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Abstract 

Low carbon dual phase ferrite-lath martensite composite steels for rods 

and bars have been designed to meet cold forming requirements. The rounds 

can be prepared by conventional processing followed by heat treatment or 

directly on-line in rod or bar mills. The products are fine grained rods or 

bars which show exceptional promise for applications such as cold drawing to 

wires without patenting heat treatments, cold heading for fasteners and as 

reinforcing bars for the construction industry. These steels also have 

superior ductility, fatigue, low temperature toughness and corrosion 

resistance compared to conventional mild or high carbon steels. Specific 

properties can be tailor made by appropriate design of composition and 

processing to control the composite microstructure and morphology. 
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Introduction 

The basic idea behind the major part of our steel alloy design program 

is to utilize the concepts of composites to design dual phase 

microstructures which can attain superior combinations of strength and 

ductility. In order to achieve this, control of each phase and morphology 

is necessary. The research has emphasized basic fundamentals of physical 

metallurgy (1), but at the same time attention has been paid to processing 

for conservation of energy (e.g. to minimise heat treatments by direct on

line mill production), and to composition, to eliminate unnecessary alloying 

elements (2). 

Although dual phase steels are more commonly known for flat products ;':;;;4~~ 

e.g. references 3-8, their cold formability can also be used in round.<f+\~';lir 

product s (1,2,9). Dis located lath martens ite rather than twinned p lat ei;i(i.')i~, 

martensite must be maintained as the strong, load bearing phase in order tor.:r.'::~: 

maintain toughness and drawability. For maximum ductility and formability,j,Jt';:~ 

the ferrite phase should be "clean", i.e. precipitate free in low carbon 

steels. 

Achieving design goals for particular sets of properties depends on 

controlling composition and processing to obtain lath martensite (itself a 

composite due to interlath retained austenite) in the appropriate morphology 

with the ductile ferrite phase. In low carbon steels with about 20% 

martensite and a fine grained ferrite - it is convenient to refer to steels 

with this structure as "Fermar". Rods of Fermar could be drawn to very high 

strength wire, possibly attractive for tyre cord (2,9,10)0 In addition dual 
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phase rods or bars offer attractive possibilities for construction 

applications, e.g. rebar in concrete or tendons (wire ropes) for pre-

stressed concrete. 

The basic dual phase concept is simple: a two phase austenite-ferrite 

mixture is quenched from the appropriate temperature to obtain a two phase 

ferrite-lath martensite structure. This process can be done by a number of 

heat treatment paths (10) or directly by thermal mechanical processing in a 

rod or bar mill (2,9). The advantages of the latter are obviously lower 

cost (on-line production), although direct thermal mechanical processing 

limits flexibility such as control of volume fractiono Typical processing 

routes and microstructures are compared in figs. 1,2. 

In spite of the absence of an exact theoretical explanation, the 

strengthening of dual phase steels can be predicted with reasonable accuracy 

from the volume fraction and strength of the components by the mixture rule 

of the form: 

a =OfVf.O V c m m 

(1) 

where the subscripts c, f, m refer to composite, ferrite and martensite, Vm 

and Vf are the volume fractions of martensite and ferrite respectively. Of 

is the stress carried by the ferrite matrix when the composite is strained 

to its ultimate tensile stress (1-5, 12-16). In a strict sense, equation 

(1) holds only for describing the mechanical behavior of unidirectionally 

aligned, continuous fiber composites assuming that the fibers and matrix are 
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well bonded and the fiber strain, matrix strain and composite strain are all 

equal. The law of mixtures predicts a dependence on Vm which can be 

positive, constant, or negative depending on the magnitude of the other 

parameters. For lath martensite Om is a function of carbon content and at 

equilibrium Vf , Vm and Om are given by the tie line corresponding to the 

intercritcal temperature. The attractive feature of dual phase steels is 

that all of these parameters can be controlled to a considerable extent by 

simple heat treatments and/or thermal-mechanical processing, allowing for a 

high degree of flexibility and design of properties which can be tailored to 

particular plant manufacturing capabilities (II). 

Several points can be emphasized: firstly, simple compositions such as 

Fe/Si/C appear to be excellent for rounds (Table IA), or Fe/Mn/Si/C if 

continuous casting requirements dominate choice of composition (Table IB). 

