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Effect of morphology of second-phase
martensite on tensile properties of Fe-0.1C dual

phase steels
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Fe-0.1C steel has been studied to determine the effect of morphology (shape, size and
distribution) of the second-phase martensite on the tensile properties of dual phase steels.
Retention at an intercritical temperature of 1023 to 1073 K followed by ice-brine quenching
(intercritical quenching treatments), whereby martensite appears to surround the ferrite grain,
increased strength, but produced an increased yield ratio and decreased ductility.
Incorporation of 1223 K direct ice-brine quenching prior to the intercritical quenching
treatment at 1053 K gave rise to the distribution of fine spheroidized martensite in a refined
ferrite matrix. The heat treatment significantly improved strength and ductility, but produced a
somewhat increased vyield ratio. Austenitization at a temperature of 1223 K followed by step
quenching to 1023 K prior to ice-brine quenching, whereby martensite was randomly scattered
in massive form in the ferrite matrix, gave a better combination of strength and ductility and
produced a decreased yield ratio. These results are briefly discussed in terms of stress-strain

analysis and fractography.

1. Introduction

Dual phase steels with a ferrite and martensite struc-
ture offer the potential for greater fuel economy
through weight reduction for the same size and cost of
product in addition to superior formability when
compared to commercially available high strength,
low alloy steel (HSLA steel). The enhancement of
mechanical properties of the dual-phase steel has
therefore been a subject of interest in the last decade
that has attracted the attention of automobile and
truck manufacturers. Considerable research effort has
been directed toward clarifying the mechanical behav-
iour of dual phase steels [1-9]. Several important
points concerning these mechanical properties have
been reported. Among these are the importance of the
volume fraction of second-phase martensite on
strength and ductility [2-6], analysis of strength and
elongation based on mixture rules of the volume frac-
tion of martensite and ferrite [3-5] and the effect of the
presence of mobile dislocation in the ferrite matrix on
continuous yielding [2, 3]. It is not yet, however, clear
exactly how morphology (shape, size and distribution)
of the second-phase martensite on tensile properties,
e.g., yield ratio and ductility of dual phase steels, in
spite of the fact that such an effect is regarded as being
of major importance for improvement in the form-
ability of the steels [9].

In the present work, Fe-0.1 C steel has been studied
to determine the effect of morphology (shape, size and
distribution) of second-phase martensite on the tensile
properties of the dual phase steels.
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2. Experimental procedure

The steels used in the present investigation were
Fe-0.1 C and Fe-0.3C steels whose chemical com-
positions are given in Table 1. The steels were received
as 80 mm diameter hot-rolled bar stock. Fe-0.1 C steel
was used to determine the effect of the morphology on
the mechanical properties of the dual phase steels.
Fe-0.3 C steel was used to study the effect of plastic
deformation. The test steels were machined from the
bars and each was fully annealed.

In order to change the morphologies of the second-
phase martensite, three kinds of heat treatment were
conducted as shown in Fig. 1. All the specimens were
austenitized in an argon atmosphere tube furnace with
a flat zone temperature accuracy of +0.5K.

Tensile tests were performed using a smooth speci-
men as shown in Fig. 2. The specimen was machined
slightly oversized prior to heat treatment. The final
dimension was obtained by careful grinding. The speci-
mens were pulled on an Instron machine at a constant
strain rate of 3.35 x 107* sec™’ at room temperature
(293K). The microstructure was categorized using
both optical metallography and thin foil transmission
electron microscopy (TEM). The volume fraction of
the second-phase martensite was determined using a
point counting method in which the specimen was
viewed directly on the optical microscope stage. Thin
foils were prepared from. 1.5mm thick heat-treated
specimens, first by mechanical grinding to a 0.1 mm
thickness, then by chemical thinning in a mixed sol-
ution of hydrofluoric acid and hydrogen peroxide.
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TABLE I Chemical composition of steels (wt %)

Steel C Si Mn P S

Fe-0.1C 0.10 0.20 0.70
Fe-0.3C 0.30 0.22 0.74

0.011
0.011

0.019
0.017

Finally, the specimens were electropolished in a mixed
solution of phosphoric and chromic acids. Quantita-
tive analysis of retained austenite was made by X-ray
diffraction measurements using a step scan operated
at 0.025° sec™! with CoKu radiation [10, 11]. The
combination of peaks chosen for the analysis included
(21 1Da, (220)y, and (31 1)y [11]. Fractographic mor-
phologies were characterized using a scanning elec-
tron microscope (SEM).

