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THE EFFECT OF AUSTENITIZING TEMPERATURE ON THE AMOUNT
OF RETAINED AUSTENITE IN AISI TYPE 4340 STEEL

G. Y. Lai*, W. E. Woodt, R. A. Clark*,
V. F. Zackay* and E. R. Parker*
' ABSTRACT

The effect of austénitizing temperatufe on both the plane strain
fracture toughness, KIC’ and‘the miérostructure of AISI 4340 was studied.
Austenitizing temperatureé of 870°C and 1200°C were employed. All speci-
mens austenitized at 1200°C weré furnace cooled from'the higher austeni- .
tizingbtemperature and then oil quenched from 870°C. Transmission elec-
tron microscopy revealed an‘apparent large increase in the amount of
retained austenite present in the specimens austenitized at the higher
vtemperature. Austenitizing at 870°C resulted in virtuélly no retained
austenite; only minor amounts were found sparsely scattered in those
areas examined. A considerably altered microstructure was observed in
specimens austenitized at 1200°C. Fairly-cbntinuous 100 to 200R thick
films of retained austenite were observed between the martensite plates
throughout most of .the area examined. Additionaily, specimens austeni-
tized at 870°C contained twinned martensite plates while those austeni-
tized at 1200°C showed no twinning. Plane strain-ffacture toughness

measurements exhibited an approximate 80 percent increase in toughness
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Department of Materials Science and Engineering, College of Engineering,
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for specimens austenitized at 1200°C compared to those austenitized at

870°C. The yield strength was unaffected by austenitizing temperature.

The possible role of retained austenite and the elimination of twinned |

martensite in the enhancement of the fracture toughness of these speci-

mens austenitized at the higher temperature will be discussed.




INTRODUCTION -

Most of the quenched and tempered low alloy steels in curfent use
were developed decades ago by a basically trial and error approach. At
‘high yield strengths (i.e., over 200,000 psi), these steels exhibit rela-
- tively low fracture toughness. Advancements in metallurgical techniques
since the time these alloys were first introduced have been wide ranging.
The profession is now capable of precisely relating alloy microstructure
to mechanical properties. o

'Recent studies have shown that undeésirable microstructural features
in é secondary hardening 5Mo-0.3C steel can be minimized through austen-
itizing at a higher temperaturel. The'resﬁlt of this microstructural
improvement was a much higher fracture toughness. In other investiga-
tions the fracture tqughness of several ultra high strengih steels was
impfoved by (a) the elimination of twinned martensite platesz’3 and
(b) by the utilization of a strain induced phase tranSformation4’5.

The goalbof the current investigation was to apply the understanding
of these and related studies to a widely used low alloy quenched and
tempered steel in an attempt to impart higher fracture toughness at yield

strengths ekceeding 200,000 psi.

EXPERIMENTAL PROCEDURE
This invesfigation focused on a commercial aircraft quélity AISI'
4340 Steel. This alloy, received in a fully annealed condition, had the
following cbmpoSition (in weight percent).
c | wm | o | m Mo ' si | cu S P
0.40 | 0.80 ‘] 0.72 | 1.65 | 0.24 | 0.24 | 0.19 ] 0.017 | 0.004
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Heat treatment initially involved use of several austenitizing

temperatures and varied quenching media. Specimens were austenitized

for one hour in an Argon atmosphere at 870°C, 1100°C, 1200°C or at 1200°C

for one hour followed by cooling to 870°C and holding for one-half hour
before quenching. After austenitizing the specimens were quenched into
either room temperature oil, ice-water, or an agitated ice-10% brine
solution. Thus numerous combinations of heet treatments were initially
employed. From prelimihary data on tensiie strength and plane strain
fracture toughnese it was fqﬁhd expedient to concentrate on two heat
treatments. The first treatment was similar to that used in commereiaI‘
practice, austenitizing at 870°C then_quench into room temperature oil.
The second heat treatment involved a etep quench, with specimehs'austen-
itized at 1200°C for-qne hour, then cooled to 870°C for one-half hour
~ prior to beingtquehehed in oil. . | |

