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INCREASING THE FRACTURE TOUGHNESS OF
A MARAGING STEEL TYPE ALLOY

B.vFrancis

Iﬁorganic Materials Research Division, Lawrence'Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California 94720

Recent unpublished studies1 have shown that the fracture toughness

_of.auFe¥l6Ni§l.5Ti maraging steel type alloy may be greatly impfoved

by age hardening at higher temperatures (550°C-600°C) than those

'cqnventionélly used (~ 450°C) for maraging steels. The purpose of

this note is to describe the mechanisms believedvtq be responsible for*r
the 1mp:oved'fracture tdughness in specimens aged at the higher
temperatufe. |

In this alloy, austenite can form at all the'aging temperatures
investigated (450°C-600°C); whether or not it does.fbrm is strongly
dependent on the time at temperature, as shown ih Fig. 1, which shows
thevvolume'pércent”of austenite formed as a function of time of aging
at 450, 500,:550 and 600°C. The data in Fig. 1 is for fhe isothermal
rate of formation of austenite at the aging temperéture. This.is not
necessgrily the same as the rate of formétion of.retained austénite as
measured at foom temperature subsequent to agipg. Thus, in the
Fe-16Ni-1.5Ti alloy aged at 600°C there is no measureéble retained
austenite (measured by X—ray techniques) despite the large amount of
austenite formed at temperature during aging. The formation of austenite
in Fe-Ni-Ti alloys has been discussed by Jin2 and‘féters.3 The data

in Fig. 1 wasbobtained by a magnetic technique reported in detail by



Yuen.4 It was observed that the austenite forms initially at the prior

austenite and martensite lath boundaries,l-3

The precipitate in this alloy, hexagonal NiéTi (D024), does not
eppear toeprecipitate in austenite. For example, iﬁ specimens aged
rat 650°C_(at temperature at which a considerable emount of austenite is
formed very rapidly) no precipitation is observed in the austenite;
precipitation.occurs only in the ferritic portions of the sﬁecimen.
Furthermore; specimens which are’fuliy austenitie may be cooled to
temperatufee anywhere'in’the range above the Mé (315°C for the
Fe-16Ni-1.5Ti alloy) and held there without any precipitation being
'observed.; |

As a consequence of the above, if austenite forms at a grain or-
.lath bounda:y simultaneously with the precipitate, or before, the
precipitation on the_beendary appears to be large1y iﬁhibited by the
presence of the austenitef The fracture toughness weeld improve in
such a caserbecause of the reduced amount of boundary precipitate and/or
- because of beneficial changes in the morphology ef the boundary pre-
_cipitate. In this model, the degree ef interaction between the austeﬁite
and the bouﬁdafy precipitate would be controlled.by ﬁhe relative rates
of formation of the austenite and the precipitateif

Attempts to substantiate with direct_evidence the validity of this
hypothesis have proven to be difficult. Hot-stage electron microscdpy
was unproductive due to the formation of a surface rather than a bulk
precipitate—jeo that the structures obtained were very different from

‘those observed on specimens aged in bulk and then examined. Thus it was

not possible tdﬂobserve directly the formation of the austenite on the
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boundary during aging. Furthermore, electron microscopy of specimens
heat treaied»prior.to examination did not clarify thé problem for two
reasons: .(l)ﬁAustenite.formed at the higher aging temperatures
retransforms .to ferrite upon cdoling to room temperaturé and does not
leave any observable evidence of its exisﬁence (the microstrucfﬁres are
higﬁly disiocated so that evidence of the retransformatién is obscured).
(2) All of the specimené exhibit at least some bbun&ary.preciﬁitation;
énd so it is’pot possible to clearly discern the'difference betweén
specimens aged.at the various temperatures. For exémple, Fig. 2 shows
boﬁndary pfecipifation in specimens aged at 450°C and 550°C.

