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DESIGN OF SUPERIOR STEELS WITH DUAL PHASE STRUCTURES
J. Y. Koo,* B. V. Narasimha Rao and G. Thomas
Materials and Molecular Research Division,
Lawrence Berkeley Laboratory, and

Department of Materials Science and Mineral Engineering,
University of California, Berkeley, CA 94720

I. INTRODUCTION

Stréngth, toughnesé and ductility are undoubtedly the most important
properties specified for structural steels unless the application
- involves aggressive environments. The major difficulty in optimizing
these properties comes from the fact:that strength is usually inversely
related to toughness and ductility: the increase in the former is
achieved at the expense of fhe latter and vice versa. This is.true in
the‘majority of cases when relatively inexpensive alloying and processing
are sought for a practical alloy deve1opment.

This paper is aimed at emphasizing our current alloy design programs
.which utilize the concept of two phase steels as a meéns of optimizing
these mutually exclusive properties. The underlying principle here is
to utilize composites whereby the advantages of the second phase are
optimized while the less desirable features of this phase are simul-
taneously mitigated by the presence of the other constituent phase.

The size, distfibution,‘shape and volume fréction of the second phase
critically control the mechanical behavior of the dual phase systems.

As a consequence; thesefstructures offer a degree of metallurgical

* Now at Rutgers University, Department of Mechanics and Materials

- Science, Piscataway, N.J. 08854



flexibility that is ébsent in single phase structures or many precipi-
tation strengthened systems for attaining optimum sets of mechanical
properties. |

Examples are presented here of the‘martensite/austenite mixture
designed for the optimum combinations of utltrahigh strength and toughness
properties of medium carbon steels, and martensite/ferrite structure for

high strength and good formability 1in Tow carbon steels.




IT. MARTENSITE/AUSTENITE STRUCTURE
Nhi]e the strength of martensitic steels can be most effectively
increased by'faisihg the carbon content of these steels, their toughness

(1,2)

detériorates monotonically. This becomes the limiting factor in the

use énd deve]opmeht of such high strength steels. A 91mp1é ca]cu]ation
ffbm a fracture mechanics viewpoiht inditate5~that at the 200,000 psi
yield strength level, a minimum of 80 ksi-in /2 plane strain fracture
toughness is needed for a cr1t1ca1 flaw size of 0.1" if 60-80% of
ava11ab1e strength is to be utilized.

From our systematic s'cud1es(1 -4)

of the structure-property're]atiohs
in quenched and tempered steels, an,experimehtélvsteellof composition
‘Fe/4Cr/0.3C, which combines ultra-high stréngth and good toughness has
been succéssfu11y developed through contro]ldf microstrubturénand heat-
treatment. An important microstfuétdra] feature among others identified
.in the néw experimenta1_Stée1 with the use of careful methods of. trans-
mission electron microscopy is the_preéence.of.sha11 quanfities (% 1%)

of retained austenite in the form of extremely narrow thin films ATong

the dislocated lath martensitefboundaries (Fig. 1, schematic). - Thus,

in this system, the major_bhase is the relatively stronger but less
'»ductj1e martensite, and the minor phase 1s'the-re1ativé1y toﬁgher

retained austenite. The martensite brittleness is related to carbon.

and twinning.(l’z)“The carbon content of the steel shou]d>be less than

~ about 0.35 w/o ih order to avoid substantial twinning in martensite and
the cohsequent brittleness. The presence of retained austenite, depending
on its mechanjcé]-and thermé] stabi]ities,(s) can provide a direct'bénéfit

of 1ncreased-crack propagation resistance through one or a combination



of the following mechanisms: (i) orack”branching, (i) crack b]unting,
and (ii1) transformation indUced_plastiCity. In addition indirect |
benefits include-high so]ubilfty of_interstitia]s'(e.g; carbon), preven- |
tion of britt]e»Tath boundary carbide formation and the presence_of a
highly coherent retained austenite/Tath martensite interface.(3) The
FCC austenite phaseva1so serves to break the continuity of the cleavage
planes across:various'1aths in a packet.

