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The Physical Metallurgy and Alloy
Design of Dual Phase Steels

Gareth Thomas, Professor
Department of Materlals Science and Mineral Engineering

University of California, Berkeley

INTRODUCTION

The terminology "dual phase" has become accepted fo
define a class of low-carbon, low-alloy steels [1] that
generally contain two phases, ferrite and martensite or
ferrite and bainite, which can be obtained by relatively
simple processing Involving quenching from the two phase
ferrite-austenite field (Fig 1). Strictly speaking, of
course, these steels may actually contain more than two
phases. |f the martensite Is low carbon lath martensite, It
will contain Interlath austenite (see Fig 4(b)), and [f high
temperature decomposition of austenite has occurred during
quenching, 1.e., If balnite is present, there wlill be
bainitic carbides. In microalloyed steels the ferrite phase
may also contain the corresponding alloy carbides or
nitrides. Thus, whlilst the term "dual! phase" represents the
simple principle of obtalining two phases, the actual
microstructures may be multiphase and quite complex. I+ Is
the obJect of this paper to discuss the general physical
metallurgy of "dual phase™ steels and to indicate some
potential applications to developments besides flat rolled
products. Since In principle these steels can have simple
composlitions and are economically attractive, and can be
designed to provide excellent comblinatlions of cold
formabillity, strength and ductility, they represent an
exclting development In steel metallurgy over the past
decade [2-51].

A number of factors have trliggered intensive
development programs resulting In the Inftfroduction of new
steel compositions and processing techniques. The need for
economlical higher strength steels wlth good formability In
transportation Industries to achleve welght reductions and
fuel savings as well as today's energy and resource
conservation requirements are among the factors generating
strong Incentives to produce better steels than those In
general use at minimum cost penalty.

Pursuant to these Increased requirements, the alloy
deslign trends for structural applications have focussed



attention on the detailed physical metallurgy of low=-carbon,
low=-alloy steels, thus enabling greater exploitation of
their poténtial for higher strength along with sufficient

ductlility for a wide range of applications. 'As an
outgrowth of this movement, for example, conventional hot
rolled low-carbon steels which were adequate to fill the

‘materlal requirements for the majority of structural
applications for many years are progressively being replaced
. by high=-strength, low-alloy (HSLA) steels. The principal
"strengthening of these HSLA steels Is. derived from
precipitation of finely dispersed alloy carbides and grain
-refinement [6]. However, their overall mechanical
"propertles are not always satisfactory . for many
applications (e.g., formabillty). ' '

The search for an alternative has spurred the recent
developmen+ of duplex ferritic-martensitic (DFM) steels.
These are a new class of HSLA steels whose approach to
strengthening contrasts markedly with microalloyed HSLA
steels. In chemistry as well as processing technique.
Interest in the DFM steels has arisen since:

(1) The required composite microstructures can . be
produced solely by simple heat treatment. The alloy
composition and heat treatment may be . varled to give
~different transformation paths and hence different
morphologies and mechanical properties [Fig 11, ‘

(2) Dual phase steels have mechanical proper+les which
are characterlzed by contlinuous yielding with high initial
work hardening ‘rates, large uniform stralns and high
tenslile to yleld ratios. These factors account for thelr
better formability compared to that of ferrite, peariite or
HSLA steels of simllar strengths (see Fig 2) and allow
attractive combinatlions of strength and ducfillfy to be
obtained.

(3) Carbide forming elements as In commerclial HSLA

steels are not always essential (but may be utilized, as
will be dlscussed later), so simple alloy chemlistries are
Involved.

The major source of strengthening In the DFM structure
arises from the presence of Inherently strong martensite as
a load carrying constituent In a soft ferrite matrix which
suppllies the system with the essential element of ductility.
The resulting mixture Is analagous to that of a composite
but which can be obtalned solely by heat treatment. The
concept of flber-composite strengthening is thus useful In
qualltatively understanding dual phase steels as will be
discussed later.

Undoubtedly, the occurrence of DFM aggregates [s one of
"the oldest phenomena Iin the history of martensitic
transformations in steel since these mixed microstructures



are produced as an unavoidable consequence of incomplete
austenitization and/or lack of sufficlient hardenability.
In this regard, earlier investigators, e.g.» Herres and
Lorig [7] considered two phase aggregates to be undesirable
mlicrostructural features rather than potential
strengthening devices in low carbon steels. The idea of
the DFM structures as possible materials of technologlical
interest was recognized by Cairns and Charles [8] In 1967
who produced controlled microstructures of elongated
regions of martensite In a ferrite matrix either
synthetically or by a combination of cold deformation and
rapid reheating. However, thls technlique suffers from
various disadvantages and the resultant mechanical
properties were no better than could be obtalned from
suitably heat-treated alloy steels.. In contrast, Grange
{91 utilized the phase transformation occurring in the two
phase (a+Y) range In Fe-C phase diagram to obtalin fibrous
mixtures of martensite and ferrite In various carbon steels
by thermomechanical treatments. Again, the processing
technique Is complex and only IlIimited success in Improving
mechanical properties was achieved.

There is no doubt that the fuel crisis and pressure on
the automotlive Iindustry to Improve fuel economy spurred the
initial development of dual phase steels for flat rolled
sheet products. Owen [10] has glven a review of the dual
phase steel potential for automotive Industry and no attempt
will be made to review thls agaln here. Very recently, the
potential of dual phase steels for applications other than
flat rolled products, e.g., line pipe, rod, wire, etc., has
been reallzed because these steels can be designed *to
optimize the ever conflicting property requlirements of
strength and ductlility. Some discussion of thlis potential
will be given later In this paper.

1. FUNDAMENTAL CONSIDERATIONS OF THE SELECTION OF DUAL
' PHASE STEELS

A. Nature of Two Phase Materlals

Most of the modern engineering materials of
technologlcal Importance are aggregates of two or more
phases, or composites of great variety. For metallurgical
appllications, these composite materlials can be divided into
two maln categories in terms of the strengthening mechanisms
involved and associated manufacturing techniques. These are
fiber or particle reinforced composites, and dispersion
strengthened materlals, both of which contain a second
phase(s) which Is harder than the matrix.

In the former case, two physlically separable materials,
l.e.» particles or fibers and metal matrix are compounded
Into an aggregate. Its strengthening mechanism 1Is
principally governed by the well established fiber-loading



-concept. On the other hand, the latter alloy Is a type of
. composite In which the second phase particles are usually
non-deformable, and the Orowan mechanism for ylielding Is
- operative when the particle size Is less than several
microns (see e.g. Ref 11)., However, when the size of the

. second phase.Is In the range of~tu50 , which corresponds to.

the transition between fiber reinforced strengthening and
dispersion hardening, there exists no simple model for a

~strengthening mechanism that governs the flow property of -

the alloy. This situation Involves complications in
theoretical analysls such as the particle/particle

Interactions and stress concentration effects caused by
discontinultles at the particle. Therefore, the specific
strengthening mechanism governing a two-phase material Is .

determined by the size and morphology of the second phase.
~ However, one thing that Is common in the nature of two phase
materials Is the way In which the second phase particles

enhance the strength of the composite system, l.e., they

exert constraints upon the matrix. Accordinglys upon
deformation, the material In their nelghborhood Is
restricted from elongating freely, resulting In an increase

