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.‘AﬁSTRACT | X

A study has been made of the influence of'austenitizing temperature
on the ambient temperature toughness of commercial AISI'4340-u1tra—high
strength steel in the as-quenched (untempered) and queﬁched and tempered
at 200°C conditions. As suggestea in previous‘work, a systématic
trend of increasing plane strain fracture toughness (KIc)'and decreasing
vCharpy V—notch_enefgy is observed as the austenitizing temperature is
raised whilé the yieldvstrength remains unaffected. This effect is
seen under both static (slow-bend) and dynamic (impact) loadihg
conditions, and is ratioﬁalized in terms of a differing response of
the microstructute, produced by eaéh austenitizing 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 preseﬁfed fo explain
these resﬁlts; siﬁilar to that reported previously for étressfcontrolled
_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 re&uction in critical
fracture strain at increasing austenitizing temperatures, consistent
'Qith an observed decrease in uniaxial and plane strain ductility. The
increase in sharp-crack fracture toughness, on the other hand, isA
associated with an increase in "characteristic distance" for ductile
fracture, resulting from dissoiution of void-initiating particles at’

high austenitizing temperatures. The microstructural factorS'which



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 toughnéss at high austenitizing temperatures

was due to the'presenqe of films of retained austenite. The significance
of this work on commonly-used Charpy/KIc empirical correlations is

briefly discussed.



INTRODUCTION N .

Commercial ultra-high strength, low alloy steels, such as the
AIST 43XX series, are conventionally austenit{zedbét low temperatures
(typically 870°C) before quenching and tempering to produce fine prior
austenite grain sizes, insuring good combinations of strength and
~ impact toughness.1 Recentl&, however, thefe has been considerable
interest in employing much higher austenitizing ﬁemperatures (up to
1200°C) to increase the fracture toughness,.KIé, of such steelsvwithout
loss in strength.l--8 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 KIc is often not paralleled with a corresponding increase in

6,9-14

Charpy V-notch .impact energy. In fact a decrease in Charpy energy

for N:'L—Cr--Mo,9
Ic

4,10,12,14

has been observed concurrent with the increase in K

1 4

Ni-Cr-Mo-V° and Fe-Cr-C'> steels, En25,'Y 4340, and 300-M*
steels, in both as-quenched and quenched and tempered (< 350°C)
‘conditions. An explanation for this apparent paradox,10 wheré
sfructures resultiné from high temperature austenitization sﬁow the
largest toughness when ratedvby KIC and structures conventionally | ~ .
austenitized at low temperatures show the largest toughnesé wheh rated : ;
by Charpy energy, has been proposed by Ritchie et al.lo in térms of

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

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

observed behavior was independent of shear lip energy and strain rate
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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
ipfluence of notch root radius (p) on tpﬁghness.*' By'considering only
stress—controlled fracture mechanisms, ie. quasi—cieavage and inter-
granular fracture, where the critical fractﬁre event can be considered
to opcur.when the maximum ptincipal stress (Oyy) at the ndtch:tip
exceeds the fracture stress (UF)’ Ritchie et al.10 argued that for
failure ahead of a sharp crack (ie. a fatigue pre—crack in a KIc
specimen) oyy must exceed'oF over a certain "characteristic"
dist:ance16 (L), representing the microstructuially significant ex;ent
of the process ;one ahead of the notch tip. Ahead of a sharp crack
where the maximum tensile stress (Oyymak)‘is in close proximity to the
notch, this'distanCe characterizes the hinimum distanée from the tip
where the critical fractufe evént can occur (ief oyy > UF). By
.increasing the austenitizing temperature, the resulfant coarsening

.of the miCréstructure 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—notcﬁ
specimen where p = 0,25 mm, the maximum tensile stréss is located close
to the elastic-plastic interface well.beyond the characteristic
distaﬂce. In this situation the toughness is controlled by the fracture

stress (OF); with an increased austenitizing temperature leading to a

- . . _
Floreen15 arrived at a similar conclusion in explaining conflicting K
and Charpy impact toughness results observed in a study of fracture
behavior of cast and wrought high strength 4340, stainless and maraging
steels. "



decrease in UF and to a resulting decrease in toughnegs. A schematic
representation of these ffacture 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, for 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 interﬁediate austeniﬁizing temperatures and/or tempered at
200°C (the commercially-used tempering temperatu;e), the resulting
failure mechanisms are primarily by ductile rupture (microvoid

