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The effects of heat treatment and forming conditions on retained austenite characteristics and ductility of
0.1-0.6C-1.5Si-1.5Mn, mass %, ultra high-strength TRIP-aided sheet steels with bainitic ferrite matrix were
investigated. These steels possessed large total elongations of about 20-25 % in a tensile strength ranging
from 700 to 1300 MPa when austempered at temperatures above martensite-start temperature (Ms). The
total elongations were enhanced by warm forming at two temperatures, Tp, and Tp,. The first peak forming
temperatures Tp,s were between 0°C and 75°C and were nearly constant regardless of carbon content of
the steels. This was associated with the strain-induced martensite transformation of a large amount of
metastable retained austenite which suppressed a rapid fall of strain-hardening rate in an early strain range
to resultantly increase the uniform and total elongations. On the other hand, the second peak forming tem-
peratures Tp,s were between 200 and 300°C and further large total elongations beyond 30 % were achieved
in high carbon steels (0.4 % C and 0.6 % C steels) with tensile strength of 1300-1500 MPa. The large im-
provement was controlled by both the strain-induced bainite transformation and dynamic strain aging.
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1. Introduction

The transformation-induced plasticity (TRIP)" of re-
tained austenite is very useful to enhance the formability of
high-strength sheet steels. Thus, three kinds of low alloy
TRIP-aided steels with different matrix structure and re-
tained austenite morphology have been developed for
weight reduction and impact safety performance of vehi-
cles. The conventional TRIP-aided steels composing of
polygonal ferrite matrix and blocky retained austenite and
bainite islands or “TRIP-aided dual-phase (TDP) steel”*™
possessed an excellent stretch-formability> and deep
drawability.*> However, the TDP steel has been applied to
only some impact members due to a lack of stretch-flange
formability and bendability.*”

The poor stretch-flange formability and bendability of
the TDP steel may be essentially overcome by replacing the
ferrite matrix with bainitic ferrite matrix because the
bainitic steel generally possesses an excellent stretch-flange
formability due to uniform fine lath structure. On the basis
of this idea, we have recently developed a new type of
TRIP-aided steel or “TRIP-aided bainitic ferrite (TBF)
sheet steel”''® composing of bainitic ferrite matrix and
interlath retained austenite films. The TBF steel may be ex-
pected as an ultra high-strength steel of the next generation
because it completed an excellent stretch-flange formabili-
ty,'" as well as large total elongation of about 20%,'” high
fatigue strength'? and good impact properties.'>
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It is supposed that carbon'® and/or manganese' addition
into the TBF steel are effective to rise tensile strength of the
TRIP-aided steels. However, there are only a few reports on
the effects of carbon addition.'® So, in the present study the
effects of heat-treatment conditions on retained austenite
characteristics and tensile properties of 0.1-0.6C-1.5Si—
1.5Mn TBF steels were investigated. In additon, the effects
of forming temperature on the tensile properties were ex-
amined.

2. Experimental Procedure

In the present study, four kinds of 1.5Si—1.5Mn steels
with different carbon content as listed in Table 1 were pre-
pared as vacuum-melted 100kg ingots followed by hot
forging to produce 30 mm thick slabs. Hereafter, the steels
are called 0.1C, 0.2C, 0.4C and 0.6C, respectively. The
martensite-start temperature (/) of the steels was estimat-
ed to be between 221 and 464°C by the following equa-
tion.'”

My (°C)=561-474XC—33XMn—17XNi—17XC
—2IXMO oo (1)
where C, Mn, Ni, Cr and Mo, mass%, are contents of indi-
vidual alloying element in steels.
The slabs were reheated to 1 200°C and then hot-rolled to