Secondly, by modifying alloys so as to provide ferrite strengthening, e.g., 

by microalloying (Nb, Mo, etc. refs. 11-14), unusual properties almost 

independent of Vm can be attained. Some examples of such compositions are 

given in Table IC. The design bases for choice of alloying have already 

been published and need not be repeated here, (e.g., refs. 1, 11, 13) save 

to emphasize the useful role of Si in raising Ar3 temperatures, which is 

important. for rolling processing. In the present work the main emphasis is 

to produce maximum cold formable steels, i.e. to maximise the tensile to 

yield strength ratios. Microscopically the formability depends upon 

morphology, volume fraction and type of martensite. In the case of cold 

drawing rods for ·wire, which is conventionally done on pearlitic steels 

(containing up to 0.8% C for high strength), the hard phase cementite 

imposes a drawing limit which normally requires ''patenting'' heat treatments 
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to maintain further drawing. This process can be obviated in dual phase 

steels provided the second phase is tough, lath martensite. On the other 

hand, wire drawing is especially difficult if hard particles of twinned 

martensite (or of course inclusions from the steel making process) are 

present (2)e Thus it is necessary to control composition and processing to 

• 
achieve about 20% fibrous lath martensite in a fine grained and continuous V 

equiaxed ferritic matrix in order to achieve maximum drawabilitYe 

Experimental Procedure 

..L. Production..2!..RYl Phase Steel Bars and Rods 

Dual phase steel is most economically produced directly on-line in a 

hot rolling mill, although much research has been done on heat treated 

steels (1-10). In the present research program both therm.al (fig. 1) and 

thermo-mechanica 1 i.e. hot ro lling (fig. 2) processing has been emp loyed. 

With rolling the microstructure must be controlled by finishing rolling in 

the (O+V) phase field, i.e., just below the Ar3 temperature such that 

unrecrystallized elongated austenite and fine recrystallized ferrite are 

formed prior to the water quench. In this way a final microstructure of 

fibrous martensite in a fine equiaxed ferrite matrix can be attained. 

Examp les are shown in Fig. 2. The usua 1 start ing size was 25 mm dia. and " 

the rolling schedule was done to obtain a final rod diameter of 5.5 mm. 

Such a process is achievable commmercially in typical bar and rod mills. In 

the latter case, however, due to the high speed of a modern mill (-100 

m/sec), temperature control can be difficult and large volumes of water are 

required to give a good quench to form lath martensite. 
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The rolling temperature to finish rolling just below Ar3 i.e., .in the 

(a+v) field is determined primarily by the composition and is in the range 

800 0 C-1000 0 C depending especially on silicon. Representative compositions 

of some of the steel used are given in Table I. A commercial welding rod 

was also studied (alloy B). Since this rod was supplied as 5.5 mm diameter 

control rolling could not be performed. This alloy was heat treated to 

produce dual phase structures as described previously (2). 

The "special"dual phase steels (Table IC) represent alloys in which 

the design aim was to produce mechanical properties that are relatively 

insensitive to martensite volume fraction and therefore not requiring strict 

temperature control during intercritical annealing or ~ontrol rolling. More 

details of these research results are given in refs. 11-14. 

~ Metallography. and Mechanical Testing 

Specimens for metallography (optical microscopy, scanning and 

transmission electron microscopy) were prepared and observed in the usual 

way and are described in detail elsewhere e~. refs 10. 

Tensile testing of the steels in the as-heat treated condition were' 

conducted on an Instron machine on cylindrical specimens of 0.113 inch (2.87 

mm) gauge diameter on an Instron machine. The wires were tested in 3.5 inch 

(89 mm) lengths with 1 inch (25.4mm) gauge lengths. The strain rates were 

0.005 to 0.02/minute. Wires larger than 0.526 inch (13.4 mm) in diameter 

were tested in self tightening wedge grips. In this case the gauge diameter 

was carefully reduced by 10 pct using 600 grit SiC to prevent failure in the 

grips. Smaller wires less than 0.0526" dia. were tested in drum type grips, 

in which the fine wire was wrapped around a drum then ~ightened with a 
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screw. 

k Cold Drawing of Dual Phase Bars to Wire 

Laboratory drawing trials involved starting with 5.5 mm rod or by 

machining larger diameter rods to 5.5 mm dia. and then drawing without 

coating in a drawing machine using 60 -80 semi-die angle conical carbide and 

diamond dies lubricated with a Dupont Vydax Freon-Teflon dispersion. The 

reduction in area per pass started at 35% and then was gradually reduced to 

20%. This technique differs from conventional drawing of pearlitic steel 

because of the high initial work hardening behavior of DFM steels. If the 

reductions are too small central burst cracking can occur. 