Mechanical properties were determined through tensile tests; plane
strain fracture toughhess tests, and Charpy V-notch impact tests, ail
conducted at room temperature.(23°C). Tensile properties were deter-

mined on ASTM specified round'tensile specimens of 0.357 in. gage diam-

eter and 1.4 in. gage length. The specimens were pulled on a 300 kip MIS

machine at a cross heat speed of 0l04 ih./min. Stendard sized ASTM
Charpy V-netch;specimens were broken in a pendulum type impact machine
-calibratedvto a 60 ft-1b capecity. Plenevstrain fracture toughness,
(KIC) determinations were conducted in accordance with ASTM specifica-
tion E399-70T6 and using compact tension specimens 0.605 in. thick. The
method of calculating stress intensity-reeommended by Srawley and Gross7,

was used to determine K. _values. All specimens were fatigue precracked

Ic
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at 6 cycles per second on the MIS machine. They were then pulled on a
11,000 1b. cepacity Instron at a 0.04 in./min cross head speed. All
.mechanical properties specimens were machined slightly Qvefsized prior to
heat treatment. After heat treatment, specimene were ground to final
- dimensions using -flood cooling to minimize heating. This procedure was
used to eliminate possible effects due to surface decarburization of the
specimens.
Microstructures were catagorized using both optical metallography
~and thin foil transmission electron microscopy. Optical metailography
was employed to determine the presence and distribution of large inclu-
sions. -Also.examination of prior austenite grain boundaries required
. optieal examination. Transmission electron microseopy>was used exten-
-sively for microstructural substructure identification, and especially in
- the determination of the existence and distribution of retained_eustenite.
“Foils for transmission work were prepafed from slices_carefully taken from
previously tested fracture toughness (KIé) sPecimens. Slices 0.020 in.
thick were mechanically sectioned using’fleod cooling to avoid tempering.
They then were chemically thinned to 0.005 in. in an H202+HF‘solﬁtion,
Electropolishing in a chromic-acetic ecid solution using the window-
method completed foil preparation. All foils were examined in a Siemans
Elmiskop IA.operated at 100 kV.
All fractufe surfaces of Kie specimen54Were examined using a JSM-U3

Scannihg Electron Microscope operated at 25 kV in a back scattered
electron mode.' Fracture surfaces,were protectedeith‘aCetate~replicating

tape while the specimens were being cut to an acceptable size. for viewing.



RESULTS

' Mechanical Propertles

The room temperature ten511e propertles are listed in Table I.

From these data it is ev1dent that varying the austenitizing temperature
between 870°C and 1200 C has llttle effect on either the yield strength
or the ultimate tensile strength. However, the duct111ty (elongatlon
end reduction in area) was better with the conventional 870°C austeni-
tizing temperature. There was no significant variation in the low Charpy
V;notch‘impact resistance with austenitizing temperature, as shewn'in
Téble II. The results of the plane strain fracture toughness (KIC) tests
are listed in Table III.

Several austeuitizing temperatures and quenching media were employed
on KI specimens, as shown in Table III. The heat treatment conditions
which afforded the best fracture toughness results were subsequently used
- for tensile and Charpy impact specimens. Several important observatlons-
can be made from the data in Table I1T. First,‘raisihg the austenitizing-
temperature_from 870°C to 1200°C and oil quenching results in a substan-
tial improvement in fracture toughness. Second, quenching direetly from
either the 870°C or 1200°C aUStenitiziug treatment»into water or icedf.

