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DESIGN OF DUPLEX Fe/X/O.lC STEELS 

FOR IMPROVED MECHANICAL PROPERTIES 

J. Y. Koo and G. Thomas 

The incorporation of the strong phase martensite as a load carrying 

constituent in a ductile ferrite matrix can strengthen composite steel 

. 1-4 
alloys • Such duplex ferritic-martensitic (DFM) structures offer good 

combinations of strength and ductility as a useful method of strengthen..

ing plain, low-carbon steels
4 

In view of the attractive mechanical pro-

perties and the simplicity in composition and heat treatment already 

2-4 
achieved , the idea of duplex simple low carbon steels is now receiv-

ing much attention. This approach contrasts with high strength, low-

alloy (HSLA) steels microalloyed with columbium, vanadium or titanium 

in which the principal strengthening is derived from precipitation of 

finely dispersed carbides and whose manufacture is associated with some 

economical problems discussed elsewhere (e.g. ref. 5). 

. . k' 1 1,3,4,6,7 . "1 b Earlier exper1mental wor on DFM stee s has pr1mar1 y een 

concerned with the influence of the volume fraction or strength of the 

second phase (martensite) on mechanical properties. From the viewpoint 

that the mechanical properties of two phase materials in general are ' 

. determined by the shape, distribution and properties of the individue11 

phases, the present paper reports on the design considerations for 

desirable DFM structures which in turn result in· desirable mechanical 

J. Y. Koo is a graduate student and· G. Thomas is a Professor and Principal 
Investigator, Department of Materials Science and Engineering, College of 
Engineering and Materials and Molecular Research Division of the Lawrence 

·Berkeley Laboratory, University of California, Berkeley, California 94720. 
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properties. 4 This work is based on an earlier report in which improve-

ments in 1010 steels by duplex heat treatments alone were achieved. .-
Experimental. The chemical compositions of the ternary alloys used in this 

investigation areg~ven in Table I. X represents the substitutional solute 

Cr or Si. The design basis was to increase the extent of the (a+ y) 

field shown in Fig. 1, increase hardenability, and vary the DFH morphology 

by comparison to 1010 steels 4 The alloys v1ere vacuum melted into 33 lb. 

heats, hot forged to 0.6 in. diameter rods, homogenized at 1200°C in 

vacuum for 24 hrs. and subsequently furnace-cooled. 

The heat treatment to produce controlled DFM structures consists of 

austenitizing and quenching to 100% martensite, follmved by annealing 

in the (a + y) range as shown in Fig. 1. By holding in the two phase 

range, martensite transforms partially to austenite and the residual marten-

site becomes ferrite as the two phases attain the composition specified by the 

tie line corresponding to the holding temperature. The alloy will then 

consist of low carbon ferrite (a) and higher carbon austenite (y). Upon 

quenching, the austenite transforms to martensite (strong phase), and the 

ferrite becomes heavily dislocated due to plastic deformation as a result 

of the austenite + martensite transformation strain. This structure has been 

confirmed by transmission electron microscopy (see Fig. 3). 

• 
Design of heat treatment is done so as to control the martensite pro-

perties through its substructure by control of prior y composition (e.g. •·' 

ref. 6). Thus temperatures in the (a+ ·y) field are chosen to maintain 

carbon levels of about 0. 3% in austenite, which allm·JS dislocated martensite 

to form. The a,y volume fractions then depend upon the total alloy corn-

position for this temperature. The morphology of the duplex microstructural 

constituents in_ the alloy is strongly influenced by the substitutional 
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solute {X)S and is a very important factor, as will he shown later. 

Tensile properties were measured using both 1. 25 in. and 2 in. gauge 

round specimens, the latter for comparison with the tensile properties of 

commercial steels. The testing procedures and the experimental proce~ures 

for optical and transmission electron microscopic examinations have been 

4 
described previously 

Results. ~1arked differences develop in the morphology of the DFH struc-

tutes, depending on the amount and type of alloying ele~ent X in Fe/X/O.lC 

alloys (hereafter, "O.lC" represents for convenience the carbon content 

in each alloy). These are illustrated in the optical micrographs, Figs. 

2(A)-(C). The acicular shape of martensite developed in the DFM Fe/0.5Si/0.1C 

steel is virtually identical to that exhibited in the Fe/2Si/0.1C alloy. 

The ferrite regions in the DFM 0.5Si and 0.5Cr steels revealed coarse 

carbides in the immediate vicinity of the a/martensite boundaries. These 

carbides formed during final quenching from the (Ci. + y) range result from 

the y ~ a + carbide reaction products due to the lack of sufficient harden-

ability in the above two steels. 

The corresponding tensile properties reflecting the changes in the 

geometries of martensite phase are plotted in Fig. 4 • A globular shape of 

the second phase martensite, combined with continuous martensite along 

the prior austenite grain boundaries (Fig. 2A), results in relatively poor 

tensile properties. With microstructures containing a combination of· 

needle-like martensite within each prior austenite grain (Fig. 2~), while 

still showing continuous globular martensite along the prior austenite-

grain boundaries, somewhat improved tensile properties are exhibited. 