In principle, the controlled rolling on-line processing should give 

rise to higher strengths because the high reductions in the finishing block 

(rod mill) give very fine grained dual phase steels (fig. 2). The flow 

stress of drawn wire is given by Embury and Fisher as (15): 

where 0., k: constants 
I 

a f : flow stress of wire after being drawn to a 

strain £ 

00 : initial wire rod diameter before drawing 

o wire diameter after being drawn to a strain £ 

mean spacing of dislocation barrier of wire rod 

Thus as ro decreases (ferrite grain size) Of should increase. The 

possibilities exist therefore to attain high strengths for bead and tire 

cord (see figs. 9-11). 
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Steel No. 

404 

405 

406 

Table I 

Alloys Investigated for Dual Phase Program (wt%) 

Group A Fe/Si/C Series (all .tl) 

C Si Mn p S 

0.053 2.06 0.28 0.005 . 0.0048 

0.104 2.08 0.29 0.005 0.0049 

0.215 2.09 0.28 0.005 0.0056 

Sol.AI 

0.034 

0.035 

0.034 

Alloys provided by NKK Steel Company, Japan, Vacuum melted. 

Alloy 

A 

B* 

C 

Group 1!. 

C Si Mn P 

0.08 1.89 0.32 0.004 

0.084 1.05 1.62 0.016 

0.08 0.25 1.08 0.004 

S 

0.004 

0.021 

0.005 

N Fe 

0.0021 bal. 

0.0021 bal. 

0.0027 bal. 

Fe 

bal. 

bal. 

bal. 

* Commercial Welding Rod: Samples provided by Stelco, Canada, (received as 

5.5 mm rod). 

Alloys A and C provided by NKK Steel Co., Japan, Vacuum Melted 
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Alloy 

D 

E 

F 

G 

H 

Group ~ "Special" Dual Phase Steels 

c 

0.060 

0.065 

0.082 

0.14 

0.15 

Si 

.02 

.42 

1.45 

1.45 

Mn 

.10 

.11 

Al 

.930 

.980 

.780 

Nb 

0.034 

Mo 

0.38 

Alloys D and E were supplied by Republic Steel Corp.: air melted 

Alloy F was prepared in our laboratory: air melted 

Alloys G and H: melted under argon. 

Results 

1. Mechanical Properties and Drawability 

Fe 

bal. 

bal. 

bal. 

bal. 

bal. 

Typical tensile mechanical properties of the initial rounds are shown 

in figs. 3,4. It is interesting to note the results of the "special" dual 

phase ste~ls shown in fig. 4. A constant tensile to yield ratio is 

maintained over a two-fold range of Vm for the simple Fe/AI/C steels which 

indicates promise for these steels in plants without sophisticated control 

syst ems (11). 

The attractive tensile and high initial work hardening properties of 

dual phase steels are the main reason for their potential as cold forming 

steels for products such as wire, cold heading fasteners, etc. The work 
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hardening rates of dual phase steels and conventional low carbon steels are 

compared in fig. 5 (ref. 16). The absence of discontinuous yielding is due 

to the generation of mobile dislocations during quenching when the austenite 

to martensite transformation occurs (-3%vol. change). As can be predicted 

from dislocation models or the mixtures relation, the work hardening rate 

depends on carbon content, volume fraction· of martensite and its strength 

(i.e. carbon content). Some recent tensile data showing these relationships 

for the Fe/Si/C/ dual phase rods (Table 1.A) are plotted in figs. 6 and 7. 

Typical initial work hardening rates are given in the following table: 

%C (alloy) 

Table II 

Work Hardening (Tensile) Data for Fe/Si/C Steels 

martensite 

vol. frac. 

