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The effects of silicon and manganese contents on volume fraction and stability of retained austenite
particles in 0.2C-(1.0-2.5)Si—(1.0-2.5)Mn (mass%) TRIP-aided dual-phase steels were investigated. In
addition, the relationships between above retained austenite parameters and ductility at room and moderate
temperatures were discussed through studies on strain-induced transformation behavior of retained austenite.

As increasing the silicon and manganese contents except for 2.5 mass% manganese steel, the initial volume
fraction of retained austenite increased with accompanied by reducing carbon concentration in retained
austenite. It was found that the ductilities of these steels became maximum at a given temperature between
23 and 175°C, i.e., a peak temperature. The peak temperature was concluded to agree well with the tem-
perature at which the strain-induced transformation of retained austenite was suppressed moderately for
each steel. Moreover, the peak temperature Tp (°C) was related to estimated martensite-start temperature
Ms (°C) of the retained austenite as Tp=3.04Ms+187. Strength-ductility balance, i.e., the product of
tensile strength and total elongation, at the peak temperature linearly increased with an increase in the initial
volume fraction of retained austenite.
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1. Introduction

Recently, a new type of high strength and high ductili-
ty dual phase steel associated with transformation in-
duced plasticity (TRIP)"? of retained austenite, i.e.,
a TRIP-aided dual phase steel, has developed to light-
en the weights of various automotive structural press
parts.® 'Y The microstructure of these steels is composed
of ferrite matrix and 20-40vol% second phase particles
(bainite plus 5-20 vol% retained austenite).>~ ! And, a
number of retained austenite particles are isolated in the
ferrite matrix and/or along the ferrite grain-boundary,
and are away from or adjacent to the bainite particles.
Such the retained austenite morphology is effective for
transformation induced plasticity compared to retain-
ed austenite film along bainitic-ferrite lath.®) Moreover,
the retained austenite is carbon-enriched from 1.1 to
1.7mass%*~® and the Ms temperature is estimated
to be lower than room temperature.®’ So, the strain
induced transformation influences upon the deformation
behavior above room temperature.

The authors have reported using a 0.4C-1.5Si-
1.5Mn(mass%) TRIP-aided dual-phase steel as follows.

(1) The total elongations at the temperatures be-
tween 100 and 200°C, i.e., peak temperature, enhanced

up to 40-50% equivalent to 1.5 times of that at room
temperature.

(2) This was concluded to be caused by that the

strain induced transformation of retained austenite was
suppressed considerably in this moderate temperature
range.
Up to now, many workers*!%!" have reported the
effects of chemical composition on ductility for weld-
able 0.1-0.2C TRIP-aided dual-phase steels. However,
these results were restricted within ones at room tem-
perature. Considering the warm forming, we need to
examine again the effect of chemical composition on
ductility in a moderate temperature range. Moreover,
metallurgical factors controlling the ductility must be
also investigated in detail.

Such the effects of the warm deformation have ex-
pected to be principally connected with retained aus-
tenite stability, i.e. carbon and manganese concentra-
tion, Ms temperature and strain induced transforma-
tion behavior.®” However, there is little study® dealing
with the ductility from such the point of view. In this
study,

(1) the effects of silicon and manganese on retained
austenite parameters, i.e., volume fraction, carbon
concentration, Ms temperature and decomposing tem-
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perature of retained austenite to bainite, were examin-
ed using several 0.2C-Si-Mn TRIP-aided dual-phase
steels.

(2) And, the relationship between these retained
austenite parameters and the ductility (the total elon-
gation and the peak temperature) was investigated
through the studies of strain induced transformation
behaviors.