17’18_to apply the above analysié to Such ductile

coalescence). Attempts
fractures have, not surprisingly, met with little success, since

" microvoid coalescéncevcannot 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 ébserved fracture behavior of a purer
heat of 4340 in untempered_and tempered at 200°C conditions (followipg-
direct oil quenching) over the entire range of austenitizing temperature
from 870°C to 1200°C. Furthermore, in the 1ight of the someﬁhat |

2-4’6’7?19_21 for the microstructural origin of the ' : 4

conflicting claims
~effect of austenitizing treatment on toughness, an attempt'is,madé to
examine the specific role of retained austenite, which has been widely

attributed1’46’19_2l as the source of improved fracture toughness in high

temperature austenitized steels.



EXPERIMENTAL PROCEDURE

The material used in the investigation was aircréft-quality
(vacuum-arc remelted) AIST 4340 hot-rolled bar, received in the fully

annealed condition, and héving the following composition (wt pct):

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 coﬁpdsition was chosen to représent a purer heat éf the 4340 steel
‘which was utilized in previousninvestigations of Lai et a1;6 and
Ritchie et a1.l’ |

As-received material was hot forged and hot rolled to desired
thicknesses, and Subsequently'slow cooled and spheroidized at 650°C
for 1h to insure good machinability. Test specimens were heat-treated
by austenifizing for 1h 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 um (Fig. 2).
The majority of speciﬁens were tested in the as-quenched, untempéred
condition. To provide a comparisoﬁ'with commercially-used .
freatmehts, however, a further sefies of specimensvwas ausfenitized
and oil quenched as above, and then tempered for 1h at 200°C. Toughness
~ properties were determined at ambient temperature (2260) under bo;h
"static" (rate of'incréase in sfreSSTintensity at notch tip,

5 . ,6

K <3 MPavm/s) and "dyﬁamic" (k ~ 10”-10° MPa/m/s) conditions.
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For fracture ahead of sharp notches (ie. fatigue pre-cracks where the

notch root radius b + 0), "static" plané strain fracture'toughness .

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

1c

tension specimens in accordance with ASTM specificatidns,22 All KIc
values were found to be "valid" Qith fespect to this specifiéation.
D&namic fracture toughness (KId) values were determined usiﬁg fatigue
pre-cracked standard Charpy specimens broken using an instrumented »
Charpy impact machine at a hammer velocity of 1.36 m/s. Fdr fractﬁre
ahead of rounded notches, tests wére.conducted on standard sized
(10 mm sq) ASTM Charpy V-notch speciﬁensz3 (where p = 0.25 mm), both
under 3-point slow-bend conditions (for static values) and in a ﬁendulumv
type impact machine with a hammer velocity of 3.3 m/s (for dynamic
values). A further series of tests was performed using Ch;fpy V-notch
specimens, tested in 3-point slow bend, where ;he 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) orientation.
Ambient temperature uniakial tensile properties were dete?mined
both with 25.4 mm gage length cylindrical tensile bars, testeé under o _.
displécement 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 teﬁsile strength measuremehts wefe
averaged from both tests, whereas uniaxial ductility measurements

(percentage elongation and reduction in area) were only calculated



‘from the cylindrical tensile specimens. To provide a better meaéurement
of the ductility of matérial close to the nbtch tip in fracture
specimens, an assessment was made of plane strain ductility values,
determined using plane strain tgnsion test—pieceé of_fhe'désign shown
in Fig. 3. . Details of the procedure for measuring plahe strain
ductility with such specimens has been deséribed eléewheré.z4

Magnetic saturation induction measutements, using a permeameter,25
werevperformed during monotomic tensile tests of the flat ﬁenéile
‘'specimens to assess the extent of ény deformation-induced austeﬁite—to—
martensite transformation. Initial (uﬁ—defo:med) levels of retained
austenite in the structures were checked using staﬁdard X~-ray |

techniques.26 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 fﬁr as-quenched material and material tempered at 200°C
respectively. As reported previously10 yield and tensile strengths
 of the steel are largely unaffected by ‘an increase in austehitizing
temperature, although a marginél redﬁction in yiéld stréngth'may be
noted for tempered structures. The true streés at fracture, measured
from £he failure load in a tensile test, can bé seen.to decrease as

the solution tempcrature is raised.