In shear stresses required to produce further deformation.
Thus the characteristic mechanical behavior of the composite

includes early and falrly extreme work hardening rates. which
suppress mechanical Instability as well as a considerably
greater flow stress than that of the pure matrix. While the
better engineering properties of the strong particles are
utillzed In this way, the effect of some of thelir less

desirable features, such as brittleness, Is simultaneously

-mItigated by the presence of a ductile matrix that binds the
particles +ogefher. Thus attractive tensile properfles can
be achieved as Illusfrafed in Figs 1,2. :

B. Two Phase MIxture Rule

Most experiments and theoretical analyses have been
performed In composites containing elther unldirectionally
aligned flbers or very finely dispersed particles. Thus the
understanding of the principles and practical utilizations

of these two well defined composites have been fairly well
establlshed, and comprehensive reviews on the subject appear
in the I|ilterature. In the case of randomly oriented coarse

two phase structures, however, current understanding of
thelr mechanical behavior Is far from complete. Dup lex
structures of thls kind occur In many technologically
Important alloys, and thus have received much attention In

the past. As a result, much data concerning thelr
mechanlical propertlies has been reported in the literature
(e.g.» refs. 1-=5), Much of the emplirical evidence

accumulated to date suggests that, In spite of the absence
of an exact theoretical explanation, the strengthening of
the duplex alloys can be predicted with reasonable accuracy
from the volume fraction and strength of the components



by the mixture rule of the form:

% = Ofo * %Vm 1]
where the subscripts c, f» m refer to composite, ferrite and
martensite,V, and V. are the volume fractions of martensite
and ferrite respectively. o, is the stress carrled by the
ferrite matrix when the composite Is strained to its
ultimate tensile stress [1-5, 12-16]. In a strict sense,
such an equation as [1] holds only for describing the
mechanical behavior of unidirectionally aligned, continuous
fiber.composites assuming that the fibers and matrix are
well bonded and the fiber strain, matrix strain and
composite straln are all equal. The law of mixtures
predicts a dependence on Vop which can be positive, constant,
or negative depending on the magnltude of the other
parameters. The attractive feature of dual phase steel Is
"that all of these parameters can be controlled to a
considerable extent by simple heat treatments and/or
thermal-mechanical processing. However, V., and o, are
Iinterrelated as discussed below.

C. Selection Principles

By adding second phase particles to ductlilie matrices,
ductility Is wusually sacrificed for strength. The
‘Implication of the mixture rule Is that the loss of
ductility Is proportional to the volume fractlion of
martensite (V_). However, one can Imagine many duplex
distributions of martensite particles that, when properly
spaced In dual phase alloys, will result In not only
strengthening but also minimizing loss In ductility. This
goal can be achleved by proper control of parameters such as
the size, shape, and distribution of the martensite
particles, and the properties of the Individual phases [14],
The followling guidelines for developling desirable dual. phase
structures are thus suggested:

1. Ontimum Volume Fraction

The volume fraction and morphology of the martensite
particles plays a major role In the control of mechanical
properties of DFM alloys [Figs 1,6]. V_  must exceed the
lower |imlt below which substantial contribution to
strengthening does not occur. At the same time, V must be
less than the upper Iimit beyond which the fallure of the
partlicles Immedliately leads to the failure of the duplex
structure. In other words, If the fracture of one particle
occurs at some weak point, It will cause stress to be
transferred back to the matrix near the particle break.
Ideally, however, these cracks wlll be subcritical in size
and thelr local stress Intensificatlion will not cause
other particles to fracture Immediately 1In the same cross
section,



Crack propagation may be delayed considerably [f Vg
Is In the optimum range range so that the matrix can work

harden locally and carry the transferred load. In addition,
. the alloy system must be chosen such that a slight
- temperature varlatlion during heat treatment will not .

significantly alter. V- so as to ensure reproducibiiity of
the materlals. : : ' :

2. Size and Shave Factors: Finer Scale of the Substructure and
Fitrous Particles are Desirable '

~If martensite particles are sufficiently small (on the
order of ay or less), and If the spacing of the particles Is
such that the yield of the matrix Is controiled by the
micro-mechanistic model instead of a fiber loading concept,
then an. increased yleld stress of the matrix coupled with an.
increased rate of work hardening Is expected to be observed
(16]1. With regard to shape factors, load transfer is most
efficlent when particles are present In the form of fibers
rather than spheres. This Is primarily because the transfer
of load occurs by shear actlon along the paticle/matrix
interfaces and, for a given volume fraction, and the same
number of particles, more interfacial area Is available In
the case of a fibrous morphology.

Practical considerations argue that unidlrecflonaiiy_
aligned martensite particles throughout a ferrite matrix

cannot be produced by simple heat treatment alone. It Is
more Ilkely that a mixture of macroscopically randomly
oriented DFM structure will be obtained, thus resulting in

Isotropic mechanical properties. This Is desirable in a
- sense that for most engineering materials at least partial
Isotropy willl be requlired. DFM structures where the harder
particles are connected throughout the matrix should be
avoided since they will be directly loaded at thelr ends.
This will cause the particles tobreak In the early stage of
plastic deformation and prevent the ferrite from attaining
Its full ductility (Fig ' - Alloys A,B).

4. Carbon Content

Martensite Is Inherently strong, because of its defect
and alloy content. It is a diffusionless transformation
product of carbon-enriched austenite. Hence, the average
carbon content in the Initial alloy should be kept
sufficiently low to maintain a carbon fevel of about 0.3
pct. In austenite, resulting In dislocated martensite of the
optimum V. Higher carbon contents can drastically degrade
the toughness of martensite by forming brittle twinned
plates (Fig 3). This Is Immediately apparent from the
partitioning of carbon (Fig 4a) during intercritical



annealling. Fligure 4b shows the desired lath martensite,
with interlath retained austenite fiims.

<n

Micpostructural Features

The stress In the continuous matrix Is transferred to
the strong particles by shear at the particle/matrix
Iinterface. As a consequence, the nature of the Interface
and nearby microstructural features are of critical
Importance. Since the composition of a dual phase alloy
should essentially be low in carbon and other alloying
elements, even thoughsince partitioning occurs during
Intercritical annealing, the resultant lack of sufficlent
hardenability may cause a pearllitic or bainitic reaction to
occur with (FezC or M3C formed) durlng quenching from
austenite to martensite. These carbides, | f any, will be
located near the Interface where stress concentrations can
orlginate formation of cracks within the carblides,
eventually leading to complete failure of the specimen.

6. lNature of Interfaces

A high energy Interface is more likely to faill under
stress than a low energy one, since a high interfacial
energy substantlially reduces the work required to separate a
partlicle from the matrix, and thus creates a void. Ildeally,
therefore, the martensite/ferrite Interface should have
good atomic fit. This can be ensured wlth dislocated packet
martensite In ferrite because of the Kurdjumov-Sachs
orientation relation which exlists between the close packed
planes of the prlor austenite and Its subsequent
transformation product, martensite. This Is especlally true
for flibrous microstructures as shown in Flg 5.

7. Processing and Choice of Alloying Flements.

The considerations above suggest desirable
microstructural characteristics of a dual phase steel that
Is to be both strong and ductlile. The most difficult
challenge will be to produce DFM steels with these
conslderations for a suffliciently small cost premium to make
them economically competitive. As Is common practice in
alloy design, simple ternary Fe/X/C alloys should be
considered prior to advancing to a more complex system. The
success achlieved will then depend largely on a favorable
choice of the substitutional alloying element, X, and
processing.