2. Experimental Procedure

The chemical composition in mass% of the steels used
in this study was shown in Table 1. Steels A-D were
1.5Si—~(1.0-2.5)Mn steels, while steels E-G were 1.5Mn—
(1.0-2.5)Si steels. These steels were prepared as
vacuum-melted 50 kg ingots followed by hot-forging to
produce a 30 mm thick slab. The slabs were reheated to
1200°C and hot-rolled to 3.2 mm thickness, finishing at
950°C and subsequently air-cooling. After cold-rolling
the plates to 1.2mm thickness, JIS-13B type tensile
specimens (50 mm gauge length by 12.5 mm width) were
machined parallel to the rolling direction. All the
specimens were intercritically annealed at 780-860°C for
1000 sec followed by immersing in salt bath at 400°C for
1000 sec and then cooling in oil, as shown in Fig. 1. The
annealing temperature T, for each steel is shown in Table
1 and corresponds to one at which the initial volume
fraction of retained austenite becomes almost maxi-
mum. The cooling rate from the intercritical annealing
temperature to 400°C was nearly 120°C/s.

Tensile tests were carried out on a hard-beam tensile
testing machine over a temperature range between — 50
and 400°C and at a mean strain rate of 2.8 x 10™%/s.
Each specimen was directly heated using a pair of strip
heaters (70 mm x 90 mm) during tension testing.

The volume fractions of retained austenite were
quantified by X-ray diffractometry using the five peak
method.*? The lattice parameter of retained austenite
a, (107'°m) was also measured using X-ray diffracto-
metry, and from the measured value and the following

Table 1. Chemical composition and intercritical annealing

temperature 7', of steels used.

Si Mn P S

(mass%)

Al O N | T,

Steel
49

1.51
1.50
1.49
1.50
1.00
2.00
2.48

1.00
1.50
1.99
2.51
1.50
1.50
1.49

0.015
0.015
0.015
0.014
0.014
0.015
0.014

0.0013
0.0012
0.0015
0.0017
0.0013
0.0013
0.0013

0.041
0.041
0.039
0.038
0.038
0.037
0.036

0.0010
0.0010
0.0020
0.0009
0.0010
0.0012
0.0014

0.0017
0.0027
0.0017
0.0027
0.0026
0.0021
0.0027

800
780
820
820
780
820
860

QMmO Ow»>

T1=780~860°C
103s

(in salt)

TEMP. (°C)

oil
cooling
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Fig. 1. Heat treatment diagram.

© 1992 ISlJ

1312

Eq. (1)'¥ the carbon concentration in retained austenite
¢, (mass%) was calculated.

a,=3.5467+0.0467c,

where the effect of silicon and manganese concentra-
tions on the lattice parameter was ignored because these
effects were much smaller than that of carbon concen-
tration.'¥

3. Results

3.1.
3.1.1

Initial Retained Austenite Parameters

Initial Volume Fraction, Carbon Concentration
and Ms Temperature

Table 2 shows the volume fractions of second phase f
and retained austenite f,, and carbon concentration c,
in retained austenite in heat-treated specimens. And,
the typical scanning electron micrographs are shown in
Fig. 2.

It is found for all the steels that the second phase
islands composed of bainite and retained austenite
particles lie along the ferrite grain boundary. The re-
tained austenite particles are isolated from or adjacent
to the bainite, so that the strain induced transformation
of retained austenite is expected to occur effectively for
increasing the ductility.® The volume fraction of second
phase increases with increasing manganese or silicon
content, although the effect of silicon is a little compared
to that of manganese.

The initial volume fraction of retained austenite
increases with increasing the silicon and manganese
contents except for 2.5% Mn steel (Steel D), and the
amounts are in a wide range between 5.8 and 13.7
vol%. On the other hand, the carbon concentration
¢, reduces with increase in silicon and manganese
contents. The resultant carbon concentration are be-
tween 1.13 and 1.53 mass%, which agrees well with ones
reported formerly.*~® A difference in carbon content
between the steels is considered to hardly influence the
carbon concentration because the carbon concentration
increases by only 0.005mass% per 0.01 mass% carbon
content.” In addition, the carbon concentration in
retained austenite appears to be nearly constant over

Table 2. Volume fractions and some parameters of re-
tained austenite in steels intercritically annealed.

