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METASTABLE AUSTENITIC STEELS WITH
ULTRA~HIGH STRENGTH AND TOUGHNESS

M ' _ W. W. Gerberich
« Inorganic Materials Research Division, Lawrence Radiation Laboratory,

Department of Mineral Technology, College of Engineering,
University of California, Berkeley, Californis

ABSTRACT
A comblnation of chemical‘balancing andvtherﬁal—mechanical ﬁrocéssing.'

has led to a new class of high strength stéels. These steéis utilizé the

strain-induced austenite to martensite transformation,tq produce unusually

good combinations of strenéth; elongatibn, toughness and corrosion re~

sistance. The principle behind enhanced elongatibn.is discussed in termg__

of the increased work~hardening rate providéd by the hard martensitig

phasef‘ The mechanism responsible for-enhahced toughness is discuséed in F-

terms of the blastic energy aﬁsorption'occurring'duringvthe transfofmatioﬁ.

It is further shown that elongation is three timesvgreater,,toughness

may be two times greater in thin or thick séctiong, énd-corrbsion resistaﬁce
: is an'order of magnitude'greater than the cOmparable'prqpertieé of con~

| ventional, high~strength martensitic ate@ls.
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INTRODUCTION
A recent development of a new class of steels has generated considerable

interest because of the possibility of simultaneously increasing strength,

-elongation, and resistance to crack propagation.l’?‘ These steels,have o

been called TRIP steels after TRansformation Induced Plasticity and are
essentially warm-worked austenitic steels that transform to nartensite-

with subsequent straining at service temperatures, AlthOngh the thermal-
mechanical treatment necessary to obtaln these 200;000 to‘§O0,000 psi
strength steels requires 70 to 80% prior deformation, the?benefits to
elongatlon and toughness are conslderable, For example,'how many 200)0@0 psi
vield strength steels have a uniform elongation ofu50%?. |

| As warm~forming techniques gain acceptence'thfoughout,the auto

industry, adoption of more complex‘thermalemechanical treatments might be'.
expected. However, before any material can be'utilized'insmass.productioni

it must be shown that, besides providing increased performance, it is also;

cost competitive. For this reason these more expensive steels (~ 18-28%

alloy additions) are not likely to find wide~spread usege in the auto-
motive fleld. Nevertheless, with neW'generetions of bodies and engines
(e.g.‘a/turbine engine), thedneed for meteriels'with unusuel:pfoperties i
is likely to inc}ease.vbIt is the purpose‘of:this paper tojinforn you‘of;
the present teChnology}in TRIP steel in the:eventuelity that tbe need

for such a material might arise,



MATERTAL AND PROCESSING

~ Hundreds of alloy composgitions have been evaluatéd at ﬁhe Inorganic
Materials Research Division of the Lawrence Radiation Laboratory. Although
nearly'all of these exhibit the strain induced transformation, some of‘
the best mechanical properties hawé been'observed in the following compo; ‘
sitionsys - ,' - |
A 9Cr58Ni~hMb-2Si-2Mh~O.28C (Good Room Témperature'PTOpérties)
B 13Cr-9Ni-3Mo-28i-2Mn-0.20C (Good Low Temperatti;«e P‘roperﬂes)
c lBCr-8N1-3M0-2Si-th~0.2&0‘(Good Corrosion Resistance)"
There has been some question as,to‘wheﬁher all.the’molybdenuﬁ contained"-‘
in these alloys 1s necessary. In.fgct, one alloy has been év&luafed
without any molybdenum and has been found tb have uniaxial behavior néarly}.
identical to other TRIP steels. Also, the'éilicon ¢an bé-reduéed'copsiderébly
without detrimentalveffects. v | |

The thermal-mechanical processing cycié'cénsists of forging at

2000°F, cross-rolling at 1800°F, austenitizing at 2200°F for é-l/é hours
and quehchinglin an lce-brine solution. These anneéled plates, which‘were; :
wholly austenitic, were then ﬁarm-worked 75&80% at 8hO°Ffto.provide an
Vausténite‘which had a yield strength sbove éO0,00préi.' Other processing
temperdfﬁ:es éan Be'ﬁtilizéddig the range of 400-~1000°F as long as.the
temperature 1s maintained abo&e Mb, the tempeiatu:e'beIOW'which>stra;n;
induced:martensite occursnv_FTom this'material and.processing, the‘ o ?

following mechanical property behavior was observeds "
) . ‘ . ' ‘
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TENSILE BEHAVIOR

‘Forbmosﬁ ultra~high strength steels, the gequence of events in a. -
tensile test 1s as follows first, an elastic stage occurs; eecond, this
is followed by a plastic stage commencing at the'proportienal limit; the
steel work~-hardens to maximum load where:hecking oceurs; shortly after-
wards failure results. In contrast to this, the behayior of TRIP steel
is more like mild steel except that it occurs at very high stress levels.