111, HEAT TREATMENTS, ALLOYING, MICROSTRUCTURES
A. Transformatlon Path

Controlled amounts of martensite can be produced In a



ferrite matrix usfng'manyldlffereﬁf.heaf-freafmenfs(e.gu“

Figs 6»7)» all of which Involve phase transformation
following holding . In the (q+y) region. Cholice of the
speclfic heat treatment will be dependent on the alloy

composition, property requlirements, and production
capabilifles.‘ : . _ o

of parficular Interest is an- intermediate quenching
treatment (Fig 71). Thils treatment was developed so as to
fully explolt the characteristic nature of the initial
martensite structure prior to subsequent anneallng In: the
(a+y) range [5]:  l.e., (1) it provides sufficlent:
heterogenous nucleation sites for austenite (martensite aft
room. temperature) during two phase annealing, and (I1)
parallel laths of extremely small width wi+hln ‘a prior
austenite gralin can be utllized to produce a fine, fibrous
‘distribution of martensite In a ferrite matrix (Figs 4b, 7).
Moreover, these advanfages allow ease of control of the
size, distributlion, and shape of the martensite parficles, ;
depending on the amount of type of the alloying element X. '

Sillcon and elumlnem have been found to be favorable
for obtalning fibrous sfrucfures. ~Silicon also has the
following advanfages. : ' '

1. Silicon broadens the (ww) temperate range when

added to the Fe-C system, and increases the slope ofvtheyla+y
solvuss thereby facliiitating practical control of the

martensite volume fraction and the martensite carbon
content. Thls can be undersfood by referring to Fig 8

2. Prpmo?lon of a flne, fibrous dJsfribufion-of
martensite In a continuous ferrite matrix (see Fig 1, Alloy
). _ \ - ‘ , .

3. Malntalins coherency of the ferrlfe/marfenslfe
'Inferface by inhibiting the formation of coarse carbides
durfing the flnal quench.

V4. Provision of very effecflve solld solution
strengthening In *he ferrite. . :

5. Low cost and avafllability,.

B. Phase Diagrams.

Recognizing that the maln objective In dual phase
steels Is the Interfacing of the soft ductile phase with the
hard (tough) martensite phase, It Is necessary to flrst
consider the appropriate phase dlagrams. The baslc
principles for heat treatment can be easily seen from Fig 8.
Referring to the upper phase diagram and following the lever
rule, 1f a steel with, say, 0.075%C Is heated to about 840°C
and equlilibrium 1s attained, the microstructure will conslist



of 40% y of composition 0.16wt% carbon, as glven by the tie-
line at this temperature. |f the same steel Is equlilibrated

at 805°C, the microstructure will consist of 20%y of
composition 0.31 wt%C. On rapid quenching, the austenlite
will be transformed to martenslite. Hence, the volume
fractlon can be controlled merely by controlling the

temperature of holding In the (at+y) range, l.e., the so-
called "Intercritical annealing” condition. '

The following Important points can be made from this
consideration:

1. In plain carbon, lean alloys such as 1010 steel,
small temperature changes during Intercritical annealling
could have large effects on the volume fraction and carbon
content of the martensite. However, to a first
approximation these two changes have opposite and largely
compensating effects on properties since for dislocated
martensite Its strength 0, Is linearly dependent on %
carbon viz op = Ge2C. Where ¢ is the strain,. C is the carben
content and G shear modulus (ref 11).

Comparing the case consdered above, i.e., 40% and 20%
martensite, the ratio of strengths of the martensite is:

op(40) =Ge?2(0.16)

- 5 ~isz 1
om(20) =Ge 2(0.31) 7
and fhe ratio of volume fractions is
Vm (40) = 2
Vin (20) 1
so the dominent martensite term On¥m 1N equation [11 is
essentially a constant, over this range of martensite volume

fraction.

2. Alloying additlions which affect the slopes of the
y/(aty)and a/(aty) solvuslines will thus change *the
temperature ranges required for appropriate intercritical
annealing to achleve the volume fractlion, carbon content,
and strength of martensite desired.

Alloys can thus be designed to take advantage of these
changes, e.g., referring to the lower part of Fig 8, ferrite
stabilizers Increase the slopes of both solvus lines under
consideration. What this means Is that changes 1In
Intercritical annealing temperature have less effect on
martensite volume fraction and martensite strength through
its carbon content, e.g.», to obtain the same 2:1 change in
martensite volume fraction for 0.075% carbon steel the
annealing temperature must be raised from 810°C to 890°C
rather than 840°C for the case of plain carbon steel (upper
figure). From a practical viewpolint, therefore, the
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»femperafure confrol to affaln a glven volume fraction Is
~less critical for steeply sloping y/(aty)solvus lines and
Th!s Is one of the values. of sillicon. addlflons. :

_The change lnrslope@of_fhe-y/(a+y)‘solvus”means_fhaf in
alloys quenched from lower temperatures, e.g.,» compare agaln
the 0.075% carbon steels (Fig 8), - the carbon content In
ferrite on quenching from 820°C 1s twice that in ferrite
quenched from 890°C, these temperatures giving twice the

- martensite volume fraction. Hences, the l|ower volume

fraction martensite steels confaln supersaturated ferrite,
'so that subsequent carbide (or nitride) precipitation could
“occur. in-the ferrite and c¢compensate for possible lower

strengths assoclated with lower volume fractlions. of

martensite. Obviously, some sacrifice In ductility of
ferrite will also occur. Figure 9 Illustrates such carbides
In a-Fe/O‘150/1'SSSi/O 03Nb's+eej [17].

Refurnlng then to fhe law of mleures:

-Ofo + opVp = of (1-Vm) + opVp

It can be seen In principle that three main varlables o,
Va? O¢» can be manipulated to achleve desired properfies.
In fact, one can obtalin a decrease In sfrengTh wlfh an
~Increase in V, (Fig 10), ref [17].

C. Retalned Austenite: "Multiple Phase" Steels

Depending on composition, heat treatment temperature
(FIg 8) and coolling rate from this temperature, It 1Is
possible to obtaln more than the "normal"™ two phase
microstructures of martensite (vol. fractlon “10-30%) and
ferrite because retalned austenite and balnite can be
produced [18-20] In additlion to these two phases,
particularly In commerclal M"dual phase"™ steels derived from
microalloyed or HSLA compositions especially with vanadium.
The retalned austenite Is In the form of blocky grains (Fig

11) and is not to be confused with the Interliath retained

austenite which Is a normal component of the dislocated
packet martensites. The volume fraction and composition of
the microconstituents and hence mechanical properties can be
altered by varylng processing parameters and composition.
Steels with about 0.1%Y and 0.1%C can be alir cooled or oll
quenched to yleld 3-10% blocky austenite [20], but if more
rapldly quenched ( ~ 80°C per sec.) [21-22], the normal
ferrite-martensite mixtures are obtalined. S

The possible ranges of mlcrosfrucfures attainable with
a mlcroalloyed duplex steel (e.g.» Van 80 type or
experimental Fe/Mn/S1 steels with V, Nb, Mo etc.) can be
understood qualitatively from the schema*lc transformation
dlagram [22] shown In Flg 12,
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In addition to retained austenite and "retalined
ferrite™ (l.e., ferrite formed during Intercritical
annealing), some austenite may transform to bainite or the
Iinterphase type reactlion to produce arrays of alloy carbides
or carbonitides [21] dispersed In the "new ferrite". This
latter reaction Is shown schematically In Fig 12. Such
reactions can of course ralse the ylield strength of these
steels compared to those with precipitate free ferrite.

