipitated during decomposition of the 

austenite. 

The tempering response of the other slow cooled structures have 

not been characterized. However, from evaluation of tensile properties 

and retained austenite properties, their behavior would be similar 

w~th tempering up to 400°C. 

Although no conclusive electron microscopy was performed in the 

tempered structures of the air cooled 4340, its tempering response 

fits the classical response of non-silicon containing ultrahigh 

strength steels. The three stages of tempering do take place in the 

conventional temperature ranges. Morphology of carbides in the as-cooled 

structures imply, however, that cementite might have formed on slow 

cooling. This would possibly eliminate the significant amounts of 

epsilon-carbide formation and imply that cementite formation would 
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follow directly from the retained austenite decomposition. 

4. Austenite Behavior 

Because the retained austenite content and its behavior are directly 

related to any thermal conditioning or tempering which follows the 

cooling process, these effects are discussed in detail. The behavior 

of retained austenite in ultrahigh strength steels has been treated 

thoroughly in the literature, particularly by Cohen and his 

38-40 
co-workers. In many instances the work was performed in higher 

carbon steels in order to achieve a significantly high level of 

austen'ite in the as-quenched condition. Others have also looked at 

the effect in 4340 type steels, noting that the austenite remained 

f 1 
. 30 even a ter ow temperature temper1ng. Attention has been paid to 

the method of transformation of the austenite on cooling (continuous 

. h 1)' . 1 11 vs. lsot erma ln certaln stee s. Finally, significant work has 

been performed in an attempt to understand the level and effect on 

41-45 properties of austenite retained in highly alloyed steels. 

In the 300-M steel, the austenite retained shows significant 

stability after tempering at temperatures through 400°C and re-cooling 

to room temperature. In the quenched and tempered 300-M, a certain 

amount decomposes with low temperature tempering, leaving austenite 

that is stable up to thermal treatments as high as 400°C. Air cooling 

processes lead to a larger amount of austenite, as discussed earlier, 

which exhibits a different response to thermal treatment. Some small 

level is unstable with any tempering. However, a larger amount is 

retained following a 400°C temper compared to a 300°C temper (seen in 
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F " 37 40) I h b b h" " 46,47 h h 19S. - . t as een seen y ot er 1nvest1gators t at t e 

decomposition kinetics of the retained austenite on tempering follow 

those of the decomposition kinetics of the original austenite in the 

quenching (cooling) process. The behavior of 300-M should follow the 

behavior exhibited by the TTT diagrams for the silicon modified 4340 

25 
as seen by Babu. Di1atometry substantiated this by showing less 

length change after tempering at 400°C than shown at 300°C. Material 

cooled at several decreased rates, representative of different air 

cooled thicknesses, all showed this same behavior. The stability of 

the initial austenite increased, however, with decreased cooling rate. 

This was most likely attributable to the increased time for carbon 

enrichment to take place during initial cooling. 

B. Mechanical Behavior 

The strength and fracture properties have been investigated in a 

variety of ultrahigh strength steels over many years. There have been 

two primary approaches to research in these steels. Efforts have 

been made to look at (1) the influence of composition on properties 

and at (2) the influence of novel heat treatments on properties in 

unmodified commercial steels. Alloy modifications have been used 

extensively to improved the medium carbon low alloy steels that were 

present well before the Second World War, i.e. 4130. The primary aim 

was to increase hardenabi1ity through alloy additions as well as to 

increase strength through solid solution hardening. Primary additions 

k 1 1 bd d d "1" 4,48-50 were small amounts of nic e , mo y enum. van a ium, an S1 lcon. 
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Efforts to develop alloys with improved properties in large sections 

with substantial amounts of additional nickel and chromium were also 

undertaken for specialized applications.
5l 

Recent interest has centered 

1 52 
around controlling impurity levels in these steels.' It has been 

shown that sulfur and phosphorus influence the fracture properties as 

well as the transverse ductility. Therefore, investigative work has 

been performed on determining the influence of melting practice on these 

. 53 54 
propertles. ' 

The other approach to alloy design has been to select a heat 

treatment procedure to achieve desirable microstructural constituents 

or eliminate undesirable ones. 
5 7 55 

Goolsby, Wood, and others " looked 

extensively at the role of austenitizing treatments on the fracture 

initiation properties of commercial steels as well as 0 f developmental 

steels. They were able to show marked changes in properties by 

changing the prior austenite grain size as well as the undissolved 

carbide distribution. Fracture toughness increases of 50% were seen 

with little change in yield strength but with large decreases in 

ductility, e.g. reduction in area. 

56 57 
Beginning with Davenport, many have looked at the properties 

associated with bainitic structures, formed either by isothermal 

treatment or continuous cooling at rates slower than oil quenching. 

They found that optimum prop~rties were achieved with treatments in 

specific transformation regimes. Other efforts have been made to 

investigate ausforming. martempering, and multiple austenization 

. . 58 R 1 treatments in an attempt to lmprove propertles. ecent y, 
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investigations have also concentrated on analyzing the microstructural 

constituents in detail in these high strength alloys. The goal of all 

research has been to develop microstructures that lead to better 

properties than exhibited by commercial steels after conventional 

treatments. 

Some attention has been directed as well toward the properties of 

continuously cooled steels with heavy section applications. It has 

been documented that air cooled material does not have as good properties 

d . dl ch d . 1 56 as oes rap1 y quen e mater1a. It has often been felt that the 

mixed microstructures present in thick section are not desirable. 

However, there is no way to avoid a range of transformation temperatures 

and Gorresponding range of structures in a part of any Significant size. 

The primary work toward achieving acceptable fracture properties 

has been directed toward bainitic steels which avoid pearlite 

formation. This can be accomplished with very small additions of boron 

which deter ferrite formation. 57 ,59 The bainitic transformations, 

however, do take place at high temperatures leading to low tensile 

properties. Efforts have been made to evaluate slow cooled conventional 

steels. Vadja, Hauser and Wells ll looked at the effect of silicon on a 

4340 type steel in end-quenched round bars to determine its influence on 

properties. This study and others pointed out qualitatively the large 

effect silicon additions have on transformation behavior and tensile 

properties. 

A study of microstructures formed by slow cooling processes has 

a wide range of application, particularly in the manufacture of large 
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high strength parts. Silicon influences as-cooled properties as well 

as tempered properties through its significant solid solution 

strengthening as shown by Leslie,60 and through its significant influence 

10 31 on carbide morphology as shown by Owen and others. ' 

Before discussing the specific properties of the air cooled 300-M, 

it is necessary to discuss the base line quenched and tempered properties 

t ' h 1 f th 'I' Wood and others 7 ,16,17 found to ascer aln t e ro e 0 e Sl lcon. 

the ultimate strength to be substantially higher than that of 4340 

particularly after tempering at 300°C. This can be attributed primarily 

3 to the silicon additions and has presently been seen by Bhat in other 

modified steels. The fracture properties of 300-M are not significantly 

different from the unmodified 4340. Both steels, when considered at 

equal strength levels out side the embrittling tempering regions, have 

similar properties. 

The temperature range associated with tempered martensite embrittle-

ment (TME), to be discussed later, is well documented to be 260°C to 

315°C for 4340. This has been seen by Anctil and Kula
6l 

and others.
62 

For 300-M, the ,slight minimum in toughness indicative of tempered 

martensitic embrittlement (TME) is shifted to the 400°C temper treatment. 

This toughness drop has been attributed, classically, to the dissolution 

f b ' d d " 'f ,63 o (-car 1 e an concurrent preclpltatlon 0 cementlte. Silicon as 

well as small additions of secondary hardening elements molybdenum 

and vanadium, have been recently used in other steel development because 

of their effects on strength and on tempering characteristics.
49 
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The role of silicon on properties is emphasized by considering the 

air cooled properties of 300-M. First, the differences between 2.5 cm 

air cooled 300-M and 4340 emphasize its dramatic effects as an alloying 

addition. The microstructures, seen optically, are totally different. 

This is reflected in the tremendous differences in tensile properties. 

There are little strength differences (-20%) between the conventionally 

treated 300-M and the air cooled 300-M even though there is a one 

hundred fold difference in cooling rate which leads to bainitic 

structures. The 4340, however, shOlvs a 40% decrease in UTS with this 

cooling rate change. Yuen's data indicates significant transformation 

differences for the 4340, leading to upper bainite in the slow cooled 

4340. The 300-M, however, shows a very flat response to cooling rate. 

In comparing the properties, it can be seen that both air cooled 

steels eXhibit similar fracture toughness behavior after low and high 

tempering temperature treatments with the spheroidized structure 

leading to very tough structures. There is an embrittlement regime 

for each steel. This regime occurs at a much higher temperature and 

is much more substantial for the 300-M. 

The primary emphasis, however, was to investigate the properties 

that various section thicknesses would have in air cooled 300-M alone 

because of the variation in retained austenite levels. The yield 

strength is almost a linear function of austenite content. Work on cold 

rolled, slow cooled 300-M showed that the elimination of the austenite 

led tQ a linear increase in yield properties. The elongation is 

directly linked to the retained austenite in that great improvements 
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in properties were seen when the amount of austenite increased. The 

air cooled 4340 does not have the elongation of 300-M of similar yield 

[16% vs. 11.5%]. The reduc tion in areas are the same, es tablishing 

that the difference is in uniform elongation. The enhancement of 

elongation with retention of metastable austenite has been seen in the 

limiting case of TRIP steels where proper adjustment of composition and 

deformation led to tremendous increases in uniform elongation due to 

h . f' ch .. 64 t e austenlte trans ormatlon aracterlstlCS. 

This improvement in per cent elongation is enhanced by tempering, 

which stabilizes the retained austenite with respect to load, allowing 

it to transform at only the appropriate strain. Elongations of 21 to 

27% are seen in the 400°C temper in the 10 cm and 15 cm thick material. 

The elongations seen in the spheroidized condition do not match the 

levels of the air cooled condition irrespective of tempering treatment. 

Although the yield strength behavior is directly related to 

cooling rate after low temperature tempering, the 5, 10, and 15 cm 

thick microstructures show increasing levels of secondary hardening 

in the 450°C to 550°C temper range, leading to an increase in the 

ultimate tensile strength. The secondary hardening is associated with 

the temperature range where the austenite stability changes drastically. 

The drop in yield strength at 450°C seems indicative of a stress-induced 

transformation. 38 Cohen has reported this type of drop in yield 

strength in high carbon steels exhibiting these transformations. The 

increased ultimate strength is indicative of the high hardness martensite 

that results from the transformation. This leads to composite 
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properties for the bainite-martensite material. The 550°c temper shows 

analogous behavior. The UTS and yield strength are higher than at 

450°C, implying the presence of martensite, but absence, to a degree, 

of stress-induced transformation. It implies that "the isothermal 

decomposition of the austenite during tempering was slow. However, 

destabilization occurred, allowing the austenite to transform to 

martensite upon cooling. Concurrent with this increase in UTS, there 

are both a drop in reduction in area and in elongation. This would 

be expected with large amounts of martensite present, giving the 

material characteristics of the untempered condition. 

