
Effects of Composition and Processing Factors on the 

Mechanical Properties of As-hot-rolled Dual-phase Steels*

By Takashi 

and Michio

FURUKAWA,** Mitsuru 

ENDO**

TANINO,** Hirofumi MORIKAWA***

Synopsis 

  As-hot-rolled, ferrite-martensite dual phase steels of rather simple com-

position can be produced by the " Dual Phase Rolling (DPR) process" 
which involves a low finish rolling temperature and a very low coiling tem-

perature. Laboratory DPR experiments have been carried out using C-
Mn steels and those with Cr or Si additions, to examine the effects of al-

loying and processing factors on the structure and mechanical properties of 

the processed steels. Major results obtained are as follows: 

  (1) To attain a sufficiently low yield-to-tensile strength ratio, the final 

finish pass temperature should be at about Ar3 point which varies depend-
ing on the composition, so as to bring about early separation of the alpha 

phase from the gamma phase before cooling starts. The coiling after a 
rapid cooling should be done at a temperature lower than 200 °C, almost 

regardless of the steel composition, to suppress auto-tempering of the trans-

formed martensite and aging of the ferrite. 

  (2) Both Cr and Si additions enhance the hardenability of partitioned 
austenite, allowing a relaxed cooling rate to obtain the martensite phases. 

However, Cr addition is prone to hinder the early phase separation making 

the gamma-to-alpha transformation sluggish. Silicon addition accelerates 

the phase separation, so that a wide range of finishing temperature is 

available.

I. Introduction 

  Since the introduction of the ferrite-martensite 

dual-phase steels,1 a production technology compris-

ing the intercritical heat treatment has been devel-

oped.2'3~ As for hot-rolled gages, however, the dual-

phase steels that can be produced in the as-hot-rolled 
condition are being developed in view of the produc-

tion economy. Coldren and Tither4~ proposed a Cr-

Mo steel as an as-hot-rolled dual-phase material whose 

hot-rolling practice consists of a finishing at about 

850 °C and a coiling at about 550 to 600 °C where 

the ferrite coexists with untransformed austenite. The 

austenite phase mostly transforms to martensite there-

after during slow cooling. In this steel the austenite 

hardenability should be strongly modified by the al-

loying additions. A similar method was also report-

ed by Kunishige et al.5} 

  We employed a different approach consisting of a 
low finishing temperature and a very low coiling tem-

perature, using a steel of simple composition. The 
idea underlying this approach was that the steel could 

be made into a two-phase (ferrite and austenite) struc-
ture at the finishing temperature, then cooled down 

to a low temperature where the martensitic transfor-
mation of the austenite, at least in part, has already 

taken place. Figure 1 explains this idea schematical-

ly. A CCT diagram for a low carbon, manganese 
steel is assumed to be as that in Fig. 1(a) in which T1 

and t1 are the temperature and time of hot-rolling 
finish, respectively. If the gamma phase has partially 

transformed to the alpha phase at (T1, t1),f some car-

bon-enrichment in the untransformed gamma phase 

should occur. Since the steel is cooled rapidly there-
after, it is necessary to assume a renewed CCT dia-

gram for the gamma phase enriched with carbon, 
TSep, as in Fig. 1(b), which has a delayed start of the 

gamma-to-alpha transformation and a lower MS tem-

peraturett compared to Fig. 1(a). Accordingly, it 
would be possible for rsep to transform into martensite 
if the steel is cooled from (T1i t1) to (T2, t2). Figure 

1(c) is a simplified illustration. Retained austenite, 

7R, may eventually be present if the coiling tempera-
ture, CT or TTY, is higher than M f temperature. In-

asmuch as the coiling in this method is not carried 
out at the temperatures where the untransformed aus-
tenite coexists with the ferrite, a steel of simple com-

position should be made into a dual-phase structure 
with little or no usage of such austenite-stabilizing 
elements as chromium or molybdenum. 
  The above idea was put into experiments some
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Under unstrained condition, (T1, t1) may still be in the Y range. However, it is reasonable to assume that the start of r -> a trans-

formation can be accelerated as the material is deformed. 