* _ '
Shortly after the elastlec 1imit, there 1s a yield point phenomenon

~coineident with a Luder's band forming in the,gage section. 'In this'

Luder's band, the austenite has at least pertially transfermed to mafteg—‘j
site and the resulting surfaee tilts from the transformationbare easily 
seen in Figure l. As the Luderfs band-frave;ses the gage'length, work
herdehing is ocecurring locelly:in the yileld band but not eutside that
region, the overall result being that the load remains constent. ’prevef;'

as the Luder's band reaches the end of the gage section and now starts

to retraverse the specimen, the work-hardening rate increases rapidly

a8 interaction of the yield front with the hard mertensiﬁie phase is

now oceurring. This process continues untii the ﬁhole gage gection isr
nearly all marten51tic at which point the maximum load. is reached and
failure ensues. An engineering stress-strain curve reflecting these .
features is shown in Figure 2,

The reason tﬁe material does not neck premetﬁrely iS‘beeeuse the

Depending upon the stabllity of the austenite, the elastic 1limit might
not even be .exceeded at very low test temperatures where the martensite
may be stress induced. :
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- local nork hardening rate is enhanced_by the hard strain-indnced marten- -
sites 1In terns of true stress (UT)-and true strain (e),lthe local worke f

hardening rate, BUT/Be, must be greater or equal tolthe applied,stress,_':

s to prevent tensile instability. One ean appreciate that at very

high stnesses, il.e. reater than 200,000 psi, that the work hardening

' rate must be large to prevent necking., For this reason, almost all high
strength steels, e.ga SAE U3L0 and 18Ni maraging steels, nhich have low

;work-hardening rates, neck shortl& after yieldings. With the.TRIP steels,d
the measured work-hardening rate becomes very large after the Luder's |
band has traversed the gage lengthronce and:strain;hardening exponents
ranging from O.h to 0.8 are typical.. These are very high considering
that the exponent is normally less ‘than O.l for high strength steels

vwhile the theoretical upper limit is unity for elastic behavior.

This work~hardening phenomenon reSults‘in very large uniform elonga- -

tions for these high stfength‘metastable austenitic steels. As seen in

Figure 3, the elongation attained in these steels is two to three times

as great as those obtained in the best specialty steels. Thus, it is seen -

that the work-hardening mechanism resulting from the transformation pro-

vides good eombinations of strength and elongation. A somewhat different _

.mechanism assoclated with the_transfbrmation provides good fracture

toughness.

RESISTANCE TO CRACK PROPAGATION |
In the plastic zone that develops at the tip of a eraek:in TRIP
steel, the strain-induced transformation occurs. The shear strain

accompanying the austenite — martensite transformation is.sufficiently

s
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large in steel to act as an energy dissipation mechanism. It has been

shown? that the degree of energy dissipation from this mechanism may be

greater_than other plastic defbrmaﬁion procésses. The resulting plastic

zone as shown in Figure U is seen to be well outlined by the surface tiltS'v
resulting from the transformation. This zone was obtained 1ﬁ a'6-inch
wilde sheet sample with a 2-inch center-cfack by loading to én applied
stress of 100,000 psi. These'conditions'répresenﬁed a stress intensity

factor, K, of 190,000 psi-inl/2 as taken from

A

where o is the applied stress, a 1s thevhalf~crack length dndHW 1s the

plate width. This stress intensity level.istreasonably high for a steel."
with 201,000 psi yield and 240,000 psi ultimate-strengths. For similar |
thin sheets ranging from 0.070 to O.lO.inchesvthick, planeléffess critical
stress intensity factors, Kc’ were evaluatgd using.equatidn (l)a' This |
measure ofbrgsistance to crack propégation 15 shown in Figure 5 as a
function of yleld strength,andtis compared»fo the vé.lues5 obtained for

typical high stiength quench and tempefed steels. The TRIP steels are

vclearly superlor at yleld strengths above 220,000 psi.