3.2mm in thickness with finishing at 800°C followed by
air-cooling to room temperature, as illustrated in Fig. 1.
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Table 1. Chemical composition (mass%), estimated martensite start temperature (Mg, °C) and austempering time (¢,, s) of steels used.
steel | C  Si  Mn P S Al 0 N M t,
0.1C | 0.10 1.49 1.50 0.015 0.0012 0.038 0.0011 0.0020 | 464 100
0.2C | 0.20 1.51 1.51 0.015 0.0011 0.040 0.0013 0.0021 | 416 200
0.4C | 0.40 1.49 1.50 0.015 0.0012 0.045 0.0014 0.0021 | 322 500
0.6C | 0.61 1.50 1.53 0.015 0.0011 0.041 0.0006 0.0022 | 221 3000
1200°C 20
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(=]
2 10
« 5
0
1.6
T,=300-500°C
t ,=100-3000s 2 LA4r
(2] -
in sa?\ £ 12
FC or AC baths 0Q ° r
o 0.8
3. 2mm —>1. 2mm 0.6
Fig. 1. Schematic diagram of hot and cold rolling process of 0.3
0.1C-0.6C TBF steels, in which “FC”, “AC” and “OQ” =
represent furnace cooling, air cooling and quenching in e
oil, respectively. E0.21
<
MURE
After cold-rolling to 1.2 mm in thickness, they were an- °
nealed at 950°C for 1200s and subsequently austempered 0
at temperatures ranging from 7,=300 to 500°C for 100- 300 350 400 450 500
3000 s in a salt bath, followed by cooling in oil to 20°C. In Ty (©)
this case, the austempering time to obtain both a large Fig. 2. Variations in (a) initial volume fraction (f,,), (b) initial
amount of stable retained austenite and large elongations carbon concentration (C,,) and (c) initial total carbon
was adopted according to the previous study'” (see ¢, in concentration (f,pXCyo) of retained austenite as a func-
Table 1). tion of austempering temperature (7) in 0.1C-0.6C TBF
steels.

The amount of retained austenite was quantified by X-ray
diffractometry using Mo-K & radiation. To minimize the ef-
fect of texture, the volume fraction of retained austenite becomes maximum when austempered at temperatures near
was quantiﬁed on the basis of the integrated intensity of MS’ although 0.4C and 0.6C steels possess maximum one
(200),, (211), (200),, (220), and (311), diffraction when respectively austempered at 425°C and 375°C higher
peaks."” The retained austenite lattice constant (a,) was than Mj of the steels. And, it can be seen that the higher the
measured from (200),, (220), and (311), diffraction peaks carbon content of the steels, the larger the maximum vol-
using Cu-Kor radiation on the electrochemically polished ume fraction of retained austenite. Carbon concentration of
surface with a neghglble internal stress. Substituting the retained austenite linearly decreases with increasing
measured a, value (X107'nm) into the following austempering temperature in a temperature range above
equation,'” carbon concentration of the retained austenite T,=350°C. When a ratio of maximum value of total carbon
(C,, mass%) was calculated. concentration to added carbon content ((f,(XC,,)/C) was

Cy=(ay—3.578)/0.033 ....................... @) compared, the ratios are between 1/2 and 1/3 in 0.1C-0.6C
steels.

Tensile tests were carried out on an Instron type testing Figures 3 and 4 show typical scanning and transmission
machine under a cross head speed of 1 mm/min at 20°C. electron micrographs of TBF steels, respectively. The mi-
Warm forming was conducted at temperatures between crostructure is principally characterized by bainitic ferrite
—50 and 400°C. lath matrix and interlath retained austenite films (Fig. 4). If

the steels have higher carbon content than 0.4% C, wide in-
3. Results terlath retained austenite films or blocky retained austenite
islands lie along packet boundary, block boundary and/or
3.1. Effects of Austempering Temperature prior austenite grain boundary, as well as inside bainitic fer-

Figure 2 shows austempering temperature (7,) depen- rite lath (Fig. 4(c)). And, retained austenite structure is
dence of initial volume fraction (f,,), carbon concentration coarsened with increasing austempering temperature and
(C,p) and total carbon concentration (f,,XC,,) of retained fresh martensite volume fraction is increased when austem-
austenite in TBF steels. It is found that the initial volume pered at temperature higher than M.
fraction of retained austenite of the 0.1C and 0.2C steels Figure 5 shows austempering temperature dependence of

1609 © 2004 ISI1J
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0.1C steel

0.2C steel

0.4C steel

T,=425°C

Fig. 4. Transmission electron micrographs of (a) 0.1C, (b) 0.2C and (c) 0.4C TBF steels austempered respectively at
T,=475, 450 and 400°C in which y, and o, represent retained austenite film and bainitic ferrite matrix, respec-

tively.

tensile properties of TBF steels on testing at 7;=20°C.
Total elongation (7E/) and strength—ductility balance (a
product of tensile strength and total elongation, 7SXTEI)
of the steels become maximum at the same austempering
temperatures as initial volume fraction of retained austen-
ite. The maximum total elongations are between 20 and
25%. And, the higher the carbon content, the larger the
strength—ductility balance. On the other hand, the tensile
strength (7S) monotonously decreases with increasing
austempering temperature.