A literature of CCT diagramss~ shows that the start of aaci is several sec slower and Ms is about 100 °C lower in 0.43%C-1.2%Mn 

than in 0.16%C-1.2%Mn, when started from 850 °C austenitization.
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years ago and promised to be practical. We named 
this process " Dual Phase Rolling " (DPR). The early 

experimental results7~ were as follows : 

  (1) A suitable range of finishing temperatures 
(FT) and coiling at a very low temperature (CT), as 
low as 200 °C or lower, were required to obtain a low 

yield-to-tensile strength ratio (YS/TS). 

  (2) Refinement of initial austenite grain size by 
lowering of initial heating temperature before rolling 

resulted in a grain refinement of the eventual struc-
ture with improved ductility. 

  (3) Addition of a strong carbo-nitride forming 
element (e.g., Ti) was found to be deleterious to duc-
tility. However, effects of the austenite-hardenabili-

ty elements (e.g., Cr) were considered to merit further 
study. 

  (4) Addition of Si was quite beneficial to duc-
tility improvement. 

  On the basis of these results, attention has been 
focused on C-Mn, C-Mn-Cr and C-Si-Mn steels. 

This paper describes the experimental results and dis-
cussions in terms of the metallurgical significance of 

the DPR process and the role of each element in these 
steels.

II. Experimental Procedure 

  The steels used are listed in Table 1. Each steel 

was vacuum-melted and cast in a 25 kg ingot, then hot 
rolled to a 25 mm thick slab and air cooled. The 

slabs were cut into small, 2 kg pieces. The DPR 

process was applied to each piece, with an inserted 
PR thermocouple, according to the treatments shown 

in Fig. 2. 
  The standard DPR process (a) consisted of heating 

at 1 100 °C for 1 h, followed by three successive roll-
ing passes, the final pass being performed at various 

finishing temperatures (FT), and then oil quenched 

(OQ, average cooling rate between 700400 °C: 
75 °C/s). Some specimens underwent interrupted oil 

quenching and coiling simulation (b) which consisted 
of holding in a furnace at a simulated coiling tem-

perature (CT) for 1 h and furnace cooling. Also the 
effects of the cooling rate after rolling (c) on the 

mechanical properties were investigated for selected 
finishing temperatures. After the DPR process treat-

ments, mechanical properties were examined using

JIS 13-B tensile test pieces (longitudinal to the rolling 
direction, gage length 50 mm, width 12.5 mm). Mi-

crostructures were observed with optical and transmis-

sion electron microscopes. The second phase volume 
fractions as a function of finishing temperature were 
also obtained for selected optical microstructures 

applied to an image analyzer (Quantimet type 720). 

In addition to these, the Ar, temperature of each steel 
was measured under the unstrained condition with a 

dilatometer (Formastor-F, cooled at 2.5 °C/min from 
950 °C), to afford supplemental data in discussing the 

effects of finishing temperature.

III. Results

1. Relation between Finishing Temperature (FT) and 

   Mechanical Properties 

1. C-Mn Series 
  The effects of FT on the mechanical properties can 

be seen in Fig. 3. The optimum FT which produces 
a minimum in YS/ TS decreases as Mn content is in-

creased, for a given C content. About 1.4 % or more 
of Mn is required to obtain a sufficiently low YS/ TS 

(<0.6). It would be anticipated that a certain 
amount of Mn must be required in order for the rsep 

in Fig. 1(b) to get into the a' region without crossing 

the nose of aaci, under a given cooling condition. 
  The tensile strength (TS) tends to decrease slightly 

with increasing FT. The yield strength (YS) increases 
rather sharply as FT is decreased from the optimum 

temperatures. 
  The total and uniform elongations (T-El and U-

El) appear to be either insensitive to FT, as is the

Fig. 2. Schematic representation of DPR 
   ments, (a) standard, (b) with coil 

   and (c) with various cooling.

process experi-

ing simulation,

Table 1. Chemical composition of steels. (wt%)
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case for the 1.7 % Mn steel, or exhibiting a maximum 

value at the FT which produces the minimum in YS/ 

TS or at an FT higher than that. 
  Figure 4 shows equi-YS/ TS curves extracted from 

Fig. 3, for the ranges of Mn content and FT studied. 

It is interesting to note that the optimum FT seems to 

be related to the Are temperature measured by the 
dilatometric method for unstrained material. 