2. Toughneés Evaluation

Despite the insignificant change in strength, there are-lafge var-
iations ‘in toughness as austenitizing temperature is raised, as-shown
_iﬁ Figs. 6 to 9 for AISI 4340. Plotted in Fig. 6 are, what one'may
term, “sharp-crack" tqughnesé values, representing toughness Qélues
measured in specimens containing sharp (ie. fatigue pre—cracked,

p ~ 0) cracks. In this instance, static and dynamic.fracture »
toughness values (KIc and KId résﬁectively) are plotted as a func;ioq
of austeniﬁizing temperature. Figure 7 shows the variatiop of
"rounded-notch" toughness with austenitiéing température, representing
toughness valueé measured in specimens containing blgnt (V-notched,

p = 0.25 mm) notches. Here Cbarpy V-notch absorbed energy is plotted

both for static (slow-bend) and dynamic (impact) loading conditionms.
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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 iﬁdicate a consistent trend‘of increasing.KIc,
yet decreasing Charpy V-notch energy with increase in austenitizing
- ‘temperature, ‘Irrespéctive of the strain rate (or ﬁ) of testing, the
| KId)-islseen ;o

toughness evaluated in sharp-cracked specimens (KIc’

be increésed,* with increésing'austehitizing temperature, whereas the
toughness evaluated in rounded-notched specimens (SIOWbbend';nd‘impact
Charpy V-notch‘enérgy) is seen to be decréased. Siﬁilar trends are
apparent foi 4340'stee1'afte£ tempering at.200°6, as iilustfafed'in
Figs. 8 and 9. For such tempered.structures, the increase in,KIc after
high temperature austenitization is particularly significant, rising
from KIc =_56 MPa/E- after direct quenching ffom 870°C to
KIc ; 92 MPa/m af;er direct qﬁenching from‘1200°C (Fig. 8).

As observed previously,10 mechanisms of fracture for a given
structuté were found independent of strain rate and independent of
the technique used to assess toughness. Scanning electron fractographs
for'bpth as—-quenched and quenchéd and teﬁpered‘4340 are shown inb
Eigs}_lo and 11, where it can be seen that failure occu;red_by a
ductile rupture mechanism (microﬁoid_coaleséence) fbr'all structures,

with the exception of the structure as—quenched from 870°C;(Fig;_10a)

whichvshows additional evidence of intergranular and quasifcieavage

s v 4 _
Kic and Ky4 values are lowered somewhat above 1100°C in direct as-
quenched structures. This result is not observed for step-quenched
structures,lA nor after tempering (Fig. 8), and is unexplained at this

_ time, , S : . . .
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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

As concluded in the previous study,lo the contradictory toughness

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

Ic
in austenitizing temperature cannot be accbuntedvfbr'by changevin
loading rate, since similar behavior is seen under both static and
dynamic conditions. Agaiﬁ it appears that the dimensions of ;hebnotch
root radiﬁs are of paramount importancé in determining whether
"toughness" increases or decreases as thé austenitizing temperature

is raised. Tb examiné this further, a séries of Charpy V-notch |
specimens were tested in 3-point bend under stétic (élow.bénd) loading
conditions, with the radius of the notch varied from pl~ O‘(ié. fatigue
pre-cracked) to p ® 320 um. Results are illustrated in Fig. 12 for
vas—quenched 4340 in the form of plots of "apparent" fracture toughness

1/2)

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

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

0 in that at small root radii

stress—-controlled fracture in 4340,1
(p £ 25 ym), toughness increases with austenitizing temperature

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

*"Apparent" fracture toughness (K,) here refers to the value of Ky,
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.10’12’27'29
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ﬁowever,*for the preSent results, fracture primarily occﬁrsvby non-
stress controlled fracture mechanisms, namely ductile rupture, ‘and

- thus the previous mo‘del10 to explain such results is not applicaﬁle.
Accordingly, an alternacive‘approach is now presented for faiiure by
ductile rupture, based on the assumption that this fracture”ﬁechénism,

can be considered to be strain-controlled.