Since the cooling rate has Important effects on the
Isothermal or non-martensitic decomposition products as well
as on solute partitioning, It is clear that a wide range of
microstructures and propertles can be obtained by varyling
this parameter. Llikewise, In a given steel product non-
uniformity in structure and propertlies Is Illkely In parts of
the product that may be cooled at different rates because of
different sectlion thicknesses. For thls reason, It Is
unlikely that low carbon dual phase steels would be used for
sectlons much thicker than one-half Inch., Recent in=-slitu
straining studies [23] have proved that the TRIP phenomenon
[24] occurs readily for blocky austenite particles;» 1=-6u In
size whereas smaller, submicron, austenite particles resist
transformation. The interesting observation Is that the
TRIP martensite Is of the twinned plate variety Iindicating
solute enrichment of the prior austenite occurs by alloy
partitioning especially manganese and sillcon, during
Intercritical annealing. Of course, the carbon content of
austenlite Is also enriched as Is clearly evident from the
phase dlagram (Fig 4a). Even [If Ms 1Is below room
temperature, M ; may be above room temperature so that the
TRIP phenomenon can occur if the martensite particles are.
not stabilized (the well known size effects on stabillizatlion
le.g.» see ref 251).

In this context, It Is very significant that due to
heterogeneous chemlstry and size dlstribution, indlvidual
particles of retained austenite in alr cooled steels wilil
have different stabillties and therefore undergo the
martensitic transformation to provide plasticlity over a
range of Inlitlal stralns rather than at one time. The low
yleld strength and high inltlal strain hardening obtainable
In such steels can be explained In part by the retalned
austenite transformation to martensite and the resultant
strengthening of the adjacent ferrite. The stress-induced
transformation of the retalned austenite could trigger flow
In the surrounding ferrite at a lower stress than would
otherwise be possible. This Is also supported by the
observation that a strictly ferrite-15 wt pct martensite
steel has a higher yleld strength than that of the alr
cooled steel (also with 15 vol pct martensite). [20]

The transformed ferrite could be beneficlial because It
has a higher strength than the retained ferrite and could
provide an Intermediate locad transfer step before
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deformation Is Induced In the martensite. The strength of
this ferrite Is attributed to the resistance to dislocation
motion provided by aligned, banded carbonitrides ‘which are
observed [21] and are explained by Fig 12.

The presence of a lower amount oflnarfensife with alr
vcoollng provides an advantages since martenslite formation Is.
assocliated with a substantial volume change. A large volume
change requires accomodation by the ferrite which causes
vpre-yleldlng of ferrlfe and a reducflon In formabllity.

D. The Martensite Phase

Since the mechan1calvproperfleswof'harfenslfe depend
~upon Its substructure and composition, control of these

- factors s necessary If one Is to optimize the benefits of -

the martensite phase (see e.g. ref 26 for summary). To do
thiss, one calls upon the vast amount of research done on
martensitic steels. The Iimportant features that need to be
remembered are: 1) strong, tough martensites are assocliated
with packets of dislocated laths surrounded by stable
Interlath fllms of austenlite; 2) these structures are
obtalned where the carbon level Is below about 0.43%
depending on the other solutes; 3) twinned plate martensites
obtained when carbon Is 0.4% tend to be brittle. These
effecfs are summarized In Figs 3,4,

In the alloy design program at Berkeley. care has been
taken to obtaln dual phase steels with tough martensites so-
that alloy compositions and heat treatments are utilized to
" keep the carbon content of martensites well below 0.4%.
Obviously, this sets the lowest intercritical annealling
- temperature for the alloys considered and hence the lowest
volume fraction of martensite. For plaln carbon s+ee|s fhls
temperature Is 760°C (Fig 8, upper dlagram).

Another Important aspect of utilizing fiber composite
principles for dual phase steels iIs that of applications
involving large strain deformations. The coherency of the
interface between ferrite and martensite as well as the
Incompatibllity In properties will depend on morphology and .
the parameters dlscussed above. Flbrous morphologles can be
obtained with silicon additions and in these cases excellent
coherency Is achieved at the two phase Interfaces. This 1Is
readlly revealed by high resolution electron microscopy (Fig
5) where the slip planes (110) are parallel Iin both phases.
This crystallographic compatibility will minimize vold
formation during plastic flow and becomes an Important
consideration in rod and wire drawing where true strains of
up to 5 or more can be achleved. :

E. Morphology

The morphology of the dual phase microstructure of a
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particular steel Is controllable by heat treatment and
thermal-mechanical treatment, In. addition to the effects of
alloying elements. From the point of view of heaft
treatment, the transformation path by which ferrite and
martensite Is achieved Is Important, e.g.», as shown in Figs
6575 Vizes :

Continuous (or Step) Cooling: austenite 5 (g+y) 4(y+Ms)
Heating: martensite or pearlite ,(y*y) plus
quenching 5(,+ Ms)

Fig 7, obtalned for Fe/2%Si/0.1%C steel shows the large
varlation In microstructures that can be produced by these
different heat treatments. The properties resuiting from
these microstructures at the same volume fractlions can be
qQuite different, especlally In fatigue (see below Sec. |V
(d)).

Iv. STRUCTU@E-PROPERTY RELATIONS
A. General Consliderations: Morphology

The attractive tensile mechanical properties of dual-
phase steels are illustrated in Figs 1,2,13,14, These
propertlies Include continuous ylelding, a high work
hardening rate, low yleld strength, high tensile strength,
good ductility and good formability [27,28]. The continuous
. ylelding results from residual stresses and the high density
of moblle dislocations formed during the austenite to
martensite transformation (Figs 5,11). These dislocatlons
and the soft ferrite cause the low yleld strength. The
Incompatibility between the hard and soft phases causes a
raplid rate of work hardening leading to a high tensile
strength and suppresses necklng, resulting in good ductillity
and formablility [28].

Good ductility appears to be assocliated with the
connectivity of the phases present, especially
Interconnected martensite reglions along the prior austenite
grain boundaries. Thus the transformation path by which the
final ferrite (a) + martensite (Ms) Is obtained Is very
Iimportant. Also, the Influence of alloyling elements on the
kinetics and morphology of the "step quenching™ [ y~(aty)~
(at+ Ms)] or "Intermediate quenching" [(a+ pearlite)
or Ms> (a+y)> (a+ Ms)] +transformation paths must be

considered (Flig 6). The detailed mlicrostructural
characteristics will depend on the specific alloying elements
present, Examples are Iillustrated In the optical

micrographs shown In Figs 1,7. The mlicrostructures differ
In thelr respective macroscoplc morphologies such as In
fineness of Islands in the ferritic matrix. Thls geometric
difference will Influence the homogeneity of plastic flow In
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significant changes In the mechanical properfles of the
duplex sfruc*ures are. observed : : - o
1t 1Is lmporfanf to emphaslze here fha+ the other
‘mlicrostructural features; ‘e.g., preclpitates and
substructure, must be carefully identified and characterlized
If valld correlations between the microstructures: and
properties are to be established. In addition, composition
~changes .due to solute partitlioning should be Identified if ~
~possible [29-31]. The presence of any fine preclpitates In.
~the ferrlite, for Instance, can affect the mechanical
properties of duplex steels, as discussed above. In most
alloys studied, both uniform and total elongations at the
same volume fraction of martensite of the intermediately
quenched structure are superior to those of the step
quenched structure (Fig 7) over a wide range of martensite
volume fractions examined. From a continuum mechanlics
viewpoint, this Is to be expected, since the coarse and the
more connected martensite geometry in the ferrite causes
more severe Iinhomogeneous deformation and restricts Initial"
plastic flow to a smallier fraction of the total volume of
the ferrite matrix [32]. Alsos void growth will occur at a

faster rate when martensite Is more Interconnected, but with. .

