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ABSTRACT 

A study has been made of the influence of'austenitizing temperature 

on the ambient temperature toughness of commercial AISI 4340 ultra-high 

strength steel in the as-quenched (untempered) and quenched and tempered -

at 200°C conditions. As suggested in previous work, a systematic 

trend of increasing plane strain fracture toughness (K1c) and decreasing 

Charpy V-notch energy is observed as the austenitizing temperature is 

raised while the yield strength remains unaffected. This effect is 

seen under both static (slow-bend) and dynamic (impact) loading 

conditions, and is rationalized in terms of a differing response of 

the microstructure, produced by each aust~nitizing treatment, to the 

influence of notch root radius on toughness. Since failure in all 

microstructures was observed to procede primarily by a ductile rupture 

(microvoid coalescence) mechanism, an analysis is presented to explain 

these results, similar to that reported previously for stress-controlled 

fracture, based on the assumption that ductile rupture can be considered 

to be strain-controlled. Under such conditions, the decrease in 

V-notch Charpy energy is associated with a reduction in critical 

fracture strain at increasing austenitizing temperatures, consistent 
., 
with an observed decrease in uniaxial and plane strain ductility. The 

increase in sharp-crack fracture toughness, on the other hand, is 

associated with an increase in "characteristic distance" for ductile 

fracture, resulting from dissolution of void-initiating particles at 

high austenitizing temperatures. The microstructural factors which 
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affect this behavior are discussed, and in particular the specific role 

of retained austenite is examined. No evidence was found that the 

enhancement of fracture toughness at high austeriitizing temperatures 

was due to the presence of films of retained austenite. The significance 

of this work on commonly-used Charpy/Klc empirical correlations is 

briefly discussed. 
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INTRODUCTION 

Commercial ultra-high strength, low alloy steels, such as the 

AISI 43XX series, are conventionally austenitized at low temperatures 

(typically 870°C) before quenching and tempering to produce fine prior 

austenite grain sizes,insuring good combinations of strength and 

1 impact toughness. Recently, however, there has been considerable 

interest in employing much higher austenitizing temperatures (up to 

1200°C) to increase the fracture toughness, Klc' of such steels without 

1-8 loss in strength. Unfortunately, although increases in fracture 

toughness by over a factor of two have been reported following such 

high temperature austenitizing treatments, this marked improvement 

in K1c is often not paralleled with a corresponding increase in 

6 9-14 Charpy V-notch impact energy. ' In fact a dearease in Charpy energy 

has been observed concurrent with the increase in K1c for Ni-Cr-M0, 9 

Ni-Cr-Mo-v9 and Fe-Cr-c13 steels, En2s, 11 4340, 4 'lO,l2 , 14 and 300-M4 

steels, in both as-quenched and quenched and tempered (< 350°C) 

conditions. 10 An explanation for this apparent paradox, where 

structures resulting from high temperature austenitization show the 

largest toughness when rated by ~c and structures conventionally 

austenitized at low temperatures show the largest toughness when rated 

by Charpy energy~ has been proposed by Ritchie et a1. 10 in terms of 

the basic differences between the plane strain fracture toughness (K1c) 

test and the Charpy V-notch impact test. It was shown that the 

observed behavior was independent of shear lip energy and strain rate 

• 

I 
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effects, and could be rationalized in terms of the differing response 

of the structure produced by each austenitizing treatment to the 

. * influence of notch root radius (p) on toughness. By considering only 

stress-controlled fracture mechanisms, ie. quasi-cleavage and inter-

granular fracture, where the critical fracture event can be considered 

to occur when the maximum principal stress (a ) at the notch tip . yy 
10 exceeds the fracture stress (aF)' Ritchie et al. argued that for 

failure ahead of a sharp crack (ie. a fatigue pre-crack in a K
1

c 

specimen) ayy must exceed aF over a certain "characteristic" 

distance16 (1), representing the microstructurally significant extent 

of the ·process zone ahead of the notch tip. Ahead of a sharp crack 

where the maximum tensile stress (a max) is in close proximity to the yy 

notch, this distance characterizes the minimum distance from the tip 

where the critical fracture event can occur (ie. a > O"F). By 
. . yy 

increasing the austenitizing temperature, the resultant coarsening 

,of the microstructure gives rise to an increase in characteristic 

distance which leads to an increase in fracture toughness, Kic· Ahead 

of a blunt notch, however, as in the case of the Charpy V-notch 

specimen where p ~ 0.25 mm, the maximum tensile stress is located close 

to the elastic-plastic interface well beyond the characteristic 

distance. In this situation the toughness is controlled by the fracture 

stress (O"F), with an increased austenitizing temperature leading to a 

*Floreen15 arrived at a similar conclusion in explaining conflicting K1 
and Charpy impact toughness results observed in a study of fracture c 
behavior of cast and wrought high strength 4340, stainless and rnaraging 
steels. 
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decrease in OF and to a resulting decrease in toughness. A schematic 

representation of these fracture events, reproduced from Ref. 10, is 

shown in Fig. 1. 