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

In the previous investigation,10 where contiadictory toughness
results (similar to those shown in Fig. 12) were observed in as—quenched
4340 for fracture by quasi-cleavage and intergranular cracking, an

interpretation was presented based on a simple mode1,27’28

for sfress-
controlled fracture, of the influence of notch root radius (p) on |
toughness. Under elastic;éerfectly plastic conditions, where failufe
is taken to occuf when the maximum tensile stress ahead of the notch
‘tip exceeds a critical fracturg stress (dF),.the'variation in toughness.
witﬁ p can be described by

Ky ~ 2.9 0 [exp(op/o, - 1) - 1212 &8

where Oy is the yield stress and K, the apparent fracture toughness.

A
In this instance, the slope of the KA vs. pl/z plot (eg. Fig. 12) -

can be related to the critical fracture stress (OF). Since this slope
decreases with increase in austenitizing temperature; the reduction
in V-notch toughness with iﬁcréaéing'austenitizing.témperature was

associated with a decrease iﬁ'of‘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 éssuming the
failure méchanisﬁ of ductile ruéture to be'primafily strain-controlled,
we may proceed to re-examine this effect of notch radius on toughness.
Following'Ricé¥)we consider a flat éurface notch wi;h a smooth
tip radius p. By examining the strain concentration atkthe tip under

plane strain conditions, it can be ShOWﬂ3O that the extensional strain (g)

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

.3 3 |
where ' - ’
2
ey (1-v) oy/E , | (2b)
and
J = (1—y2) KZ/E . ' (20)

ey is the yield strain, Cy ;he yield stress, J the path independent
J-integral, K the apparent stress intensity ahead of notch, radius p,
\Y Poiéson's ratio, and E the Elastic modulus. By rearranging terms,

the apparent stress ‘intensity K is given by

k2 = [——5‘——2—] o pEe - £ /1-VD) . : (3
30-v)d Y y |

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

strain (CF), the apparent stress intensity (K) will equal the apparent

fracture toughnesé (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

1/2 ., |
KA“'(%'OyEEF) pl/z. - " (4a)

Below some critical notech root radius, p < po, the fracture toughness

31,32 (Fig-.lz)» and hence following

27,28

is observed to be independent of p
the procédure of Tetelman and co-workers, it may be postulated
that
2 .
KIc = (% oy E EF)ll_ p01/2 . | - (4b)
The parameter Py» the "effective" or limiting rootwradius, can be
considered in this insfénce aé a measure of the charaéteristié.distancg
or gage length over which the critiéal strain must be exceeded to cause
failure, and is a measure of the minimum aﬁount of material ahead of"-
the notch tip in which the failure initiation méchaniSms can operate
(see‘also Réf. 33). This distance shéuld bé related tovthe salient
microstructural feature controlling fracturé, which, in the case of
particlé-induced ductile rupture (microvoid -coalescence), is iikély to
be élosely associated with the particle spacing or distribution. B
Using Eq. (4a) té rationalize the data shown in Fig. 12, it_is.
clear that since the yiéld 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 stréin*(eF), which is
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a measure of ductility. The observed decrease invslope with increasing :

austénitizing temperature shown in Fig. 12, and thus the reduction in
V-notch toughnesé (ie. Charpy energy) when p > po,_can_be'attriﬁuted

to a decrease in ductility found with increasing austeﬁitizing
temperature. Examination of the variation in uniaxial tensile

ductility (ef) as a func;ion of austenitizing temperature for as—quenched
(Fig. 13) and quenched and tempered (Fig. 14) 4340 ciearly verifies

this tfend. In.fact the reduction in area of as~quenched 4340 is
reduced dramaticélly from 30 pct after queﬁching from 870°C to a @ere