3.2. Effects of Forming Temperature

Figure 6 shows forming temperature dependence of ten-
sile strength (7) and total elongation (7El) of TBF steels
austempered at typical temperatures. Figure 7 shows typi-
cal change in flow curve with forming temperature in 0.2C
steel. Remarkable forming temperature dependences of
total elongation and tensile strength appear in the steels,
particularly in 0.4C and 0.6C steels. Maximum values of
the total elongation are obtained at two forming tempera-
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tures, namely first peak forming temperature 7,,=0-75°C
and second peak one 7,,=200-300°C. Larger increase in
total elongation is completed at the Tp,. It is noteworthy
that the above forming temperature dependence of total
elongation is different from that of TDP steel having only
one peak forming temperature (7}) of about 100-200°C.*'?

Figure 8 shows a relationship between total elongation
and tensile strength (at 7,=20°C) in 0.1-0.6C TBF steels
austempered at typical temperatures. In a tensile strength
range above 1000 MPa the TBF steels austempered at low
temperatures below 350°C possess larger total elongation
than martensitic steels. On the other hand, the TBF steels
austempered at temperatures above 400°C achieve the simi-
lar large total elongation as TDP and DP steels when warm
forming is conducted.

Generally total elongation of TDP steel is principally
controlled by the strain-induced transformation behavior of
retained austenite, as well as a long range internal stress.>*"
So, the strain-induced transformation behavior was exam-
ined for 0.1C—0.6C TBF steels.
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Figure 9(b) shows forming temperature dependence of
k-value or “the strain-induced transformation parameter”,
defined by the following equation.

log f,=10g flo=k€ ovviiriiiiiin 3)

where f, and f, represent volume fraction of retained
austenite after straining and initial one, respectively. If
austempered at higher temperature than M, the TBF steels
possess lower k-value than those austempered at 300°C.
The higher the carbon content of the steel, the lower the k-
value. In addition, it is found that the k-value becomes min-
imum at forming temperature of 74=100-150°C.

Figure 10 shows typical transmission electron micro-
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Fig. 5. Variations in (a) tensile strength (75), (b) total elongation
(TEIl) and (c) strength—ductility balance (TSXTEI) as a
function of austempering temperature (7,) in 0.1C-0.6C
TBF steels. Forming temperature is 7,=20°C.

(a) T,=300°C

(b) T,=350°C

graphs of 0.2C steel strained up to uniform elongation at
20°C or 300°C. When strained at temperatures below the
above mentioned T, retained austenite of the steel trans-
forms to martensite (Figs. 10(a), 10(b)). On the other hand,
the retained austenite transforms to bainite or decomposes
into ferrite plus cementite with a small amount of strain-in-
duced martensite if strained at temperatures higher than T
(Fig. 10(c)). No deformation twin was observed in the
strained TBF steels, differing from the TDP steel.?)

4. Discussion

4.1. Relation between Retained Austenite Characteris-
tics and Carbon Content
Takahashi and Bhadeshia®? have proposed for carbide-
free bainitic steels that the carbon concentration in retained
austenite is equal to one in austenite at 7, temperature
where austenite and ferrite of the same chemical composi-
tion have identical free energies. Carbon concentration in
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Fig. 7. Change in (a) nominal stress—strain (0—¢) curve and (b)
normalized strain-hardening rate—true strain curve
((do/de)/o—e) with forming temperature (7;) in 0.2C
TBEF steel austempered at 7, =450°C.
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Fig. 6. Forming temperature (%) dependence of tensile strength (75) and total elongation (7E7) in 0.1C-0.6C TBF steels