It is important to note that the above analysis is only strictly 

valid for stress-controlled fracture mechanisms, as shown, fbr example, 

by as-quenched, untempered AISI 4340 after austenitizing at 870°C and 

at 1200°C followed by a step-quench at 870°C. When 4340 is direct oil 

quenched from intermediate austenitizing temperatures a'n.d/or tempe·red at 

200°C (the commercially-used tempering temperature), the resulting 

failure mechanisms are primarily by ductile rupture (microvoid 

coalescence). 17 18 Attempts ' to apply the above analysis to such ductile 

fractures have, not surprisingly, met with little success, since 

microvoid coalescence cannot be described in terms of a stress-controlled 

fracture process. The object of the present investigation is to modify 

the previous analysis,10 for ductile fracture, using a strain-controlled 

fracture criterion, to explain the observed fracture behavior of a purer 

heat of 4340 in untempered and tempered at 200°C conditions (following 

direct oil quenching) over the entire range of austenitizing temperature 

from 870°C to 1200°C. Furthermore, in the light of the somewhat 

. 2-4 6 7 19-21 
conflict~ng claims ' ' ' for the microstructural origin of the 

effect of austenitizing treatment on toughness, an attempt ·is made to 

examine the specific role of retained austenite, which has been widely 

ib dl,46,19-21 h f d f attr ute as t e source o improve racture toughness in high 

temperature austenitized steels. 

• 
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EXPERIMENTAL PROCEDURE 

The material used in the investigation was aircraft-quality 

(vacuum-arc remelted) AISI 4340 hot-rolled bar, received in the fully 

annealed condition, and having the following composition (wt pet): 

c Mn Cr Ni Mo Si s p Cu 

0.41 0.80 0.79 1.75 0.23 0.23 0.004 0.006 0.06 

This composition was chosen to represent a purer heat of the 4340 steel 

which was utilized in previous investigations of Lai et al. 6 and 

Ritchie et a1. 10 

As-received material was hot forged and hot rolled to desired 

thicknesses, and subsequently slow cooled and spheroidized at 650°C 

for lh to insure good machinability. Test specimens were heat-treated 

by austenitizing for lh at temperatures of 870°C, 1000°C, 1100°C and 

1200°C prior to being direct quenched into agitated oil, yielding a 

variation in prior austenite grain size from 20 to 230 ~(Fig. 2). 

The majority of specimens were tested in the as-quenched, untempered 

condition. To provide a comparison with commercially-used 

treatments, however, a further series of specimens was austenitized 

and oil quenched as above, and then tempered for lh at 200°C. Toughness 

properties were determined at ambient temperature (22°C) under both 

"static" (rate of increase in stress·intensity at notch tip, 

K ;S 3 MPatTm Is) and "dynamic" (K - 105.;..1.06 MPavm Is) conditions.· 
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For fracture ahead of sharp notches (ie. fatigue pre-cracks where the 

notch root radius p-+ 0), "static" plane strain fracture toughness 

tests to measure Klc were performed on 25.4 mm thick 1-T compact 

tension specimens in accordance with ASTM specifications. 22 All Klc 

values were found to be "valid" with respect to this specification. 

Dynamic fracture toughness (Kid) values were determined using fatigue 

pre-cracked standard Charpy specimens broken using an instrumented 

Charpy impact machine at a hammer velocity of 1.36 m/s. For fracture 

ahead of rounded notches, tests were conducted on standard sized 

. 23 
(10 mm sq) ASTM Charpy V-notch specimens (where p ~ 0.25 mm), both 

under 3-point slow-bend conditions (for static values) and in a pendulum 

type impact·machine with a hammer velocity· of 3.3 m/s (for dynamic 

values). A further series of tests was performed using Charpy V-notch 

specimens, tested in 3-point slow bend, where the notch root radius p 

was varied from 0.025 to 0.40 mm,to assess the influence of root radius 

on static toughness.. All test-pieces were machined in the longitudinal 

(L-T) orient'ation. 

Ambie~t temperature uniaxial tensile properties were determined 
i 

both with 25.4 mm gage length cylindrical tensile bars, tested under 

displacement control on an electro servo-hydraulic M.T.S. testing 

machine, and with 25.4 mm gage length flat tensile bars, tested on an 

Instron Universial (screw-driven) testing machine, at a displacement 

rate of 0.5 mm/min. Yield. and tensile strength measurements were 

averaged from both tests, whereas uniaxial ductility measurements 

(percentage elongation and reduction in area) were only calculated 

' 
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from the cylindrical tensile specimens. To provide a better measurement 

of the ductility of material close to the notch tip in fracture 

specimens, an assessment was made of.plane strain ductility values, 

determined using plane strain tension test-pieces of the design shown 

in Fig. 3. Details of the procedure for measuring plane strain 

. 24 
ductility with such specimens has been described elsewhere. 