f 5 c, Ms Ty
Steel (mass%)  (°C) ¢0)
A 0.176 0.058 1.53 —61 340
B 0.261 0.079 1.33 —19 380
C 0.342 0.137 1.23 —13 390
D 0.365 0.080 1.13 -7 395
E 0.264 0.076 1.36 -30 370
F 0.278 0.085 1.31 —~12 390
G 0.204 0.103 1.29 ~4 400
fifvo + volume fractions of the second phase and the initial retained
austenite, respectively.
¢y carbon concentration in the retained austenite.
Ms estimated martensite-start temperature.
Ty decomposition temperature of the retained austenite to

bainite; tempering time =600 sec.
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Fig. 2. Typical scanning electron micrographs of (a) steel A, (b) steel B, (c) steel C and (d) steel D, in which «

represents ferrite matrix.
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Fig. 3. [Initial volume fraction f,, and carbon concentration
¢, of retained austenite as a function of intercritical
annealing temperature T, for steel C.

an intercritical annealing temperature range where the
retained austenite content becomes almost maximum,
as shown in Fig. 3. Thus, it can be concluded that the
carbon concentration shown in Table 2 represents
essentially only the effects of manganese and silicon
and an influence of the intercritical annealing tempera-
ture on it may be ignored. The increase in carbon con-
centration which occurs at higher annealing tempera-
tures is considered to be ascribed to the appearance of
carbon-enriched retained austenite films®>® along the
bainitic-ferrite lath.

Martensite-start temperature Ms (°C) of retained
austenite can be calculated using the following Eq. (2);

Ms=550—(360 x %C)— (40 x %Mn) .......... )

0.20
TEMPERING TIME: 600s
015 |- a
00
o C a Q
a
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005 |
| A
|
TH TaY
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TEMPERING TEMPERATURE (°C)

Fig. 4. Variation in volume fraction of retained austenite f,
with tempering temperature for steels A~C. T} in the
figure represents critical temperature at which re-
tained austenite starts to decompose to bainite.

where %C and %Mn represent carbon and manga-
nese concentrations (mass%), respectively. The calcu-
lated Ms temperatures for the steels are between —4
and —61°C (Table 2), if the manganese concentration
is assumed to be 1.5 times of the added content on the
basis of useful works of Speich er al.'® and Gilmour ef
al.'®

3.1.2. Decomposing Temperature to Bainite

Figure 4 shows the typical variation in retained
austenite content with tempering temperature for 600
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sec, which corresponds to tempering time for only
heating before tensile testing. The retained austenite is
completely stable against the tempering below a given
critical temperature Ty (Table 2), and above Ty the
volume fraction decreases drastically. By means of
transmission electron microscopy, such the decrease in
volume fraction is confirmed to be ascribed to decom-
position of retained austenite to bainite.

Figure 5 shows a relationship between Ms tempera-
ture and Ty. The figure also contains a result for 3 600
sec, which corresponds to tempering time until the
completion of tensile test. It is found that the tempera-
ture Ty increases linearly with increase in the Ms

400+ DOO G
L oF
-~ B B
T B 600s
=350}
u o 3600s
u / ot
B A
L  J
300 N TR NS Y (N NN NN (N N
—100 -50 0 20
Ms (°C)
Fig. 5. Relationship between critical decomposition tem-

perature of retained austenite to bainite Ty and Ms
temperature of retained austenite for unstrained
steels. Numerals in the figure represent tempering
time.

temperature, and for tempering time=600sec both
the temperatures (°C) are related as the following Eq.

@3).

3.2. Testing Temperature Dependence of Tensile Prop-
erties

Typical nominal stress—strain curve and strain hard-
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Fig. 6. Changes in flow curve and strain-hardenability
(do/de)/o for steel F.
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TESTING TEMPERATURE (°C)

TESTING TEMPERATURE (°C)

Fig. 7. Testing temperature dependences of tensile strength TS, yield stress (or 0.2% proof stress) YS, total
elongation TE! and strength—ductility balance TS x TEI.
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enability (do/de)/o (o: true stress)—true strain & curve
are shown in Fig. 6. As the testing temperature depen-
dence of these curves shows the same tendency for all
the steels, the deformation characteristic for steel F is
mentioned below as a typical example.