10 pct after quenching from 1206°C.v In strict terms, though, the €p
term in Eq. (4a) refers to ductility in thé region ahead of a notch

under plane strain conditions, ie. to the plane Stréin ductility (e%).
In order to measure this quantity, a series of plane strain tension
specimens (Fig. 3) was loaded‘fqr as—qﬁenched 4340 austenitized at
temperatures Setween 870°C and 1200;C.‘ The results are plotted in

Fig. iS}in terms of the variation of true fracture strain with
austenitizing température, where thé uniaxi&l and plahe strain ductility
values are'comparéd.with predicted valués, computed from radius notch
data in Fig. 12 using Eq. (4a). It is apparent that while the meagured |
(e%) and predi;:ted (;F)_ plane strain dug:tiiities are not the same, |

the values do exhibit the identical trend of decreasiﬁg f;acture.strain
with increasing austenitizing temperature. It is thus concluded that
the decrease'in rounded-notch toughﬁess kie. impact and slow bend Charpy
values) with increaée in austenitizing temperature can be cibsely
associated with a decrease in ductility (ie. true strain at fracture}v

for strain-controlled failure by ductile rupture.
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To explain the increase in fracture toughness (ie. K ), it

Ic’ KId
is necessary to cqnsider the situation ahead of a sharp crack (p < po),
where the local stress-strain fields aré non—uniform,.and to evoke a
nndified critérion for failure such that the critical fracture'strain

is exceeded over a critically stressed volume, instead of mefely at a
point. Wiﬁh this criterion, a'critiéal value of strain, € = EF, is
everywhere reached or exceeded over a characteristic distance ahead

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

of stress-controlled fracture ahead of a sharb crack where the fracture |
stress must be exceeded over a microstructurally-significant |
characteristic distance, such as some multiple of the grain sizé.l6
Siﬁce fracture initiation ahead of.a sharp crack must involve a

minimum aﬁount of material which is characteristic of the scale éf
physical events involved, the initiation event fbr ductile rupture where
the displacements produced by internal necking between particles

are c¢ritical, would not be possible over distances smaller than the
particle spacihg.34 By raising the aﬁstenitizing temperature in the
present steel, the microstructure is significantly coarsened (Fig. 16)
with respect to increased prior austehite graiﬁ éize (Fig. 10),
increésed martensite packet diameter (Fig. 16) aﬁd increased‘particle
§pacing'(Fig. 11). It is believed that thié coarsening, and in
particular, the increased particle spaciﬁg, 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 excéeded,
which is equivalent to an increase in.the parameter‘po in Eq. (4b).
This is borme out by the iﬁcrease in size and spacing of dimples which
is observed on fracture surfaces as the austenitizing témperature is

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

35,13

>~ associated with

of carbide particles and sulfide inclusipns3
high temperatﬁré austenitizatioﬁ.

vThus, summarizing, it has been shown that by increasing the
austenitizing temperature for 4340 steel in boﬁh as—quenched and
quenched and tempered conditions, the apparént ﬁaradox ih toughness
evaluation, increasing K

and Ki values concurrent with decreasing

Ic d

Charpy V-notch energies,is observed when fractu;e occurs by ductile
rupture #s well as by cleavage and intergranular mechanisms. For
failure by strain—céntrolled microvoid coalescence, the decrease in
rounded-notch toughness (slow bend and impact Charpy V-notch energies)
has.béen attributed is a decrease in ductility or critical.fracture
strain. The increase in shérp—crack toughness (KIé and KId)’ on the
other hand, has been associated with an increase in the characteristic
distance over which' the fracture strain must be exéeeded ahead_of'ﬁhe
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

10,14

studies, that the decrepancy in toughness evaluation, as measured

by K. and Charpy V-notch tests in ultra-high strength steels

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

fering response of each microstructure to the notch root radius. This
decrépancy is independent .of the mechanisms of failure. For stress-

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

in Charpybvénotch'energy with increasing austenitizing temperature \
was associated with a reduction in criticai fracture stress, whereas
the'increase in KI: was attributed to an increase in characteristic

. distance, through a coarsening of the'microstructure (tentatively
associated with increased pri&r.austenite grain §ize).10v In the
preseht work, for failure by strain—controlled fracture (ie. auctile

. rupture), a similar explanation is invoked. The observed-décrease

in Charpy V-notch energy with ihcreasing austenitizing temperature is
related to a marked reduction in critical fracture strain, consistent

with an observed decrease in uniaxial and plane strain ductility.