For some years,L it has been recognized that toughness in thin
sections 1s not equateable to toughness in thick sections. That is,

Just as there 1is a ductile~brittle transition due to emvironmental

_temperature; there is also a toughness transition due to thickness

changes. In all high-strength materials, the toughness drops with in-
éreasing thickness. This is because plastic deformation 1s limited in the

interior of a thick sample and the‘plastic ehérgy dissipation per unit
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volume decreases in thicker samples., This transition from a plane stress -

to a plane strain situation normally involves a 50 to 80% decrease in- -
toughnesss = |

Examples ofﬁthis thickness‘transiﬁion‘for two_typicai high etrength'f
steels are given in Figure 6« For the meaium carbon low-alloy steel and.
the precipitation-~hardening stainless steel, the tougﬁness drops from
about 200 ksi-inl/2 to about 80 ks?.-inl/2 which is a 60% decrease in
critical strese,intensity; In contrast te this, the TRIP steel, which
actually has a slightly higher yieid strenéﬁh, only‘decfeaseszabout
30%. Moreover, the 170 ksi-inl/2'toughness-level in oné-inch thick

.sectlons 1is about double that of the conventional Bteels. 1Significant1y;

crack propagation in the TRIP steel, even in one-inch thick sections, wasf;

not catastrophic but involved slow tearing.

The reason for this relatively high toughness and slow crack propag&-:_ 

tion may be partially attributed to the strain-induced transformation‘

Formation of the martensite about the crack-tip is shown in Figure 7 which:"

18 a vertical section taken from the slow crack growth region, It is seen -

that the martensite comes out along the macroscopic maximum shear planes

through the thickness and that the strain~induced martensite terminatesl

-at the elastic-plastlc boundary, It may also be shown that the martensite

emerges preferentielly along maximum shear planes in uniaxial tensile

samples.2 These results may be interpreted to show that the'martensite

is coming out to minimize the strain energy of the system and; in so doing,

higher toughnees levels may be attained.

Resistance to crack propagation has also been evaluateéed under fétiguel

conditions for one alloy« Here, & pre-crdcked sample was‘eyeled under zero

i
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to maximum stress conditions with the range of stness intensity, AK,.:
being calculated at the start and end of a crack growth interval. The
v-average AKX value was determined over N cycles and the observed crack
growth rate, da/dN, was also measured for that interval‘ It had been

2 that there was a fourthfpower'relationship between these

previously shown
two parametens glven by ' v
da/dN-—-m(AK)uV'- ' (@)

where.m is a material constant.

This relation is also shown to be valid for TRIP steel in Figure 8;
It is seen that as stress intensity increases the crack growth rate rapidly
_ increases. For comparison, it is shown that the fatigue crack growth o
rate‘is about three times faster in conventional high-strength steels.
Hoﬁeser; the data are too limited to say that TRIP steels, in general,

offer better resistance to fatigue crack growth than other materials.

ENVIRONMENTAL SITUATIONS | |

Aithough only limited studies have been performed, there are:good'
~ indications that TRIP steels may be quite resistant to corrosion and |
»'hydrOgen embrittlement. Considering corrosion behavior, eleven different.
'TRIP steels which were totally austenitic and six wnich had‘been-partialiY?
transfofmed to anstenite-maftensite mixtnres were?evaluatedinsing a .
'potentiostatic‘technique;é Pbtential/current density curves ‘were obtainedl i
in a 10% by weight solution of sulphuric acid. Current densities in the =
passive range were then compared as & function of alloy content. Assumingf
the reaction | |

Fe - Fe'@ + 2 .‘ o )
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is the major contributing dissolution reaction, a current density‘of‘a
luamp/cm2 compares to about 0.5 mils per year of corrosion;

Results showed that chromium content was of importance,but,
surprisingly, that manganese content was even more critical. That is, if
the manganese content was greater than 2%, the corrosion rate increased
rapidly; There did seem to be an upper bound for this behavior in that
manganese contents above 4% did not seem to increase the corrosion rate
further. The other large alloy factor was carbon, which, with increasing
vamounts, increased the corrosion rate. An alloy parameter which grouped

the experimental data about a single curve is given by . ‘ "
Alloy Parameter = 1Cr - 3(2 <Mn < 4) ~10c . (&)

where the alloy contents are in weight percent. of course,‘there is a
basic difference between corrosion behavior of martensitic'and austenitie
steels and go two separate groups of data'are presented.f‘For each‘specif_:;‘
_men, the alloy parameter was calculated'and‘plotted in Figure 9 as aA
function of current density. It is obvious that with an increase in the
“alloy parameter that there 1s a decrease in current density or corrosion
rate. As expected, the austenite-martensite mixtures follow a similar‘f
trend with slightly higher‘corrosion rates. For comparison,:type 316
stainiess steelicorrodes at a rate between 2 and 20'miis per year in
a 10% sulfuric acid solution.? Thus, the better TRIP' steels, which appear
~ to corrode at a rate near 5 mils per year, are commensurate with austenitic
stainless steels and better than ferritic stainless which may be a factor T
of jkto[lo less resistant. . |