3. Results and discussion

3.1. Microstructure

Fig. 3 shows representative optical micrographs of
steels processed by the three kinds of heat treatment.
Optical microscopy revealed that martensite appeared
to surround the ferrite grain when treated by holding
it at an intercritical temperature followed by ice-brine
quenching (intercritical quenching treatments; heat
treatment A). Optical microscopy also revealed that
incorporation of 1223K direct ice-brine quenching
prior to heat treatment A (heat treatment B) gave rise
to a distribution of fine spheroidized martensite in a
refined ferrite matrix. Further optical microscopy
revealed that an austenitizing temperature of 1223K
followed by step quenching to 1023 K prior to ice-
brine quenching (heat treatment C) produced a micro-
structure in which martensite was scattered in massive
form in the ferrite matrix. The substructure of the
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Figure 1 Schematic representation of the three kinds of heat treat-
ment studied (a) A, (b) B, (¢) C. (IBQ ice brine quench).
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Figure 2 Shape and dimensions (in mm) of tensile specimen.

dual-phase steels was investigated by TEM. TEM
observations in the martensite region revealed that the
martensitic structure was similar in all cases and that
the martensite possessed parallel lath morphology
(Fig. 4a). TEM observations in the ferrite region
revealed that when heat treated by the heat treatment
A method, a fine cell structure was found around
martensite (Fig. 4b), while the formation of subgrains
which is thought to be formed by the recovery of the
cell structure was observed when heat treated by the
heat treatment B method (Fig. 4c) and a tangle of
dislocations was found in the vicinity of martensite
when treated by the heat treatment C method (Fig.
4d). TEM also revealed that no appreciable fine
cementite was found independent of heat treatments.
While the retained austenite was quantitatively
measured by X-ray, no appreciable retained austenite
(y) was detectable independent of heat treatments
(y< 1.5vol %).

3.2. Tensile properties

Tensile properties of the dual phase steels processed
by various heat treatments are given along with the
volume fraction of martensite in Table II. The results
obtained from Table Il are summarized as follows: (1)
heat treatment A increased strength and ductility
(clongation and reduction in area) with increased
volume fraction of martensite and maintained a high
yield ratio independent of the volume fraction of
martensite; (2) the heat treatment B method signifi-
cantly increased strength, ductility, but produced
a somewhat increased yield ratio; and (3) heat treat-
ment C gave the best combination of mechanical
properties. This heat treatment produced a decreased
yield ratio.

3.3. Stress-strain analysis

It can be seen from the present results that yield ratio
of the dual phase steel processed by heat treatment A
compared to the other two steels is larger at a similar
volume fraction level. This probably should be affec-
ted by the plastic-deformation behaviour which is
changed by morphology of the second-phase marten-
site. In order to elucidate the plastic-deformation
behaviour of the dual phase steels, the stress—strain
curves of the dual phase steels were analysed. The
modified Crussard-Jaoul (C-J) analysis [12, 13] has
been applied to analyse the stress—strain curves of the
dual phase steels in this investigation because the
method is suitable for the dual phase steel in which
increased work-hardening rapidly occurs without exhi-
biting the discontinuous-yield phenomenon. In the
modified C-J analysis, the stress-strain relationship



Figure 3 Microstructure of dual phase steels (optical). (a) steel processed by heat treatment A — 2 (T = 1053 K); (b) steel processed by heat

treatment B; (c) steel processed by heat treatment C.

becomes
e = & + co” (D

where o is the true stress; ¢ the true strain; ¢, the initial
true strain, m the work-hardening exponent; and ¢ the
material constant. The logarithmic form of Equation
1, differentiated with respect to &, is

In(do/de) = (1 —m)lnoe — In(cm) (2)

The slope of the In (do/de) against In ¢ curve equals
(1 — m), while its intersection with In o = 0 pro-
vided In (cm).