2. C-Mn-Cr Series 
  In this series 0 to 0.3 % Cr was added to the basic 

composition of 0.06 % C, 1.4 % Mn steel. Results 
are given in Fig. 5. The range of optimum FT that 

results in a low YS/TS (<0.6) is wide if 0.1 % Cr was 
added, however, it is narrowed by an increased Cr 
addition of 0.3 %. A Cr addition makes the TS 

rather insensitive to FT, but increases the FT depen-
dence of YS. 
  Both T -E1 and U -El are maximized at the FT re-

sulting in the minimum YS/ TS in the Cr added steels. 

  The equi-YS/ TS curves in relation to Cr content 
and FT are shown in Fig. 6. The optimum FT ap-

pears to follow Are in a similar manner to Fig. 4. 
3. C-Si-Mn Series 

  Up to 0.7 % Si was added to the basic composi-
tion of 0.06 % C, 1.4 % Mn steel. Results obtained 

in this series are indicated in Fig. 7. It is evident that 
the range of optimum FT which produces a low YS/ 

TS is much enlarged, and the TS is made independ-

ent of FT, due to the Si additions. It should also 
be noted that Si helps to improve the TS without 
sacrificing ductility. 

  Figure 8 shows the equi-YS/ TS curves with varying 
Si content and FT. Again, the FT corresponding to 
the minimum YS/ TS coincides with Are which in-

creases with increasing Si content.

2. Relation between Finishing Temperature and Micro-

   structure 

  Examples of microstructural changes with FT are 

given in Photo. 1. Here, b, e, and h correspond to 
the optimum FT for the minimum YS/ TS, a, d, and g, 

to excessively high FT, and c, f, and i, to excessively 
low FT. If the FT becomes too high, the resultant
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Fig. 3. Mechanical properties of C-Mn DPR processed 

       steels as a function of finishing temperature.

Fig. 4. Equi-YS/TS curves for 

   finishing temperatures.

various Mn contents and

Fig. 5. Mechanical properties of C-Mn-Cr DPR processed 

       steels as a function of finishing temperature.

Fig. 6. Equi- YS/ TS curves for various Cr contents and fin-

       ishing temperatures.
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microstructure tends to involve coarse-grained quench-

ed-in phases, like acicular ferrite. This tendency can 
be observed most in the C-Mn-Cr steel, and least in 
the C-Si-Mn steel among the three. 

  Some transmission electron micrographs of the sec-

ond phases obtained for the various finishing tempera-

tures are presented in Photo. 2. In the C-Mn steel, 
the second phase varies considerably depending on 

the FT, from a bainitic structure (840 °C) to a lath 

martensite structure (760 and 730 °C). A similar 
structure variation was also observed in the C-Mn-Cr

Fig. 7. Mechanical properties of C-Si-Mn DPR processed 

steels as a function of finishing temperature.

Fig. 8. Equi-YS/TS curves for various Si 

       ishing temperatures.

contents and fin-

Photo. 1 

Optical 

changes

microstructural variation 

in finishing temperature.

with

Photo. 2. 

Transmission electron 

the second phases.

microg raphs of
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steel. On the other hand, the C-Si-Mn steel con-
tains lath martensite regardless of FT. Presumably 

these structure changes are reflected in the mechani-
cal property changes with FT. The wide range of 

FT associated with a low YS/TS in the C-Si-Mn 
steel is consistent with the greater tendency to form 

martensite at all FT. 
  A fine grained, recovered substructure, as shown 

in Photo. 3 is found in the ferrite matrix when the 

steels are finished at a low temperature. A notable 
increase in YS and some degradation of ductility are 

associated with this structure (cf., Figs. 3, 5 and 7). 