Ekamin;tion of the literature reveals that this reduction in ductility
is observed, almost without exception, for low alloy steels ausfenitized

' 4,6,10,13,14,18,35

at increasing temperatures, and can be attributed

to greater strain concentrations developed at the boundaries between the

larger martensite packets. The corresponding inerease in KIc again

is associated with an increase in characteristic distance, which for



-20-

ductile rupture is interpreted in terms of an increase in particlé
spacing resulting from dissolut;on of carbides, and possibly sulfide
inclusions; at higher solution temperatures.

A widely quoted explanationl’l”6’]'9_21 for the increase in KIc at
higher austenitizing temperatures (the corresponding decrease in‘
Charpy energy was not considered) has been formulated on the presumption,
from qualitgtive transmission electron microscopy studies, that larger
proportions of austenite films* are retéined around martensite plates-
and packets of laths (eg. Fig. 17) after austenitizing at-high tempera-
tures (ie. 1100-1200°C) compared to conventional heat—tréatment at
870°C. This explanation was based on data for as-quenched (untemﬁered)
43406 and Fe/C/Cr?1 steels. To investigate this quantitatively,
tensile tests Qere performed on a sefies of untempered 4340, direct
0il quenched from 870, 1600, 1100 and 1200°C,‘in which the percentage .
of retained austenite transformed with strain was monitored in situ
using a magnetic saturation techniqué 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
ioading) and at yiéld (ie. at 0.2 pct strain). From these results,
it is clear that not only is there no difference in the amoﬁhts

of retained austenite after different austenitizing treatments,

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

* E
Such films are typically 100 to 200 A thick in oil-quenched 4340 type
‘steels.
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structure than less.than 1.5 pct remains untransformed at yield. Such
"stress-assisfed" transfdrmation of retained austenite, which is very‘.
characteristic in 4340 type steels in as—quen&hed, untempered conditioﬁs,
has been closely associated with a marked‘dbgredation in toughness

in boﬁh 4340 and 300--M'steels,37 where mechanically unstable austenite
is rapidly trénsfdfmed to a brittle, high carbon, untempered martensite-
under elastic loading. It is thus unlikely %hat.the presence of
retained austenite films in as-quenched structures can provide for
increased fracture resistance. In addition the aﬁount of‘éustenite
appears‘independent'of aﬁstenitizing temperature. This eviderice along
with' the fracture surface appearance tends tﬁidiscéunt the role of
retained austenite in any way accounting for the increase in Kre with
high‘temperature'éustenitiza;ion.

While it is felt that the'analysesfpresented here, and in the
previous study,lo provide useful rationﬁlizations for the "increase
in'KIc/decrease in Charpy energy" paradox in as-quenched 'and lightly
temperedrultra—high‘strength steels, behavior can be some&hat different
for such steels tempered at higher temperatures. For example, studies
on 43407 and En2511 steels have shown by tempering above 250°c,
the tbughness of structures austenitized at high temperatures is
inferior to those conventionally austenitized whén assessed by both
KIc”and.Charpy impact tests. However, thevcpnsiderable coarser prior:’
austenite éréin size developed at high solution temperatures markedly
" increases the effect of'éﬁy,impﬁrity-induced grain boundary

embrittlement,10 which may occur at temperatures around 250°C as
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tempered martensite embrittlement énd at higher.temperatures
(~400 - 600°C) as temper embrittlement. WOod7 has obsefved a.marked
tempéred martensite embrittlement trough in KIc vélues for 4340
kaustenitized at 1200°C which is very small when the steel is
au$tenitized at 870°C. However, it is worth notihg that the.signifi—
cantly_coafser structure and larger priof austenite grain size
resulting from high teﬁpérature austenitizatiop, while playing a some~
what suspect role with regard to improvements in toughness,. has been
assoéiatéd with increased resistance to environmentally—éssisted
fracture in both sustained loading hydrogen—inducea.cracking38 and in
near-éhreshold (extremely low growth rate) fatigue crack pfopagation39
tests. Thus, despite the apparent danger in utilizing such heat-
treatment procédurés for commercial application in low alloy steels,
there may'be certain specifié advantages which still remain to be fully
exploréd.