Figs 5 and 6 show In (do/de) against In ¢ curves for
dual phase steels processed by various heat treat-
ments. As can be seen from these figures, all the dual

phase steels deformed in two stages [13]. A representa-
tive slope of the first stage before the knee (arrowed in
Figs 5 and 6) and that of the second stages after the
knee are shown in Table III. In Table 111 the slope of
a single phase of ferrite and that of a mixed structure
of martensite and ferrite are also shown. In this case,
the slope of single phase of ferrite was approximated
by that of a fully annealed Fe-0.1 C steel (FA steel)
and the slope of a single phase of martensite was
approximated by that of a fully martensitic steel con-
taining 0.30 wt % C steel (Fe-0.3 C steel in Table I).
The carbon content of the martensite was calculated
by approximating the carbon content of the ferrite
matrix at 0.012 wt %. The results obtained are sum-
marized as follows: (1) the slopes of the first stage of

Figure 4 Microstructure of dual phase steels (TEM). (a) steel processed by heat treatment C; (b) steel processed by heat treatment A; (c) steel
processed by heat treatment B; (d) steel processed by heat treatment C. M and F indicate martensite and ferrite regions, respectively.
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TABLE II Mechanical properties of dual phase steels studied

Designation of V,* Strength Yield Elongation Reduction

heat treatment (%) ratio§ ; in area
Y.St UTS.? Uniform Total (%)

(MPa) (%) 0

Al (T = 1023K) 93 345.0 511.1 0.68 16.3 53.7 42.0

A2 (T = 1053K) 22.8 4134 636.5 0.65 14.1 42.5 36.5

A3 (T = 1073K) 28.3 426.5 667.6 0.64 13.2 41.5 35.8

B 22.7 413.2 654.8 0.63 16.0 52.9 45.1

C 23.0 324.7 568.3 0.57 16.2 51.9 42.1

* V., volume fraction of martensite.
1YS 0.2% offset yield stress.
$UTS Ultimate tensile stress.
§Yield ratio = YS/UTS.

the dual steel processed by heat treatments B and C
are in good agreement with the slope of the single
phase of ferrite and those of the second stage are
approximately given by the law of a mixutre of the
individual slope of martensite and ferrite (Fig. 6).
However, (2) the slopes of the first and second stages
of the dual phase steel processed by heat treatment A
are larger than that of FA steel and that given by the
law of mixture of the individual slopes of ferrite and
martensite, respectively (Fig. 5). This effect was promi-
nent with an increased volume fraction of ferrite.
From these results, it was found that in steels pro-
cessed by heat treatments B and C, the first stage can
be associated with the deformation of the ferrite
matrix and the second stage is associated with the
uniform strain of ferrite and martensite. The large
slope observed in the first and second stages of the
steel processed by heat treatment A is attributed to the
fact that ferrite grains are plastically restrained by the
surrounding martensite during plastic deformation.
From the above results and arguments, the increased

Modified C-J Analysis

In(dd/de€)

Ing

Figure 5 In (do/de) against In o curves for dual phase steels treated
by heat treatment A and fully annealed Fe-0.1 C steel (FA). Arrows
indicate a knee. Numerals associated with curve represent the slope
of the first stage and those of the second stage after the knee.
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0.2% offset yield stress of the steel processed by heat
treatment A results from the fact that the initial flow
stress is larger than the steels processed by heat treat-
ments B and C as the result of plastic straining of
ferrite by the surrounding martensite.