There is, however, some strong indirect evidence which suggests
there is a beneficial intéraction between austenite formati&n and
boundary ptecipitation, and that this interactiqnfis responsible for
the reduced sensitiyity to grain boundary crackihg in specimens aged

at the highér temperatures. Consider again Fig. 1, which shows both

. the percent austenite and the Rockwell C hardnesé-(as a function of

aging time); .The hardness is used here as a measure of the "completéness'
of the precipiﬁation reaétion; A comparison of ﬁﬁe tﬁo sets of curves |
reveals that at the lower aging temperaturés, for example 500°C,

austenite hasvjusf begun to form when the peak hardness is reachéd

at 103_secé. Convetsely, at the highest aging tempéfature, 600°C,
austenite formation and-Ni3Ti precipitation are 6ccurring simultaneously.
For example,:at 600°C the hardness is Rc 30 at an aging time of 35'secs

and at this time there is approximately 10% austenite. Thus there is

~ a correlation between the relative rates of formation of austenite

and precipitate with the deGelopmént of the best fracture toughness-—
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namely- that when’the formation of austenite and of Ni3Ti occur
simulténeogsly, i.e., at 600°C, the fracture téughﬁess improv;s. The
improvement of fracture toﬁghness with increased aging temperature is
shown in Table I. It should be noted that the imprb#ement in fracture
toughness oééufs at a constantvyield strength lévelv(‘ZOO ksi or ~1,379 MPa).

It will be noted from Table I that the toughnéss of épecimens aged
at 600°C is considerably better than for sbeciméns.aged at 550°c, even
though in'béth.cases austenite and‘precipitate formation (fig. 1) are
occurring approximately simultaneously. This suggésfs that there is a, 
critical baianée between the rate of formation of austenite and of -
précipitate atvthe grain or lath boundaries, and'that:at500°C a
deleterious amount of boundary precipitation has ;akén place prior to
the onset»éf.;ustenite formation. Evidencg in suppoft of this view is
illustrated.iﬁ Fig. 3, which shows SEM fractographsAbf the fatigﬁe
cracked\regioné of fracture toughness specimens_éged at 550°C and 600°C.
The 550°C speéimen shows considerabiy ﬁore gréin boﬁnaary cracking than
does the 6QO°C specimen, as demonstrated by the léségr'ampuﬁt éf'smdoth,
faceted areas in the 600°C micrograph. This indicéteé that there was
more boundéry precipitation in the 550°C specimep,”and is consistent with
the lower'frécture toughness. In this regard it éﬁould be néted fhat
the fracture toughness of 550°C aged specimens is greater, as shown by
the CVN (Table I), than that of the 450°¢ aged specimens; so there is
some beneficial interaction occurring during aging QE 550°c, as_Fig. 1
would suggest there might be.

In éonqlusion, a correlation is obseryed betweeﬁ aging temperatdre
and fracture toughness, with the higher aging temberétures giving

improved fracture toughness. It is shown that the higher aging
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temperatufés‘improved.thetoughness by feducing thé tendéncy forvgrain
boundary cfaéking, i.e., by reducing the amount of énd/or by:changing

the morphdldgy of the grain boundary precipitaté; 5Finally, it is
suggested_thét there is an interaction between the formation»éf austenite
and the formation of precipitate on the prior austenite and the_lath
boundaries,land that if austenite forms sufficiehﬁly early in the aging
process Boundéry preéipitation may be lafgely inhibitéd. This interéction
is believed:tb account for the iﬁproved'toughneés at the higher aging
temperaturéé( This suggestion is supported by inairéct evidence cph-
sisting iafgély of the relationship between the rate of férmation of

Ti as a'function of aging

austehite and the rate of formation Ni3

temperature.
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Table I. Fracture toughness for various aging temperatures.

R BESTe  CWN -

c .
Alloy ' , Aging Hardness IviPa'ml/2 : N-M
S (wt %) : Temp.  (oy 1,379 MPa) (23°C) - (23°C)
Fe-16Ni-1.5T1 600°C 43 a2 3
(vacuum induction - : '
melted) - s50°¢ 43 s 19

450°C 3 - 4

200 ksi = 1,379 MPa
1 ksi/in. = 1.1 MPa /2
1 ft-1b = 1.36 joules



Fig. 1.

Fig. 2.

Fig. 3.

FIGURE CAPTIONS
The volume percent austenite and the Rockwell "C" hardnesé of the  '
16Ni~1.5Ti alloy as a function of aging ﬁiﬁe. |
Bfiéhtffield (a) and dark field (b’ transmission electron
micfographs showing érainvboundary precipitafién‘in the
16N1-1.5Ti alloy."(A) Aged at 450°C. (B).Aged at 550°C.

SEM_fractographs of fatigue cracked portions of CTS specimens'aged

‘at (a) 550°C and (b) 600°C. The 600°C specimeh shows considerably

less grain boundary fracture than does thé_550°C specimen. Both

micrographs show representative areas.
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Fig. 2A
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Fig. 2B
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Fig. 3
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