3. Effects of Coiling Temperature (CT) on the Mechani-

   cal Properties 

  Figure 9 shows the mechanical properties of three 

typical steels as a function of CT. Experiments were 
carried out in accordance with Fig. 2(b). Finishing 

temperatures of 760 °C for the C-Mn and C-Mn-Cr 

steels, and 800 °C for the C-Si-Mn steel were select-
ed. It can be seen that the CT to obtain a low YS/ 

TS of 0.6 or lower is about 200 °C for the C-Mn and 

C-Mn-Cr steels, and about 250 °C for the C-Si-Mn 
steel. Transmission electron micrographs of the C-

Mn steel reveal, as presented in Photo. 4, that CT of 
300 °C results in the presence of fine carbide precipi-

tates both in the ferrite and martensite phases whereas 

they are scarcely present in the material coiled at 
room temperature. It is deduced from these observa-

tions that the decrease in TS with increasing CT may 
be due to a loss in martensite strength as a result of 

progress in auto-tempering of martensite. * Addition 
of Cr or Si to C-Mn steel may cause some suppres-
sion of auto-tempering of martensite at low temper-

atures up to about 200 °C, judging from Fig. 9 which 
shows rather suddent decrease in TS at CT of 200 to 

250 °C for Cr or Si added steel, in contrast to the C-
Mn steel showing a monotonous decrease in TS with 

increasing CT. 
  The YS shows a rather sharp increase as the CT 

increases above 200 °C. The yield-point elongation 

(Y El) starts to appear at a CT of 200 °C, and in-

creases with increasing CT. This may be explained 
in terms of: (a) relaxation of elastic strain field around 

martensite particles owing to the auto-tempering of 
martensite, and (b) increased fraction of dislocations 

locked by carbon atoms in the ferrite as a result of 
aging. * * The YS at the CT of 200 °C is slightly lower 

than that obtained after the room-temperature coil-

ing. This could be ascribed to a reduction of solute 
carbon amount in the ferrite, in consequence of an

Photo. 3. Transmission electron micrograph of ferrite-substruc-

   ture found in a steel finished at a low temperature.

Fig. 9. Mechanical properties of DPR processed steels as a 

       function of simulated coiling temperature.

Photo. 4. Transmission electron micrographs of 0.06%C-1.4% 

   Mn DPR processed steel coiled at room temperature 

   (upper, (a) and (b)) or at 300 °C (lower, (c) and 

  (d)).

 The MS temperature is calculateda~ to be about 412 °C assuming that the rsep in Fig. 1 (b) contains 0.2 % C and 1.4 % Mn. If a 

 higher value, 0.3 % C, is assumed, the calculated MS point will be at 370 °C. 

 The reasons for a low YS and absence of Y -El are considered to be due to elastic strain fields and free dislocations generated in the 

 ferrite around martensite particles as a result of the martensitic transformation strains-iii
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early stage of carbide 

200 °C coiling.

precipitation in the ferrite after

4. Effects of Cooling Rate on the Mechanical Properties 

  A series of experiments with various cooling rates 

after rolling was conducted according to Fig. 2(c), 

using an FT of 760 °C for the C-Mn and C-Mn-Cr 
steels and 800 °C for the C-Si-Mn steel. The results 

are shown in Fig. 10. It is common to all the steels 
that the TS rises and the YS goes through a minimum 
as the cooling rate is increased. The Y--El decreases 

and disappears as the cooling rate is increased to 
about 45 °C/s (for C-Mn-Cr or C-Si-Mn) or about 

60 °C/ s (for C-Mn). These phenomena may be ex-

plained as follows. 
  As the cooling rate increases, the tendency to mar-
tensite formation is increased. On the contrary, a 

ferrite-pearlite structure is more prone to be formed 
as the cooling rate decreases. Since the TS is depen-

dent on the martensite volume fraction,9,12~ it in-

creases with increasing cooling rate. On the other 
hand, the YS is thought to be reduced by the marten-
sitic transformation strain and raised by solute car-

bon in the ferrite.'" The effect of the former factor 
will be largely lost at a low cooling rate due to a lack 

of martensitic transformation, resulting in an increased 
YS. The effect of the latter factor may be present at 

a high cooling rate; for example, the YS of the C-
Mn steel at 75 °C/s is larger than that at 60 °C/s, 

presumably because of an increased solute carbon con-
tent in the ferrite in accordance with the increased 
cooling rate. A similar tendency is also observed in 

the C-Mn-Cr or C-Si-Mn steel. 

  It is clear in Fig. 10 that the C-Mn-Cr or C-Si-

Mn steel allows a slower cooling than does the C-

Mn steel for obtaining a low YS/ TS. This indicates 
that the hardenability of the partitioned austenite is 

enhanced by the addition of Cr or Si. 