- brine resulted in quench cracking. However quenching intoveither water
or iced-brine after the stepped 1200°C-870°C austenitizing treatment did
not cause quench cracklng. Furthermore the stepped austen1t121ng treat-
ment-¢ombined with an oil quench resulted in fracture toughness values
of the same level as those exhibited by specimens 0il quenched directly
from 1200°C. it will also be noted in Table III that austenitizing at

1100°C and oil quenching resulted in toughness values intermediate to
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those obtained with specimens austenifized at 870°C and 1200°C. Iﬁ addi-

~ tion, one observes that with the aforementioned austenitizing treatment .,
(1200°C) there is no apparent advantage accrued through qUenching in a

faster medium than oil;_ Thus it was decided tb concentrate the investi-
gation on the microstructures énd related mechanical properties’bf

_sbeciméns auStenitized‘usihg'the bptimum stepped austenitizing précedure
'fdlloweé with an oil quench. In addition, specimens given the standafdl
commercial procedufé of austenitizing at 870°C and oil quenching were
thorougﬁly éXaminedbin order to allow coﬁparison and correlation of the

" microstructures and mechanical properties resulting from the different

" heat treatments.

The fracture surfaces of two KIC'fracture toughness specimens are
shown in the SEM photomicrographs of Fig. 1. The photomicrograph;in.the
uépér-panel (1a) is of a specimen austenitized at 870°C and oiluqﬁenched.
The fracture surface is almost entirely quasi4cleavage, with scattered
’packéts of ductile ruptuie; Tﬁe "cleavage" was transgranular in nature
and the area of each cleaved region approXimates the siie of the prior
austenité grains. The photomicrograph in the lower panél (1b) is'of the
fracture surface from a speéimen austenitized using the 1200°C/870°C/oil |
quenchbprocedure. This surface exhibited eXténSivefamoﬁnts-of dimpled
| rubture, as well as some quasi-cleavage regions. The shallow dimplés:are
typical‘df failures involving a void coalescence mechanism, as described
by Low8. Comparing the two'fraéfographs, th¢ fracture surface in Fig. 1b

is that of a specimen‘having much greater'dUCtility, hence gréater'énergy
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aBsorption, than that shown in Fig. 1la which had the commercial heat
treatment. An additional feature of the fractographs was the indication
of MnS inclusions which were often locatea at the bottom of the dimples.
It appears that inclusions may be respcnsible'for’crack nucleaticn by
ductile tearing at the matrix-inclusion interface. It is obvious from
the fractographs that the material step.austenitizéd at 1200°C-870°C is
capable of more ductility at the microscopic levei than material austeﬁir
tized at 870°C. | | | |

Microstructure

ObtiCal metallographic examination revealed that the prior austenite
grain size of the step quenched (1200°C?é70?C/oil) heat treatment was an-
order of magnitude larger than the grain size attained with a commercial
heat treatment (870°C/oil). The specimens'austénitized at 870°C had an
average grain size of 0.015 mm, while the coarse grained material had an
average diameter of_approkimately 0.15 mm. Optical microscopy did not.
reveal any ferrite or upper bainite for either heat treatment.

Transmission electron microscopy revealed that both heat treatmcﬁts
(1200°C-870fC, 0il and 870°C, oil)'resulted in mixed microstructures con-
sisting of auto-tempered martensite, untempered martensite; and'smail
amounts of 1owe} bainite. ‘wa types of martensite were present; 1argé
lenticular plates and bundles or packets of fine parallel laths. .In'the
fine grained structure, the largefmartensite platés would often extehd
across an entiie grain; this was never observed in the coarse grain struc-
ture. The large plates in thc coarse grain structure originated at the
prior ausfenitc grain boundaries and procruded only barcially across the

grain.




The martensite exhibited a substructure which varied with the two
-heat treatments. The packets of lath martensite Qere very similar for |
both austenitizing treatments; The laths generally exhibited a high dis-
‘location density; however, a few twinned laths were Qbserved.y The plate-
martensite in specimens austenitized at 870°C consisted of a mixture of
dislocated plates and twinned plates. The dislocated plates were aufo-
tempered; fhé carbide precipitates were ideﬁtified as ecarbide. The
twinned plates sdeed no autoétempering. This sgggests the twinned
plates were the last to form, hence, at the lowest températures. Use of
the high temperature step austenitizing treatment resulted in the elimi-
nation of tﬁinned martensite plates. All the plate martehsite in the
specimens heat treated at the higher austenitizing temperature was dis-
located and exhibited extensive auto teﬁpering.