Since the emphasis in these stee]s is on orack propagation resistance
rather than elongation ductility, the voiume fraction of the minor phaSe
can be quite.sma1] ( 25%).and yet have a significant influence on the
fraoture toughneés. However, at:thesehsmall.vo1ume fractionS'the
advantages of the minor phase (austenite) become most effective when
present as continuous thin films rather than when it ie‘present'as
disoontinuous blocky "particles". The morpho]ogy of the:]atter case-
occurs ‘with the formation of reverted austen1te in marag1ng and other
alloy steels conta1n1ng a h1gh concentrat1on of strong FCC stab111zers
such as N1, for example Fig. 2.

| Fe/Cr/C steels were des1gned to obta1n the morphology of Fig. 1.
Subsequent]y, in order to control the: amount and stability of reta1ned
austenite, keeping 1nvm1nd that the.1mproved toughness -gained through
the'retentton of austenite shou}d be obtainedeithout sacrifiting the
u]trahigh strength'level, the base experimental steel (Fe/4Cr/0.3C)

. was modified With FcC stabmzing e]ément‘é- The specific example
d1scussed here 1s the quaternary add1t1ons of Mn up to 2 w/o. - The

processing of the steel is as fo]]ows
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L Austehitizing at:1000-1100°C (1 hr./inch.thiekneés) to
| dissolve all alloy carbides. |

2. 0i1 quench to inddce auto-tempering

3. Temper if higher toughness is eequired.

The typical micfostructure of the steel in the as-quenched state is

shown in Fig. 3; The 1mproved fkacture toughness with increased Mn content v

compared to Fe/4Cr/0.3C base alloys is clearly illustrated in Fig. 4 for

"both as-quenched and tempered conditions. A similar trend was observed

forvthe impact properties, and'Fig. 5 compares the superior combinations

-of strength and impact energy of the Mn modified experimental steel

with those of comparable commercial alloys. It is evident from these

property data that the steel can be used in the aé-quenched condition

" without the necessity of normal tempering treatment.(l)

Transmjssion electron microscopy studies have‘confirmed‘that there
were no differences in either the maftensite morphology or substructure
as a resuit of Mn addition up to 2 wt%. The moet signifieant structura]l
change was ther1inear increase in the refained austenite volume fraction
as a result of increasing amounts of Mn addition (e.g.~0.5% in the
base alloy to ~2% in the 2% Mn modified steel). From these and other
observations(3’4) made with the microstructure-mechanical property

correlations, it is concluded that the improved todghness observed in

the 2% Mn modified steel is predominantly due to the increased quantity

and stability of retained austenite.. The volume fraction of retained
austenite, however, must be kept sufficiently Tow (say 3 5%) so that

improved toughness can be obtained without any attendaht sacrifice in

- the ultrahigh strength level.



I11. MARTENSITE-FERRITE STRUCTURES

The preceding exemp1e represents an attempt at deve]oping ultrahigh
strength, tough medium carbon steels in which improvement in toughhess |
at high strength level (2 200‘ksi) is a crucial factor. The reverse |
- situation can now be considered where the increase in‘strength is »
called for while maintaining high levels of duCti]ityIOr fokmabi]ity,
which is the case with low carbon, low alloy steels. The microstructUra]
features deve]oped to achieve these goals were met by des1gn1ng dup]ex
o martens1te ferrite “compos1tes“ (6,7) This is the- c]ass of HSLA steels
now known as dup]ex or dual phase steels.