. 25 
Magnetic saturation induction measurements, using a permeameter, 

were performed during monatomic tensile tests of the flat tensile 

specimens to assess the extent of any deformation-induced austenite-to-

martensite transforma-tion. Initial (un-defomed) levels of retained 

austenite in the structures were checked using standard X-ray 

26 techniques. Microstructure and fracture morphology were characterized 

using optical, transmission and scanning electron microscopy• 
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RESULTS 

1. Uniaxial Tensile Properties 

The influence of austenitizing temperature on ambient temperature, 

uniaxial, tensile properties of AISI 4340 steel is shown in Figs. 4 

and 5 for as-quenched material and material tempered at 200°C 

10 ' 
respectively. As reported previously yield and tensile strengths 

of the steel are largely unaffected by an increase in austenitizing 

temperature, although a marginal reduction in yield strength may be 

noted for tempered structures. The true stress at fracture, measured 

from the failure load in a tensile test, can be seen to ~ecrease as 

the solution temp('rature is raised. 

2. Toughness Evaluation 

Despite the insignificant change in strength, there are large var-

iations ·in toughness as austenitizing temperature is raised, as shown 

in Figs. 6 to 9 for AISI 4340. Plotted in Fig. 6 are, what one may 

term, "sharp-crack" toughness values, representing toughness values 

measured in specimens containing sharp {ie. fatigue pre-cracked, 

p - 0) cracks. In this instance, static and dynamic fracture 

toughness values {Klc and Kid respectively) are plotted as a function 

of austenitizing temperature. Figure 7 shows the variation of 

"rounded-no.tch" tough~ess with austenitizing temperature, representing 

toughness values measured in specimens containing blunt {V-notched, 

p ~ 0.25 mm) .notches. Here Charpy V-notch absorbed energy is plotted 

both for static {slow-bend) and dynamic {impact) loading conditions. 

-... 

' 
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Also shown is an assessment of toughness computed from the area under 

uniaxial tensile stress-strain curves in test-pieces containing no 

notches. These plots indicate a consistent trend of incPeasing Kic' 

yet deCPeasing Charpy V-notch energy with increase in austenitizing 

temperature. Irrespective of the strain rate (or K) of testing, the 

toughness evaluated in sharp-cracked specimens (Kic' Kid) is seen to 

* be increased, with increasing austenitizing temperature, whereas the 

toughness evaluated in rounded-notched specimens (slow-bend and impact 

Charpy V-notch energy)" is seen to be decreased. Similar trends are 

apparent for 4340 steel after tempering at 200°C, as illustrated in 

Figs. 8 and 9. For such tempered structures, the increase in Kic after 

high temperature austenitization is particularly significant, rising 

from ~c = 56 MPatTm after direct quenching from 870°C to 

~c = 92 MParm after direct quenching from 1200°C (Fig. 8). 

As observed previously, 10 mechanisms of fracture for a given 

structure were found independent of strain rate and independent of 

the technique used to assess toughness. Scanning electron fractographs 

for both as-quenched and quenched and tempered 4340 are shown in 

Figs •. 10 and 11, where it can be seen that failure occurred by a 

ductile rupture mechanism (microvoid coalescence) for all structures, 

with the exception of the structure as-quenched from 870°C. (Fig. lOa) 

which shows additional evidence of intergranular and quasi-cleavage 

* Kic and Kid values are lowered somewhat above 1100°C in direct as-
quenched structures. This result is not observed for step-quenched 
structures,l4 nor after tempering (Fig. 8), and is unexplained at this 
time. 
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fracture. The size and spacing of dimples involved in the particle-

induced fracture can,- however, be seen to have increased as the 

austenitizing temperature was raised. This is clearly demonstrated 

in Fig. 11 for tempered structures. 

3. Variation of Toughness with Notch Root Radius 

10 As concluded in the previous study, the contradictory toughness 

results measured on Klc and Charpy V-notch. test-pieces with increase 

in austenitizing temperature carinot be accounted for.by change in 

loading rate, since similar behavior is seen under both static and 

dynamic conditions. Again it appears that the dimensions of the notch 

root radius are of paramount importance in determining whether 

"toughness" increases or decreases as the austenitizing temperature 

is raised. To examine this further, a series of Charpy V-notch 

specimens were tested in 3-point bend under static (slow bend) loading 

conditions, with the radius of the notch varied from p- 0 (ie. fatigue 

pre~cracked) to p ~ 320 ~m. Results are illustrated in Fig. 12 for 

as-quenched 4340 in the form of plots of "apparent" fracture toughness 

(KA)* versus the square root of the notch radius {p112). The toughness 

behavior observed (Fig. 12) is very similar to that reported for 

10 fitress-controlled fracture in 4340, in that at small root radii 

(p $25 ~m), toughness increases with austenitizing temperature 

(up to 1100°0), whereas at large root radii, toughness decreases. 