IV. Discussion 

1. Importance of Early Phase Separation 

  It may be expected that an FT well above the Ar3, 

followed by a slow cooling down into the alpha-

gamma temperature range prior to a final rapid cool-
ing would produce a result similar to that obtained 

using the optimum DPR process. Some experiments 

have been carried out to test this idea. A C-Mn 

(0.065 % C, 1.43 % Mn) steel was used. The experi-
mental procedure is shown in Fig. 2(a) except that 
various after-finish delay times (with natural air cool-

ing) prior to the oil quenching were introduced. 
Two finish temperatures were selected; 770 °C (at 

about Ar$) and 900°C (far above Ar8). Figure 11 
shows the mechanical properties obtained, as a func-

tion of the delay time, or of the oil quenching tem-

perature. It is noted that the property-changes with 
the quenching temperature are much smaller after 
finishing at 770 °C than at 900 °C. The two curves 

merge at the same level for a quenching temperature 
of about 700 °C, however, otherwise inferior mechan-

ical properties are produced by finishing at 900 °C. 
Transmission electron microscopy revealed that the 

second phase obtained after quenching from 750 °C 

is lath-martensite if finished at 770 °C, whereas it be-

comes bainite if finished at 900 °C. When finishing 
at 900 °C, it is necessay to have a delay time of 36 

sec (see Fig. 11) and quench from 700 °C in order to 
obtain a martensitic phase.

Fig. 10. Mechanical properties of DPR processed steels as 

a function of cooling rate after finishing.

Fig. 11. Effect of after-finish delay time, or quenching tem-

perature, on mechanical properties of a C-Mn 

steel finished at 900 °C, or at 770 °C.
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  The allowable time between finishing and coiling 

is usually quite limited in most production mills. 

From the practical point of view, the results men-
tioned above indicate the importance of separation of 
the alpha phase from the gamma phase at or im-

mediately after finishing so that a substantial enrich-
ment of carbon into the untransformed austenite may 

be attained promptly. That the optimum FT in the 
DPR process is at or around the Ar8 of the material is 

interpreted to be the requirement for the early phase 

separation. 
   The use of this optimum FT is naturally accom-

panied by a controlled rolling effect which refines the 
ferrite grain size. For example, the Si-added steel 
shown in Photo. 1 gives a more refined structure at 

FT of 820 °C than at FT of 860 °C. The correspond-

ing variation of mechanical properties is mainly in the 
elongation, rather than in TS, as can be observed in 

 Fig. 7. In DPR steels, therefore, the structure-re-
finement due to the optimum FT seems to contribute 

more to ductility, than to the TS. The improved 
ductility may be explained in terms of the relative 

 absence of local strain concentration, by virtue of the 

more homogeneous structure, which minimizes the 
tendency to early void formation for ductile fracture. 
   In the Si-added steel, a wide range of FT is avail-

able for obtaining a lath-martensitic second phase 

(Photo. 2) which brings about a low YS/ TS. The 
range covers a temperature much higher than the Ar8 

measured under unstrained condition (Fig. 8). From 
,this it is surmised that Si addition enhances the strain-

induced gamma-to-alpha transformation on hot-roll-
 ing.13~ 

   It can also be seen from Figs. 3 to 8 that an FT 

somewhat lower than the Ar8 temperature can afford 
the resultant properties without a serious degradation 

o£ ductility or of YS/ TS. Close examination of the 

 optical microstructures revealed that each steel con-
 tained deformed ferrite grains in an amount of sev-

 eral % of total ferrite grains when treated with finish-
ing at the Ar8 temperature, or of 10 to 20 % if FT 

 was lower than the Ar8 temperature by 20 °C. Up 
 to about this much of deformed ferrite grains appar-
 ently does not exert a bad influence on the mechan-

 ical properties. 
   In the production of Cr-Mo alloyed, as-hot-rolled 

 dual-phase steels, it is not recommended to employ

an FT lower than the Ar8 temperature because of a 
large increase in YS/ TS and a decrease in elongation 

due to a large amount of deformed ferrite grains.5~ 
In the DPR process which uses a steel of rather sim-

ple composition, however, two-phase rolling is allow-
able to some extent as described above. This is pre-
sumably because recovery or recrystallization of 

deformed ferrite structure would take place easier in 

a steel of simple composition than in the Cr-Mo 
steels. 