less plastic strain. As a result, the overall ductility
measured by ftensile elongation and reductlion In area will be
lower [32,33]. A similar trend, but a more drastic decrease
In ductility has been found for the duplex Fe/2S1/0.1C steel
subjected to the vy >(aty) - transformation path compared to
- that of the (a+ pearlite) > (at+y) treatment. :

B. Strength and the Law of Mixtures

Strength seems to be less sensitive to morphology than
ductlility, and depends to a good approximation on the "law"
of two phase mixtures, given In Equation 1. Figures 1, 13,
14 shows the linear In¢crease in strength as a function of
volume fractlion martensite. |t In fact suggests that the
mixture rule, which Is based on continuum mechanicss, should
be applled to the duplex steels In conjunction with
dislocation theory (the mlicromechanical viewpoint) since the
latter emphasizes the characteristic slip distance available
in the ferrlite. The slip distance will In turn be
determined by the substructure and macroscopic geometry of
the constituent phases. An analysis of this has been glven
by Koo et.al.[16]. ' : ’ '

Nonetheless, the mixture law provides Important
guldelines which can predict with falrly good accuracy the
strength level of duplex steels at the varlous volume
fractlions of martensite, provided a minimum of two data
points are known. However, deviatlions can occur In the
above relatlionship of the law of mixtures when third phase
preclipltates, especlally in the ferrite, are present (Fig
10). v
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C. Fracture

1. Tensile Fracture

Coarse dual phase structures obtained by continuously
annealing in the two phase region directly from austenite
results In poor elongation ductility with relatively high
strength. However, by obtaining a flne fibrous or fine
globular dual phase structure by following different
transformatlion paths with alloying control, significant
Iimprovements can be obtalned In elongation ductility without
much sacrifice in strength. The poor elongation ductillity
of the coarse dual phase structure Is due to the Initiation
of cleavage cracks In regions In the ferrite where intense
localized stress concentration developed during straining.
But in steels with both fine flbrous or globular
morphologles, fracture occurs by vold nucleation and
coalescence only after large amounts of plastic deformation:
these effects are Illustrated by the composite of Fig 15.

2. Impact Toughkness

Control of morphology, combined with graln slize can be
very effective In providing dual phase steels with excellent
low temperature properties. This has been achieved by
controlled rolling as schematically shown in FIg 16, such
that either or both prior austenite and austenite-ferrite
graln sizes are refined, depending on the alloy beling
treated. In the case of Fe/1.5Mn/0.06C steel, the ductile-
brittle transition temperatures have been lowered to below
-100°C, with |Ittle loss In strength (Figs. 17,18) [34]1.The
possible benefits of such treatments for Illne pipe
applications have been reviewed by Kim [35].

D. Fatigue

Fatigue resistance of dual phase steels Is very
Important with regard to many applications, particularly
automotive [36]. In general, there are two types of fatigue
testing: (i) the classical S/N at low cycle fatigue approach
which In essence gives Information on crack Initiatlion and
(11) fatigue crack propagation and threshold stress
Intensity measurements on pre-notched or pre-cracked samples
(371, which In many cases Is probably more representative of
real engineering conditions. As yet, the amount of
ITterature on microstructural effects on fatigue of dual
phase steels Iis relatively small [38]. Current research on
Fe/2S1/0.1C steels [39,40] heat treated as shown in Fig 7
Indicate extremely attractive fatigue crack growth
properties as shown In Figs 19,20. Figure 19 shows the
variatlon In crack propagation rate (da/dn) as a function of
the stress Intensity range AK (AK= K maximum/K minimum) for
load ratlios R= K minimum - K maxImum of 0.05 and 0.75. It
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can be seen that the coarse microstructures show exceptlional
high threshold AKo values as compared for small load ratios,
without compromising strength. Thus, when compared to
- exlsting steels (Fig 20) the fatigue crack growth resistance

~of the dual phase Fe/Sl/C steel looks very promising. The
‘current interpretation of these results Is based upon crack
deflectlion and toughness-Induced crack closure mechanisms
-[41] so that this phenomenon only appllies to crack.

~ . propagation rather than crack Inltiatlon criteria. In the

latter case, S/N behavior of dual phase steels Is similar to
conventional steels In that fatigue resistance is.related to
tensile strength. ' . ' . ’

VY. POTENTIAL FOR COLD FORM]NG'APPL[CAT]ONS

The formability of dual phase steels make them ideal

candidates for almost all cold forming operations involving
- section sizes which can easily be heat-treated to obtaln the
necessary starting two phase mlcrosfrucfures. Commercial
appllications to automobile parts, especlally sheet,
Involving also the development in Japan of new continuous

annealing-quenching-cooling lines, have already occurred, -

but the potential of dual phase steels for general
applications does not yet seem to be widely explored Wire
drawing Is one example of currenf research at: Berkeley [43];

The capabl|l+y»of dual phase steels fo be heat-freafed
as rods and then cold drawn to wires Is Illustrated by the
mlicrographs shown In Fligs 21,22, :Not only can dual phase
steels be drawn to strength levels and ductilities found-ln
conventlional pearllitic drawn steels ( ~0.7%C) but n
Intermediate heat treatments such as the so-called pafenflng
" treatments (Flig 23) seem to be necessary. Consequently,
dual phase steels show very good promise as a new economical
approach to bars, rods, and high tensile strength wires.
One problem, as exists In all steel for wires, 1Is the.
Incompatabliility to drawing encountered at non-metallic
Incluslions or large second phase particles. Figure 24 Is a
scanning electron micrograph showing fracture at one side of
a large martensite particle which did not deform in contrast
to the nearby finer aclcular martensite particles The
electron micrograph of Fig 25 shows the development of dense
elongated dlislocation cells after drawing and It Is
difflcult to distinguish between ferrite and martensite.
These examples Illustrate again the need for control of
microstructure (morphology, volume fraction, etc.) if the
advantages of dual phase steels are to be fully exploited.
Current work Indlicates wires of tenslile strengths up to
400,000 ps! can be obtalned; this Is remarkable for such low
carbon steels (F0.08%C). Another potential application Is
in line-plipe steels. Such steels must have high strength as
well as high toughness (low ductile=-to-brittle transition
temperature). The alloy design principle for pipelline
application [26] Is that high toughness can be obtained
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primarlily by grain size control, while maintalining a dual-
phase structure to simultaneously obtain high strength as
shown In Fig 18, Controlled roliling of an Fe/1.5Mn/0.06C
alloy, followed by direct quenching produces a duplex
microstructure in which upper bainite particles are
uniformly distributed within the fine, ferrite matrix. The
mechanlical propertlies of this ferrite-balnite steel, Iin the
as-hot-rolled conditlion, far exceed the property
speclfications for arctic pipeline, as shown In the table. A
further advantage of this ferrite-bainite steel Is that
there is an abrupt Increase In strength during pipe-forming
due to Its high work-hardening rate. A review of the
physical metallurgy of HSLA steels for Iline-pipe has
recently been given by Kim (35], who polints out that it iIs
possible that the development of Improved strength In
ferrite-pearlite steels has reached a limit. While several
bainlte/acicular ferrite steels are available with promising
properties, multiphase steels appear to show more scope for
development because they possess the advantages of both
ferrite-pearlite steels and bainite/acicular ferrite steels.
They have high toughness due to thelir fine polygonal ferrite
matrix while the strong second phase gives high strength.
However, they may have some |limlitations in applications,
especlally for sour gas and oll services, because of the
well-known susceptiblility of martensitic and balnitic steels
to hydrogen Induced cracking and stress corrosion cracking
C44]. While there Is Iimited evidence that strong second
phases, when embedded In a ferrite matrix, are not
preferentlal sites for crack nucleation [45], the effect of
second phases on environmental degradation should be well
understood before application of multiphase steels *to
potentially aggressive environments can be undertaken.