* "Apparent" fracture toughness (KA) here refers to the value of Krc 
measured ahead of a notch of root radius p, and is a parameter 
commonly used to estimate fracture toughness without resource to 
fatigue pre-cracking.l0,12,27-29 

' 
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However,· for the present results', fracture primarily occurs by non-

stress controlled fracture mechanisms, namely ductile rupture, and 

10 . 
thus the previous model to explain such results is not applicable • 

Accordingly, an alternative approach is now presented for failure by 

ductile rupture, based .on the assumption that this fracture'niechanism 

can be considered to be strain-controlled. 

4. Model for Influence of Notch Root Radius on Toughness Evaluation 

I h . i . . . 10 h d. h n t e prev1ous nvest1gat1on, w ere contra 1ctory toug ness 

results (similar to those shown in Fig. 12) were observed in as-quenched 

4340 for fracture by quasi-cleavage and intergranular cracking, an 

i i d b d . 1 d 1 27,28 f nterpretat on was presente ase on a s1mp e mo e , or stress-

controlled fracture, of the influence of notch root radius (p) on 

toughness. Under elastic-perfectly plastic conditions, where failure 

is taken to occur when the maximum tensile stress ahead of the notch 

tip exceeds a critical fracture stress (crF)' the variation in toughness 

with p can be described by 

(1) 

where cry is the yield stress and KA the apparent fracture toughness. 

1/2 In this instance, the slope of the KA vs. p plot (eg. Fig. 12) · 

can be related to the critical fracture stress (crF). Since this slope 

decreases with increase in austenitizing temperature, the reduction 

in V-notch toughness with increasing austenitizing temperature was 

associated with a decrease in crF for stress-controlled fracture. 
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In the present case, the same trends are evident (Fig. 12) even though 

fracture is occurring by ductile rupture. Thus, by assuming the 

failure mechanism. of ductile rupture to be primarily strain-controlled, 

we may proceed to re-examine this effect of nQtch radius on toughness. 

Following Rice~0 we consider a flat surface notch with a smooth 

tip radius p. By examining the strain concentration at the tip under 

30 
plane strain conditions, it can be shown that the extensional strain (£) 

at the notch surface, directly ahead of the tip, is given by 

£ + --( 
J ) 

y cryp 
(2a) 

where 

£ = (1-'i) a IE y y 
(2b) 

and 

(2c) 

£y is the yield strain, cry the yield stress, J the path independent 

J-integral, K the apparent stress intensity ahead of notch, radius p, 

V Poisson's ratio, and E the Elastic modulus. By rearranging terms, 

the apparent stress ·intensity K is given by 

K
2 = [ 4 

] a pE(£ - £ /l-v
2

) 
3(1-i) y y 

(3) 

At failure, when the extensional strain (£) exceeds a critical fracture 

strain (£F), the apparent stress intensity (K) will equal the apparent 

fracture toughness (KA). Thus, ignoring small terms in Eq. (3), 

.· 

• 

' 
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an expression for the fracture toughness ahead of a radius notch for 

strain-controlled fracture can be given as 

· (4a) 

Below some critical riotch root radius, p ~ p , the fracture toughness 
0 

is observed to be independent of p31 , 32 (Fig. 12), and hence following 

27 28 the procedure of Tetelman and co-workers, ' it may be postulated 

that 

(4b) 

The parameter p
0

, the "effective" or limiting root radius, can be 

considered in this instance as a measure of the characteristic distance 

or gage length over which the critical strain must be' exceeded to cause 

failure, and is a measure of the minimum amount of material ahead of· 

the notch tip in which the failure initiation mechanisms can operate 

(see also Ref. 33). This distance should be related to the salient 

microstructural feature controlling fracture, which, in the case of 

particle-induced ductile rupture (microvoid coalescence), is likely to 

be closely associated with the particle spacing or distribution. 

Using Eq. (4a) to rationalize the data shown in Fig. 12, it is 

clear that since the yield strength of as-quenched 4340 is independent 

1/2 
of austenitizing temperature (Fig. 4); the slope of the KA vs. P 

plot is now a· function of the critical.fracture strain (£F)' which is 
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a measure of ductility. The observed decrease in slope with increasing 

austenitizing temperature shown in Fig. 12, and thus the reduction in 

V-notch toughness (ie. Charpy energy) when p > p
0

, can be attributed 

to a decrease in ductility found with increasing austenitizing 

temperature. Examination of the variation in uniaxial tensile 

ductility (Ef) as a function of austenitizing temperature for as-quenched 

(Fig. 13) and quenched and tempered (Fig. 14) 4340 clearly verifies 

this trend. In fact the reduction in area of as-quenched 4340 is 

reduced dramatically from 30 pet after quenching from 870°C to a mere 

io pet after quenching from 1200°C. In strict terms, though, the EF 

term in Eq. (4a) refers to ductility in the region ahead of a notch 

under plane strain conditions, ie. to the plane strain ductility (E£>· 

In order to measure this quantity, a series of plane strain tension 

specimens (Fig. 3) was loaded for as-quenched 4340 austenitized at 

temperatures between 870°C and 1200°C. The results are plotted in 

Fig. 15 in terms of the variation of true fracture strain with 

austenitizing temperature, where the uniaxial and plane strain ductility 

values are compared with predicted values, computed from radius notch 

data in Fig. 12 usirig Eq. (4a). It is apparent that while the measured 

(E£> and predicted (EF) plane strain ductilities are not the same, 

the values do exhibit the identical trend of decreasing fracture strain 

with increasing austenitizing_temperature. It is thus concluded that 

the decrease in rounded-notch toughness (ie. impact and slow bend Charpy 
. . ' 