Limited evaluations of hydrogen embrittlement behavior haye been ,

made using pre-cracked samples. Single-edge-notch specimens. from alloy A
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were cathodlcally charged for 50 minutes at 125 ma/in2 in a standard

hydrogenation solution of 4% sulfuric acid with a phosphorous-carbon

,disulflde polson. A standard test on a O.hgcarbon martensitic steel showed

this to be a very effective hydrogenation procedure with failure resulting
in 34 minutes at a stress intensity level of 42 kgi-in /2, A sample of
the TRIP steel was taken to 130 ksi--:i.nl/2 and no crack growth was‘observed

in 480 minutes. This stress intensity level was high enough to produce'

a fairly large plastlc zone in this 220 ksi yield strength steel and so

there was no cracking, it was‘felt that either the hydrogen did not f
diffuse into the austenite orvthat little diffusion of hydrOgen occurred:
across austenite-martensite boundaries. |

As an additional experiment, 8 specimen was purposely loaded to 130.
ksi-in / to produce a plastic zZone about O.l inches in- length containing f

T

strain-induced martensite. This specimen-was then hydrogenated so that

'hydrOgen could be put into already_existing.martensite at the crack tip._"

This was then loaded to 115 ksi-inl/2 and held for l2o minutes, Although

_ there was some cracking observed in the first 60 minutes, there was
- .none observed in the last 360 minutes. A metallographic section of the

o mld-thlckness is shown in Flgure 10.with the tip of the original crack

shown as the blunt opening at the far left. The total amount of crack

|

extension was on the order of 0.01 inches, this cracking undoubtedly

occurrirg in the hydrogen~bearing martensite. Significantly, however; the
diffusion of hydrogen to martensite formed after charginngas not sufficient

to extend the crack further., Thus, it appears that_hydrogenrpicked up

during heat treatment, pickling or fabricatfon,processes would not be a
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serious problem in TRIP steels.
CONCLUDING REMARKS | o e SR :

It'has'been shown that metastable austenitic steels exhibiting a

v @

stfain-induced sustenite —>martensite‘franéformatipn at room température
have unusually good properties. Dependiné upon alloy content, either'good.
combinations of strength and toughness, or low teﬁpeiature properties or
resisfance to corrosion and hydrogen embrittlement.may_befatﬁéined. Whéfhér
all of these desirable characteristics can be achieved with 5 single |
ailoy composition is yet to be shown. Neveftheless, sufficiént.interestv .
has been generated in these steels éo that they aré preseﬁtly_being
considered for the following applications: 'high-étrengthifasteners,
surgical instruments, armor plate, cutlery, and COntainmeﬁt‘vessels for
alrcraft turbine engines. Whether or notAsimilar applicatIOHs are td‘be _
found in the automotive pr_aliiéd markets'dépendségn_futUre,met&llurgiGa} ;.
and engineering developmenﬁs. B * |
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LUDER'S BANDS
WITH
STRAIN -INDUCED
MARTENSITE

XBB 6811-6879

Fig. 1 ILuder's band in tensile sample of metastable

austenite.
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Fig. 2 Stress-strain turve of TRIP steel test'ed 1n liquid
‘ - nitrogen o
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- Fig. 3 Effect of strailn-induced transformatlon on

strength-elongation relationshlp
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XBB 689-5383

Fig. 4 Plastic zone at the tip of a crack in TRIP
steel,
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Fig. 5 Toughness in thin sheet for TRIP steels as
‘compared to conventional low-~alloy steels.
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Fig. 6 Effect of 'bhickness on toughness transition of
TRIP steel and two conventlonal steels,
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FRACTURE

SURFACE

STRAIN INDUCED
MARTENSITE

EXTENT OF
PLASTIC ZONE

> AUSTENITE

80 X

XBB 6811-6881

Fig. 7 Strain-induced martensite occurring around

a crack in a thick sample tested at -196°C.

UCRL-18609
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Fig. 8 Fatigue crack propagation rate as a function

of stress intensity.
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Fig, 9 Effect of alloy content on corrosion behavior
of TRIP steel.
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. 0.005” ’ .

A B

XBB 6811-6880

Fig. 10 Observation of hydrogen-induced cracking in

martensite that has been cathodically charged.
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Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: v ‘

A. Makes any warranty or representation, expressed or implied, with
respect to the accuraéy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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