-4-

However, upon obtaining a complete needle-like martensite (Fig. 2C) 

superior strength ~nd elongation ductility combinations are found. These 

properties are compared, in Fig. 5, with those of some commercial HSL~ 

steels. One notes that the duplex 2% Si steel shows notably high uniform 

elongation and superior tensile strength which presumably are the conse-

quences of its morphological features. 

Discussion. Hany factors affect the mechanical properties of a simple 

ternary Fe/X/O.lC alloy with DFM structures, amongst which are, (1) shape 

and distribution of martensite in the ferrite matrix, (2) properties of 

the martensite, (3) properties of the ferrite, (4) volume fraction of 

martensite, and (5) microstructural features, such as the presence of 

coarse carbides. The alloying addition, X, and the exact heat treating 

conditionscontrol these main structural features. 

The superior tensile properties found in the duplex 2% Si steel are 

attributed to silicon being one of the alloying elements which most 

favorably controls these mutually interacting variables: promoting dis-

located martensite in a fine, fibrous distribution, providing solid 

solution strengthening in ferrite, and improving the ferrite/martensite 

interface by inhibiting the formation of coarse carbides during the 

final quench. 

The strengthening component obtained from a fine, fibrous martensite 

morphology appears to be two-fold: it offers more effective barriers to 

the motion of dislocations, and simultaneously provides more efficient 

composite strengthening for a fixed volume fraction of martensite as given 

b h h f d . . f. b . 9,10 y t e t eory o 1scont1nuous 1 re compos1tes 

The data in Figs. 6 and 7 show that the range of martensite percentage 

for improved combinations of tensile properties varies from -20% to -60%, 

•• 
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below or above Hhich the morphological features of the DFN structures 

become undesirable. These values are thus optimum for these Fe/Si/C 

steels. For the range of martensite percentage shown in Fig. 7, the 

values of elongation in silicon-bearing DFM steels are higher than those 

in chromium-containing alloys. 

Current research is concerned with optimising the microstructure-

property relations with especial emphasis being placed on the morphologies 

of the DF1f alloys and with understanding the principal strengthening 

mechanis~s involved. 

Conclusion. From a practical point of view, silicon is a valuable alloy-

11 
ing element since it opens up the (a+ y) range when added to Fe-C 

12 . F' 8 system , as 1.n 1.g. . As a result small variations in annealing terrperature 

in the (a+ y) range do not change composition significantly, thereby assur-

ing reproducibility of the material. Silicon is cheap and is an effective 

solid solution strengthening element. Thus Fe/Si/O.lC steels appear 

to be very promising for duplex treatments as noted also in Japan3. How-

3 ever, the published work on these does not appear to take into account the. 

desirable macro- and microstructural morphologies which are obtainable 

under the limitation of practical feasibility. The desirable features have 

been illustrated in the present work in the duplex Fe/2%Si/O.l%C steel 

which exhihits better tensile properties than those of Van 80 which is 

considered to be one of the best commercial HSLA steels. The possibility 

of using these DF1·! steels for automotive applications e.g. to replace con-

ventional 1010 steels is apparent. 
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Table I. Chemical Compositions of Fe-C-X Alloys (Ht. Pet.) 

. Alloy c Cr Si Fe 

A 0.073 4 bal. 

B 0.06 0.5 bal. 

c 0.065 2 bal. 

D 0.075 0.5 bal. 

• 
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FIGURE CAPTIONS 

Fig. 1. Schematic representation of heat treatment to produce controlled 

DFM structures. 

Fig. 2. Optical Micrographs. (A) DFM structures developed in Fe/4Cr/0.1C 

steel. Globular shape of martensite contrasts with light back

ground ferrite. (B) DFM structures developed in Fe/0.5Cr/0.1C 

steel. Predominantly needle-like martensite is shown within 

each prior austenite grain. Prior austenite grain boundaries 

are decorated with continuous mar.tensi te phase. (C) Duplex 

structures developed in Fe/2Si/0.1C steel show a fine, acicular 

shape of martensite within each prior austenite grain. A 

magnified view of the martensite morphology is shown in Fig. 3. 

Fig. 3. Composite transmission electron micrograph of the DFM structure 

developed in 2%Si steel. Two parallel needles are martensite 

phase surrounded by ferrite with high density of dislocations. 

Fig. 4. Strength vs uniform elongation is plotted for the duplex Fe/X/O.lC 

alloys. Depending on the annealing temperature in the (a + y) 

range, various volume fractions of martensite and a wide range 

of strength and elongation combinations are obtained. 

Fig. 5. Tensile properties of the duplex 2%Si steel are compared with 

those of commercial HSLA steels. 

Fig. 6. Yield strength and ultimate tensile strength are plotted against 

volume percent martensite, for the duplex Fe/X/O.lC alloys. 

Fig. 7. The values of uniform elongation and total elongation are plotted 

against volume percent martensite for the duplex. Fe/X/O.lC alloys. 

Fig. 8. Phase diagrams showing the expansion of the (a + y) range when silicon 

is added to the Fe-C system. 

}I 
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Fe- RICH PORTION OF THE Fe-C PHASE 
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Fe-RICH PORTION OF THE 2.4 WT. 0/o Si 

SECTION OF THE Fe- Si-C PHASE DIAGRAM 
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