Finally; the results described in this paper, and those reported
4,6,9-15,18

elsewhere, highlight the total lack of direct cbrrelation

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

strength steels. This is important to realize in view of the many
empirical correlations4o-44 proposed relating KIc and Charpy data

which are commonly used to predict fracture toughness valﬁes.v These

relationships pertain principally to lower strength steels40’42’43‘

Ic values which would otherwise

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

where they are useful for estimating K

none of these relationships can predict an inverse trend of increasing

KIc with decreasing Charpy V-notch energy as has been observed in the
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present steels. We therefore conclude, aé in the previous study,lo that
evaluation of material toughness in ultra—high]strength steels must
inclﬁdé anbassésément éf resistance to fracturé ahead of both sharp

(ie. fatigue pre-cracked) and rounded (ie. V-notched) notches, if
material proéessing parameters are drasticallybchanged."For alloy
design purposes, it appears insufficient to grade toughness solely

in terms of K, or Charpy V-notch ehergy alone; assessments of both

sharp-crack KIc and rounded-notch Chatpy‘impact energy are required.
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CONCLUSIONS

iFrom a study of the ambient teﬁperature fracture behavior Of,
commercial AISI 4340 ulcra-high‘strength steel in a) as-—quenched
‘(untempered) aﬁd b) éuenchéd and tempered at 200°C -conditions, the
following Speéific conclusions can be made:‘ _ ‘

i) Static and dynamic fracture toughness values (KIc and Kiq
respectively) are observed to systematically'increase as fhe ahstenitizing
temperaturé'is raised fromA870 to 1100 or 1200°C (all structures being
| direct oil quenched); the yield strength remaining unchanged.

ii1) Static (slow bend) and dynamic (impact) Charpy V-notch
energies are observed to systematically decfease as the austenitizing
temperature is raised from 870 to 1200°C.

iii) PFor failure by strain-controlled ductile rupture, the
decrease in rounded-notch Charpy eﬁergy is associated with a reduction -
in critical fracture strain at in¢reasing austenitizing temperatures,
consistent with an observed decrease in uniaxial tensile and plane
strain ductility.

iv) The increase in sharp-crack K vaiues,.fof failure by

Ic

ductile rupture, is associated with a larger "effective" root radius,
or characteristic distance, for fracture, resulting from dissolution‘
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 K o and Charpy V-notch

I
energy cannot predict the variation in toughness observed for the
ultra-high strength steels inveStigated.' Tqughness evaluation in these

- steels must involve an assessment of both sharp-crack KIc and rounded-

notch Charpy impact values.
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'FIGURE CAPTIONS

Fig. 1. Model of the appaient paradox in toughness evaluétion for

| | stress-controlled fracture after Ritchie et al.10 Shown is
the distribu;ion of tensile stress_(oyy) ét disﬁance (r)»ahéad
of stress concentrator at failure for a) structure direct
quenched from 870°C (870°C strucfure) with sharp crack,
ﬁ) structure step-quenched from 1200°C (1200—870°C s;ructure)
Wifh sharp crack, c¢) 870°C structure with rounded notch
(root radiﬁs p), and d) 1200—870°C structure with rounded

. notch. Critical fracture event occurs when ‘ny ? GF-(the

fracture stress) over characteristic distance (&) ahead of
sharp crack, or when oyymax >’0F at the plastic—elasgi;
interface (rc >> 2) ahead of rounded notch. Toughness of
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 frgcture stress (UF)
is larger..

Fig. 2, Variation in prior austenite grain size with austenitizing
temperature for direct oil quenched AISI 4340 stegl.'

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

Fig. 4. Variation of yieid,'u;timéte tensile and true fracture
stresses, measureé in uniaxial tensile tests, with austenitizing

-

temperature for as—quenched (untempered) AISI 4340 steel.
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Fig. 6;

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.
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Variation of yield, ultimate tensile and true fracture stresses
with austenitizing temperature for AISI 4340 steel, direct

oil quenched and tempered at 200°C.