The deformation at 23°C is characterized by continu-
ous yielding, relatively large strain hardenability in a
small strain range and increased total elongation of
about 31 % associated with large uniform elongation of
about 27%. As increasing the testing temperature, a
number of serrations appears on the flow curves due to
strain induced transformation of retained austenite.
Moreover, the strain hardenability is held above 1.0 in
a large strain range prior to onset of necking although
it is lowered considerably in a small strain range. As
a result, extremely large total elongation up to 47 %
is obtained at 100-200°C with decrease in tensile
strength. While, at 300°C the tensile strength increases
considerably due to dynamic strain aging® and the
resultant total elongation decreases.

Figure 7 shows the testing temperature dependence
of tensile properties for steels A—G. It is found that the
testing temperature dependence of total elongation
differed among the steels and the largest total elonga-
tion is obtained at a given temperature between 23 and
175°C, i.e., peak temperature. The peak temperature
Tp (°C) increases with increase in silicon and manganese
contents (namely with decrease in carbon concentration
in retained austenite) and is related to Ms temperature
Ms (°C) of retained austenite as the following Eq. (4),
as shown in Fig. 8.

Tp=3.04Ms+187 ooooorvvvrrereerrrirnns )

The linear relation similar to Eq. (4) is also obtained in

200}
O 150+
o
*cn
= 100
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1 L

% B D
x o, .~
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Fig. 8. Variations in peak temperature of total elongation
Tp and strain induced transformation parameters T,
Ts*, ki, and k* (which are defined in Figs. 10 and
11; see Sec. 4.2) as a function of Ms temperature.
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a case of manganese concentration being estimated to be
1 to 2 times of the added content. Note that larger total
elongation at 23°C (room temperature) is obtained in the
steel of lower Ms temperature because the peak
temperature appeares at near 23°C.

Figure 9 shows a relationship between strength—duc-
tility balance (7'S x TE!l) at peak temperature or 23°C
and initial retained austenite content. The lines in the
figure are drawn for steels A—C. The strength—ductility
balance at peak temperature is found to increase linearly
with increase in the initial retained austenite content.
And, since the strength—ductility balance for steels F
and G shifts upward of the solid line for steels A—C the
increase in silicon content is concluded to be effective
to obtain larger strength—ductility balance. Such the
effect of silicon addition was also reported by Sakuma
et al.® The main reason had been already expected by
Davies!” that silicon is preferentially in solute in the
ferrite and strengthens the ferrite matrix with some
what decrease in the ductility. On the other hand, the
strength~ductility balance at 23°C unexpectedly reduces
with increase in the initial retained austenite content,
which shows a different tendency from the results at
peak temperature and from some former reports.>® As
one of this reason it can be considered that the sta-
bility against the strain induced transformation at 23°C
considerably differs among the steels as mentioned
latter at Sec 3.3. A sharp fall of strength—ductility bal-
ance of steel D at 23°C appears to be ascribed by that
the tensile strength increases so much that the total
elongation reduces considerably.

Tensile strength is also influenced by testing temper-
ature in the same way as the total elongation, and be-
comes minimum at a given temperature between 100
and 150°C, as shown in Fig. 7. Such the temperature
is inclined to increase with increase in silicon and
manganese contents, namely with increase in Ms tem-
perature.

3.3. Strain Induced Transformation of Retained Aus-
tenite

The authors” have already reported that retained

x103
50

| [eTp ou23°C]

TSxTEL 1 MPa-%.
w TN
o o

[
o

1
005 010 015
fyo
Fig. 9. Relationships between strength-ductility balance
TS x TEl and initial volume fraction of retained

austenite f,, at room temperature (23°C) and peak
temperature (7p), respectively.

© 1992 ISIJ



ISIJ International, Vol. 32 (1992), No. 12
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1

Fig. 10. Variation in k-value with testing temperature.
k* in the figure is equivalent to k-value correspond-
ing to maximum total elongation as shown in Fig. 11.

austenite content f, reduces with an increase in tensile
strain ¢ as the following Eq. (5);

log f,=log fio—ke .ccoerivviniii )

where k is a constant above zero and the value is small
when the strain induced transformation of retained
austenite is suppressed.