The fracture behavior of the air cooled material shows very 

distinct characteristics. The 2.5 cm air cooled 300-M has increased 

fracture toughness over the oil quenched material. The transformation 

characteristics of these avo conditions are very similar even though 

there are distinct microstructural differences. The air cooled material 

shows a recovery of toughness with tempering. This improvement is 

evident with tempering up to 400°C. The air cooled material still has 

good fracture toughness at this temperature, where the oil quenched 

material shows a fracture toughness trough. However, higher tempera-

ture tempering, 450°C to 470°C, yields a much more significant drop 

. h h f 60 k . . 1/2 40 k . . 1/2 ln t e toug ness, rom Sl-ln to Sl-ln. This degradation 

. h h h 5 k . . 1/2 d h'b' d' h h d 1S muc more severe t an t e s 1-ln rop ex 1 1te 1n t e quenc e 

and tempered steel at 400°C. The Charpy data follow the K
1c 

data for 

both treatments. The behavior of the 5 cm, 10 cm, and 15 cm air cooled 

material show somewhat different responses in the 300°C to 400°C range 
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with slight degradation in two cases with tempering above 300°C. The 

peak properties, however, do invariably occur in the 300°C temper 

condition. All these air cooled conditions do show as well 

tremendous degradation of toughness with tempering in the 450-470°C 

range. This degradation is very severe, with toughness always dropping 

. . 1 40 k . . 1/2 Th· d d· k 1 . 1 to apprma.mate y S1.-1.n. 1.S egra at1.on ta esp ace over on y 

50°C in the tempering range. With the thicker sections, the drop is 

more dramatic. The Charpy energies also follow this trend with large 

drops after 450-470°C tempering. This behavior appears to be an 

enhanced tempered martensite embrittlement phenomenon. 

Tempered martensite embrittlement has generally been associated 

with a drop in room temperature Charpy energy after tempering ultra-high 

65 66 
strength low alloy steels in the 260°C to 350°c range.' While this 

association has been observed in notched tensile tests and torsion 

h h . 1 . K 1,67 PI tests, t e p enomenon 1.S not a ways seen 1.n Ic tests. ateau 

behavior in the embrittlement range is seen implying possibly some 

61 
Anctil and Kula were able to see it only in KI tests . c degradation. 

at low temperatures. The mechanism for this embrittlement has not 

clearly been established. Initially, it was held that retained 

austenite might be at least partially responsible. However, metal

lographic evidence by Grossman seemed to dispell this.
65 

Castleman, 

39 Averbach and Cohen also showed that reducing retained austenite levels 

in quenched and tempered steel through refrigeration did not eliminate 

the Charpy energy trough. Lement, et al Baker, and Luil ,68,69 attributed 

the drop in toughness to precipitation of lath boundary films of 
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cementite'. 55 
Goolsby was able to show this boundary precipitation with 

dark field analysis in a secondary hardening steel. However, earlier 

70 
work by Capus has shown that impurity elements seemed to influence 

this trough, and that elimination of these impurities elilninated any 

drop. The influence of silicon on retarding embrittlement to higher 

temperatures, however, substantiates the hypothesis that carbide 

precipitation at boundaries is the primary contributor to the embrittle-

mente The carbide theory does not always directly fit with the 

evidence of some prior austenite grain boundary failure in the 

embrittling region. 

The embrittlement phenomenon seen in the air cooled 300-M is much 

more severe than that reported in the literature for quenched and 

tempered steel. The embri ttlement, however, does appear at temperatures 

well below the temperatures for temper embrittlement (540°C), presently 

linked strongly with impurity segregation, and shown to be reversible. 71 

The deep trough observed does coincide strongly with the change in 

austenite stability. This change appears consistently in the air 

cooled 300-M for all simulated thicknesses as does the fracture 

toughness drop. The Charpy energy, normally the most reliable measure, 

definitely shows the drop, as does the elongation and reduction in area 

for the thicker slab structures. These structures also contain much 

larger amounts of retained austenite. The fracture mode that is observed, 

however, does not show any clear evidence of grain boundary failure, 

with severe lath cleavage apparently the only mode. In these air 

cooled steels, it is seen that tempered martensite'einbrittlement (TME) 
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is exaggerated by the presence of 10-25% retained austenite. The 

retained austenite in the destabilized form transforms with stress to 

martensite, probably high in carbon. If this were the cause for the 

undesirable properties, double tempering, which eliminates some of the 

austenite, would also eliminate some of the degradation. In fact, 

it was seen in the 2.5 cm and 5.0 cm condition that this increased 

the embrittlement. Therefore it must be concluded that the retained 

austenite is destabilized through the precipitation of carbide at its 

austenite-ferrite interface. Table XIV gives an indication how the 

austenite lattice parameter changes with tempering temperature for 

different cooling treatments. It can be seen that with slow cooling 

rates there is partitioning of the carbon to the austenite. It can 

also be seen that destabilization is accompanied by a decrease in 

austenite lattice parameter implying a decrease in carbon content, 

and formation of carbide films. 
29 Huang was able to show carbide films 

in a similar silicon steel. Transmission electron microscopy of the 

300-M in cooled steels showed cementite structure with similar morphology 

to austenite. These long stringers would degrade fracture properties. 

If this behavior was indeed an exaggerated TME, it would be expected 

that similar austenite behavior would be seen in the quenched and 

tempered steel and in the air cooled 4340 since they contained 

austenite. Indeed, the embrittlement phenomenon occurs at the tempera-

ture range where the austenite is unstable. These temperatures are 

much different, 400°C for the quenched and tempered 300-M and 275°C 

for the air cooled A340. Because of the small austenite level, however, 
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the effect is much smaller. Also, in the quenched and tempered 300-M, 

the austenite carbon level is initially lower, perhaps, accounting for 

the earlier destabilization. The main argument disproving the role of 

retained austenite in the embrittlement is the work by Castleman et al.
39 

However, the morphology of the retained austenite was not known then. 

It seems possibly that the austenite that remained after refrigeration 

were the lath films which still could cause limited embrittlement. The 

air cooled 4340 also shows a destabilization of austenite after the 

embrittlement process. Previous investigators, although aware of the 

aus teni te level, were not aware of "the austenite's charac teristics. 

This does not account for all the aspects of embrittlement in the 

quenched and tempered steel, in particular the grain boundary fracture. 

However, it does re-link austenite to embrittlement in these steels. 

Purity, while shown to eliminate the effect in other steels, can not 

really be evaluated. These steels are as pure as can be commercially 

manufactured. Therefore, the embrittlement phenomenon must be dealt 

with in real materials. 

The air cooled steels do show other interesting features. For the 

steels showing moderate levels of austenite (5 to 17%) there is a 

recovery of properties in the spheroidized condition. However, this 

does not happen in the slower cooled steels. The fracture properties 

never recover and, in fact, show cleavage morphology. These steels 

exhibit an upper bainite structure with ferrite-austenite mixtures 

prevalent after primary cooling. Following high temperature tempering, 

the structure would degrade to the other 'microstructure, containing 
, (i 



stringer-like carbides. These carbides apparently do not spheroidize 

with normal high temperature tempering schedules. Higher temperatures 

or longer times must be necessary for spheroidization. The silicon, 

however, must slow growth even at these temperatures. 

The total role of retained austenite on mechanical properties in 

ultra-high strength steels has been addressed by many investigators 

recently in their attempts to quantitatively access mixed micro-

structures. 41 Webster showed that retained austenite seemed to improve 

fracture toughness properties of martensitic stainless steels. 

44 42 
Jin, et al., as well as Pampillo and Paxton, have shown that the 

role of retained austenite is ambiguous in maraging type steels. It 

has been establishal, however,that austenite can be conditioned to 

give unique elongation and fracture properties in TRIP steels through 

its transformation properties by Fahr, Gerberich, Bhandarkar, Parker, 

64 72 73 2 8 9 
Zackay, and others. " Finally, Lai, Rao, and others ' • have 

found that retained austenite is associated with higher fracture 

toughness values in ultra--high strength steels. This association with 

good properties does not imply that retained austenite has been 

unequivocally shown to be good. In the low alloy steels carbon 

partitioning to the austenite could lead to a much less tough austenite 

than found in TRIP steels. The present results provide an 

answer to the previously undetermined role of the austenite. 

First, in quenched steels austenite seems to have little benefit. 

Even when stable it is still transformed after strain levels of 2-4%. 

This is significantly less strain than would be seen in front of a 
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crack tip in a fracture toughness test. When the austenite is unstable, 

the fracture properties of the material are deteriorated by the formation 

of the untempered martensite with stress or by the presence of carbide 

films formed during austenite destabilization. In the stable form, 

the austenite films replace carbide networks that provide a continuous 

crack path. 

For the slow cooled structures, the austenite is present in larger 

amounts, leading to easier assessment of its role on properties. The 

austenite does improve the elongation properties. In its stable form, 

it is an integral part of a microstructure that exhibits good properties. 

When unstable, as with tempering above 400°C, the austenite destabiliza-

tion is linked directly with carbide film formation, and severe 

degradation of fracture properties. The alloy additions to 300-M, 

particularly silicon, which lead to austenite retention also lead to 

higher strength levels through the retardation of pearlite formation and 

substantial solid solution hardening. 

The investigation of air cooled thick section properties leads to 

another interesting phenomenon. This is the behavior exhibited by the 

material given a 650°C post cooling temper. Universally, this is 

expected to lead to normalization of properties, regardless of the 

prior microstructure. It is seen in lower strength pressure vessel 

steels that it is common practice to use this temper to equalize 

microstructure in spray quenched section of up to 12 in. thick, where 

the microstructure varies from martensite at the edge to upper 

bainite or pearlite in the center. The properties exhibited by the 
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as-cooled 300-M steel, however, show that the assumption of immediate 

normalization is not always true. It is seen that the yield properties 

change very little while fracture properties change significantly. 