The strengthening principle of such structures involves the incor-
~ poration of inherently stfohg martensite as the load earrying constituent
in a ductile ferrite matrix.(G) The latter supplies the system with the
essential ductility. Here agajh, the nature of the;COmponents is exploited
~in optimizing the4mechanica1 properties.. Since e]ongatidn.ductility which B
represenfs the bulk f]ow properties of the material is of interest in this
system the volume fractions,of.the relatively dﬁcti]e ferrite phase are
rather large. The principle of heat treatment to produce martensite- |
ferrite structure is as_fo]Jows:(s) | |

1. Austenitize and quench, or nerma]ize.

2. Anneal1ng in the two phase (a + Y) range

3. Rapid quench to obta1n martensite- ferr1te comp051tes
The exact heat treatment can vary( ) depending on the chem1ca1.cohposition
of steels and the types.df desired morphoiogy, for example Fig. 6. |
Figures 7(a), and 7(b) illustrate optical and trensmission electron

micrographs of the desifed duplex martensite-fekrite structure developed
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in Fe/2%Si/0.1%C steels subjected to the duplex heat treatment described
above. This duplex steel exhibits superior tensile properties compared
to comhercia]]y available high sfrehgth, Tow alloy (HSLA) steels, as

shown in Fig. 8. Another attractive feature of the duplex structure is

‘that a wide spectrum of strength and ductility combinations are avail-

able depending on the volume fraction of martensite which is

détermined by the tie line corresponding'to the holding temperature

in the (@+Y) two phase region,(s) Fig. 6.

Empirically.the strength is given by the mixtures Taw:

o =0V 4‘Oa(1 - V) |
wherecsm,.oa are the strengths of martensite (m) and‘ferrite (a) and
Vi is the volume fraction of martensite.._The duéti]ity varies inverse]y
with o. Considerable flexibility is also possible by changing o, by
precipitation (using carbide forming e]ements).(7),

The characteristic stress-strain behavior includes fairly extreme

work hardening rates and resultant high elongation ductility and high

UTS/YS ratio. This results from the nature and properties of each

- component phase in the duplex steel. The particular advantageslof the

Fe/25i/0.1C steel are listed below.

1. The ferrite region is substantially free‘from interstitials
,and precipitation, and is thus high]y ductile, since
:dislocationé ére mobile. | | |

| 2. The martensite phase is both strbng and tough. To attain this,
- the substructure and hence the carbon contentvin‘the martensite

shou]dlbe controlled to beh1éss than 0.35 wt% (as shown in

section II above).
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- 3. The hartensite/férrite interface 1s,high]y‘coﬁerent,.givfng
.rise to ‘increased efficignty of load transfer from ferrite
to martensite. In the Fe/Si/C Steelsvho carbides form at
thjs.intérface,_so no decohesionvbccufs;f '. | |
4. The elastic constants of martensite are equal to those of_ferrite;
As a result theré is no 1pcalized stress cbncentratioﬁ'in
‘the elastic rangé of both phases. | |
In additibn it is also important to take'into account the geometry
of the marfensitevbhase in the ferrife matkix for'optimuh property |
ba]ance;-Fig.,6. 'In this regard, a finer scale (smaller effective
gréinvsize) ahd a diécontinudus mbrpho]ogy are considéred to. be deSifab]e,

Fig. 6(d).



IV. SUMMARY. AND CONCLUSIONS

In both examp]es_presentedvhere;,the'optimum two phase micro-

: structure is obtained through -the control of so1jd,stéte phase trans- -

formationé in selected a]]oy}compositions. The‘prbcessing involves only

thermal treatments without recourse to the'expenSive'thérmo-mechanica]

B treatments. In addition, the solid state phase transformatibn-ensures
good bonding (coherency) between the constituent phases--a significant

~ advantage over the értificia11y produced composites.

The concept of duplex steels has'beeh illustrated in achieving .

unusual property requirements which cannot be met by conventiona]_Sing]e

_phase alloys with comparable compositions. The dup]ex:martensite/retained '

austenite structures are designed for improved toughness and u]trahigh
strength, and the dUpTex martensite/ferrite structures for high strength

with high ductiTity; In the twd examples presented here, although

- the microstructural combinations are different, the common principle

'isvto utilize the.sécond'phase to its advantage while the less desirable

features of this.phase are s1mU1taneously mitigated'by tHe presence

of the other constituent phaée. _The applications of: this princﬁp]e

can be extended‘fo mahy other material systems for achieving optimum
meéhanica] pfopefties.~;This work also-émphasizes the néed fqr carefu]i
transmission electron meta]Togfgphic chafacterization of microstructures

at the highest'attainab1e resolutions in‘brder to gain a fundamental under-

" standing of microstructure-property correlations without which

systematic design of Structural alloys is not easily achieved.
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1.