Figure 10 shows a variation in k-value with testing
temperature. From this figure and Fig. 8, the results are
summarized as follows.

(1) k-value becomes minimum at temperatures be-
tween 100 and 200°C for all the steels.

(2) The minimum value k,;, linearly reduces with
decrease in Ms temperature of retained austenite.

(3) The temperature corresponding to k., 75,
decreases with decrease in the Ms temperature when
Ms> —20°C, while it is nearly constant (about 120°C)
when Ms< —20°C.

A reason why the temperature Ts varies with Ms
temperature is considered as follows. From Fig. 5, the
critical temperature Ty, at which the retained austenite
particles in unstrained samples started to decompose to
bainite, increased with increase in Ms temperature of
retained austenite. Moreover, according to our work?”
using a 0.4C-1.5Si-1.5Mn(mass%) TRIP-aided dual-
phase steel the strain induced bainite transformation
occurred preferentially instead of the strain induced
martensite transformation above 200°C. From these
experimental facts, the temperature Ts is considered
to increase with increase in the temperature at which
the strain induced bainite transformation of retained
austenite starts. In a case of Ms< —20°C at which
the temperature Ts is held constantly, it is estimated
that there is a critical temperature below which the
strain induced bainite transformation hardly occurs.

4. Discussion

4.1. Effects of Silicon and Manganese on Volume Frac-
tion and Carbon Concentration of Retained Aus-
tenite

Takahashi and Bhadeshia'® have proposed for car-
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bide-free bainitic steels that the carbon concentration in
retained austenite is equal to one in austenite at T,
temperature, where austenite and ferrite of the same
chemical composition have identical free energies.
According to their theory, manganese addition may
lower A,; and T, temperatures, so that the carbon
concentration in austenite at T, temperature reduces
relatively although the volume fraction of austenite
phase increases.

The above-mentioned theory may explain cleverly the
present experimental results that the carbon concentra-
tion in retained austenite reduces with increasing the
manganese content except for 2.5 mass% Mn steel (steel
D). The exceptional result for steel D could be con-
sidered as follows. An excess adding of manganese
lowers so much the carbon concentration in austenite
at T, temperature’® that the bainite transformation
starts preferentially prior to formation of carbon-
enriched austenite on austempering treatment. Thus,
the volume fraction of bainite increases considerably
resulting in the decreases in volume fraction and carbon
conentration of retained austenite.

If retained austenite films are situated along bainitic-
ferrite lath boundary, the carbon concentration in-
creases in spite of decrease in carbon concentration of
austenite in « 4y region, as mentioned at Sec. 3.1.1. Thus,
the theory proposed by Takahashi and Bhadeshial®
may be applied in a case of a moderate annealing tem-
perature at which carbon-enriched and isolated retained
austenite particles lie in the ferrite.

It is impossible to apply the above-mentioned theory
to explaining the effect of silicon on the retained aus-
tenite parameters because the silicon hardly influences
T, temperature. Generally, silicon affects scarcely car-
bon concentration in retained austenite particles in the
same manner as aluminum and chromium although
it suppresses a carbide precipitation and enhances the
volume fraction of retained austenite.> The total car-
bon concentrations f, X ¢, in the retained austenite for
steels E, B, F and G are calculated to be 0.103, 0.106,
0.111 and 0.133 from Table 2, respectively. Thus, the
decrease in carbon concentration of retained austenite
due to the silicon addition can be considered to be
caused by the increase in retained austenite content.

4.2. Relationship between Peak Temperature and Re-
tained Austenite Stability

Total elongation of TRIP-aided dual phase steels
has reported to be mainly controlled by the strain in-
duced transformation behavior of retained austenite.”
So, in this section an essential reltionship between the
peak temperature of total elongation and the retained
austenite stability is discussed through the results of
the strain induced transformation behavior mentioned
in the Sec. 3.3.