The 2.5 cm material exhibits ductile properties characterized by a 

dimpled rupture fracture while the 15 cm air cooled material exhibits 

cleavage failure. The properties seem to be cooling path-dependent 

in the silicon modified steel. The large amount of austenite present 

in the thicker material, which experienced slower cooling, seem to 

lead to large cleavage facets attributable to a distribution of carbide 

plates. These features remain even after a 650°C temper. This 

result indicates that alloy additions can influence spheroidization 

processes indirectly through the initial microstructure present, 

or directly through their effect on diffusion or growth processes. 

c. Thick Section Steel Evaluation 

Besides evaluating the role of retained austenite on the thick 

section properties, it is also instructive to discuss (1) the method 

used to perform exploratory research on thick section, continuously 

cooled material, (2) the thick section properties of the steel itself, 

and (3) the methods of evaluating fracture properties. First, with 

today's needs for thicker structure sections, e.g. in pressure vessels, 

it will be necessary to evaluate higher strength materials for thick 

section application. The method of using simulated cooling paths is 

the only viable method of looking at composition effects. This method 

I" r' 
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also allows the evaluation of unusual heat treatments. The numerical 

approach used 'was necessary with high strength steels which transform 

at lower temperatures, giving off substantial latent heat. The method 

must not only rely on matching the rate in the higher temperature range, 

but also matching it in the low temperature region where transformation 

takes place. The use of simulation has been performed using insulated 

boxes to produce cooling rates similar to the center of thick slabs.
74 

However, the region of good match is limited. Therefore it is necessary 

to control the cooling medium. The specimens used for the study, 

although cooled separately, did lead to consistent properties in post 

cooling treatment as well as from thickness to thickness, again 

substantiating the premise that the properties are a function of 

microstructure which in turn is only a function of cooling history. 

To evaluate the properties of the steel for thick section applica-

tions it is necessary to concentrate on tempering levels below 425°C, 

the region below any tempering process which will lead to embrittlement. 

Figure 62 shows the normalized yield strength and fracture toughness 

plotted as a function of cooling rate. This comparison is for the 300-M 

having been tempered at 300°C following cooling, which led to the best 

properties for all treatments. The steel shows the normal trend of 

increased fracture toughness with decreased yield strength. This 

trend is true down to a cooling rate of 0.14 °C/sec at 450°C, which 

corresponds to the air cooling rate for the 10 cm slab. This condition 

had a yield strength of 160 ksi, an ultimate tensile strength of 

205 ksi, an elongation of 18.1%, a fracture toughness of 100 ksi_in l /
2

, 
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and a Charpy energy of. 31.5 ft-lbs. These properties are very good. 

The material shows substantial hardenibility with the maintainance 

of good strength and toughness. There is, however, a degradation 

trend on going to slower cooling rates, implying that undesirable 

microstructural features tend to form with increased holding times 

in transformation regions. These properties are all dependent on the 

austenite stability. The stability allows maintainance of the good 

toughness and good elongation properties. It is not really possible 

to compare this steel in these conditions with normal thick section 

steels that are used for pressure vessels. Those steels are much 

lower in strength, (100-120 ksi ultimate tensile strength). However, 

the 5 cm and 10 cm material have similar ductility properties (elonga

tions of 16 to 20 percent) at the significantly higher strength level. 

The spheroidized properties are much different. While the 

strength level is unchanged with increase in thickness, the fracture 

properties vary drastically. The absolute strength level is very high, 

viz. 150 ksi yield strength. This is comparable with the yield 

strength after tempering at 300°C. The strength is maintained through 

the austenite transformation. allowing uniform strength levels through

out the thickness. However, the fracture properties also depend on 

the austenite decomposition, varying inversely with the austenite 

level in the as-cooled condition. 

In investigating the fracture characteristics of any material 

there is the question of the materials sensitivity to sharp and blunt 

notches, and the question of what test is the best measure of fracture 
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resistance. Ritchie and others 75 ,76 have shown in high strength steels 

that there can be an inconsistency between fracture toughness and 

Charpy V-notch tests due to differences in the region of material that 

the different test sampled for its quantitative measure of fracture 

resistance. In the material treatments investigated in this study 

there seemed to be good correlation between charpy energy and fracture 

toughness trends. Both tests adequately showed the tempered martensite 

embrittlement phenomenon. The failure of certain spheroidization 

treatments to recover good fracture properties was also shown equally 

well by both tests. It therefore seems that both tests in this high 

strength steel study were useful in distinguishing the behavior. This 

was true because the initial air cooling treatment dictated the major 

micros,tructural features present. 
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V. SUMMARY AND CONCLUSIONS 

This investigation has been aimed at widening the methods for 

conducting research in steels. Specifically, its purpose was to 

develop methods for investigating the microstructure-property relation

ships in thick section steels on a laboratory scale, and in 300-M, 

to investigate the role retained austenite had on the mechanical and 

fracture properties. From this study the following conclusions can 

be drawn: 

1. Simulation methods allow assessment of thick section properties 

in small specimens. In this study center to edge variation in structure 

was avoided by investigating the slow air cooling pro~ess. 

2. Using these techniques it was found that an air cooled ultra

high strength steel containing Significant amounts of silicon was 

capable of developing thick-section microstructures with good fracture 

resistance and high strength. 

3. In the steel, 300-M, it was found that retained austenite and 

its stability had significant effects on fracture properties, strength, 

and ductility. The austenite, if mechanically stable, improved uniform 

elongation without a deleterious effect on toughness. 

LI. It was found that the fracture toughness drop associated 

with tempered martensite embrittlement was increased by the presence 

of large amounts of retained austenite. The trough coincided with the 

temperature range where the austenite was destabilized by carbide film 

formation. This result was found for both 300-M and 4340 alloys. 
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5. Spheroidization treatment applied to this steel led to strength 

levels (-150 ksi yield strength) that were independent of thickness. 

The fracture properties"however, varied with thickness. 

6. There appeared to be an optimum cooling rate, which defined 

the point where the properties started to degrade. In 300-M this 

cooling rate was about 0.15 °C/sec. 

7. In general, silicon additions influence hardenability, carbide 

formation kinetics, and retained austenite levels in this ultra-high 

strength steel. 
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APPENDIX I. 

Determination of Retained Austenite Levels 
Using Magnetic Saturation 

The use of saturation induction for austenite determination during 

deformation in unstable austenitic steels has been described earlier. 

These measurements rely on the use of a permeameter built for use with 

with an instron testing machine. This permeameter uses two bucking 

detecting coils placed between the poles of an electromagnet to measure 

the flux change in a specimen. With an increase in the percentage of 

the specimen that is magnetic, there will be an associated increased in 

flux change. This flux change is measured by integrating the current 

from the detecting coil. By having two coils bucking each other, one a 

dummy coil containing no magnetic material, it is possible to eliminate 

the effect of the applied field. The energizing current in the large 

electromagnet is switched from positive to negative with a field 

strength of -6,000 orsted; the field is easily enough to saturate the 

specimen. The equipment has been described earlier by de Miramon.
14 

Whereas previous work was concentrated with materials that were 

initially austenitic, this study was aimed at determining austenite levels 

in steel that were primarily martensiticor bainitic and were therefore 

primarily magnetic. Evaluation of these materials, therefore, required 

the use of careful calibration methods. It was necessary to use a 

standard to represent the signal of totally magnetic material. The stand-

ard had to have the same composition because of the significant influence 

of alloy additions on the saturation induction of the steel. The pure 
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magnetic condition was assured by spheriodizing the steel at 650 GC 

following quenching. Initially, the saturation induction of pure iron 

was also checked against the textbook value to again assure accuracy. 

The following formula was used for the initial determination of the 

saturation induction: 

where 

BS = saturation induction 

N = coil turns 

A = area of the specimen 

x..E
n 

o 

~¢SLFS = flux change due to square loop flux standard 

n = voltage correspond~ng to integrated signal from coil 
containing the specimen 

n = voltage corresponding to square loop flux standard. 
o 

Using this formula the following values for the saturation 

induction were calculated: 

(a) Iron Standard - 21,300 gauss 

(b) 300-M Standard - 19,300 gauss 

(c) 4340 Standard - 20,100 gauss 

These values agree very well with (1) the measured values for iron 

and (2) the calculated value for the alloy steels. 

Knowing the valued for the standards it is easy to simplify the 

formula to determine austenite contents of unknown treatments. The 

following formula was used for the austenite percentage: 
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%Austeni te = 
A 

x std 
A 

where 

n,(nstd) = voltage of specimen (standard) 

A,(Astd) = cross section area of specimen (standard) 

To determine the amount of austenite in the deformed specimen, 

it was assumed that the plastic deformation led to no change in volume. 

Therefore, to the first approximation it was assumed that: 

where 

~£ = change in length 

~ = change in was cross-sectional area 

Therefore the following formula was used to determine austenite levels 

in the plastic region: 

%Austenite = 

Elastic strains, which were very small, were ignored. 
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APPENDIX II. 

Calculation of Cooling Profiles 

Numerical methods were used to calculate the cooling profiles for 

77 
the slabs of interest. For simplicity, the slabs were assumed to 

be infinite, thereby allowing the problem to be simplified to a one 

dimensional problem. The following equation describes the cooling for 

this condition: 

where T is the slab temperature, p is the density, Cp is the heat 

capacity, t is time, x is location in the slab, and k is the thermal 

conductivity. Because the slab is cooled in a real environment, 

heat losses at the surface are due to convection as well as radiation. 

Therefore the following equations describe the boundary conditions: 

-kaT 
ax (at surface) 

where h is the heat transfer coefficient, E is the emissivity, a is 

(1) 

the Stefan-Boltzmann constant, and Ts is the surrounding temperature 

aT 0 
ih = at the center of slab (2) 

An implicit numerical method was used to solve this parabolic partial 

differential equation. In particular, the Crank-Nicolson approach was 

used. 



o 
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'1 
l 

In considering the heat transfer problem it was also necessary to 

consider that the heat capacity was temperature dependent, and that 

with transformtion there was a latent heat given off by the material 

transformed. The first consideration was dealt with by using a function 

routine for the heat capacity. In the transformation an adjusted 

average value was used. Because the equations were solved in a 

normalized form, this procedure only influenced the time step. 

The latent heat term was added to the boundary term. When the 

tiansformtion region was approached by the edge, heat was added, which 

slowed down the coo~ing rate. A latent heat of 800 cal/g-mole was 

added. This was adjusted to account for the limited amount of trans-

formation that was taking place during anyone time internal. In 

determining the parameters, the numerically determined cooling profiles 

were compared to lab data. The best fit parameters were then picked. 

The values of h = .00085 cal-gm/sec-cm2_oC and £ = .9 gave this fit. 

