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| ABSTRACT o

Relatively small amounts of embrittling microébﬁstituents, often
detectable only by a combination of careful'optical'micrbscopy and high
resolutioh.electron microscopy, have a considerabié influence on the
fracture.tbughness of ultra high strength steels;'fThese embrittling
microconstituents are commonly found in convenﬁibnaliy.heét treated
steels. Devising heat treating procedures to eiiminéte the undesirable
microstructural features is an important aspect iﬁ the design of steels
with impfovéd fracture toughness. The present paper describes how
undesirablé-ﬁicroéonstituents were detected by'various metalldgfaphic
techniques, and how these were eliminated or mini@ized by the design
of appropriate heatvtreatmeﬁfs. In the first caée, ﬁndissolved carbides
were noted as the prime cause of low plane strain:f%écture toughness of
a 5 Mo, 0.3 C steel. Their subsquent eliminatign Sy ghe use of high
austenitizing temperatures resulted in a twofold increase in toughness.
In AISI 4130 steel, conventionally used austenitizing treatments result
in the formation of a.larée amount of freé ferriﬁé which considerably
lowers fracture toughness. Miﬁimizing the amount-of-free ferrite by
the use of higher austenitizing temperatures and ﬁ&fe rapid quenches
than those conventionally used resulted in a sigﬁifiéant enhancement
of fracturé toughness. Finally, the superior fréétufe toughness'of‘

AISI 4340 steel austenitized at higher than convenfionally employed
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temperatures was attributed to the presence of émall amoﬁnts of retained
austenite between martensite laths. It was con¢i§ded that in low and
medium alloy steels unusual combinations of strepgthvand toughness,
comparabie to those of the 18 Ni maraging alloys andvapproachiﬁg those
qf TRIP Steéls, can be attained.
"INTRODUCTION
The é@dlution of a unified theory of fractufe:méchanics and the

development of reliable test methods for obtaining an accurate value

for the plane strain fracture toughness (KIC) have provided the metallurgist

with a duantitative_methbdvfor evaluating the effects of microstruﬁtural
details on the tendency of an alloy to fracture in a brittle manner.
Studies of fhe relationship between the microsttuCture and the fracture
toughness of ultra high strength steels have been eépecially rewarding.
For example, the deleterious effects of sulfur énd'o;her trace impurities
have been quantitatively determined.1 Also, the reiative merits of
steelslwith.bainitic or tempered martensitic microstructure have been
well documented with respect to their strength and fracture toughness.2
Steels are qften rated according to their relative,posi;ions on master
plots of plane strain fracture toughness vs yield strength.3

The assumption is genefally made that the highvhardenability of
commercial quenched and tempered steels ieads to uniform microstructures
throughout the thickness of fracture toughness specimens. Elementary
considerétiéhs éf miéromechanics of fracture lead to the conclusion
that the fracture toughness of ultra high strength steels should be
highly dependent on relatively small amounts of embrittling micro-

constituents. The detection of minor amounts of austenite decomposition
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productsﬁbyrgither optical or electron'ﬁicroscopic techniques is deceptive
in its apparént simplicity. The detection by oﬁtié#l microscopy, for
example, prSmall amounts (of the order of one ﬁerteﬁt) of upper bainite
in a 5/8 iﬁ. thick specimen consisting largely df'loﬁer'bainite or auto-
tempered”ﬁarﬁensite démands.the utmost care and pa;ience iﬁ éll stages
of speciﬁéﬁ prepération. It is well known that high resoluﬁion electron
microscopy is needed to distinguish between lowérlbainite and autotempered
martensite; Unfortunately, the advantageé of elect;on micfoscoﬁy are
offset by tﬁé aisadvantage that large areas canﬁdtvbé scanned réadily.
A combination of metallographic techniques is genérally the moét effective
way to étudy the structures of heat treated steéié‘ When metallographic
techniques feveal the presence of embrittling structufes in'coﬁQentionally
heat treatéd'steels, aiternate heat treatments ShQUld bé devised to either
eliminate, or at least minimize, such structufeé.:f | .
Receﬁt.studies at the University of Califofﬁiabon a secondary hardening
steel, S:Mo;O.BO, have suggested one way in which improvements,iﬁ micro~
structural uniformity can be achieved.4 Increasés in fracﬁufé toﬁghness
of more‘fhah,SO percent were obtained in as quenched specimens by the
use of highvaustenitizing temperatureé. In thié casé, the iﬁpro?ement
was attfigﬁted to the reduction of undissolved élloy carbides. In the
present investigation several commercial steels.wéré‘heat treated at
different austenitizing and tempering temperéturgsfénd their strength

and fracture;toughness determined. The results_obtaided are reported

herein.
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EXPERIMﬁNTAL RESULTS AND DISCUSSION
~ The compositions and properties of the steels uéed in the present
investigation are shown in the Tablé. Specimens‘for optical and electron
microscépy were taken from the fracture toughness specimens which had
been designed and tested in accordance with ASTM recommended practices.