_“Schemat1c showing des1red dup]ex m1crostructure cons1st1ng

of major phase martensite contr1but1ng to strength and m1nor _
phase reta1ned austen1te providing improved toughness.

Typica1.morpho1bgy of reverted austenite revealed by the

| br1ght ~field (a) and dark-field (b) micrographs. Example taken
‘from quenched and tempered (above 1000°F) specimensnof

14 Co/lON1/3Cr/1Mo/O.16C steel.

Brignt field (a) and dark-field (b) 1mages sh0w1ng reta1ned
austen1te 1n Fe/4Cr/0.3C/2Mn  as- quenched a]]oy .

P]ane strain fracture toughness vs. w/o quaternary alloying

to the Fe/4Cr/0.3C alloy. | | .
Comparison of Charpy impact energy vs. tensilelétrength of
experimenta1vquaternary'a]]oyé and'equiva1ent commencfal alioys.
Schematic illustration of microstructures expected tovresult |
from the transformation.paths indicated.‘,Light regions
represent ferrite and shaded regions represent'martensife

(or other austenitic decompos1t1on products)

. Optical m1crograph of Duplex Ferrite- Marten51te (DFM) structure

developed in Fe/2%Si/0}1C alloy.

- Transmission electron micrograph showing fibrous DFM structures

deveioped in the vact Si steel. Two'para11e1 needles, : .
are martensﬁte packets surrounded by ferrite with a high |

density of dislocations.

_Tensile properties of the dnplex 2% Si steel.compared with

those of commercial HSLA steels.



13

| _Stable Y

//////////////////// ////////////////////// - ,
7. /////////////////// g .

i

| — 7 - Dislocafed
% ' ////// /////////////// ‘martensite
> Carbides within
‘martensite

XBL 7711-10457

" Koo,Rao,Thomas
_ Fig.l



€816-8G/ 449X




g "bid

1
wn
—
]




-16-

| 200°C tempered
120 | S

SN —
200°C fe'mm

)
o

- Plane Strain Fracture Toughness, Kmv,'k-si‘-in'/2

0 As Quenched
8o} - -
' 5N|—\,
As Quenched
ol 1 1 IR RSy Y
Fe/4 Cr/03C IO . 2.0 5.0
| Weight % Mn or Ni | o
| XBL 781-4437

Koo ,Rao ,Thomas =
Fig.h

<Y ~



J

17-

[ L B B
S0}~ S _Felacr/03C+2%Mn
Fal \,/ ]
& ’ \ ‘iy» S N .
.0 TAstralloy-V, 9% N T
g - O \| _\_\/Fe/4 Cr/0.3C+5%Ni -
c ~~o_.\ 4 v
W 30 A’. \ _J
Eg ﬁailu: . R 'v
(- : |
=% -
5 |- .
o
© 2270
. IO e == N | ._
_ _ 18 Ni Maraging - |
Room Temp. Tests alily
220 260 - 300 340

180

“Ultimate Tensile Strength (Ksi)
N  XBL768-734A .

Koo ,Ra0 ;Thomas
Fig.5



-18-

XBL792-5685

: Koov,'Rao,Thomas'
- . Fig.6 '



XBB 778-7551

b

\ i
s
£
A
/

D=\ AN

o AN R Y

NN TR



-20-

XBB 778-7555

FIg. 7(b)



130 —

120

1o

Strength (ksi)
S 8

(03]
(@]

~
o

60

50

-21-

Ourts

oy of ddplex |
2% Si steel

of duplex
2% Si steel

800

—700

|
0
®)
. O ) . .
Strength (Mn/m?)

=500

—400

| Total elongation (%)

o

Koo,Réo,Thqmas
Fig.8

30

XBL766-9069 A



Y

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




-
‘- =

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





