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ENHANCEMENT OF FRACTURE TOUGHNESS 

BY RETAINED AUSTENITE IN 300M STEEL 

BY 

G. Y. Lai, V. F. Zackay and E. R. Parker 

Most of the low alloy high strength steels in.current use are heat 

treated by quenching and tempering to optimize both strength arid tough-

ness. At high strength levels (-200,000 psi), these steels exhibit 

relatively low fracture toughness. 1 A recent study on 4340 steel by the 

use of higher austenitizing tempe1.·atures, viz, 1200 C as opposed to the 

conventional one of 870 C, has resulted in an improvement in fracture 

toughness which was partly attributed to the presence of austenite films 

between martensite laths. This communication presents the results which 

furthersupport the view that the presence of retained austenite films 

between ferrite laths is beneficial to the improvement of fracture 

toughness. 

The steel investigated was 300M of commercial aircraft quality which 

was received irt a fully annealed condition with the following composition 

(in wt. pet.): 0.41 carbon, 0.79 manganeses, 0.75 chromium, 1.85 nickel, 

0.43 molybdenum, 1.59 silicon, 0~04 copper, 0.002 sulfur, 0.008 phos~ 

'phorus, and 0. 08 vanadium. The effect of heat treatment on the micro-

structure and the plane strain fracture toughness, KIC' was studied. The 

heat treatment involved quenching the specimens to different temperatures 

and holding isothermally to allow the transformation to bainite to either 

partial or ~otal completion before quenching to room temperature oil. 

Conventional .heat treatment involving quenching and tempering was also 

used. All specimens were austenitized at 870 C for one hour in argon 
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atmosphere. Isothermal transformation was done in a salt bath. 

Mechanical properties were determined through tensile tests and plane 

strain fracture toughness tests, all conducted at room temperature. 

Tensile properties were determined on ASTM specified round tensile speci-

mens of 0.25 in. gage diameter and LO in. gage length. Plane strain 

fracture toughness (KIC) determinations were conducted in accordance with 

ASTM specification E 399-70T and using compact tension specimens 0.625 in. 

thick. The method of calculating stress intensity recommended by Strawley 

2 
and Gross, was used to determine KIC values. All specimens were fatigue 

precracked before testing. Transmission electron microscopy was employed 

for microstructural characterization. Thin foils for transmission elec-

tron microscopy work were prepared from slices carefully taken from pre-

viously tested fracture toughness specimens. The foils were then ex-

amined in a Siemanns Elmiskop IA operated at 100 kv. 

The results of tensile and plane strain fracture toughness tests 

are listed in Table I. 

The lower figure in Fig. 1, an isothermal transformation curve of 

this steel showing the amount of bainite transformed as a function of 

time at 350 C, was reproduced from the work of C. E. Ericsson
3 

(For de-

tailed information, see Reference 3.) It is shown that the bainite trans-

formation at 350 C is complete after one hour. The upper figure shows 

the KIC values for the specimens isothermally transformed at 350 C for 

5, 8, 10, 14, 60 minutes, and 24 hours respectively. Also included in 

the plot is the value of quenched and tempered specimen (QT). Tempering 

treatment of 300 C for one hour was applied to the as-quenched and par-

tially transformed specimens. It is revealed that the partially 

) 
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transformed specimens (8, 10, and 14 mins.) exhibited higher fracture· 

toughness. They also retained relatively high strength. A plot of KIC 

versus yield strength and ultimate tensile strength is shown in Fig. 2 

and 3 respectively. The partially transformed specimens are shown to 

exhibit better toughness (comparable to maraging steels) than those of 
I 

quenched and tempered at similar strength levels. 

The isothermally transformed structure formed at 350 C consisted 

of bainitic ferrite laths with interlath films of retained austenite. 

The typical microstructure is shown in Figs. 4 and 5. Also shown in Fig. 

5 is a selected area diffraction pattern showing a ( 111) ferrite pattern a 

(broken lines) and a< 110) austenite pattern (solid lines). The orien
y 

tat ion between austenite and bainitic ferrite is < 111 > II< 110) , exhibit-
a Y 

ing the Kurdjumov-Sachs relationship. A (111) austenite diffraction spot 

as indicated by an arrow was used to form the dark field image (Fig. 5 

(b)). The presence of retained austenite in these partially transformed 
l 

specimens was unambiguously determined. These specimens also contained 

tempered martensite due to tempering treatment after partially isothermal 

transformation. It is believed that the improved fracture toughness of 

these specimens compared with those of quenched and tempered which con-

sisted wholly of tempered martensite is attributed to the retained 

austenite films between bainitic ferrite laths. 