values) with increase in austenitizing temperature can be closely 

associated with a decrease in ductility (ie. true strain at fracture) 

for strain-controlled failure by ductile rupture. 

• 
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To explain the increase in fracture toughness (ie. Kic' K1d), it 

is necessary to consider the situation ahead of a sharp crack (p < p ), 
0 

where the local stress-strain fields are non-uniform, and to evoke a 

modified criterion for failure such that the critical fracture strain 

is exceeded over a critically stressed volume, instead of merely at a 

point. With this criterion, a critical value of strain, £ = EF' is 

everywhere reached or exceeded over a characteristic distance ahead 

of the crack tip. This is an analogous situation to the initiation 

of stress-controlled fracture ahead of a sharp crack where the fracture 

stress must be exceeded over a microstructurally-significant 

16 characteristic distance, such as some multiple of the grain size. 

Since fracture initiation ahead of a sharp crack must involve a · 

minimum amount of material which is characteristic of the scale of 

physical events involved, the initiation event for ductile rupture where 

the displacements produced by internal necking between particles 

are critical, would not be possible over distances smaller than the 

34 particle spacing. By raising the austenitizing temperature in the 

present steel, the microstructure is significantly coarsened (Fig. 16) 

with respect to increased prior austenite grain size (Fig. 10), 

increased martensite packet diameter (Fig. 16) and increased particle 

~pacing (Fig. 11). It is believed that this coarsening, and in 

particular, the increased particle spacing, is responsible for the 

increase in sharp-crack toughness with austenitizing temperature 

(for non-stress controlled fractures). In effect, the greater distances 

between void-initiating particles enlarges the characteristic distance 
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ahead of the crack tip over which the fracture strain must be exceeded, 

which is equivalent to an increase in the parameter p in Eq. (4b). 
0 

This is borne out by the increase in size and spacing of dimples which 

is observed on fracture surfaces as the austepitizing temperature is 

raised (Fig. 11), and is consistant with the increased dissolution 

f bid . 1 35 •13 d lf.d . 1 . 36 •5 . d . h o car e part1c es an su 1 e 1nc us1ons assoc1ate w1t 

high temperature austenitization. 

Thus, summarizing, it has been shown that by increasing the 

austenitizing temperature for 4340 steel in both as-quenched and 

quenched and tempered conditions, the apparent paradox in toughness 

evaluation, increasing Klc and Kid values concurrent with decreasing 

Charpy V-notch energies,is observed when fracture occurs by ductile 

rupture as well as by cleavage and intergranular mechanisms. For. 

failure by strain-controlled microvoid coalescence, the decrease in 

rounded-notch toughness {slow bend and impact Charpy V-notch energies) 

has been attributed is a decrease in ductility or critical fracture 

strain.· The increase in sharp-crack toughness (Kic and Kid), on the 

other hand, has been associated with an increase in the characteristic 

distance over which·the fracture strain must be exceeded ahead of the 

crack tip, apparently brought about.by dissolution of void-initiating 

particles at high temperatures. 

• 

' 
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DISCUSSION 

It may be seen from this investigation, together with the previous 

studies, 10•14 that the decrepancy in toughness evaluation, as measured 

by KI and Charpy V-notch tests in ultra-high strength steels 
c " 

austenitized at increasing temperatures, can be attributed to a dif-

fering response of each microstructure to the notch root radius. This 

decrepancy is independent-of the mechanisms of failure. For stress
; 

controlled fracture (ie. intergranular and quasi-cleavage) the decrease 

in Charpy V-notch energy with increasing austenitizing temperature 

was associated with a reduction in critical fracture stress, whereas 

the.inarease in~~ was attributed to an increase in characteristic 

distance, through a coarsening of the microstructure (tentatively 

. d . h . d i . . . . ) 10 
assoc~ate w~t ~ncrease pr or austen~te gra~n ~~ze • In the 

present work, for failure by strain-controlled fracture (ie. ductile 

rupture), a similar explanation is invoked. The observed·dearease 

in Charpy V-notch energy with increasing austenitizing temperature is 

related to a marked re.duction in critical fracture strain, consistent 

with an observed decrease in uniaxial and plane strain ductility. 