The most striking difference in microstructure resulting from the"
two different austenitizing temperatures was in the amount of retained |
austenite observed. The 870°C austenitization resulted in very iittlé
retained austenite, as observed in the bfight field micrograph of Fig.
2a, and the correSpdnding dark field micrograph of an austenite reflec-
tipn (Fig. 2b). - Conversély, specimens given the step austénitizing
treatment (1200°C-870°C) showed extensive networks of 100-ZOOR thick -
‘austenite films sﬁrrounding mértensite plates and packets of laths.
Figure 2c is a bright field picture and 2d ié a dark field image of an
_ austenite.refleétion for the stepped heat treatment. Bright field
(Fig; 3a) and dark field (Fig. 3b), lower magnification electron micro-

graphs of step austenitized material, reveal the extensive distribution



of tne austenite films. Verification of this unusualvtype of microstruc-
ture was made by examining several foils. Diffraction patterns similar
to that exhibited in Fig. 3c were used to determine the presence of re-
tained_austenite.- The analysis of this pattern, given in the line draw-
-ing (Fig. 3d), showed that the orientation‘betWeen austenite and marten-
site, exhibited the Kurdjumov-Sachs relationship, <111>M”<110>Y' Another
interesting observation that was made related to the apparent thermal
stability of the retained austenite. Specimens refrigerated in iiquid
nitrogen (-196°C) for 1 hour directly after the initial oil quench

| exhibited no change in the amounts of retained austenite compared to non-
refrlgerated specimens. Correspondingly there was no difference in plane
strain fracture toughness between refrlgerated and non- refrlgerated speci-
mens. X-ray_studles of the reta;ned austenite were conducted, but it
was not possible to obtain quantitative data on the volume fraction
preSent.. | |

The stability of the austenite with respect to plastic strain was
con51dered but because of the d1ff1cu1t1es in.transmission m1croscope

foil preparation, the effect of plastlc strain could not be determined.-

DISCUSSIGN
Examination of the foreg01ng data has shown that a 1arge 1mprovement
in plane strain fracture toughness results when 4340 steel is austenltlzed
at 1290°C rather than at 870° C. The as-quenched yield and ultimate ten-
siie strengths are not significantly changed by the higher austenitizing
temperature, but the tensile test bar ductility is lowered by. the: 1200°C

treatment. Concurrent with the improvement in fracture toughness, the



mode of‘fracture changed from a mixture of quasi-cleavage and dimpled
rupture to a predominantly dimpled rupturé fracture surface. Possible
explanationé fbr the improved fracture tbughness appear to lie in two
areas, the change of submicrostrﬁcture,_i.e., less twinning, with the
higher austenitizing temperature, and sécondly, the large increase in
retained austenite obtained with the higher éuétéﬁitizing temperature.

As described préviousiy, the 870°C austenization‘resuited in a fine.
grain size. These grains were often traversed by large lenticular mar-
tehsite plétes. Some of the martensite plates were dislocated; however,
otheré were twinnéd, The specimens austenitized at 1200°C did not exhi-
bit ahy twinned plates. Fufthérmbre,_none bf thé dislocated plates were
larée enough to extend acrosé the larger grainé resulting froﬁ the higﬁer
temperature; Several previous investigatorsz’s’g-have associated a drop
in fra&ture thghness with the presence of increasing amounts of twiﬁned

10 attribute the loss in toughness to a

martensite. Kelley and Nutting
decrease in the number of available slip systems in twinned plates by a
factor of four; Théy suggesfed that the slip systém.must be such that.