Sufficient éampling was done to ensure that representative microstructures
were obtéined.

| The effect of austenitizing temperature on the‘fracture toughness
of as quenched specimens of the 5 Mo,0.3 C steel is.shown in Fig. 1.

.The abrupt.increase in fracture toughness at a critical austenitizing
temperatufe was associated'withvan_increase in grainléize (ASTM 7-8 to 1);
the graih size change was concomitant with complgfe so1ution of the
alloy carbides. |

Sevefalidifferent microstructural features were.fesponsible for
thé lower:ffécture toughnesses of the three steels when they were
ausfenitized-at the coﬁventibnally used temperature t870°C). The optical
micrographs of AISI 4130 steéi, oil quenched from 870°C, clearly showed
grains of ferrite and many regions of upper bainite. The remainder of
the structure was identified by transmission electrén microscopy as

being lower bainite and.autotempered marténsite.v'ﬁhén the austenite
grain siié‘was increased by first heating the stéel to 1200°C (then
furnace éOOIed to 870°C before oil quenching), there were no ferrite
grains visible in the optical micrograph, and the amount of upper bainite
was substantially lower than that formed during thé direct quench from
870°C. The frécture toughness was increased about 30 percent by the

1200°C treatment.

-



TABLE

Austenitizing and Tempering Temperatures,'Fracture Toughness

and Yield Strength of the Steels

(Commercial steel)

*KQ, rather than K o) values.

I

Steel : Austenitizing Quenching Tempering 0.2% Yield Fracture
(Composition) Temperature, Medium Temperature, °C . Strength Toughni7§
ksi ksi-in
5Mo-0.60Mn-0.30C 870 Iced Brine As Quenched 194 52
- (Laboratory heat) 1200 Iced Brine As Quenched 214 100
1200 Iced Brine 150 210 104%*
1200 Iced Brine 225 196 109%
AISI 4130 870 0il As Quenched 201 57
(0.30C-0.85Cr- 1200-870%* 0il As Quenched 210 73
. 0.46Mn-0.20Mo) 1200 Iced- Brine As Quenched 214 100
(Commercial steel) 1200 Iced Brine - 200 210 110
AISI 4340 _ 870 0il As Quenched 231 35
(0.40C-0.72Cr. 1200-870** 0il As Quenched 231 63
1.73Ni-0.80Mn- 870 . 0il 200 235 62
-.0.24M0) : 1200-870%** - 011 200 230 75

**Specimens cooled slowly from 1200°C to 870 C before quenching to maintain quenching
conditions identical with 870°C austenitized specimens. :
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Free ferrite grains and ferrite platés‘in‘ﬁpﬁep bainite are regions
that are mechanically Weak.r They can fail réadiii‘sy.either piastic L
fldw_or by'éleavage, and thus they tend to iﬁitiate microeracks at “
réiétivglyvlow i¢§els of plastic.strain. This.fé;ults in low values 6f
fractﬁre'touéhness; even when dimﬁie& rupture_occurs;»as’scanningvelectron
miéroscbpy_revealéd WéS'thé case for this steel. 'In’édditional experiments,
.fgacture.foughness specimens'were'quénched into iéedfbrine;directly from
1200°C; Tﬁe cobliﬁg'rate in this case was fast eﬁdﬁgh to suppréss the
formatioﬂ‘qf»upper bainite, aithoﬁgh'smali amounts of a bainitic product
: were'viéiﬁle in iSolafed regions in optical microéfaphs%"The remainder
of the'ﬁicrbstructﬁre_éppeafed'to bé_autotempefed_mértenéite.’ Specimens
given the iﬁédvbrine quench had excepfionally,high fracture toughness
(100 ksi Vin.). | |