Vi. SUMMARY
A. Effects of Alloylng Elements

The overall effects of alloying elements on the
microstructure and properties of dual phase steels can be
Interpreted In terms of the phase transformations that occur
on subsequent cooling from the intercritical annealling
temperature. These transformations depend In turn wupon
solute partitioning. At equilibrium (FIg 8) the
partitioning Is gliven by the respective tie-line. On
cooling fast enough to suppress Isothermal decomposition
products of austenlte, the martensite can be low carbon lath
type or hligh carbon plate type (Fig 4). The substitutional
elements can also partition, although so far there Is
Ilmited data on direct spectroscopic measurements of such
partitioning [17,19,20,23,29]. More experimental work Is
needed to utilize modern high resolution facilities such as
analytical microscopy (X-ray and electron energy loss),
microdliffraction and atom probe spectroscopy. ( Figure 26
shows an example of the use of X=-ray microanalysis.) The
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difficulty of anélyzlng for lnfersflflal-veléments (C» - N
H, O) are formldable, however (301l1.- ‘ ' o

The maln alloying elemenfs’for dual phase steels
Include Sis» Al, Mn, and the carbide/nitride formers V, Nb,
‘Mo. Consliderations of these elements for alloy design have
"been described by Thomas and Koo [15], but it should be
"noted that both Si and Al Increase the slope of the Az line
(Flg.8) thus allowing for flexibillty In heat treatment

(temperature control to obtain a given vol-fraction of

~ martensite Is.less critical than with e.gws Fe/Mn/C alloys).
The effects of carblde/nifrlde forming elements appear to
have Iimited value except as noted above with regard to
. retained austenite [20,31] preciplitation in ferrite [20~ 221

- ‘and ln the femperlng response of dual phase steels. o

B.i _Mechanlcal Properfles

“ The ‘absence of discontinuous yleldings,a low yleld .
stress and the high itnitial work hardening rate of dual
phase steels arise from the fact that transformation of-
austenite on cooling from the intercritical temperature
generates a high density of fresh mobile dislocations In the:
surrounding ferrite. The presence of transformation
products then provide the necessary barriers to dislocation
motlion for strengthening as evidenced by the linear
relationships observed between strength and % martensite, at
least In -the slmple ferrite-martensite composites.
Prec!plfaflon In ferrite will lead to higher yleld strengths
but lower ductility and retained austenite grains could
contribute to Increased ductility +hrough the TRIP
mechanism. I+ Is clear that a range of properties is
achlevable In dual phase steels by appropriate choice of
alloylng elements, heat treatments and thermo-mechanical
processing. Attractive combinations of strength ductility
~and formabllity can be easily achieved economically with
simple compositions such as Fe=Si-Mn-C, and much promise for
the future for such alloys can be envisioned. = :

'VII._CONCLUSIONS

From the sfandpolnf of thelr superior properf!es. and
simplicity In composition and processing, dual=-phase steels
-show. great promise, not only for the transportation
Industry, but for general structural applications, e.g.,
plpelines, wires, rods and bars. Thelr advantages Include
economy of material and enormous flexiblility wherein a
"single alloy can be manipulated to provide a wide range of
- products and properties. The main [Imitations of low carbon
dual phase steels for general applications are materlial
dimensions, l.e., sufficient hardenablility must .be achieved
(~0.51n thickness/dlameter) to obtaln martensite/bainite on
quenching from the (q+y) fleld, and problems of
"microstructure control If welding must be done after the
dual phase treatment.



-19-

ACKNOWLEDGEMENTS

The author would Ilke to acknowledge the graduate
students, research fellows and staff of the Department of
Materials Sclence and Mineral Engineerling, University of
Callfornia, and the Materials and Molecular Research
Division of Lawrence Berkeley Laboratory, who contributed
- to the alloy deslign program. Helpful discussions with Dr.
R.M. Fisher (U.S. Steel) are gratefully acknowledged. This
work was supported by the Dlrector, Office of Energy
Research, Offlce of Baslc Energy Sclences, Materlals
Sciences Division of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098. |In addition, industrial
support in alloy preparation Is acknowledged--Daido Steel
Company and Japan Steel Works, Japan; Republlc Steel
Corporation, U.S.A.; Climax Molybdenum, U.S.A.



-20
TABLE 1

PROPERTY SPECIFICATIONS FOR ARCTIC PIPELINE AND TYPICAL
 MECHANICAL PROPERTIES OF THE AS-HOT ROLLED
' ' Fe/1-5Mn/}06C STEEL WITH AND WITHOUT COLD WORKING

~ Charpy Shelf Energy

UTS

MN.m~2 Traﬁébéree o Lonéitudindi
Arctice Pipeline 585.7 = 92 J. at -60°C 136 = 170 .dJ.
) v - - ’ . at -60°C
Fe/1.5Mn/.06C . 642.2 149 J. up to -100°C 183 J. up to
(as hot rolled) L L - -100°C ‘
Fe/1.5Mn/ .06C 649.0 129 J. up to -100°C 170 J. up to
(with 2% cold ‘ S o |

-150°C -
"reduction) o v
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FIGURE 1. Principles of Dual Phase Steels: composite
" shows a typical heat treatment schedule, microstructure and
tensile properties.

QFIGURE.Z; Stress-strain curves for different clasaes ﬂ

of low/medium carbon steels: notice the low yield stress,

- gbsenca of discontinuous yteldings excellent ducttility and
high tnitial work hardening rates of dual phase steels -

FIGURE 3. The’ mzcrbatructure of medium carbon steels
"~ 0.,3%C) has a major influence on fracture toughneses at the
same yteld strength as itllustrated. Dislocated lath
martensites (upper micrograph)(%3C~0.3% Ms>250° C) are tougher
than twinned plate martensites (lower mzcrograph) 8o control
of composttion, and Ms <is eaaentzal (ref courtesy of”
Metall. Soe. of AIMB) ’ ‘ .

_ FIGURE b, Aa can be seen from thc Fe-C dtagram
(above)s, during intercritical annealing an alloy of

composition Cg wtill phase separate into | Low carbom ferrite
at the intercritical annealing temperature B and higher -
carbon austenite. If the carbom content in austenite (g
exceeds about 0.4wt%, brittle twinned plates are formed as
the Ms temperature is lowered. If the imitial carbon
content is much above 0.1wt%, it will be diffitcult to avotid
twinned martensite in dual phase structuress, if the
annealing temperature B i8 chosen to obtain 20-30%
martensite.