\ 

Examination of the literature reveals that this reduction in ductility 

is observed, almost without exception, for low alloy steels austenitized 

at increasing temperatures, 4 •6 •10 •13 •14 •18•35 and can be attributed 

to greater strain concentrations developed at the boundaries between the 

larger martensite packets. The corresponding increase in K1 again 
c . 

is associated"with an increase in characteristic distance, which for 
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ductile rupture is interpreted in terms of an increase in particle 

spacing resulting from dissolution of carbides, and possibly sulfide 

inclusions, at higher solution temperatures. 

1 4 6 19-21 . A widely quoted explanation ' ' ' for the increase in Klc at 

higher austenitizing temperatures (the corresponding decrease in 

Charpy energy was not considered) has been formulated on the presumption, 

from qualitative transmission electron microscopy studies, that larger 

* proportions of austenite films are retained around martensite plates 

and packets of laths (eg. Fig. 17) after austenitizing at high tempera-

tures (ie. 1100-1200°C) compared to conventional heat-treatment at 

870°C. This explanation was based on data for as-quenched (untempered) 

6 21 4340 and Fe/C/Cr steels. To investigate this quantitatively, 

tensile tests were perf·ormed on a series of untempered 4340, direct 

oil quenched from 870, 1000, 1100 and 1200°C, in which the percentage 

of retained austenite transformed with strain was monitored in situ 

using a magnetic saturation technique during the test. The results 

are shown in Fig. 18, where levels of retained austenite for each 

aus-enitizing temperature are plotted, both initially (ie. before 

loading) and at yield (ie. at 0.2 pet strain). From these results, 

it is clear that not only is there no difference in the amounts 

of retained austenite after different austenitizing treatments, 

but also the austenite is so mechanically unstable in the as-quenched 

*such films are typically 100 to 200 A thick in oil-quenched 4340 type 
steels. 6 
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structure than less than 1.5 pet remains untransformed at yield. Such 

"stress-assisted" transformation of retained austenite, which is very 

characteristic in 4340 type steels in as-quenched, untempered conditions, 

has been closely associated with a marked degredation in toughness 

in both 4340 and 300-M steels, 37 where mechanically unstable austenite 

is rapidly transformed to a brittle, high carbon, untempered martensite 

under elastic loading. It is thus unlikely 'that the presence of 

retained austenite films in as-quenched structures can provide for 

increased fracture resistance. In addition the amount of austenite 

appears independent of austenitizing temperature. This evidence along 

with' the fracture surface appearance tends to discount the role .of 

retained atistenitP in any way accounting ror the increase in Klc with 

high temperature austenitization. 

While it is felt that the analyses presented here, and in the 

10 
previous study, provide useful rationalizations for the "increase 

in Kic/decrease in Charpy energy" paradox in as-quenched'and lightly 

tempered ultra-high strength steels, behavior can be somewhat different 

for such steels tempered at higher temperatures. For exanq)le, studies 

7 11 . 
on 4340 and En25 steels have shown by tempering above 250°C, 

the toughness of structures austenitized at high temperatures is 

inferior to those conventionally austenitized when assessed by both 

~c and Charpy impact tests. However, the considerable coarser prior 

austenite grain size developed at high solution temperatures markedly 

increases the effect of any. impurity-induced grain boundary 
. 10 

embrittlement, which may occurat temperatures around 250°C as 
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tempered martensite embrittlement and at higher temperatures 

(-400- 600°C) as temper embrittlement. Wood 7 has observed a marked 

tempered martensite embrittlement trough in Klc values for 4340 

,austenitized at 1200°C which is very small when the stee.l is 

austenitized at 870°C. However, it is worth noting that the signifi-

cantly coarser structure and larger prior austenite grain size 

resulting from high temperature austenitization, while playing a some-

what suspect role with regard to improvements in toughness, has been 

associated with increased resistance to environmentally-assisted 

38 fracture in both sustained loading hydrogen-induced cracking and in 

39 near-threshold (extremely low growth rate) fatigue crack propagation 

tests. Thus, despite the apparent danger in utilizing such heat-

treatment procedures for commercial application in low alloy steels, 

there may be certain specific advantages which still remain to be fully 

explored. 

Finally, the results described in this paper, and those reported 

4 6 9-15 18 . . elsewhere, ' ' ' h~ghlight the total lack of direct correlation 

between Klc and Charpy V-notch impact toughness values in ultra-high 

strength steels. This is important to realize in view of the many 

40-44 . 
empirical correlations proposed relating K1c and Charpy data 

which are commonly used to predict fracture toughness values. These 

40 42 43 relationships pertain principally to lower strength steels ' ' 

where they are useful for estimating Klc values which would otherwise 

be difficult and expensive to measure by.standard techniques. However, 

none of these relationships can predict an inverse trend of increasing 

Krc with decreasing Charpy V-notch energy as has been observed in the 

- ' 
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present steels. 10 We therefore conclude, as in the previous study, that 

evaluation of material toughness in ultra-high strength S·teels must 
I 

include an assessment of resistance to fracture ahead of both sharp 

(ie. fatigue pre-cracked) and rounded (ie. V-o.otched) notches, if 

material processing parameters are drastically changed. For alloy 

design llurposes, it appears insufficient to grade toughness solely 

in terms of K1c or Charpy V-notch energy alone; assessments of both 

sharp-crack K1c and rounded-notch Charpy impact energy are required. 