3.4. Fractography

Recent correlation investigation of the microstruc-
tures and mechanical properties of high strength steels
having a mixed structure produced by phase transform-
ation have shown that ductility is strongly affected by
the fracture behaviour of the second phase {13-16].
Thus, in order to elucidate the effect of morphology of
martensite on ductility, fractography was focused on
the steels processed by heat treatments A and C, which
exhibited a different morphology of the martensite at
a similar volume fraction level of martensite. Fig. 7
shows examples of microcracks found behind the
main fracture surface of the tensile specimen of two
steels. For steel processed by heat treatment A micro-
cracks being initiated at the interface between ferrite

. Modified C-J Analysis
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Figure 6 In (do/de) against In ¢ curves for dual phase steels treated
by heat treatments B and C and FA steel. Arrows indicate a knee.
The numerals associated with the curve represent the slope of the
first stage and those of the second stage after the knee.



TABLE III Comparison between measured and calculated slopes of first and second stages

Designation of Measured slope

Measured slope

Measured slope Slope calculated

heat treatment 3 of ferrite* Si* of martensite from law of
First Second -

V%) St mixture { S I
stage stage

A2 - 52 — 735 382 ~ 20.10 — 753

(22.8)

B — 3.98 — 7.26 — 3.82 - 20.10 — 7.52

22.7)

C — 3.70 — 6.98 — 3.82 — 20.10 — 7.56

*Slope of fully annealed (F.A.) Fe-0.1C steel.
tSlope of fully martensitic Fe-0.3 C steel.
T8mix = SmVa + SH100 — V).

and martensite were seen to propagate in a brittle
manner through the ferrite grain (shown with arrows
in Fig. 7a). For steels processed by heat treatment C,
microcracks being initiated at martensite were also
found (shown in arrows in Fig. 7b). This was reflected
in the fracture surface shown in Fig. 8. That is, the
fracture surface of steels processed by heat treatment
A consisted of dimple fractures and brittle facets
which seemed to be formed by brittle fracture in the
ferrite region (Fig. 8a), but that of the steels processed
by heat treatment C, all showed a well defined dimple
pattern (Fig. 8b). From the fractography results, it
was found that the difference of ductility between
two steels is produced by whether microcracks are
initiated at the ferrite or martensite sites. From
stress—strain analysis, this will be determined by
whether or not ferrite grains are plastically restrained
by martensite. Thus, the detrimental effect on ductility
of the steel processed by heat treatment A could be
due to the fact that ferrite grains surrounded by
martensite fractures in a brittle manner prior to
martensite fracturing during necking. This is caused
by the high local internal stress which is produced in
the vicinity of the interface of the martensite and
ferrite matrix as a result of plastic restraint of ferrite
grains by the surrounding martensite during plastic
deformation.

4. Conclusions

A study has been made of the effects of morphology
(shape, size and distribution) on the second phase
martensite on tensile properties of a dual phase
Fe-0.1C steel. The following conclusions can be
drawn.

(1) Retention at the intercritical temperature of
1023 to 1073 K followed by ice-brine quenching (inter-
critical quenching treatments), whereby martensite
appears to surround the ferrite grain, increased
strength, but produced an increased yield ratio and
decreased ductility.

(2) Incorporation of 1223 K direct ice-brine quench-
ing prior to the intercritical quenching treatment at
1053 K gave rise to the distribution of fine spheroid-
ized martensite in a refined ferrite matrix. The heat
treatment significantly improved strength and duc-
tility, but produced a somewhat increased yield ratio.

(3) Austenitization at a temperature of 1223K
followed by step quenching to 1023 K prior to ice-
brine quenching, whereby martensite was randomly
scattered in massive form in the ferrite matrix, gave
the better combination strength and ductility and pro-
duced a decreased yield ratio.

(4) The above effect of the morphology of marten-
site on the tensile properties is discussed in terms of
stress—strain analysis and fractography.

Figure 7 Examples of microcracks initiated behind the fracture surface (SEM). (a) steel processed by heat treatment A; (b) steel processed

by heat treatment C. Arrows indicate microcracks.
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Figure 8 Fracture surface of dual phase steels (SEM). (a) steel processed by heat treatment A; (b) steel processed by heat treatment C.
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