The program follows this eXplanation. It contains two graphing 

routines as well as a curve fitting routine for smoothly determining 

continuous cooling transformation profiles to data points. In deter-

3 mining the cooling profiles the starting values of p= 7.85 gm/cm , 

C = .149 (900°C) andk = .103 gcal/sec-cm-oC were used for the 4340 
p 

and 300-M steels. 
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pPJGP4~ KO~L(T~PUT,~UTPUT,TAPfl=INPUT,TAPE98,PLOT,TAPE99=PLOT) 

rIM':'~SIiJi~ TI1..JJJI,XI UJ;J.I,OIT(lJJOI,·'(lJ)J) ,TKEI'OP(lJJO) 
D'M~NSJnN Ip~rT(31 

nIME~SI0N PEQ(T(41,N1(41 
[OMM~N/PA~t~/D~NSlry.cp,TK,H,EPSILON,THKNLSS,TS.D1ETA 

(~MMON/~RR~YS/R(2011,C(2011,D(2011,F(201',N,NMl 
(OMMnN/CCPC~L/XMIN,XMtX.Y~IN,YMAX,CCXMIN,CCXMAX,C(YMTN,CCYMAX 

CnMMnN/CURVcS/C~VX(5)J,41,CRVY(5JJ,41 ,DP(2J,21,CO[FF(2J,2JI,Y(2JI 
U)\1t~fJNI [~t ~1[ liT I TL ~ (6 I , XL BL ( 3 I ,YL Ell( 3 I 
C OMW)~I/1~4M[2/T'i L F2 ( 6), XXLBl( 3 I ,YYL BL (3 I 
COMM~~/CCFACT/FACT0R 

COMMaN/L~TFNL/HTLAT.TTDP 
DATA DL PI /.)oh);1L I 

C READ IN LAf:<i:LS FIJR r::MPr-~/lTURE PROFILES PLOT- RiCMOVE IF GPAPHING 
C CARD NO.333 ~~D SUBRJUTINE GRAPH ~EMnVED 
C 

C 

RfAD 99, XLAL 
Rft~O 99, YLAL 

C "fAD IN Ud;:lS FJR CJNTll'lUrJUS COOLHIG PLOT - RFMOVE IF PART 2 
C NOT USED (TAKlCq JUT I 
C 

C 

PUO 99,XX1.8L 
RtAD 99. YVUIL 

C PART 1 - C~LCULATES-NUMERICALLY THE TEMPERATURE PROFILES IN AN 
C INFINIT~ SLAR USING CRANK . NICHOLSUN IMPLICIT M~THao 
C FIqST TITL~ EXPERIMENT - THE~ READ IN PARAMETERS 
C ~I~ST CAPO REA0 DE~SITy,HEAT CAPACITY,THERMAl CONDUCTIVITY, 
C HEAT TRANSFER COEFF, ~MISSIVITV, SLAB HALF THICKNFSS, SUR-
e ROUNOING TEMPF~~TURE (CGS SYSTEM) 10 SPACES PER QUANTITV. 
C NeXT CARl") ~ !HAD I~l Tl..,£ I~CxEMFNT, THICKNESS INCRfMENT, 
C FI~AL TIME. ~NO PRINTING INCR~M~NT - 10 SPAC~S 

C 
C 
C 
C 
C 
C 
C 
C 

XXXXX X XXXXX XXXXX 

1 JT=~,I 

THOLO=2J0J. 
HTLAT=Oo 
t FIRST=,) 
THETA=J.v 
READ 99, TITLE 

X x 
XXXXX 
X 
X 
X 

x x x x 
x x XXXXX 

l(XXXX X X 
X X X X 
X X X X 

RE~D 100, DfNSITY,CP,TK.H,[PSIlON,THKNESS,TS 
TF(OFNSITY.lE.J.OI GJ Ta 710 
TFCTR=THKN~SS**2*O~NSITY*CP/TK 

x 
x 
X 
X 
X 

PRINT 101,D~NSITY,GP,TK,H,fPSILON,THKN~SS,TFCTR,TS 

READ tvJ, OTHETA,DlETA,TFI~L.TINCR,TTOP 
JTINT=INT(TINCR*TFINL/DTHETA+ o 51 
TFINL=TFINL/TFCTq 
OTHETA~DTHETA/TFCTR 
TU~E';Oo 

RHO=DTHETA/DZ~TA**2 

PRINT 102, OTHETA,DlETA.RHO 
PRI'llT 103, TITLE 
BI=OI=~H') 

xx 
x x 

x 
X 
X 

XXXXX 
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CI = 2.0*UoO+RH11 
AI"' 1 RH'l 
AF2 = 2.,0*(10') RWll 
I~Ml = PH (loO/DUT~ .. 0 0 51 
N '" r", : ',1'·11 .. 1 
OX = THKN',::SS*,)VTA 
X( 11 = 000 
00 2 1:2, N 

2 X(II = X(I-ll+DX 
C 
C St7T UP IrHiID.L C0NDtTION 
C 

c 

C 
C 

C 

CALL IC (T I 

TOLlH=T(NI 
S~T UP Uo Co ~T X 000 

f:ALL flCO 

I iJ 

C C~LCULATE INHRIIJR P,JINT ClJrcFS. (WlT DEP:;NDING ON TlXI ) 
C 
222 00 3 I=2,NM1 

R(I) = RI 
C(II = CI 
0(11 = 01 

3 C:J~T! NUt 
IKF!:'P=l 
C~T(11=T(~1-273a 

rll'=T(LI-273o 
TKEFP(l'=J. 
GO FI 13 

4 !KEEP=IKEFP+l 
F.(IKEEPI=T(MI-273. 
TIME=TIME+TFCT~*DTHETA 
CNT( IKr:op I =T ( 11 .. 273. 
TKEEP(IKEEPI=ALOGLJ(TI~~+.OOOII 

13 IFIM)DIJT,JTINTI~NE~ 0) GO TO 12 
PRINT 2(1(\, TPtO,TS'(X(l),TlIttl=l,NI 

C 
C REM8VE CAll GRAPH' IF PP~FILP PLOTS NOT WANTED 
C 

TH'JLD=T( M I 
IFITFINL-THfTA o LT o OT4ETA) GO TO 501 

12 DO 5 I=2,NMI 
5 F ( I I = A F 1 * (T ( 1- 1 ) + T ( I + 11 hA F 2 *TI I I 
C 
C CALCULAT~ AoC., AT rOGC flY !T~RATI0N AFTER INITIAL TAYLOP 
C SERIES ESTIMaTE 
C 

JI=I) 
6 CALL BC 1 IT (M I ,JT • J I I 

TOLD=TINI 
CALL THOMAS( T) 

IFIJI .GT .20) G.J TO, 10 
JY=JI+l 
IF(~BS(T(N)-TOLDI.GTonlTA*T(N)1 GO TO 6 

'7JT=JT+l 
IFIRST=!FIPST+l 
TH~TA ~THrTA+DTHFTA 

(Pl:HTCAP(T(MI,TTOPI 
TFCTR=TFCTR*CPI/CP 
C P=CP 1 
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TTHK=Ol~T~*THKNESS 
HTLAT=-SLlUPCc(TINI,TJLD1,TTHKI 
TOLfl1=T (11 I 
P'l. I NT 42 3 , H n. AT. F ( N I , C P , T (: L f) I , T T n p 

423 F~R~ATI~FLJ051 
GD TO 4 

C 
C R.S. AT X=XMAX NJT S~TISF[_n 

c 
10 RfL nIF= ABS(T(NI-T~LOI/Tt~1 

P~INT 30J, ~rL DIF 
Gci Tn 7 

99 F~RMATI8Alnl 

100 FQRMATI8FIJ oOI 
1J1 FJPo\ATI1H1,2JX*S LAB P" RAM I: T E P. 5*11 

1 10X*t\LL IN CoGoS" Ui~tTS 0 • 0*1 
2 lIJX*D,:r,SITY = *F603.~X*SP';CIFIC HiAT -= *F603,5X*THEPMAL * 
3 *CONDUCTIVTTY = *F6.4/10X*CONVECTIVE LOSS COfF. = *lPGIOo 2, 
4 5X*EMISSIVITY = *OPF603,5X*THICKNESS = *F7.3 
5 IIIOX*NATUQAL TIM0 CONSTANT = *F9 0 3* SECONDS*II 
6 lOX *T~MPEPATURE OF SURR0UNDINGS = *F6.1 * DEG. ~*"I 

102 FORM!lTllUX*T"ICF["lENT~o" 0* 5X*DELTA THETA = *F7.3,5X*OELTA ZETA * 
2 *= *F703,5X*~HJ = DT/Dl*2H***2 = *lPGIJ.3111 

103 FuRMATI5X.6AIO III 
200 FORMATI*O*15X*TIM~ = *F9 u 3* SECJNDS*15X*TS = *FIO.41110X*X, TIXI 

X=*/(SI2F1004,3XII I 
3JJ FORMt\TI2X,5H******W \ R N N G - BCl NOT CONVERGED - *lPG13.61 

C 
C 
C 
C 
C 
C 
C 
C 

XXXXX 
x x 
XXXXX 
x 
x 
x 

x 
x x 
x x 

XXXXX 
x x 
x x 

XXXXX XXXXX XXXX 
x x x x x 
XXXXX x x 
x x x x 
x x x x 
x x x XXXXX 

C PART 2 USiS A~R~YS TKEEP,E,CNT TO GENERATE COOLING PROFILES 
C IT SETS UP A LaGfTI~fl VS~ TEMP~RATURE GRID AND PLOTS PROFILES 
C IT ALSO HAS THE CAPABILITIES OF AbOING PER CENT TRANSFORMED 
C PLJTS WHICH ARE CURVES FITTED TO DATA. READ TITLE FIRST. 
C 
50l READ 600,TTLE2,MATl 

C 

111= 1 
CALL CNIGRO 
CALL CCPL1TITKEEP,E,IKEEP,4HJCINI 
CALL CCPLJTITKFEP,CNT,IKEEP,4HJOINI 

C CO'HPHICiUS C:lJL INC TRANSFORMATION CURVES ARc FIT TO DATA POINTS 
C FIRST TIME THROUGH AND SAVED FO~ SUBSEQUENT PLOTS IF MATL NOT ZERO 
C FIRST TIME THRrJUGH lOP IF MATLoNEoOI t-JOo eCT LINES MUST BE SP'EC. 
C AND NO o OF DATA POINTS AND ORDLR OF FIT MUST BE SPEC. PER CENT 
C TRANSFORMEO ALSO SPECIFIED. THEN DATA POINT PAIRS READ 
C 

IFIMATLofQo~1 GO TO 525 
IFIMATL.fQ.IJJI GO TO 1 

READ 601.Nsn $ NSFTl=NSET ' 
502 READ 6nl,Nop.N0PP~ 

READ 602, PERCT(Illl 
IF fNDPPtoGToNDPI GrJ T:J 701 
IFfNDP.GT o 20I GO TO 7J2 
DO 503 1= 1,NfJP 
READ 603, (DPIY,JI,J=1,21 
DPII,l'=ALOGIU(OPII,ll 



0 0 ;,.~ .(j ;;:;~ J k' ;.~~~ riff 

503 CONTINUe 
DO 504 1=1.~!f)P 

DO 5J5 JT=l,~Jrp~ 
EXPU=~lIJPP -:"~J T 
Ca~FF(I.JTI=OPI!,l)**~xpn 

5G 5 Ci]~I~ Ii'IUr:: 
YII )=f)PI!.n 

5:1 it C f)iJ TT ·'IU~· 
IT ;:ST=O 
CAll DIAGINOP.·~DPPt:,IT::ST) 

IFIIT·'::STo'l':oO) GO T" 71U 
C~LL DTCALlNOP,t'If)PP~,~!l,T Lll 
f'lSH=~sn-l 
I ll=I Lt+l 
IF P·ISEr.i.T.l) G.] T:J 525 
GO T':l 50? 