·, 
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CONCLUSIONS 

From a study of the ambient temperature fracture behavior of 

commercial AISI 4340 ultra-high strength steel in a) as-quenched 

(untempered) and b) quenched and tempered at 200°C conditions, the 

following specific conclusions can be made: 

i) Static and dynamic fracture toughness values (Kic and Kid 

respectively) are observed to systematically increase as the austenitizing 

temperature is raised from 870 to 1100 or 1200°C (all structures being 

direct oil quenched); the yield strength remaining unchanged. 

ii) Static (slow bend) and dynamic (impact) Charpy V-notch 

energies are observed to systematically decrease as the austenitiz.ing 

temperature is raised from 870 to 1200°C. 

iii) For failure by strain-controlled ductile rupture, the 

decrease in rounded-notch Charpy energy is associated with a reduction 

in critical fracture strain at increasing 'austenitizing temperatures, 

consistent with an observed decrease in uniaxial tensile and plane 

strain ductility. 

iv) The increase in sharp-crack Kic values, for failure by 

ductile rupture, is associated with a larger "effective" root radius, 

or characteristic distance, for fracture, resulting from dissoluti.on 

of void-initiating particles at high austenitizing temperatures. 

v) The ~resence of films of retained austenite is considered to be 

unimportant in contributing to the variation in toughness arising from 

changes in austenitizing temperature. 
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vi) Existing empirical relationships between Klc and Charpy V-notch 

energy cannot predict the variation in toughness observed for the 

ultra-high strength steels investigated. Toughness evaluation in these 

steels must involve an assessment of both sha~p-crack Klc and rounded

notch Charpy impact values. 
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FIGURE CAPTIONS 

Fig. 1. MOdel of the apparent paradox in toughness evaluation for 

stress-controlled fracture after.Ritchie et a1. 10 Shown is 

the distribution of tensile stress (o ) at distance (r) ahead yy 

of stress concentrator at failure for a) structure direct 

quenched from 870°C (870°C structure) with sharp crack, 

b) structure step-quenched from 1200°C (1200-870°C structure) 

with sharp crack, c) 870°C structure with rounded notch 

(root radius p), and d) 1200-870°C structure with rounded 

notch. Critical fracture event occurs when · a >oF (the yy ' 

fracture stress) over characteristic distance (i) ahead of 

h k h max ' t h 1 1 i s arp crac , or w en oyy P oF a t e p astic-e ast c 

interface (r >> i) ahead of rounded notch. Toughness of c 

1200-870°C structure is greater ahead of sharp crack because 

characteristic distance is larger, toughness of 870°C structure 

is greater ahead of rounded notch because fracture stress (oF) 

is larger •. 

Fig. 2. Variation in prior austenite grain size with austenitizing 

temperature for direct oil quenched AISI 4340 steel. 

Fig. 3. Design of plane strain tension specimen used to measure values 

of plane strain ductility. 

Fig. 4. Variation of yield, ultimate tensile and true fracture 

stresses, measured in uniaxial tensile tests, with austenitizing 

temperature for as-quenched (untempered) AISI 4340 steel. 
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Fig. 5. Variation of yield, ultimate tensile and true fracture stresses 

with austenitizing temperature for AISI 4340 steel, direct 

oil quenched and tempered at 200°C. 

Fig. 6. Variation of static and dynamic plane strain fracture toughness 

(Klc and Kid respectively) of as-quenched (untempered) AISI 

4340 steel with austenitizing temperature. 

Fig. 7. Variation of static and dynamic Charpy V-notch energy, and 

area under tensile stress-strain curve, of as-quenched AISI 

4340 with austenitizing temperature. 

Fig. 8. Variation of plane strain fracture toughness (K1c) of 4340, 

quenched and tempered at 200°C, with austenitizing temperature. 

Fig. 9. Variation of Charpy V-notch impact energy and area under tensile 

stress-strain curve of 4340 quenched and tempered at 200°C, 

with austenitizing temperature. 

Fig. 10. MechanismS of failure in as-quenched (untempered) 4340 steel, 

showing a) and b) ductile rupture and intergranular cracking 

in structure austenitized at 870°C, and c) and d) ductile 

rupture typical of structures austenitized at 1000, 1100 and 

1200°C. All structures were direct oil quenched. 