  It is concluded from the above considerations that 
the following two items are important: (a) an early 

phase separation of the alpha phase from the gamma 

phase before the start of cooling, and (b) harden-
ability of the separated (untransformed) gamma phase. 

Silicon addition is quite beneficial in regard to these 
two requirements, since Si enhances the strain-induced 

gamma-to-alpha transformation and also improves the 
hardenability of the separated gamma phase (cf., Fig. 
10) probably by driving carbon atoms from the alpha 

phase into the gamma phase14~ leading to a more 
stable austenite. Chromium is also effective in im-

proving austenite hardenability (cf., Fig. 10). How-
ever, it makes the gamma-to-alpha transformation 

sluggish, resulting in difficulty in early phase separa-
tion, as indicated in Photo 1. This may be due to 

the dragging effect of Cr atoms on r/a boundary 
migrationl5~ and/or suppression of carbon diffusion by 

Cr atoms at the gamma boundaries.16~

2. Retained Austenite in the Second Phase 

  Diffraction and dark field electron microscopy re-
vealed the presence of retained austenite films be-

tween the martensite laths, as show in Photo. 5, which 

is quite similar to that found by Koo and Thomas17~ 

in a quenched, low carbon steel. Unlike heat-treat-
ed 2 % Mn dual-phase stee12"~ or as-hot-rolled Cr-

Mo dual-phase steels,18~ isolated retained austenite 

particles were rarely observed. The amounts of re-
tained austenite were found to be in the range of 1.4 
to 3.1 vol% according to the Mossbauer spectral anal-

ysis. Chromium-added steels tend to show relative-
ly high values within the range. Much is still left for 
further studies on the formation mechanisms, and the 

effects on mechanical properties, of the interlath 
retained austenite.19~

Photo. 5. Transmission electron micrographs showing the presence of retained austenite films between the marten-

   site laths (0.06°%-0.7%Si-1.4%Mn, FT 820 °C).

Research Article



(120) Transactions ISTI, Vol. 24, 1984

 3. Relation between the Finishing Temperature and the Sec-

    ond Phase Volume Fraction 

   Figure 12 shows the resultant second phase volume 

fraction for each representative steel as a function of 
FT. Although the C-Mn steel exhibits a relatively 

stable volume fraction of the second phase against FT 
variation, the second phase is more prone to be ba-

initic, rather than martensitic, if the FT exceeds 

800 °C (cf., Photo. 2). This results in a decreased 
TS at a high FT (cf., Fig. 3). 
   In the Cr-added steel, the second phase volume 

fraction increases sharply as FT is increased to a tem-

perature higher than 800 °C. The second phase con-
sists of a mixture of martensite and bainite as a result 

of a high FT, so that an increased VS and a decreas-
ed ductility result. However, the TS does not de-

crease with the increase in FT (c f, Fig. 5) because of 
the increased volume fraction of the second phase. 

Referring to Photo. 1, this steel seems to have an 
inferior homogeneity and frequency of ferrite nu-

cleation as compared to other steels. 
  The Si-added steel shows a volume fraction of the 

second phase insensitive to FT, and contains lath 

martensite as the second phase regardless of FT at 
least up to 860 °C. This structure stability is reflect-

ed in the mechanical property stability in regard to 
FT variation (cf., Fig. 7). 

4. Estimation of the Martensite Strengths 

  Based on the TS and the second phase volume 
fraction data obtained in each representative steel 
treated (in accordance with Fig. 2(a)) under the 

optimum FT condition, the martensite strength was 

estimated according to the rule of mixtures for 
composite materials.20~ The ferrite strength for each 

steel was assumed to follow an empirical formula1 of 
solid solution hardening. Results are listed in Table 

2. A harder martensite with a smaller volume frac-
tion is contained in the Si-added steel as compared 

to the Cr-added steel. Since the martensite strength 
is considered to be dependent upon the carbon con-

tent in the gamma phase prior to the transformation, 
the separated gamma phase in the Si-added steel 

should have been more enriched with carbon than in 
the Cr-added steel. 