(%) 

%C 

(marfens it e) 

work hardening 

rate 

ksi MFa 

----------------------------------------------------------~----------------

0.2 

0.1 

0.05 

-30 

-40 

-20 

..... 0.67 

-0.25 

....:.0.25 

2490 

1730 

1300 

17200 

11900 

8960 

These steels were all given the intermediate quench heat treatment (fig. 1) 

aft er 30 min austenit izing at 1150 0 C. 

As can be seen from fig. 7, at strains >0.1 the hardening rates tend 

to come together. This corresponds to the situation where both phases 

deform simultaneously (fig. 8) so that individual factors such as martensite 
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volume fraction no longer dominate. The same results can be seen in the 

drawing behavior (figs 9-11) i.e. after about 50% reduction in area (fig. 

10), and in the wear results (fig. 12). 

As shown in figs. 8-11, dual phase steels are easily drawn without 

patenting heat treatments, to reductions in area greater than 99% and to 

strengths approaching those specified for tire cord. The latter results can 

be consistently obtained in fine grained ferrite rods such as processed in a 

rod-mill. It is important, however, to avoid forming islands of high carbon 

martensite, which can occur if the quench is poor or if the intercritical 

temperature is too low. Thus again attention must be paid to controlling 

the microstructure, morphology and component phase composition as has been 

emphas ized previous lye (2,9). 

A further advantage of dual phase steels is that the refined grain 

structure provides excellent low temperature toughness e.g., DBTT below 

-100 0 C at yield strengths -75 ksi (-530 Mpa) (ref. 17). 

2. Wear Behavior of Dual Phase Steels 

The wear behavior of dual phase steels has rarely been discussed, even 

though there are many applications where wear becomes a major concern. 

Abrasive wear resistance has now been investigated using the Fe/Si/C steels 

shown in Table I-A. Experiments were done on the 0.1 and 0.2 weight percent 

carbon alloys and the intercritical heat treatments were chosen to give 

variations of volume fraction of martensite at predetermined carbon 

contents. Abrasive wear tests were run on a pin-on-disc machine, (see ref. 
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18 for details). Wear resistance is defined as the reciprocal of the mean 

weight loss after the wear tests. In this way a correlation between 

drawability, wear and work hardening can be effected. 

As in the mechanical tensile properties, (fig. 3,4) the abrasive wear 

resistance of these dual phase steels is linearly proportional to the volume 

fraction of martensite. Bulk hardness cannot be used as a sole criterion 

for predicting abrasive wear in these steels as can be seen in fig. 14. The 

wear resistance depends on composition and % martensite (fig. 13). 

3. Fatigue Behavior 

Ferritic-martensitic dual-phase steels provide an excellent system to 

improve crack growth resistance through the generation of tortuous crack 

paths by def lect ion at int erfaces, leading to enhanced roughnes s-induced 

closure(19). Recent studies have shown that by modifying the proportion and 

morphology of the ferrite and martensite phases through intercritical heat 

treatment (fig. 1), increases in the~ value by up to a factor of two can 

be. readily obtained without 1088 in 8trength (fig. 15). Such marked 

increases in crack growth resistance are associated with measured increases 

in closure and can be att ribut ed direct ly to the product ion of meandering 

crack paths. 

The benefits of this approach in dual-phase steels are that very high 

thresholds are obtained without losing tensile strength, and hence without 

compromising crack initiation resistance (20). In fact, the~KTH value of 
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20.1 MPa Vm in intercritically-annea1ed AISI 1008 steel (21) 1S believed to 

be the highest ambient temperature threshold ever reported. Similarly, the 

AKTH value of 19.5 MPaYm, with a yield strength of 600 MPa, in 

intercritical1y-annea1ed Fe-2Si-0.lC steel (19) represents the highest 

combination of fatigue threshold and yield strength measured to date (fig. 

15). 