;Anno;hér microstrﬁctural'feétufe that cénvhave'é marked influence

én fra¢tuie toughness is retained austenite. 'Théiprésence of austehite 
films has Béeﬁ observed byvother invéstigatoré, and there has been some
'_speculation aboqt its influence on toﬁghness;5 In the case of AISI 4340
steel, thejprééence'df retained a§steniteIithiivquenChed specimens
vwith the larger austenite gfains appeared to mafkedly enhance the |
fréCture'téﬁghness. Opticaivmicrogfaphs did.hpt'fevegl the,sttuctqral
-nature ofrthis steel ‘in aﬁy:of;the-conditions;inveSCigated.v Trénsmission  »€
electron mié:ographé Qére réquired to show that tﬁé structure Vaé'priﬁarily s g/
autocempered marteﬁsite with.small amounts of‘lbwervbainite and untémpered;
"martensite for both the 870°C, and the 1200° to 870fc_éuétenitizing'
| conditions;; The only significant'difference'obsérQable in the.two_steéls
was;that:a f;lm of auétenité, lOO:to 200 A thiék, surrcunded a'majofity

of the martensite laths in the épecimens that had been heated to 1200°C,

i,
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as can be seen in the dark field electrén micrograph of Fig. 2, whereas
there was §n1y a trace of retained austenite visible in the specimens
heated to.870°C. Additional dark field microscbpy showed that the retained
austenite did not transform when specimens were_qédled to liquid nitrogen
temperature.

| Austenite is not sensitive to high local stréssvconcentrations and
does not fail by cleavage, as does ferrite. Consequéntly, it seemgd
reasonablé~to conclude that in this case, the presence of another phase,
proﬁerly_dispersed, can actually enhance the fracture toughness.

CONCLUSIONS |
It is clearly evident that low fracture toughness of a quenched and
tempered steél is associated with the presence of certain tyﬁes of
microstructural features. It is well known that‘sulfide inclusions act
as microcrack nuclei and therefore induce microfracéure at relatively
low stréiné in fracture toughness specimens. Siﬁilérly, as reported
herein, carbide particles undissolved during austenitizing lower toughness.
Free ferrite, whether present as separate grains‘orﬂas platelets in
upper bainite in ultra high strength steels, lowers fracture toughness
by a substantial amount.
Autotempered martensite formed during thé quenching operation,

lower baiﬁite, and tempered martensite free from lath boundary films of
carbides, are tough and fracture resistant microstrﬁctural constituents.
The presence of retained austenite films aréund:aufotempered laths of.
martensite adds substantially to the inherent toﬁghnéss of the auto-

tempered martensitic structure.



Figufe 3.summarizes the results of our tesfs to date on steels
that hadvbgen given the 1200°C austenitizing treéthent. The fracture
toughnésé;iKIC, is plotted against the yield stfeﬁgth. In this figure
there arevtﬁc bands plotted which show the rangéé_of yield strength and
fracturértoughness values reported in the literafufe fof commercial
ATISI 4340 steel and the 18 Ni maraging alloy. The maraging steels are
usually cohsidered to have the highest value of plane strain fracture
toughnesé‘obtainablé at a given yield stréngth.1.As7the figure shows,
it is'possibie to increase the fracture.toughness_of quencﬁed and tempered
steels,’thfough microstructural control, so thaf their toughness values
are in, or very near, the maréging steel band. Furthermore, there are
good reasons to believe that fracture toughnesseSfﬁéll above the maraging
steel band can be obtained with quenched and temperéd steels through
modific;tions of chemical composition and thermai.;féatments. |

Figure 4 shows the approximate range of results obtained with TRIP
steels and_how the fracture toughness values compéré with those of
quenched.agd tempéred, and maraging steels.. The TRiP steels are metastable
auéténitic ultra high strength steels that transfd?m martensitically
when plastically deformed. These steels contain10;3vpercent carbon or
more, and the martensite that forms provides an gdditional strengthening
mechanism. A volume change of approximately 3 percent (corresponding
to a lineérbchange of 1 percent) is associated with the transformation.
The lineaf strain augments the ductility and adds to the f;acture
toughness. The volumetric expgnsion tends to réduce the three dimensional
tensile stresses that are developed during plastic étraining near the
apex of a nofch. This changes the stress state‘towafd a condition which

favors a more ductile performance of a fracture toughness specimen.



It seems reasonable to postulate that steelé with lower alloy
content than TRIP steels, but with some TRIP chéraéﬁéristies, can be
designed. The fracture toughness values for sgch stee1s should fall
in the région between the maraging and the TRIP_éteels.
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FIGURE CAPTIONS
Influence of austenitizing temperature,bﬁfthe room temperature

piane'strain fracture toughness, KIC’ of as quenched 5 Mo, 0.3 C

: stéel.

Transmission electron micrograph of AISI 4340 steel heated to
1200°C before oil quenching, (a) bright field image, (b) dark field

image, showing reversal of contrast at austenite films between

" martensite laths.

Plots of fracture toughness, KIC’ vs yieldVStrength. The two

shaded bands'represen: the range of valdeé.found in the

~ literature for AISI 4340 and maraging steels. The circles are

data points from the present investigatidn; 

Plots of fracture toughness vs yield stfeﬁgth. Bands for

‘commercial steels (KIC) and metastable auétenitic TRIP steels

(KC).
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