5. Structure-Property Relationships 

  Figure 13 shows the strength-ductility plots for the 

steels listed in Table 2. It should be noted that the 
C-Mn steel, which has the largest ferrite volume frac-

tion (1- Vaa in Table 2), exhibits the poorest T -El. 
The Si-added steel has a slightly lower ferrite volume 

fraction than does the C-Mn steel, however, a better 
T -El and a superior TS are given. Although the Cr-
added steel contains a far smaller ferrite volume frac-

tion compared to the C-Mn steel, the T-El is slightly

better. 
  It is postulated from these results that: (1) ductility 

of the ferrite phase may be different depending upon 

the solute element,* and (2) ductility behavior and 
ductile fracture nucleation and growth behaviors of 

the of a' interfaces and/or a' itself may be different de-

pending upon the steel composition. 
  A precise discussion regarding these will not be 

possible within the scope of this work. However, in 
connection with the first postulation (1), the superior 
ductility of the Si-added steel may partly be explained 
in terms of the high work-hardening rate of the ferrite 

matrix having Si in solution9~ (presumably due to less 
tendency to cross-slip). A basis for the second pos-

tulation (2) can be found in the better ductility, com-

pared to the C-Mn steel, of the Cr-added steel which 
has large, but rather soft, martensite particles and a 
relatively high amount of retained austenite .

V. Summary and Conclusions 

  As a production technique for 

dual-phase steel of simple or rather

an as-hot-rolled 

simple composi-

Fig. 12. Relation between the second phase volume frac-

        tion and finishing temperature for various steels. 

 Table 2. Estimated martensits strengths on the basis 

           of rule of mixtures ".

* Davies21 and Lagneborg22~ analyzed the strength -ductility relationships on the basis of the rule of mixtures for composite materials
. 

  According to their results, ductility for a given strength is favored by increasing both the work-hardening exponent and strength of 

   either ferrite21j or martensite." As can be seen in Table 2, the Si-added dual-phase steel consists of a strong ferrite matrix of high 

  work-hardening rate and hard martensite particles so that it is conformed to a favorable condition for ductility to a greater extent than 

  two other steels, from the viewpoint of the analysis on the composite material model .
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tion, the DPR process has been developed on the 

basis of the idea consisting of the gamma-alpha phase 

separation at the rolling finish and cooling down to a 
temperature lower than the MS point of the separated 

gamma phase. 
  By using C-Mn base steels, Cr-added and Si-added 

steels, experiments have been carried out to examine 

the effects of alloying and processing factors upon the 
structure and mechanical properties of the processed 

steels. The following results have been obtained: 

  (1) The optimum FTwhich results in a minimum 
of YS/ TS depends upon the composition of the steel. 
It is generally at or around the Ar, temperature of the 

steel, measured under unstrained condition. Duc-
tility is also optimized at this FT in general. This 

FT requirement is important for an early separation 

of the alpha phase from the gamma phase at the fin-
ishing, and for the hardenability of the separated 

gamma phase. Rolling even in the gamma-alpha 
temperature range can be allowed to some extent, if 

an excessive amount of deformed ferrite grains is not 
retained. 

  (2) For a low YS/ TS, CT should be controlled at 
or under 200 °C in order to suppress the progresses 
of auto-tempering of martensite and aging of ferrite. 

This limitation imposed on CT is not widely relaxed 
by an addition of Cr or Si. 

  (3) An addition of Cr or Si is considered to im-
prove the hardenability of the separated austenite, 
since a relaxed cooling rate is available to obtain a 

low YS/ TS by employing these additive elements.

  (4) An excessive addition of Cr results in difficulty 
in the early phase separation, leading to a narrowed 
range of optimum FT. 

  (5) A Si addition enhances the early phase sep-
aration and carbon enrichment in the separated gam-
ma phase, so that the austenite hardenability is im-

proved, thus enlarging the optimum range of FT. 

  (6) The Si-added dual-phase steel exhibits the 
best strength-ductility relationship among the steel 
series tested.

Fig. 13. Tensile strength vs. total elongation plots for DPR 

         processed steels. Each steel was treated (accord-
       ing to Fig. 2(a)) under the optimum FT condition.
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