From Fig. 8, the peak temperature Tp is related to the
temperature Ts as follows;

(1) when Ms> —20°C, the peak temperature rough-
ly agrees with the temperature Ts, at which the strain
induced transformation of retained austenite is sup-
pressed the most.
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Fig. 11. Relationship between k-value and total elongation
TEI

(2) On the other hand, the peak temperature is much
lower than Ts when Ms< —20°C.

For explaining these results, a relationship between
k-value and total elongation, as shown in Fig. 11, was
investigated.

From Fig. 11, the total elongation in the steels of
Ms> —20°C (steels B, C, F and G) is found to increase
as the k-value decreases, namely as the strain induced
transformation is suppressed. In the steels of Ms<
—20°C (steels A and E), however, the linear relationship
between the k-value and the total elongation can not be
recognized, and the total elongation reduced with
decreasing the k-value in a opposite way when k<k*.

According to a study? of metastable austenitic TRIP
steels, the strain induced transformation of austenite to
martensite was suppressed with increasing the testing
temperature more than Ms temperature, and the aus-
tenite became completely stable above M. In addition,
the maximum total elongation was obtained at a given
temperature between Ms and M,, at which the strain
induced transformation was suppressed moderately and
the resultant strain hardenability was held some what
higher value than 1.0 in a large strain range. The
results obtaind for steels A and E seem to be similar to
that of TRIP steels.? Thus, even in the present TRIP-
aided dual-phase steels it is concluded as follows. Excess
increase in retained austenite stability do not always
lead to the enhancement of total elongution. Moreover,
the maximum total elongation appears at the tempera-
ture at which the strain induced transformation is
moderately suppressed. An exceptional result for steel
D may be caused by the extremely higher tensile
strength.

For steels A and E, if k-value corresponding to
maximum total elongation is defined to be k*, the
temperature Ts* (< Ts) corresponding to the k* agrees
roughly with the peak temperature as a matter of course,
as shown in Fig. 8. In the steels except for steels A and
E, it is considered that the peak temperature unexpectedly
agreed with the temperature 7s because the k., was
not too smaller.

In this study, tensile strength became minimum in
a temperature range between 100 and 150°C, and
the minimum temperature increased with increasing
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silicon and manganese contents (i.e. increase in Ms
temperature of retained austenite) as shown in Fig. 7.
Since the minimum temperature agrees nearly with
the temperature Ts as shown in Figs. 7 and 10, the
minimum tensile strength for each steel can be con-
sidered to be obtained at the temperature where the
strain induced transformation is suppressed the most.

5. Conclusions

The effects of silicon and manganese contents on
volume fraction and stability of retained austenite in
0.2C—(1.0-2.5)Si—(1.0-2.5)Mn(mass%) TRIP-aided dual-
phase steels were investigated. In addition, the rela-
tionships between retained austenite parameters and
ductility (i.e., total elongation and the peak temperature)
were discussed. The results were summarized as fol-
lows.

(1) Manganese addition in the steels increased initial
retained austenite content with reducing the carbon
concentration of retained austenite, i.e., increase in the
Ms temperature. The decrease in carbon concentration
was explained to be caused by that the manganese
reduced T, temperature. Silicon addition apparently
brought out a similar effect to manganese one although
the effect was smaller than manganese one and es-
sentially differed from the manganese one.

(2) The peak temperature 7p of total elongation
linearly reduced with decreasing Ms temperature of
retained austenite, as Tp (°C)=3.04Ms (°C) + 187. On the
other hand, the strength—ductility balance at the peak
temperature increased with increase in the initial retained
austenite content.

(3) The k-value which was adopted as a parameter
representing strain induced transformation behavior
became minimum in a temperature range between 100
and 200°C. The minmum value k., at which the strain
induced transformation suppressed the most, reduced
with decrease in the Ms temperature. On the other hand,
the temperature corresponding to k., T, decreased
linearly with decrease in the Ms temperature when
Ms> —20°C, while it was constant (about 120°C) when
Ms< —20°C.

(4) The peak temperature of total elongation
roughly agreed with the temperature 7s when Ms>
—20°C, while when Ms< —20°C it did with the tem-
perature Ts* (at which the strain induced transforma-
tion was moderately suppressed).
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