~25 DO 526 K=l,NsrTl 
NHLO=NlIK) 
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IF(PEfI.CTIKloGTolOOol G'J T'l 528 
TRU~=90o+CRVYINHLO,KI 
ENC80EI30,b04,IPRCTI PE~CTIKI 

.'s, ~,.-

CALL CCLT~IIOJfio,T~aN,a,2,IP~CT,3JI 
528 00 577 L=l,NHLD 

EILI=CRVXIL,KI 
C t~ TIL ) = CP VY ( L ,K I 

527 C ')I'll HJU;: 
CALL CCPL1TI~,CNT,NHLO,~HJO!~1 

526 corHl NUr= 
GO TO 1 

701 PRI~T bOS 
GO T,) 1 

702 PRINT 606 
GO Tn L 

703 PRInT 607 
G,) TCi 1 

600 FQRMATI6AIO,!SI 
601 FJRMAT(2I51 
602 FJRMATI~lJ.41 

603 FOR~ATIIOX,2IFIO.511 

604 FORMAT(lX,F5.1,14H P~R CT T~A~S. 

G .~ 

6:)5 FOR).1AT( 2X. * JRDER OF FIT TOO HIGH * 

t:':; .' 

606 FORMAT(ZX, * T~O MANY O~TA POINTS FOR ANALYSIS * I 
607 FORMAT(2X, * T~~ EQUATION C.N NOT qE FIT * I 
710 CALL CC~ND 

STIJP 
ENf) 
SUBRCJUTI'~': IC(TI 

c 
C IC S~TS UP THE INITI~L T~MPERATURE QISTRIAUTIQN OF THE SLAB. 
C TH~ RE~SnN FOR A~~AY TI IS SO THAT T~f INITIAL TEMPERATURE OIST. 
C MAY BE ~ADE A FUNCTION ~F Xa 
C 

CO MrION I A Q, f1. W S I a I 201 ) ,C I 2 J 1 ) ,0 ( 2·)1 I • F ( 201 ) ,N, N M 1 
DIMc~S!ON TI5001,TI(5001 

DATa TI/250*LL73~1 
Drl 1 1= 1, N 

1 TH I = 1143" 
RETU1Hl 
END 
SUBROUTINE BCO 

c 
C BC0 SETS THE ROUNnA~Y CONDITION AT ZERO. 

r 

OOChH 
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CnMWIN l"'kP..t.V~1 'l12J1I,CI201l,[J(2Jl),F(201),N,~1!.11 
BIll 0.0 
Cll) 100 
[1111 cl.J 
FIll 0.0 
P F TUF ;~ 

i.ND 
S!JRFiOI.ITlf\;[ GDM'H(X,V,/I,Tlt':,IFII<.ST,TS,THOLO) 
C0M~JN/CCP01L/XMIN,XMeX.YMI~,YMAX,CCXMIN,CCXMtX,CCYMIN,CCYMAX 
COMMn~/~A~cI/TITL~lf),XLHL(3),YLBL(3) 

r)H1~"J)If)~ XIIOO),Y(lOOI ,TTIM;::(3) 
DATA P~~T,TAfP/IO., 9.1 
CCXMIN=lJJ.4CrX~AX=AJJo$CCYM!N=lJOo'CCYMAX=lOOO. 
XMTN=.O 
X~1'\X=X (:~ I 
Y~lI N= 3JJ. 
Y).1AX= 12000 
TCHCK=Y(MI-TS 
IF(T(HCI~oLi .1J.) P'\TURN 
IFIIFIP.SToG<:oll Gfl TO 32 
CALL CCN;::XT 
CfLL CCGPIOIl,IFIXIPART),6HNOLBLS,1.IFtXITRAPII 
CHL CCLEL(1FiXIP~'<.T),IFIXIHAP)I 
Co,Ll CCLF<:12611.,I·.J •• n,l,XLBl,3/)) 
C ~ II C CL T k I 1 J 0 • 55 J. , 1 • 1, YL fI L • 1 J I 
CALLCCLTR 1 1000.102')" ,O.2.TITLE,(0) 

32 C~LLCCP(8TIX,y,M) 
CCY=YIM)-2JJ. 
~NC~DfI30,50.1TIMEI TIMf 

~~ FORMATI 4H T = , G7.l. 4H SEC I 
IFITHOLD-YIMI.Li.12.1 RETURI'l 
CALL CCLTRI620o,C(Y,O,l,IT.IME,30) 
R~T'JRN 

::N~ 

SUBRlJUT HI f~ flC 11 TT. JT • JI ) 
cnMMO~/LATFNL/HTLAT,TTOP 

C BCl CALCIJLAT!:S THF i'h111W)AP.Y CONDIT ruN COEFFICIENTS AT lETA EQUAL 
C TO ONE dY FIRST MAKING ~ TJYLOR ~FRI~S APPROXIMATION AND TH~N 
C ITERATI~G UNTIL TH~~E IS NO FURTHER CHANGE IN TIN). 
C 

COMM'JN I::"Rr.AYSI B(Z<lL),C(2IJl),D(2011.FI20l),N,NMl 
COMMON IPARAMI DENSITY, CP, TK, H, EPSILON, THKNESS, TS, olETA 
DATA SIGMA Il0355F-lZI 
T = TT 
IF IJT oGT. J) Gn TO 1 
BI/'ll =101 
DIN) = 0.0 
OX BY TK = DlETA*THK~ESS/TK 
AFl OX ~Y TK * H 
ACl ,\F!{·l.O 
AFl. AFl*iS 
AC2 OX BY TK * ~PSILON*SIGMA 
AC3 4.0*6C2 
AF2 AC2*TS**tt 
AF3 3 0 0*6C2 
FN = AFU4F2 

1 IF (J loG T. 0) G'J TO 2 
TM3 = T**3 
CI"J) ACl + AC3*TM3 
FIN) = FN + lF3*TM3*T -HTLAT 
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RtTUR~J 

2 FINI=FN-HTLAT 

C 

CINI = I'\C 1 +- !\r2"T,:d~.3 

~t; TURi~ 

EN[) 
SUR~OUTIN~ THn~ASIU) 

C D'114J~1 I /l ~.R fl Y SI B I 2Jl ) • C I 2 Jl ) .0120 LI • F ( 20 1) ,N, NM 1 
DIM~NSI'lt, ALF:\12,)1', Bci41Z011,U12011 

C NUTE - DIVlSIU"J TI,'<FS A8r)IIT FOUR TI'-.1:::S AS LUNG AS /-IIJLTIPLICATION. 
C 

CINV = 10<l/el1l 
ALFAIll = ~Olll*C{t'JV 
8ETAll1 = Flll*CINV 
no 1~ 1 =2, ~JM1 
lMI = I-I 
D 1='10 = 10 I) II 13 I 1 I * A l F 1'\ I 1M 1 I +- C ( 1 II 
ALFA(II = ·O(tl*O~~Q 
8ETA(11 = (FIII-3(!I*B;:H(~~11I1*C)OJ] 

15 CDNTINUr: 
U(~I = IFIN) • B(N)*R~TAINMl)I/ICINI +- BtMI*AlFA(N~lll 
DO 25 J=l.:~Ml 
I = "I-J 
UtII = AlFA(II*Utl+-lI +- P,~H(11 

25 CONTTNUF 
Rf'TlP.N 
END 
SUBROUTINE DIAGI~P0W,NC~l,lTr:STI 
COMMON/CU~VES/CRVXI500,41,CRVY(500,41,DP(20,21,_(20,201,8(201 
[)! '~"NSIJN C:Q!\1I\T I~), 20 I ,CONS T I 2'1 I 
NEQM~X=~ROW-NCJL+-1 
DO 50 N=Q=t,~~Q~~X 
DIl 2(j ! =1 ,lKll 
00 1J J= 1,'KOl 

1) EQMAT(I,JI=A(NfQ+-I-l,JI 
2J CONSTII'=I3("IE0+I-ll 

KMAX=NCtll-l 
00 3,J K=1,KM.!lX 
PtVOT=~QMI'\T(K.KI 

IF(ARS(P1V0TloLTJlE-501 G'l TO 60 
IMIN=K+-l 
on 3J I=IMIl'l,tJCUl 
F=EOl.1ATII,KI/PIV'H 
CONST(II=CONST(II-F*CO~ST(KI 
OJ 3J J=K,"IC,]l 
E OM A T I I ,J I = EO MAT ( I oJ 1- F *f' Q~~ 1\ T I K, J I 

3 /) CONTINue 
DO 4J KT=2,NCJl 
K="ICOl+-2-KT 
PIVOT=;QMATIK,KI 
IF(ABS(PIVOT).lT.IE-50) GO TQ 60 
IMI\X=K··1 
~O' 40 IT=l,!MAX 
I=K-tT 
F = E QM A T II • K II P I V 1T 
CONST(ll=C[j:~ST( Tlc'F*crY~STIKI 
DO 40 JT=I,K 
J=K+I'-JT 
EQM~T(I,JI=~QMATII,JI~F*r:QMAT{K,J) 

411 cmn !NIJE 
~r) 50 1=1 ,NC'1l 
A(NEO,I)=CJNST(r)/~Q~ATII,II 
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F" TURN 
60 Pi< I NT 1000 
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1hl'} FtJRMAT(/l:;X,5dH*"**'~ U~J~RLr: fa DEH"HHNL' FITTING f'QUATIONSo *****1 
!TEST=l 
Q<;TURr~ 

I,);) (Hh', 
0000(; 

f~jl) OOOOl 
SUBP~UTIN~ PTCAL(NDP,~UPP~,NL.Ill) 

Ul\lW1N/CC P(l[jL IXMI N. X'1<'1X. YM Ttl, YI.1AX,CCXMIN,CCXMAX,CCYMIN ,CCYMAX 
COMMGN/CU~VES/CFVX(50J,~),rRVY(5Jl,~I,DP(2a,2"CotFF(2O,20),Y(201 
DI'1ENSIJN N1I~1 ' 
N=O $ PI=3~14l59?654 
TF C T = ( Do ( "JO P, 1 ) .. 0 PI 1, 11 ) 14000 
XK;:"'P=DP I l,l) 
nn 80 IT[MP=l,400 
N=:~+ 1 
t=ITEMP-l 
T~MP=FLJAT(tl*TFCT+XKEEP 