both the slip plane and the slip direction are common to both the twin

11 nd Krauss et a1l? have indicated that

and the matrix. Bevis,‘et al
twinned martensites are more likely to deform by\mechanical twinning than
by slip. Furthermore, Gilbert et alls'have observed that twins induce
crackslin certain ihstances. Thu§, considering the fact that twinnéd
_martensite.plates-often traverse entire grains in the small grained

matetial, while no twinned plates exist when the grains were larger, the

possible correlation between transformation twinning and- the lowered
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fracture toughness in 870°C austenitized material must be considered.
The other prominent microstructural change was a large increase in
the amount of retained austenite as the austenitizing temperature was

raised from 870°C to 1200°C. A similar effect has been observed by
14-16

increase in retained austenite with an increased solution of carbides

Webster in several studies. In his pepers; Webstefvassociates the
and internetallic precipitates at higher austenitizing temperatures.
This, he reasoned, resulted in a lower Mg temperature, dﬁe to increased
alloy concentration in the matrix, which in turn.caused the increase in
retained austenite. In order to fest this hypoehesie'for our alloy
system, Mg temperature measurements were conducted on specimens austen-

itized at 870°C and 1200° ;7; It was found that the higher austenitizing

temperature resulted in an increase of the Msltemperature of approximate-

1y 10°C, with no apparent effect on Mg. It is believed that the increase
is due to the large grain size obtained by austenitizing at 1200°C. This
would be in agreement with conclusions reached by Breinan and Ansell18 on
the effect of eustenite yield strength:on'Ms temperature. In addition,
the higher aﬁstenitizing temperature did'not affect yield or ultimate
tensile strength, which again suggests that the precipitate or inclusion
density>has not changed. - Also, no undissolved carbides other than those
due to auto-tempering were found in transmission or optical micrographs
of specimens austehitized at 870°C then oil quenched.

‘AThe presence of retained austenite'hae been shown by Webster16 to

improve toughness through its crack arresting abilify. In his paper

Webster mentions how high magnification movie techniques were used to
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follow crack propagation. Cracks propagating through martensite would

 be stopped upon intersecting a region of retained austenite. With fur-

ther loading the cracks would branch out and grow around the austenitic
area. This sort of crack motion would necessarily involve more energy
absorption than straighf propagation through martensite plates. Thus,
the increaséd‘austenite.content could éertainly help explain the greatér
fraéture tcughness of the specimens austenitized at 1200°C. |

Webster's explanation of enhanced toughening was based upon the

assumption that the retained austenite was stable with respect to stress

4 5

and strain. ’Recent studies by Gerberich et al” and Antolovich et al
suggest that an enhancement of the fracture toughness could also occur
if austenite is converted to martensite by a strain (or stress) induced -

transformation. These workers showed that about five times more energy

_ is abs0rbed by this type of transformation than for the plastic. deforma-

~ tion of a stable metal matrix. In this investigation it was not possible

to determine whether or not the retained ausfeniié was being transformed
in the fracture toughness test. |

Ritchie, Knott, and Geniets® have proposed that high austenitizing
temperatures can alter the distribution of impurities in steel and thereby.'
affect the fracture toughness. They postulate that segregation of impur-

ities (Sb in their studies) in prior austenite grain boundaries can be

minimized by high temperature austenitization followed by fast quenching.

The resultant dispersal of impurities changes the mode of fracture, and
therefore the toughness from a low energy absorbing mode such as inter-

granular failure to a high energy one,vi.e., dimpled rupture. In this
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_ study‘no intergranular fractures were observed in the as quenched speci-
mens regardless of austenitizing temperatures. The predominant mode of

fracture of the brittle specimens was by cleavage.