FIGURE 4b. Brtght and dark fteld electran mtcragrapha
of lath martensite im 1010 steel - notice retained films
betweaen the dtalocatcd latha. Composition corresponding to
B in Pig Ua. : '

FIGURE 5. Transmission electron micrographs of
ferrite-martensite in a dual phase Fe/2%S:i/0.1%C (ref 15).
In the lattice image (right side) the resolved (110) planes
in ferrite and martensite are parallel showing ezcellent
coherency parallel to the long axis of the martensitae.
. Arrovs indicate interface diaslocations. PFrom the spacing of
‘the (110) fringes, the carbonm content im martensite i8
estimated to be about 0.4wt%, assuming a linear relationship
between lattice fringe spacing, lattice parameter and carbon
content with % carbon in ferrite assumed to be essentially
zero. :
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PIGURE 6. Schemattie dtagram +tllustrating the vartous
kinds of two phase morphologies that can be produced by
varying the tranaformation path (vol. fraction approxz.
constant)
continuous cooling fromy
step cooling Y >(oty) + quench
atarting from normalized ferrite-pearlite state
starting from 100% martensite (intermediate quench)

OO Wwn

FIGURE 7. Actual exzamples of ferrite-martensite dual
phase microstructure produced inm Fe/25i/0.1C steel by
different processing routes shown at the top of the
ftgure (Ref. 40).

FIGURE 8., Illustrating the (partial) influence of
alloying elements on the Fe-C phase diagram. Notice that
the slope of thevy/a+y solvus ando/c+Y solvus is important
with regard to carbon partitioning, chotice of tie line and
hence composition and volume fractions of the two phases
ferrite and martensite after quenching.

PIGURE 9. Fine 8cale precipitation im ferrite im dual
phase Fa/1.55¢/0.15C/0.038b intermediate quenched. The
decrease in strength of the steel with increasing X%
martensite is accounted for by this precipitation (ref 17):
Courtesy of Seripta Met. ,

FIGURE 10. Variation inm yiteld and ultimate tensile
strength with % martensite itn the dual phase
Fe/1.,551/0.15C/0.038b steel. Compare to Figes 1, 2 (ref.
17): Courtesy of Scripta Met.

FIGURE 11. Retained austenite im air cooled specimen
characteriszed by martensite (bainite)(M)/austenitae(d)
transformation front. (a) Bright field and (b) the
correspondig austenite dark fiteld micrographs revealing the
large volume fraction of austenite present. Both
micrographs show more than 1 variant of the accomodation
stacking faults (ref. 20): Courtesy of Met. Trans. AIME.

PIGURE 12. Schematic transformation diagram and
microstructures possible in microalloyed steels (exzample is
for Bb with carbon nitrogen) showing how interphase alloy
carbide structures can form (ref 22): Courtesy Met. Trans.
AIMB
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_ FIGURE 13. Summary of atrcngth-ductiltty propctttca of
a range of experimaental dual phase steels containing up to
~ 30% martenaite from research at U.C. Berkeley. :

FIGURE 14, Summary ‘of strength-ductility-volume
fraction - intercritical annealing temperatures for the
intermediate quanch treatment of Fe/2Ss/0 ic ateel.;

FIGURE 15;; Compaaife'illuétratinthhe effects of
tranaformation path and morphology on fracture resistance of
Fe/251/0.1C dual phaac‘steeZT(Courteay: N.d. Kim).

. FIGURE 16. Schemattc representatzon of atructural
" changes which occur on rolling steel in different
" temperature regimes. . Crystalliaation of austenite leads to
fine packets of martensite upon quenching. (Courtesy: C.
~ Shiga et.al.» Kawasaki Steel Tech Report 4, 97 (1981)

FIGURE 17. Ductile-brittle impact transition curves of
a8 hot-rolled and quenched dual phase Fe/1.5Mn/0.06 steel
(Courtesy: N.J. Kim, Ph.D. Thesis, University of California,
LBL 12661 (1981) . - : .

FIGURE 18. Mechanical pfopertzaa of ' the same stael
as Pig 17 as a function of grain stae follovzng cantrolled
rollzng in the (G+Y) ‘range and quanchtng.

- FIGURE 19. Fattigue crack prapagatioi results 'fbr
- Pe/251/0.1C steel treated in the three uaya shown tn Fig 7
(Courtesy: V. Dutta aet.al)s Ref. 40

~ PIGURE 20. Summary of fatigue data on a range of
steals (Ref 40). Hotice the czcaptzonal properties of dual
phase steels tested as shown in Fig 19, Previous results
marked X from Refs 39, u42. ' -

FIGURE 21, Light optical micrographs of dual phase
Pa/1.5Mn/0.1C before (left) and after (right) cold drawing
99% t8 a strain of 4.7. HNotice the alignment of martensite
particles after drawing.(Courtesy: A. Nakagawva)

FIGURE 22. Scanning electron mtcrograph corresponding
t0o Fig. 21 (rtght side) showing some tendancy for non-
uniformity in plastic flow nearer non-fibrous shaped
martensite (see Fig 24%) (Courtesy: A. Kakagawa)
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FIGURE 23, Results of continuous cold drawing tests on
dual phase wire with 30% martensite. Data for 0.7%C patent
wire shown for comparison. Starting matertal is 0.25¢inm.
dual phase rod (Courtesy: A. Nakagawa, R.M. Fisher)

FIGURE 24, Scanning electrom micrograph showing cracks
developed at a large martensite particle. Similar effects
occur at inclusions (Courtesy: A. Nakagawa)

FIGURE 25. Transmission electrom micrograph of dual
phase wire after a total drawing strain of 3.7 (97.4%
reduction). Notice the dense dieslocationm networks and
alignment into the drawing direction (Courtesy: A. Nakagawa).

FIGURE 26, X-ray microanalytical results from small
vanadium containing particles extracted by the carbon
replication technique and examined im anm analytical electron
microscope. Such fine particles are difficult to extract
but this method avoids difficulties such ae flourescence as
in thin foil studies. Thim foil microstructure is similar
to that shown in Fig 9.
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DUPLEX FERRITE/MARTENSITE STRUCTURES
DEVELOPED IN Fe/0.1C/X ALLOYS

OPTICAL MICROGRAPH

A %R

Duplex ensite in Fe/0.1C4Cr M
Glohular shape of nmrtennu contrasts with light background ferrite.

B P ? !
Luplex structures developed in +e/U.1C/U.5Cr steel. Predomsmantly
needle-like martensite is shown within sach prior austenite grain,

Prior austenite grain ies are with
martensite phase.

Duplex structures devo!npqd in Fe/0.1C/2Si steel show a fine, aligned,
and acicular shape of martensite within each prior austenite grain,

Fe rich portion of HEAT TREATMENT
Fe-C phase diagram

__60min

Time —

Strength (ksi}

MECHANICAL PROPERTIES

130 T T T
30— - Py
.
4 A (Fe/0.1C/4Cr) N 3
120} =4
o B (Fe/0.IC/0.5Cr) N 120 Gyrs of dupiex.|
e C(Fe/0,IC/ 2Si) .\ 2% Si steel
"o ] &
1] o -
o %rs Yo
(elo] o % ool .oy |
o
90— -
~ 90} -
»
=
80 | ol
> 80 Van 80- w
£ / oy of duplex
= % Si
70 4 & 2%Si steel
0 .
60— —
60| -
50~ —
=====Uitimote 501 . w5
1 I | 0 0
5 10 5 20 i o
Uniform elongation (%) Total elongation (%}
Dy ing on the . _
in the (3 + «) range, various volume frac- Tensile properties of the duplex 2% Si
tion of martensite and a wide range of steel are compared with those of com-
strength and elongation combinations are mercial HSLA steels.
obtained.