IFITEMP.GT o1 D I1,l)) GO TO 11 
CRVXIN,Ill)=TfI.1P 
CRVYIN,Ill)=DP(l,21 
GO TO ILl 

11 IFITFI-'p.GT.DDUJQP.l)I GO TL· 90 
CRVXIN,Ill'=TEMP 

7:.) 

r M <'IX =~:DP' 1 
DO 10 1= L , r I.1A X 
IPLU51=I+l 
I F ( p, i4 PoL ToDD ( I , 1 ) 0 J k 0 r·" t~ P. (; ToO P I I P L U S 1 , 1 I) GO TO 10 
I qc:G UJN= r 
GO Til 2'J 

IJ CO~TINU: 
20 TI\lEAV~=O. $ K-NOPoE-l $ J=IREGION-NDPPE+2 S SNJRM=O. 
30 IFIJ~GToOI GJ TO 40 

K=K~ 1 \\ J=J+ 1 
GO ff) 30 

40 00 60 I=J,IREGION 
IFlloGT"INop·r,I)PP[+lIl G:J T:' 50 
IFI="JOPPE+I-l 
S= I S l'~ (P I " IT f '-1P- DP I I, 1) I II OP I I F I, 1 I-DP II. 11 ) I 1** 2 
SNJRM=5Na~M+S $ TIM~AV~=TI~cAV~+S*~Q(T~MP,COEFF,I.NOPPEI 
Grl TO 60 

50 K=K-l 
6,J CONTINU,:: 

rF(TIMEAVE.~Q.O.O.ANO.S~0PM.~Q.0.OI 
TIMEAV(=TtME~VE/SNJRM 

rAVYIN,Ill)=TIME~VF 

IF ITI~c<'lV~.G~oYMIN) GO TO 70 
CAVYIN,Ill)=YMIN 

GO TfJ RO 
IF ITIM:AVf.LToYMAXI GO TO 80 

CRVY IN.! 111=Y~lAX 

SNORM= 10 0 

80 
l06 

90 

CONTINU'; 
F~RMATI3x.r5,5X.FIJ.4,5X,Fl~o4) 

NlIIlll=~j 

RETURN 
f:ND 
SUBROUTINE CNTGRO 
COMMON/1AME2/TTLE2(6I,XXLBLI3),YYLBL(31 
COM~ON/ccponl/XMIN,XMAX,~MIN,Y~AX,CCXMIN,CCXMAX,CCYMIN,CCYMAX 

COMMON/PAR~M/DENSITY.CP,TK9H,EPSILON.THKN~SS,TS,OlETA 
DIMENSIJN ILABEL(3) 
CO'1t~ON/CC H.CT IFAC TOR 



11 
12 
13 

1 

2 

1 

3 

t)·· .'\ ... 
~ UJ UJ 

XMIN=Oo 
XMAX=5 u 
Y"'lI'Ij=vo 
YMAX=qOOo 
FASTOR=Lo 
ccxr·1iN=l·)Jo 
CCXMAX=1000 o 
CC YMI ~J= LO'J o 

CCYMl\X= 10JJo 
CALL ceNE XT 

1 ,V 
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CALL CCGRIO(5,L,6H~0LBL$,9,lOI 
CALL CCLTR(2J~.,lJ2J.,J,2,TTLE2,6JI 

CALL CCLT~(400o,20o,n,2.XXL8L,301 
CALL CClTR(Z'.io,l;.tJvo,l,Z,YYLRL,3:l) 
CAll CClTR(SJ •• IJJ.,),2.lH0,1) 
CALL CClT~(50o,400o,O,2,1H300,31 
CAll CCLTR(5·]0.7d"l o ,),.2.,3H6,j/),31 
CALL (CLT~(5).,lJJJ.,J,2,?H9JJ,31 
CALL CCLTQ(lOOo,70o,O.2.1Hl.11 
E NC ,JOE (30,11 .I LA B ELI H 
CALL CClTR(7JJ.,9~J.,J,1,IlABEL.30) 

THK2=THKNf~S*2u 
ENCOD~(30,12,IlA~~L) THK2 
CALL CCLTR(7JJ.,92J.,\J,1,ILABfL,30) 
ENCODE(30,L3,ILABELI ~PSILON 

CALL CCLTR(70~o,R9)o,n.l,tLaB[L,30) 
RETURN 
FORMATllX ,zOH 
.FOR~AT' LX.LZH 
FORMAT(LX,13H 
eNf) 

HE <'IT TRANS CillCF = ,F 100 6) 
THICKNESS = F8 0 4,SH CMo 
E~ISSIVITV = ,F6.21 

FUNCTIO'IJ EDtX,COEFF,I,NDPPE) 
DIMr:NSION COEFFI2\),2d) 
[0=000 
00 LO J=I,NOPPE 
JT=NDPPE-J 

10 fQ=~Q+cnEFFII,JI*IX**IJT») 
RETURN 
[NO 
FUNCTION HTCAP(T,TTOPI 
IF(TolToT~npl GO TO 1 
HTCAP=(4085+.0)3*T)/5b o 

RETUR.~J 

IF(TolEo473o) GO Tn 2 

• 

Al=(T-4730)/200 0 
HTCAP=I~1*(4.85+.JJ3*T)+(1.~Al)*(3.37+.0071*T+43000.01T**2"/56. 
RETURN 
HTCAP=13.37+o~U71*T+43a0100/T**21/560 
RETU[H~ 

END 
FUNCTION SnURCE(T,T~LD,THKNC~S) 
COMMON/LATENL/HTLAT,TTOP 
Al =o!l 
JF(TuGT.TTOPI GO TJ 3 

IFIT.LE.473.1 GJ TO 1 
SOURCE=Al*THKNESS*ITTOP-T) 
TTOP=T 
RETURN 
IF{TOLOo1.F 0 473o ,r;1 TJ 3 
SOURCf=Al*ITOLD-473. ) *THKNESS 
TT'JP= J. 
RETUR''l 

SOUR C f: =). 
R E TIJR'~ 
END 
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Table I. Chemical Composition of Alloys (wt%). 

Alloy C Mn Cr Ni Mo S p Si Cu v 

4340* .41 .80 .79 1.75 .23 .004 .006 .23 .06 

300-M* .42 .76 .76 1. 76 .41 .002 .007 1.59 .1 

* Vacuum are remelted. 



Cooling Treatment 

Oil ~uenched 
OO-M 

2.5 em-Air Cool 
4340 

*wood 7 
** 

As-cooled 

Table II. Tensile Properties - Round Specimens. 

Tempering (OC) .2% Yield Ultimate 
Temperature Strength (ksi) Tensile 

Strength (ksi) 
-~---

100* 215 335 
300 245 286 
350 245 283 
400 244 272 
470 217 244 
500 203 231 
650 156 172 

AC** 167 220 
200 176 215 
275 181 214 
350 176 206 
450 162 180 
650 107 132 

Elongation Reduction 
(%) in Area (%) 

9.3 25.0 
12.1 40.4 

13.1 49.7 
12.1 50.0 
11.5 50.8 
18.1 55.6 

11.0 47.2 I ...... 
13.9 59.7 (j\ 

I 
15.2 65.4 
15.5 64.3 
16.2 62.3 
22.0 69.0 



Table III. Tensile Properties - Round Specimens. 

Ultimate Reduction C Cooling Tempering (OC) .2% Yield Tensile Elongation in Area C Treatment Temperature Strength (ksi) Strength (ksi) (%) (%) (~ 

~ 
"."-' 

2.5 cm Air AC 210 312 9.2 20.4 (:::, Cool-300-M 300 250 297 12.1 32.7 
350 254 291 10.0 35.2 
400 244 280 10.6 37.2 
450 212 260 11.8 32.0 , 
450* 227 258 10.6 32.7 , 

tt-'" 

470 200 250 10.2 31. 3 .., .. 
470* 216 251 10.4 31.2 
470** 225 250 11.1 33.9 I 

'-I :~" ... :. 
650 157 175 18.4 50.1 '-I ,< 

I 
c;:" 

,.-',-. 
~"L 

* ":'<T~~ Double Tempered 'c:: 
** Triple Tempered (,< 



Table IV. Tensile Properties - Round Specimens 

Ultimate Reduction 
Cooling Tempering (OC) .2% Yield Tensile Elongation in Area 

Treatment Temperature Strength (ksi) Strength (ksi) (%) (%) 

S.O cm Air AC 181 264 12.3 29.0 
cooled 300-M 300 218 254 10.7 42.5 

350 214 249 12.3 44.1 
400 210 244 12.7 41.2 
450 185 240 11.6 31.8 
450* 200 234 7.4 31. 3 
470 166 231 12.3 34.4 
470* 199 234 10.8 32.0 
470** 198 228 11.1 32.8 I 

630 166 189 20.5 45.6 
-...J 
ex> 
I 

* Double tempered 
** Triple tempered 



Table V. Tensile Properties - Round Specimens 

Ultimate Reduction ·C~ 
Cooling Tempering (OC) .2% Yield Tensile Elongation in Area C 

e""-I 

Treatment Temperature Strength (ksi) Strength (ksi) (%) (%) "-' 
L-
~'-,.,-" 

';" 

10 cm Air AC 161 209 16.3 45.1 .f""·"', ",--. 

Cooled 300-M 300 165 214 18.2 54.3 *""" .• ",, 

350 172 206 17.7 55.4 
;,~ 

~~,....:. 

'. 
400 173 203 21.3 56.6 ~'-. 

450 157 225 14.7 36.4 ", .... ..,.: 
650 144 173 17.2 51. 3 "I~~>I" .-

~." -', 
',,-

IS em Air .x: 
Cooled 300-M AC 142 200 17.3 38.4 , 

'I, ... .,.., . 

...... .., 
300 157 195 21. 3 53.3 \0 , 

1;~-:"; 

350 156 194 23.1 51.9 <'/"':.-

400 153 190 26.8 48.4 
v" 

'''''''( .. ,~ 
450 132 216 11.6 18.8 -.c 
650 144 179 15.7 47.0 0-, 



Table VI. Retained Austenite, Tensile Properties. 