CCNCLUSIONS
The use of a higher éustenitizing temperature for AIST 4340 steel
results in a significant increase in fracfufe toughness with no loss in
strength. Microétruciurél 6bservations‘revea1ed that the higher austen-
itizing_temperature'régulted in both an increase in the amount of retain-
ed austenite and the eliminationvbf twinned martensite. Either of these
microstructural features by itsélf could enhance the toughness. In this

investigation it was not possible to establish uniduely the role of each

on the mechanical properties.
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TABLE 1

Room temperature longitudinal tensile properties for alloy 4340

in the as-quenched condition -

7.4

44.6

Austenitizing Quench Test  0.2% Yield Strength Ultimate Elongation Reduction True
" Temperature Specimen ksi Tensile % of Area % Fracture
°C Number Strength ‘Strain %

- ksi :

1200 0il 13 220 - 326 6.9 5.5 0.04

1200-870 ~ Oil 7 230 318 2.6 6.7 0.06

g 232 318 3.7 8.8 0.08

870 0il 1 237 323 10.6 17.0 -
2 o225 - 0.18

-S'[-
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TABLE II

_Room temperature Charpy V-notch impact propertles
of alloy 4340 (as quenched)

Austenitizing Quench CVN Impact Energy (ft-1bs)

Temggrature
870 . 0il 7.5
| 6.1
1200 0il | 5.7
| o 5.4
1200-870 0il ‘ 5.4

| 6.0 ¢

1200-870 = - IBQIN* 3.6
| | 3.7

~ *Ice brine quench, liquid nitrogen refrigeration.
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- TABLE III

Room temperature fracture toughness properties for alloy 4340

in the as-quenched condition

Austenitizing Quench Test P Plane Critical K
Temperature . Specimen % Strain Stress e
- °C - Number Q Fracture Intensity Cys
Eoughness Kcritl/z'
I(_: 12 ksi-in.
) | - ksi-in.
1200 0i1 1 1.12 65.3  81.8  0.29
1.15  60.9 88.9 0.27
39 1.08 49.6 - 62.8.  0.22
1200 Water 5 quench cracked
- quench cracked
1200 IBQLN '3 quench cracked
4 1.19 49.8  51.7 1 0.22
1100 0il 4 1.07 .+ 40.0 45.3 0.18
1200-870 0il 9 1.02 . 63.8 69.4 0.29
10 1.01 66.6 68.7 0.29
35 1.11  52.0 65.3 0.23
46 1.00 61.2 61.2 - 0.26
© 1200-870 0il+IN 43 1.07 55.6 63.7 - 0.25
1200-870 Water 11 1.14 59.3 74.6 0.26
12 1.31 59.8 97.5 0.27
1200-870 .  IBQIN 1.14 60.5 84.5 0.27
| 1.24 52.2 85.4 0.23
870 0il 15 1.08 31.1 38.8 0.14
| 16 1.00 39.0 39.4 0.17
» 34 1.00 32.3  32.3 0.14
870 Oil+IN 45 1.00 33.1 33.1 0.14
870 ' Water . 17 quench cracked
o ! 18 quench cracked
870 IBQIN 13 quench cracked
o 14 | quench cracked _
1200-870-870*  0il 37 1.08 ’38'9 46.5 0.17

*Step quenched into oil (1200-870) and then re- austenltlzed at 870°C for

- one hour and oil quenched.



Fig. 1

Fig. 2

Fig. 3

FIGURE CAPTIONS

Scanning electron micrographs shoWing fracture surfaces of plane-
strain fracture toughness spécimens: austenitized at 876°C,‘

0il quenched (a); austenitized 1200-87Q°C, 611 quenched (b).
Transmission electron micrographs of as-quenched AISI 4340:
bright field (a) and dark field of austenite reflection (b) of
870°C/0il specimen; bright field (c) and dark field of austenite -
reflection (d) of 1200-870°C/0il specimen.

Low magnification bright field (a) and dark field of austenite
reflection (b) transmission electron micrographs. Diffraction
pattern (c) showing austenite Spots and correSponding‘expianatory

line drawing (d).
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XBB 738-5024

Fig. 1
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XBB 738-5025

Fig. 3
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o [111] MARTENSITE SPOT
o [Il0] AUSTENITE SPOT
d e [I00] MARTENSITE SPOT

XBB 738-5032

Fig. 3 continued
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United States Government. Neither the United States nor the United
States Atomic Energy Commission, 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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