Variation of static and dyﬁamic plane strain fracture toughness

(K. and KId respectively) of as—quenched (untempered) AISI

Ic
4340 steel with austenitizing temperature.
Variation of s;atic and dynamic Charpy V—notch energy, and
area under tensile stress-strain curve, of as-quenched AISI
4340 with austenitizing témperature.
Variation of plane strain fracture toughness (KIc) of 4340,
quenched and tempered at 200°C, with austenitizing temperature.
Variation of Charpy V-notch impact energy and area under tensile
stress-strain curve of 4340 quenéhed and tempered at 200°C,
with éustenitizing temperature.
Mechanisms of failure in as-quenched kuntempered) 4340 steel,
showing a) and b) ducfile rupture and intergranular cracking
in structure austenitized at 870°C, and c¢) and d) ductile
rupture typicél of structures austenitized at 1000,.1100 and
1200°C. All structures were direct oil quenched.
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 increaéed size andvspacing of fracture

dimples with increasing austenitizing temperature.



Fig. 12.

Fig. 13.

Fig. 14.

Fig. 15.

Fig. 16.

Fig. 17.
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Reiationship between toughness, measured by the apparent
fracﬁure toughnéss (kA) from slow-bend Charpy tests, and

notch root radius (p) for as-quenched (untempered) 4340,
austenitized at temperatures between 870 and 1200°C.
Reiationship showing the reduction in uniaxial tensile ductility
with increasing austenitizing temperatufe for asfquenched

4340 steel.

Relationship showing the reduction in uniaxial tensile ductility
with increasing austenitizing temperature for 4340 steel, |
quenched and tempered at 200°C.

Variation of true fracture straiﬁ with austenitizing tempera-
ture for as—quenched 4340 steel. Measured uniaxial and plane
strain ductility values (ef and e% respectively)varevcompared
with predicted valués (EF) computed from Eq. (4a) using data
in.Eig. 12,

Optical micrographs of as-quenched martensitic structure in
4340, a) direct quenchéd from 870°C, and b) direct quenched
from 1200°C, showing increased martepsite packet size with
increase in austenitizing temperature. |

Transmission electron micrographs of 4340, direct oii 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 al;6).'
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Fig. 18. Variatioh of percentage of retained austenite, measured by
magnetic saturation technique, with austenitizing temperature
for és-qUenched (untempered) 4340 steellv Plotted afe initial
'(unstreSSed) levels and amounts un-transformed at yield

(0.2 pct strain).

P
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measured in uniaxial tensile tests, with austenitizing
temperature for as—quenched (untempered) AISI 4340 steel
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Fig. 4. Variation of yiéld, ultimate tensile and true fracture stresses,
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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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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 ¢) and d) ductile rupture typical of
structures austenitized at 1000, 1100 and 1200°C. All structures were direct oil quenched.

XBB 766-5545A
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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.

Fig. 11.
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Fig. 12. Relationship between toughness, measured by the apparent
fracture toughness (Kp) from slow-bend Charpy tests, and
notch root radius (p) for as-quenched (untempered) 4340,
austenitized at temperatures between 870 and 1200°C.




35 T T [ T | T |'
AIST 4340 STEEL

Oil quenched, u_nfempered_

Uniaxial tensile properties
on linch gage length ‘

S
T

25— ]
20— —
REDUCTION
IN AREA
15/~ n
10 7

% ELONGATION

REDUCTION IN -AREA AND ELONGATION (percent)
3

0 I | l | | | I
900 | 000 1100 1200

AUSTENITIZING TEMPERATURE, Ihr (°C)
: ~ XBL766-7076A

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

with increasing austenitizing temperature for as-quenched
4340 steel.
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4340 steel, quenched and tempered at 200°C.
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Fig. 15. Variation of true fracture strain with austenitizing temperature for as—qugnched 4340 steel.
Measured uniaxial and plane strain ductility values (€¢ and €} respectively) are compared
with predicted values (e€p) computed from Eq. (4a) using data in Fig. 12.
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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.




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 al.0). o



Fig. 18.
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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 pct strain).
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