Cooling Tempering Austenite Austenite Austenite Yield Ultimate 
Treatment Temperature (unloaded) (at Yield) (2% Strain) Strength Tensile 

(%) (%) (%) (ksi) Strength 
(ksi) 

Oil Quenched AQ 5.8 0.8 0.0 238 335 
300-M 300 3.8 2.4 1.4 256 294 

350 3.7 2.6 1.7 252 289 
400 3.1 1.8 0.2 242 271 
470 0.6 0.0 0.0 205 244 
550 0.0 0.0 0.0 204 226 

2 .5cm Air 
Coo1ed-4340 AC 4.5 2.0 0.0 141 190 

200 4.4 2.8 0.7 152 197 
275 .9 0.0 0.0 153 190 I 

ex> 
350 0.0 0.0 0.0 153 188 ·0 

I 
450 147 174 
550 134 163 
650 116 143 



Table VII. Retained Austenite, Tensile Properties 

Cooling Tempering Austenite Austenite Austenite 
Treatment Temperature (unloaded) (at Yield) (2% Strain) 

(%) (%) (%) 

2.5 ern Air Cool AC 14.4 8.8 5.5 
300-M 300 10.5 9.0 7.4 

300* 11.1 9.8 
350 11.4 10.0 8.2 
350* 11. 7 10.4 
400 12.4 10.7 8.3 
400* 12.2 10.5 7.4 
425 11. 7 9.4 5.1 
425* 11.2 8.1 3.4 
450 9.9 5.8 1.1 
450* 7.6 3.8 0.0 
470 6.6 3.1 0.0 
470* 3.8 1.0 0.0 

* Double Tempered 

Yield . Ultimate 
Strength Tensile 

(ksi) Strength 
(ksi) 

199 262 
210 251 
212 253 
208 246 
205 244 
205 243 
194 240 
182 241 
172 239 
164 242 
172 245 
180 241 
180 238 

, 
00 
i-' , 

r-, 
.~ ..... 

C 
; .... i 

t'~~ 

". 

'Pt" --. ~ ... : .. :~. 
~ 
"'~ 
f;~' 
'i:.-. .... 

""" Q:~. 

'" , '-
" "-. ('" 
,~ 



Table VIII. Retained Austenite, Tensile Properties 

Ultimate 
Cooling Tempering Austenite Austenite Austenite Yield Tensile 

Treatment Temperature (unloaded) (at Yield) (2% Strain) Strength Strength 
{%} (%) en (ksi} (ks.i) 

5.0 em Air Cool AC 17.6 13.8 10.4 176 242 
300-M 300 13.8 12 .5 11.5 203 235 

300* 12 .5 11.2 198 238 
350 14.6 13.7 12.4 192 227 
350* 14.7 13.4 200 231 
400 15.3 14.0 12.1 194 228 
400* 14.6 13.1 10.4 185 228 
425 15.1 13.3 9.4 174 220 
425* 10.3 7.0 2.6 171 234 
450 10.2 6.0 1.4 167 238 , 
450* 8.7 5.4 1.0 167 235 co 

N 
470 8.0 4.7 1.1 173 240 I 

470* 4.4 1.5 0.0 176 232 

* Double Tempered 



Cooling 
Treatment 

10 em Air 
Cooled 300-M 

15 em Air 
Cooled 300-M 

Table IX. Retained Austenite, Tensile Properties 

Tempering 
Temperature 

AC 
300 
350 
400 
450 
550 
650 

AC 
300 
350 
400 
450 
550 
650 

Ultimate 
Austenite Austenite Austenite Yield Tensile 
(unloaded) (at Yield) (2% Strain) Strength strenyth 

(%) (%) C%) (ksi) (ksi 

29.3 
24.3 
24.4 
26.9 
14.8 

30.2 
23.1 
25.0 
27.7 
22.1 

26.6 
23.1 
23.3 
25.6 
11.3 

25.6 
22.0 
24.1 
26.4 
17.9 

20.9 
21. 3 
21.9 
23.3 
5.1 

20.2 
20.5 
22.8 
24.3 
9.7 

134 
156 
158 
153 
141 
162 
144 

128 
155 
156 
149 
120 
153 
144 

212 
196 
195 
199 
226 
236 
184 

205 
191 
188 
192 
212 
223 
184 

I 
00 
w 
I 

c 
c 
,t""-", ..... ' 

[- ... 
,-=. 

\"""'1 

~~ 

--~" 
'-.': 
.'~~~ 

C;' 
:t'~ 
~ '. 

-:"'j.,. 

x....,'"' 

...... 'I:~ 

C':'~· 

'i 
·1t''''!l.1~ 

-C~ 



Table X. Fracture Toughness, Charpy V-notch. 

Cooling Tempering (OC) K (ksi-inl / 2) K
Ic 

(MFa!;) C (ft-1b) C (Joules) 
Treatment Temperature Ic y y 

Oil Quenched AQ 31 33.9 r 9.5 [12.9 
300-M (200) (57.5) (63.8) 10.25 13.9 

300 59.5 65.0 18.75 25.4 
16.75 22.7 

350 16.6 22.5 
16.75 22.7 

400 55 60.1 12.8 17.4 
11.9 16.1 

470 62.5 68.3 12.5 17.0 I 

12.25 16.6 
00 
~ 

550 80 87.4 
I 

650 42.0 56.9 
39.0 52.9 

2.5 cm Air 
Cool - 4340 AC 44.9 49.1 10.5 14.2 

200 83.4 91.1 15.5 21.0 
15.4 20.9 

275 79.2 86.6 12.4 16.8 
10.2 30.7 

350 82.0 89.6 15.8 21.5 
15.4 20.9 

450 95.2* 104* 

650 49.3 66.9 
56.9 77 .3 

* Not valid 



Table XI. Fracture Toughness, Charpy Energy. 

K (ksi_in1/ 2) 
r-" 

Tempering (OC) K
lc 

(MPatTm) C (ft-1b) C (Joules) "-Cooling /""",<, ,--, 

Treatment Temperature Ic y y ........ ,., 
~ ... .i' 

"'~'M." 

~-f~"" 

.... ,-, 

2.5 cm Air AC 43.7 47.8 4.8 6.5 <i'~"'<" 

Cool - 300-M 12.4 16.8 
~":,sJ.;:, 

("~ 
300 63.2 69.1 11.8 16.0 ~!~, .... "._. 

16.4 22.3 ~-

350 57.3 62.6 15.8 21.5 'L 
17.1 23.2 

, 
_/c_-. 

400 68.5 74.9 12.3 16.7 -... ~ 
C 

6.6 9.0 '" . 
450 38.9 42.5 7.6 70.3 I 

-.... 
ex> ,';,..",. 

5.3 7.2 V1 Iflt.",,',' 

I 
..... ; 

450** 35.5 38.8 c: 
470 42.9 46.9 

"-,.. ,. 
~~ 

-"" 470** 36.5 39.9 "'''-' 
f\ .. 

470t 34.2 37.4 
1;.: ...... 

~.~ 

650 106.2* 116.1* 20.3 27.6 
13.2 17.9 

* ** t Not valid, Double Tempered, Triple Tempered. 



Table XII. Fracture Toughness, Charpy Energy. 

Cooling Tempering (OC) K (ksi-inl / 2) K
lc 

(MParm) C (ft-lb) C (Joules) 
Treatment Temperature Ic y y 

5.0 cm Air AC 58.7 64.2 11.3** 15.3 
Cool - 300-M 19.6** 26.6 

300 80.9 88.4 15.0 20.4 

350 51.3 56.1 14.7 20.0 

450 59.7 65.2 17.6 23.9 
12.6 17.1 

450 39.0 42.6 8.3 11.3 , 
00 

13.2 17.9 '" 450t I 
32.0 34.9 

470 46.0 50.3 
470t 30.6 33.4 
470=f 31.1 34.0 
650 119.8* 130.9* 33.4 45.4 

34.4 46.7 

* t Not valid Double Tempered 
** ;Trip1e Tempered Radius off 



Table XIII. Fracture Toughness, Charpy Energy. 

Cooling Tempering (OC) K (ksi-inl / 2) Klc (MPa!t~) C (ft-lb) C (Joules) .c§:;' 
Treatment Temperature Ic y y 

..,.-/,i;"~"'"'' 
,,~-

10 cm Air AC 80.4 87.9 25.0 33.9 
., "~~, 

Cool - 300-M 26.4 35.8 
300 100.4 109.7 32.9 44.7 

30.8 41.8 
350 87.5 95.6 19.9 27.0 £~~-

18.5 25.1 
~ 400 86.1 94.1 20.7 28.1 

21.3 28.9 f':::: 

35.8 39.1 4.6 6.2 
:t::::::: 

450 I 
00 
~ 

650 80.4 87.9 11.3 15.3 I 

11.3 15.3 
~,i, 
\,..;,~. 

15 em Air ~~~ 
Cooled 300-M AC 61.5 67.2 12.6 17 .1 

\;rL;~ 12.3 16.7 
300 78.0 85.2 19.0 25.8 

20.5 27.8 
350 80.0 87.4 18.9 25.7 

19.2 26.1 
400 75.7 82.7 17.6 23.9 

18.5 25.1 
450 38.7 42.3 5.8 7.9 

5.4 7.3 
650 62.0 67.8 11.5 15.6 

11.2 15.2 



Table XIV. X-ray Data for 300-M Material. 

Treatment Temperature %Austenite %Austenite a (211 ) a (311 ) a (220 ) 
(220 :211 ) (311 : 211 ) a ex a y a y 

y ex y ex 

5.0 em Air 300°C 14.8% 11.6% 2.866}\ 3.627A 3.628A 
Cool 

400°C 14.5% 14.7% 2.867 3.611A 3.616A 

470°C 3.9% 2.5% 2.868 3.598A 3.598A 

10 em Air 
Cool 300°C 20.0% 17.4% 2.867 3.622A 3.631A 

470°C 9.3% 14.8% 2.867 3.599A 3.592A I 
00 
00 
I 
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FIGURE CAPTIONS 

Fig. 1. Heat treating molds for increasing thickness of tensile specimens. 

Fig. 2. Dimensions for (a) standard Charpy V-notch specimen and 

(b) standard round tensile specimen. 

Fig. 3. Flat tensile specimens used for magnetic measurements. 

Fig. 4. Schematic of standard ASTM impact tension specimen. 

Fig. 5. Continuous cooling transformation diagram for 300-M, determined 

using dilatometry. Rate 1 is equivalent to oil quenching, 

while rates 3 through 6 are equivalent to air cooling of 

2.5 em to 15 cm slabs. 

Fig. 6. Comparison of laboratory and numerically determined cooling 

profile for 2 em thick slab, air cooled. 

Fig. 7. Numerically determined cooling profiles for 2.5 em and 5.0 cm 

thick slabs, air cooled. Edge and center profile shown where 

£ and h are assumed to be 0.9 and 0.00085, respectively. 

Fig. 8. Numerically determined profiles for 10 cm and 15 cm air cooled 

slabs (£ = 0.9 and h = 0.00085). 

Fig. 9. Tensile properties as a function of tempering temperature for 

oil quenched 300-M (Data averaged). 

Fig. 10. Tensile properties as a function of tempering temperature for 

2.5 cm air cooled 300-M (Data averaged). 

Fig. 11. Tensile properties as a function of tempering temperature for 

5.0 cm air cooled 300-M (Data averaged). 