The incorporation of the strong phase martensite as a load carrying constituent in a ductile ferrite
matrix can strengthen the composite alloy. The production of such duplex ferrite/martensite structures
in Fe/0.1C/X alloys (X being a small amount of a substitutional alloying element) is carried out by an

initial iti by ing in the (x + 4) with intermediate quenching.
Depending on X and the exact heat various hy ies and shapes of martensite in the
ferrite matrix are obtained (Figs. A, B and C) and these seriously affect the corresponding mechanical
properties.

A globular shape of the second phase martensite, combined with continuous martensite along the
prior austenite grain boundaries (Fig. A}, results in relatively poor tensile properties. With microstruc-
tures containing a combination of needle-like martensite within each prior ntmannu grain (Flg B),
while still showing continuous globular martensite along the prior ite grain b vh
improved tensile propmm are exhibited. However, upon obtaining a complete needle-like martensite
{Fig. C) a superior gth and el ion-ductility ion is found (these properties are compared
with these of commercial HSLA steels).

Ot’m factors, such as carbide morphomqvl solid solution strengthening, etc. were not found to be
as sig) in di hanical properties as the shape and distribution of the martensite phase.
Photos were made with polurmd film at 130 X ; 2% nital etch,

XBB 766-588¢

Fig. 1
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XBB 773-2297

Fig. 5

o+ Pearlite  Martensite

XBL792-568

Fig. 6



Fe-rich portion of the Fe-C system
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FRACTURE BEHAVIOR OF DUAL PHASE
Fe/Si/C STEELS

Fig 1. Scanning efectron microgragh of the continuously annealed
Fes2 $i/0.1C dual phase struclure showing the mophology of
lerrite and martensite and the cracks developed in the ferrite.
5% nital etch. M - martensite region, F - territe region

' i
iV

Fig. 3. Scanning electron micrograph of the step annealed Fe/251/0.1C
dual phase structure showing a fine dispersion of martensite
in the ferrite. 5% nital etcn

Dual phase ferrite-martensite steei is a “composite” which
has emerged as a new generation of HSLA steels. The fracture
characteristics of these dual phase steels are very sensitive to
the transformation path by which the composite structure is
obtained A Fe/2% S1/0.1% C steel when subjected to the
continuous annealing” treatment (Fig. A), which is a
commercially attractive process, resulted in a very coarse dual
phase structure as shown in Fig. 1. A careful scanning electron
microscopy study indicated that in this case a premature
failure occurs by the initiation of cracks in the ferrite region
where maximum localized stress concentration takes place.
This is illustrated in the scanning electron micrograph (Fig. 1)
of the cross sectional surface of a tensile test specimen just
before final fracture. The fracture surface of a broken tensile
specimen revealed precominantly cleavage fracture (Fig. 2)
As expected this dual phase structure resuited in very poor
ductility (Fig. 5) which places a limiting factor on the potential
structural applications.

(A) CONTINUOUS ANNEALING

Fig 2 Cieavage fracture observed in the broken tensile specimen of
the continuously annealed Fe/251/01C dual phase steels.

Total Elongation , %

4
% Martensite

6

Fig 5 Piot of elongator guclibly ¥
voilume fracton of martensite for

heat treatments A and B

Fig. 15

spacimen ol the step annealed Fe/25/4 1C dual phase

A modified heat treatment, “step annealing”, was
designed to improve the ductility. Following the step annealing
process (Fig. B) a remarkable refinement in dual phase
structure was obtained and no evidence of crack formation was
found in the tensile specimen just prior to the final fracture
This is shown i Fig. 3. The tracture appearance of the broken
tensile specimen exhibited a pfimanly dimpled rupture (Fig. 4)
Thus the step annealing process allows a significant
improvement in ductility with no sacrifice in strength. as

illustrated in Fig. 5.

The drastic change in the fracture mode from brittle (heat
treatment A) to ductile (heat treatment B) is attributed to the
refinement of dual phase structure by the step annealing
process which appears to be highly promising for the
maximum utilization of the composite steels

XBB 797-9313



TEMPERATURE ————

=39-

Initigl Austenite

Recrystallized Austenite

Austenite
Recrystallization
Region

Elongated Austenite

Austenite‘ # Elongated Austenite
Non Recrystallization Plus Deformed Ferrite
Region

}

N
' Ar3 /
Two Phase Austenite-
Ferrite Region

T A'I
Ferrite Region

TIME ——— XBL 8311-4453
Fig. 16
-k I T T I
150+ A a. o
".9 120+ -
by
5
5 90 -
[ =4
w
©
a
.g 60— Ferrite- Ferrite-
ol bainite martensite
g Longitudinal O A
S 30 Transverse @ A —
0 1 1 | 1 ]
-200 =190 -100 -50 (0] 50
T:C

XBL 80I2-13468



STRENGTH (KSI)

vTrs (°C)

-40-

90

70,

60

-100

-120

Fig. 18

T I T |
- Syrs
600
'
1
€
4500 z
=5 &
Sy
—a00
| 1 | I
T | I T
- —-130
N w
| O O s '60 L
| 1 | l .
10 2 4 6
FERRITE GRAIN SIZE, d"V2 (mm'V2)
XBL813-5373



AK (ksivin )
2 3 4 5 6 7 8 9 10 20 30 40 50
10 T T | I | KR S | | | | [
- Fe/25Si/01C Steel s
o= Frequency: SO Hz, Sine wave, R=0.05 & 0.75 ——':‘IO
S 3| Arot22°c -
\; L ? Hear ireatment R 4Ky, MPaym o
£ [~ v Intermediate Quenching 075 49 /]
> — o m " 0.05 |07 —_-:1_‘|0-5
Q e Step Quenching 0.75 5. c 3
o Id o u " 0.05 17, %
4 E = Intercritical Annealing 075 57 -
L = 0 " " 0.05 19.5 =
T 76 <
1 B —gK) %
2 B . >
S g3 * B
o 1 £
< (o - -
) [~ -7 =
a | =0 2
: ]
108 "
X - =
< 5 | lattice__ | -8
a B spacing =0
o ™ per cycle
V8] il —
=) ] —
© 107 v N
— - (¥
o (- | "ol
B J b
e Threshold, AKg
168 NS I [ (R I I L4
3 q 5 6 r 89 10 20 30 40 50 60
ALTERNATING STRESS INTENSITY, AK (MPaJ/m)

Fig. 19

XBL 838-10897

- L-b_



20

18

16

14

- ik
(o] o N

THRESHOLD AKo (MPa/m)

(o]

A5

18

16

14

12

o
AKo (ksifin)

oo

Oy (ksi)
0 50 100 150 200 250
== T T T T
o
I AL-PHASE STEE
PRESENT RESULTS: —
° O - Intercritically Annealed (IA)
© - Step Quenched (SQ)
B v - Intermediate Quenched (1Q)
PREVIOUS RESULTS:
} 4
— x
Ferritic, Pearlitic, / —
~ Bainitic and
Martensitic Steels /
Z
—
| 1 1 1 ] 1 1 1
0 200 400 600 800 1000 1200 1400 1600 180

YIELD STRENGTH, Gy (MPa)

o)
0

XBL 838-10895

Fig. 20



-43-
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Fig. 21
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