The cause for loss of fracture toughness after prolonged holding at 

350 C is not clear. It is believed that the prolonged isothermal holding 

may result in lath boundary carbides precipitating from some interlath 

austenite, although the preliminary examination failed to reveal the 

presence of interlath carbides. Nevertheless, the fracture surface of 
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these specimens as revealed by scanning electron microscope is almost 

entirely quasi-cleavage which appears to follow lath boundaries. 

It is also interesting to note in Fig. 3 that quenching to 250 C, 

a temperature slightly below M (270 C) and isothermally holding for one 
s 

hour followed by quenching to room temperature resulted in higher frac-

ture toughness than quenched and tempered or quenching to 200 C, a much 

lower temperature below M , and holding for one hour followed by quench
s 

ing to room temperature. Lai et al. 4 examined the microstructure of 4350 

steel samples quenched to different temperatures below M and observed 
s 

that upper temperature region favored formation of lath martensite, where-

as both plate and lath martensites formed in the samples quenched to lower 

temperature region. It is schematically illustrated in Fig. 6 (reproduced 

from Reference 4). Several investigators1 •5 have suggested that the pre-

sence of plate martensite could be deleterious to toughness. Quenching 

to a temperature in the upper region below M to avoid formation of plate 
s 

martensite appeared to be another effective way to heat treat the steels 

of this class for higher fracture toughness. 

This research was performed under the auspices of the U.S. Energy 

Research and Development Administration through the Materials artd 

Molecular Research Division of the Lawrence Berkeley Laboratory, Univer-

sity of California, Berkeley, California. 
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Table I. Room Temperature Mechanical Properties for 300 M Steel. 

Test Austenitiz- Isothermal p 
KIC K Specimen ing Temp. Transformation Quench Temper 0.2%Y.S. UTS El max crit 

Number oc Temp~ Time oc Ksi MN/ 2 Ksi Mn/ 2 Pet ~ Ksi-in1/2 MN/ 3/2 Ksi-in1/2 MF./ 3/2 -- m- m- - -m--- ---m 

13 870 - - oil 300 242 1668.6 288 1986 12.5 1.00 62.6 68.9 62.6 68. 9. 

15 870 - - oil 450 206 1420 250 1724 16.1 1.03 62.0 68.2 63.8 • 70.2 

17 870 350 5 min oil 300 239 1648 278 1917 10.3 1.00 63.5 69.9 63.6 70 

16 870 350 8 min oil 300 200 1379 249 1717 15.0 1.03 87.1 95.8 90.1 99.1 
I 

10 870 350 10 min oil 300 198 1365 243 1675 15.6 1.01 92.0 101.2 93.0 102.3 (;1\ 
I 

5 870 350 14 min oil 300 182 1255 218 1503 16.7 1.02 100 110 102 112.2 

2 870 350 1 hr oil - 157 1083 204 1407 23.2 1.07 81.5 89.7 87.3 96 

3 870 350 24 hrs oil - - - - - - 1.04 76.4 84 79.8 87.8 

12 870 250 1 hr oil 30,9 217 1496 270 1862 14.5 1.02 80.5 88.6 81.7 89.9 

9 870 200 1 hr oil 300 239 1648 283 1951 12.3 1. 00 60.2 66.2 60.2 66.2 

t, '-; 
~ ...-1 

• r:. 
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FIGURE CAPTIONS 

Fig. 1. The lower figure (reproduced from Reference (3)) shows the 

amount of bainite transformed at 350 C as a function of time, 

and the upper figure shows the KIC values for quenched and 

tempered (QT), and specimens isothermally transformed at 350 C 

for various times. +-quenched and tempered at 300 C for one 

hour. *Tempered at 300 C for one hour following isothermal 

transformation at 350 C for the times as indicated. 

Fig. 2. A plot of KIC versus yield strength for various specimens. 

*Tempered at 300 C for one hour following the heat treatments 

.as indicated. 

Fig. 3 •. A plot of KIC versus ultimate tensile strength for various 

specimens. Also included is a band of toughness/strength pro-

perties of 18 Ni maraging steels (reproduced from Reference (6)). 

*Tempered at 300 C for one hour following the heat treatments 

as indicated. 

Fig. 4. Transmission electron micrographs of a partially transformed 

specimen (10 mins at 350 C) showing interlath films of retained 

austenite between bainitic ferrite laths: bright field (a) and 

dark field of austenite reflection (b). 

Fig. 5. High magnification transmission electron micrographs of the 

same area as in Fig. 4 showing the structure of retained 

austenite between bainitic ferrite laths: (a) bright field and 

(b) dark field of (111) austenite reflection as indicated by an 

arrow. Also shown is a selected area diffraction pattern 
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consisting of ( lll)a ferrite pattern (broken lines) and ( llO)y 

austenite pattern (solid lines). 

Fig. 6. A schematic drawing showing the structures formed in 4350 

steels quenched to various temperatures below M (after 
s 

Reference (4)). 
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r---------LEGAL NOTICE----------., 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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