Fig. 11. Mechanisms of failure in 4340, quenched and tempered at 

200°C showing ductile rupture (microvoid coalescence) in 

structures austenitized at a) 870°C, b) 1000°C, c) 1100°C 

and d) 1200°C. Note increased size and spacing of fracture 

dimples with increasing austenitizing temperature. 
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Fig. 12. Relationship between toughness, measured by the apparent 

fracture toughness (KA) from slow-bend Charpy tests, and 

notch root radius (p) for as-quenched: (untempered) 4340, 

austenitized at temperatures between 870 and 1200°C. 

Fig.· 13. Relationship showing the reduction in uniaxial tensile ductility 

with increasing austenitizing temperature for as-quenched 

4340 steel. 

Fig. 14. Relationship showing the reduction in uniaxial tensile ductility 

with increasing austenitizing temperature for 4340 steel, 

quenched and tempered at 200°C. 

Fig. 15. Variation of true fracture strain with austenitizing tempera-

ture for as-quenched 4340 steel. Measured uniaxial arid plane 

strain ductility values (Ef and E£ respectively) are compared 

with predicted values (EF) computed from Eq. (4a) using data 

in Fig. 12. 

Fig. 16. Optical micrographs of as-quenched martensitic structure in 

4340, a) direct quenched from 870°C, and b) direct quenched 

from 1200°C, showing increased martensite packet size with 

increase in austenitizing temperature. 

Fig. 17. Transmission electron micrographs of 4340, direct oil quenched 

from 1200°C, showing retained austenite films surrounding 

martensite laths: a) bright field image and b) dark field 

image of austenite reflextion showing reversal contrast of 

6 0 
austenite films (after Lai et al~ ). 
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Fig. 18. Variation of percentage of retained austenite, measured by 

magnetic saturation technique, with austenitizing temperature 

for as-quenched (untempered) 4340 steeL Plotted are initial 

(unstressed) levels and amounts un-transformed at yield 

(0.2 pet strain). 
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Fig. 2. Variation in prior austenite grain size with austenitizing 
temperature for direct oil quenched AISI 4340 steel. · 
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Fig. 4. Variation of yield, ultimate tensile and true fracture stresses, 
measured in uniaxial tensile tests, with austenitizing 
temperature for as-quenched (untempered) AISI 4340 steel. 
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Fig. 5. Variation of yield, ultimate tensile and true fracture stresses 
with austenitizing temperature for AISI 4340 steel, direct oil 
quenched and tempered at 200°C. 
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Fig. 7. Variation of static and dynamic Charpy V-notch energy, and area 
under tensile stress-strain curve, of as-quenched AISI 4340 
with austenitizing temperature. 
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Fig. 9. Variation of Charpy V-notch impact energy and area under 
tensile stress-strain curve of 4340 quenched and tempered 
at 200°C, with austenitizing temperature. 



Fig. 10. Mechanisms of failure in as-quenched (untempered) 4340 steel, showing a) and b) ductile rupture and 
intergranular cracking in structure austenitized at 870°C, and c) and d) ductile rrrpture typical of 
structures austenitized at 1000, 1100 and 1200°C. All structures were direct oil quenched. 
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Fig. 11. Mechanisms of failure in 4340, quenched and tempered at 200°C showing ductile rupture (microvoid 
coalescence) in structures austenitized at a) 870°C, b) 1000°C, c) 1100°C and d) 1200°C. Note 
increased size and spacing of fracture dimples with increasing austenitizing temperature. 
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Fig. 12. Relationship between toughness, measured by the apparent 

fracture toughness (KA) from slow-bend Charpy tests, and 
notch root radius (p) for as-quenched (untempered) 4340, 
austenitized at temperatures between 870 and 1200°C. 
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Fig. ,13. Relationship showing the reduction in uniaxial tensile ductility 
with increasing austenitizing temperature for as-quenched 
4340 steel. 
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AISI 4340 STEEL 
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Fig. 14. Relationship showing the reduction in uniaxial tensile 
ductilLty with increasing austenitizing temperature for 
4340 steel, quenched and tempered at 200°C. 
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Fig. 15. Variation of true fracture strain with austenitizing temperature for as-qu~nch~d 4340 steel. 
Measured uniaxial and plane strain ductility values (Ef and E£ respectively) are compared 
with predicted values (EF) computed from Eq. (4a) using data in Fig. 12. 
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XBB 768-6997 

Fig. 16. Optical microg~aphs of as-quenched martensitic structure in 
4340, a) direct quenched from 870 °C, and b) direct quenched 
from 1200 °C, showing increased martensite packet size with 
increase i n aus tenitizing temperature~ 
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XBB 738-5025 

Fig. 17. Transmission electron micrographs of 4340, direct oil quenched 
from 1200°C, showing retained austenite films surrounding 
martensite laths: a) bright field image and b) dark field 
image of austenite reflextion showing reversal contrast of 
austenite films (after Lai et a1.6). 
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Fig. 18. Variation of percentage of retained austenite, measured by magnetic saturation techpique, with 
austenitizing temperature for as-quenched (untempered) 4340 steel. Plotted are initial 
(unstressed) levels and amounts un-transformed at yield (0.2 pet strain). 
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