4. Potential Engineering Application for Construction in Concrete 

The developmental history of rebars for concrete construction witnessed 

increasing strength levels in rebars from 33 ksi yield during the early 

1930's to the present standard of 60 ksi yield. With every increase in 

strength, the problems related to the details concerning higher strength 

were solved progressively. The present progression to 80 ksi rebars which 

is easily attainable in dual phase steels (fig. 3,4) is a natural advance 

(22). The main obstacles in using rebars with strengths beyond 60 ksi have 

been the need to use expensive alloy elements leading to high costs and the 

lower ductility. The latter problems can be overcome by the development of 

dual phase steel rebars. The main advantages of such steels are the 

increased ductility, better corrosion resistance (9) and outstanding fatigue 

properties. Furthermore, an increase in yield strength to 80 ksi has 

potential weight savings of -20%. 

As noted above, dual phase steel rods can be drawn to high strength 

ductile wire (fig'- 9-11) due to its high cold formability. It is obvious 

that there is potential for using Fermar bars to produce strands for use in 

prestressed concrete. The USA presently uses 270 ksi strands, whereas 300 
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ksi strands can be produced with dual phase steels (at the same cost). This 

again could mean a weight savings of 10%. 

Conclusions 

Dual phase steels appear to be attractive alternatives for plain and 

microalloyed steels for the production of rods and bars, especially for cold 

forming (wire, fasteners, etc.) and construction applications. The removal 

of patented heat treatment for high strength wire production represents 

cost savings. Higher strength dual phase steels have potential for weight 

savings, especially because of ~heir excellent ductilities. 

Some problems in shear ductility after severe drawing appear to occur 

in Fe/Mn/C dual phase steels for Mn levels >O~ wt.%. Current research 

indicates this may be an interface problem associated with Mn segregation at 

the ferrit e-mart ens it ic interfaces. For this (and other) reasons the S i 

rich dual phase steels would be preferred for wire drawing. 
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Figure 1 - Various heat treatment methods to produce dual phase structures. 
Note how the transformation path affects morphb10gy (at the same 
vo 1. fract ion) • 

Figure 2 - Controlled rollirtg method to simulate rod or bar mi~l processing 
for direct on-line production of dual phase rods. Typical microstructures 
for Fe/Si/C types are shown. Notice the refinement compared to the 
microstructures in figure 1. 

Figure 3a,b, - Typical strength-ductility relationships in Fe/2Si/0.lC dual 
phase steels as a function of % martensite. The different morphologies 
(figure 1) affect the slopes of these curves but in general the mixtures law 
is obeyed. 

Figu~e 4 - Strength-ductility relationships for alloys designed to be 
approximately independent of % martensite (Table IC). The shaded areas are 
typical of "normal" dual phase steel properties (e.g. figure 3). 

Figure 5 - Strain hardening and t·rue stress vs. strain for both dual phase 
and conventional low carbon steels - circles indicate extent of uniform 
elongation (ref. 16). 

Figure 6 - True stress-true strain ,curves fo·r dua I-phase Fe-2%Si steels of 
different carbon contents. 

Figure 7 - The variation in work hardening rate with true strain for Fe~2%Si 
dual phase steels of different carbon contents. 

Figure 8 - SEM micrographs of Fe/2Si/0.1C dual phase steel wire a) 0% R.A., 
b) 70% R.A. (£=1.2), c) 88% R.A. (£=2.1), d) 97% R.A. (£=3.6). 
R.A.: reduction in area by cold drawing. 

Figure 9 - Drawing behavior of control rolled (see figure 2) Fe/2Si/0.lC 
steel. This 'is typical of such dual phase steels and those in Table I-B. 

Figure 10 - Drawing behavior of same steel as figure 9 but after 
intermediate quench treatment (figure 1) to vary % martensite. 

Figure 11- Comparison of drawing behavior of dual phase and 0.7%C patent 
wire rod. 

Figure 12 Showing the effect of martensite vol. fraction on wear 
resistance of du~l phase Fe/Si/0.2C steels. 

Figure 13 - SEM micrograph of wear particle from Fe/2Si/0.1C showing severe 
deformation of martensite (cf to figure 8). 

Figure 14 - Wear resistance vs. hardness from data of figure 13. Square 
represent Fe/2Si/0.2C and circles Fe/2Si/0.1C. 

Figure 15 - Fatigue threshold aKTH (for "long" cracks at low load ratios) as 
a function of yield strength for dual phase steels heat treated as in figure 
1 compared to conventional steels. From refs. 19-21. Courtesy R.O. Ritchie. 
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