Fig. 12. Tensile properties as a function of tempering temperature for 

10 cm air cooled 300-M (Data averaged). 
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Fig. 13. Tensile properties as a function of tempering temperature for 

15 em air cooled 300-M (Data averaged). 

Fig. 14. Tensile properties as a function of tempering temperature for 

2.5 cm air cooled 4340 (Data averaged). 

Fig. 15. Ductility parameters displayed as a function of tempering 

temperature for oil quenched 300-M. 

Fig. 16. Reduction in area, elongation as a function of tempering for 

2.5 cm air cooled 300-M. 

Fig. 17. Ductility parameters as a function of tempering temperature 

for air cooled 300-M, 5.0 cm thick. 

Fig. 18. Reduction in area, elongation for 10 cm air cooled, 300-M, 

as a function of tempering temperature. 

Fig. 19. Ductility parameters as 'a function of tempering temperature 

for 15 cm air cooled 300-M. 

Fig. 20. Elongation, reduction in area as a function of tempering 

temperature for 2.5 em air cooled 4340. 

Fig. 21. Fracture toughness vs. tempering temperature for oil quenched 

300-M. 

Fig. 22. Fracture toughness vs. tempering temperature for 2.5 thick 

air cooled 300-M. 

Fig. 23. Fracture toughness vs. tempering temperature for 5.0 cm thick 

air cooled 300-M. 

Fig. 24. Fracture toughness vs. tempering temperature for 10 cm thick 

air cooled 300-M. 
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Fig. 25. Fracture toughness vs. tempering temperature for 15 cm thick 

air cooled 300-M. 

Fig. 26. Fracture toughness vs. tempering temperature for 2.5 cm thick 

air cooled 4340. 

Fig. 27. Charpy impact energy vs. tempering temperature for 300-M in 

air cooled and oil quenched conditions. (Data averaged). 

Fig. 28. Charpy impact energy vs. tempering temperature for air cooled 

300-M and air cooled 4340 (Data averaged). 

Fig. 29. Charpy impact energy vs. testing temperature for 2.5 cm 

air cooled 300-M in several temper conditions. 

Fig. 30. Fractographs of oil quenched 300-M. (a) As-quenched, 

(b) tempered at 300°C, (c) tempered at 400°C, and (d) tempered 

Fig. 31. Fractograph of 2.5 cm air cooled 300-M. (a) As cooled, 

(b) tempered at 300°C, (c) tempered at 400°C, and (d) tempered 

Fig. 32. Fractographs of 5.0 cm air cooled 300-M. (a) Tempered at 

300°C and (b) tempered at 470°C. 

Fig. 33. Fractographs of 10 em air cooled 300-M. (a) As cooled, 

(b) tempered at 300°C, (c) tempered at 450°C and (d) tempered 

Fig. 34. Fractographs of 15 em air cooled 300-M. (a) As-cooled, 

(b) tempered at 300°C, (c) tempered at 450°C, and (d) tempered 

Fig. 35. Fractographs of 2.5 cm air cooled 4340. (a) Tempered at 

200°C, and (b) tempered at 275°C. 
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Fig. 36, Retained austenite level with and without load vs. tempering 

temperature for oil quenched 300-M. 

Fig. 37. Retained austenite level with and without load vs. tempering 

temperature for 2.5 cm thick air cooled 300-M. 

Fig. 38. Retained austenite level with and without load vs. tempering 

temperature for 5.0 em thick air cooled 300-M. 

Fig. 39. Retained austenite level with and without load vs. tempering 

temperature for 10 em thick air cooled 300-M. 

Fig. 40. Retained austenite level with and without load vs. tempering 

temperature for 15 em thick air cooled 300-M. 

Fig. 41. Retained austenite level with and without load vs. tempering 

temperature for 2.5 em air cooled 4340. 

Fig. 42. Generalized stress-strain behavior for lower strength austenite 

containing material. Austenite level vs. strain is also 

shown. 

Fig. 43. Comparison of stress-strain behavior, and of austenite vs. 

strain behavior for the 400°C and 470°C tempered 5.0 em thick 

air cooled 300~M. 

Fig. 44. Optical micrographs of oil quenched 300-M (a) As-quenched, 

(b) tempered at 470°C, and (c) tempered at 650°C. 

Fig. 45. Optical micrographs of 2.5 em thick air cooled 300-M. 

(a) As cooled, (b) double tempered at 470°C. and (c) tempered 

at 650°C. 

Fig. 46. Optical micrographs of 5.0 cm air cooled 300-M. (a) As-cooled. 

(b) tempered at 300°C, and (c) tempered at 470°C. 
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Fig. 47. Optical micrographs of 10 cm air cooled 300-M. (a) As-cooled, 

(b) tempered at 300°C, (c) tempered at 450°C, and (d) tempered 

at 650°C. 

Fig. 48. Optical micrographs of 15 cm air cooled 300-M. (a) As cooled 

and (b) tempered at 650°C. 

Fig. 49. Optical micrographs of 2.5 cm air cooled 300-M. (a) As cooled 

and (b) tempered at 650°C. 

Fig. 50. Transmission electron microscopy showing oil quenched 300-M 

structure. (a) Bright field image showing dislocated lath 

structure. (b) Dark field image revealing lath boundary films 

of austenite; [111] \I [110] . 
Y ~ 

Fig. 51. Transmission electron micrograph (a) revealing precipitation 

in a lath with heavy dislocation tangles also revealed, and 

(b) showing evidence of twinning. 

Fig. 52. Transmission electron micrograph revealing the structure of 

the 2.5 em air cooled material. (a) Bright field image 

revealing mixed microstructure. (b) Dark field image reveals 

austenite morphology. Associated SAD shows austenite-ferrite 

pattern; [111] \I [1l0J . 
y ex 

Fig. 53. Transmission electron microscopy revealing the structure of 

300-M, 2.5 em thick, air cooled (a) Bright field image reveals 

mixed microstructure including twinned areas. (b) Dark field 

image reveals wavy austenite retained after cooling. 
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Fig. 54. Microstructure of 5.0 cm thick air cooled 300-M as revealed 

by TEM. (a) Bright field image (b) Dark field image of 

austenite retained after cooling. 

Fig. 55. Transmission electron microscopy of 10 cm air cooled 300-M. 

(a) Bright field image showing structure (b) Dark field image 

revealing austenite; [111] II [110] . y a 

Fig. 56. Transmission electron microscopy of air cooled 300-M with 

(a) bright field image of 10 cm thickness and (b) bright field 

image of 15 cm thickness. 

Fig. 57. Structure of 15 cm thick air cooled 300-M revealed by TEM. 

(a) Bright field image and (b) dark field image of austenite. 

Fig. 58. Transmission electron microscopy showing (a) internal 

precipitation in oil quenched 300-M tempered at 300°C, and 

(b) lath boundary precipitation in oil quenched 300-M 

tempered at 470°C. 

Fig. 59. Transmission electron microscopy revealing structural features 

in 5.0 cm thick air cooled 300-M tempered at 300°C. 

(a) Bright field image and (b) dark field image revealing 

retained austenite, still present after tempering; [111] II [110] • 
y a 

Fig. 60. Transmission electron microscopy showing structure in 5.0 cm 

cooled 300-M tempered at 470°C. (a) Bright field image and 

(b) dark field image of austenite; [lll]y' [Oll]a' [012]Fe
3
c 

zones. 
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Fig. 61. Transmission electron microscopy of 470°C temper structure 

in 5.0 em thick air cool 300-M; (111) orientation. a 

Fig. 62. Normalized yield strength and fracture toughness vs. cooling 

rate. All material in 300°c temper condition. 
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Fig. 1. 
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AISI 4340 - AIR COOLED, 2.5 CM THICK 
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2.5 AND 5.0 CM THICK MATERIAL (300-M) 

Tested ot R. T. 
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60 
CHARPY IMPACT ENERGY VS. TEMPERING TEMPERATURE, 

50 10 AND 15 CM THICK MATERIAL (300-M), 2.5 CM (4340) 
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Fig. 28. 
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CHARPY IMPACT ENERGY VS. TEMPERATURE 
FOR 2.5 CM THICK AIR COOLED MATERIAL 
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TEMPERATURE 
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Fig. 29. 
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XBB 768-7625 

Fig. 31. 
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XBB 768-7124 

Fig. 32. 



-128-

XBB 768-7624 

Fig. 33. 
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XBB 768-7623 

Fig. 34. 
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XBB 769-8123 

Fig. 35. 
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300-M ALLOY STEEL -QUENCHED AND TEMPERED 

Austenitized I hr at 870°C, oil quenched, tempered for I hr 

• Prior to loading 
- *-At yield (e =0.002) 
- ·O--At 2% strain (e = 002) 
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Fig. 36. 
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VARIATION OF RETAINED AUSTENITE 
WITH STRAIN AND TEMPERING TEMPERATURE 

FOR 2.5 CM THICK AIR COOLED 300M 
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VARIATION OF RETAINED AUSTENITE 
WITH STRAIN AND TEMPERING TEMPERATURE 

FOR 5.0 CM THICK AIR COOLED 300M 
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300-M STEEL - 10 CM AIR COOLED 

Austenitized I hr at 870 OCt air cooled, 

32 
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Fig. 39. 
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300-M STEEL - 15 CM AIR COOLED 

Austenitized I hr at 870°C. air cooled. 
tempered for I hr 

-II- Prior to loading 
--O--At 2% strain (e =0.02) 
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AISI 4340 STEEL- 2.5 CM AIR COOLED 

14 Austenitized I hr at 870 °c, air cooled, tempered for Ihr 

-:;:: II Pri or to 10 ad ing 
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STRESS-STRAIN BEHAVIOR 
OF SLOW COOLED 300M 

(0.15°C/SEC) 
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STRESS-STRAIN BEHAVIOR 
IN AIR COOLED 5.0 CM THICK 300 M 

WITH TEMPERING 
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XBB 768-7619 

Fig. 44. 
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XBB 768-7621 

Fig. 45. 
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XBB 768-7620 

Fig. 46. 
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XBB 768-7622 

Fig. 47. 
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XBB 768-7617 

Fig. 48. 
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Fig. 49. 



~1 n , '1 fit I; Cb --I 

1?,) ~ ~i 
: :'1 ~} \1 I; t;\ L·d' • ,Y 

-145-

XBB 763-2464 

Fig. 50. 
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Fig. 51. 
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XBB 769-8116 

Fig. 52. 
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Fig. 53. 
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xlm 769-8113 

Fig. 54. 
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XBB 769-8117 

Fig. 55 • 
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XBB 769-8120 

Fig. 56. 
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XBB 769-8114 

Fig. 57. 
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Fig. 58. 
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XBB 769-8115 

Fig. 59. 
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XBB 769-8119 

Fig. 60. 
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XBB 769-8112 

Fig. 61. 
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