austempered at (a) 7,=300, (b) 350 or (c) 400-475°C. In (c), 0.1C, 0.2C, 0.4C and 0.6C steels were austempered
at T,=475°C, 450°C, 425°C and 400°C, respectively.
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austenite at 7, temperature computed by THERMO-
CALC? is shown in Fig. 11, in which measured one in re-
tained austenite is compared. In a temperature range above
325°C, the temperature dependence of measured carbon
concentration agrees well with that of calculated one, al-
though the measured carbon concentrations are just lower
than calculated ones. The same tendency had been also re-
ported for TDP steel.*”” However, the carbon concentrations
of 0.1C-0.6C TBF steels are higher than those of the TDP
steel. This is because the TBF steels are characterized by
carbide-free and resultantly solute carbon is effectively en-
riched in retained austenite.

The 0.1C steel possessed relatively lower carbon concen-
tration of retained austenite than other steels, in particular
when austempered at temperatures below 325°C. This may
be associated with low carbon content which leads to easy
martensite transformation during cooling just after austem-
pering.

4.2. Controlling Factor of Ductility

As shown in Fig. 5, total elongation and strength—ductili-
ty balance of the present TBF steels became the maximum
when austempered at temperatures higher than or equal to
M. And, the higher the carbon content of steels the larger

O Tp=300°C, Tr=20°C
®  T,=300°C, Tr=Tp2
A TA=350°C, TF=20°C
A Ty=350°C, Te=Tpy
O Tp=400~475°C, Tg=20°C
W Tp=400~475°C, Te=Tpp
50
40 -
= 30
E 20 -
®
10 O
0 |

0 500 1000 1500 2000 2500
TS (MPa)

Fig. 8. Relation between total elongation (7El/) and tensile
strength (7S) of 0.1C-0.6C TBEF steels, in which “TDP”,
“DP” and “M” represent TRIP-aided dual-phase steel,
ferrite-martensite dual-phase steel and martensitic steel,
respectively. Solid marks denote total elongations at
Ty="Tp, and open marks show ones at 7,=20°C.

the maximum values of total elongation and strength—duc-
tility balance.

As seen in Fig. 12, the strength—ductility balance of the
present TBF steels was highly correlated to volume fraction
of retained austenite rather than the carbon concentration.
So, the large strength—ductility balance may be completed
by significant TRIP effect due to a large amount of retained
austenite, which suppresses a rapid fall of strain hardening
rate in a small strain range and resultantly increases uni-
form elongation, as shown in Fig. 7. In this case, a long
range internal stress referring to second phase may increase
the strength—ductility balance. However, the contribution is
considered to be far smaller than in a case of TDP steel'”
because a difference in flow stress between matrix and sec-
ond phase is relatively small.

4.3. Peak Forming Temperatures
As shown in Fig. 6, total elongations of the present TBF
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T (°C)
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Fig. 9. (a) Reheating temperature (7g;;) dependence of retained
austenite content (f,) and (b) forming temperature (7%)
dependence of k-value in 0.1C-0.6C TBF steels austem-
pered at 7,=300°C or 400-475°C in which 0.1C, 0.2C,
0.4C and 0.6C steels were austempered at T,=475°C,
450°C, 425°C and 400°C, respectively.

Fig. 10. Typical transmission electron micrographs of 0.2C TBF steel deformed to uniform strain at (a, b) 7:=20°C or
(c) 300°C in which yg , o4y, ¢, and O represent retained austenite film, bainitic ferrite matrix, transformed
martensite and cementite, respectively. (b) is high magnification of encircled region in (a).
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Fig. 11. Equilibrium diagram computed by Thermo-Calc.?? and
measured carbon concentration of retained austenite in
Fe—C—1.5Si—1.5Mn systems.
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Fig. 12. Relationships between strength—ductility —balance
(TSXTEIl) at Ty=T},, or 20°C and (a) initial volume
fraction (f},) and (b) initial carbon concentration (C,,)
of retained austenite in 0.1C-0.6C TBF steels austem-
pered at 7, =300, 350 or 400-475°C.

steels were enhanced at two peak forming temperatures, 7p,
and T5p,. In this section, the reason and mechanism are men-
tioned.

According to the previous study,”” only one peak form-
ing temperature appeared for total elongation in TDP steel
(see Tp in Fig. 13(a)). The peak forming temperature rose
with increasing Mg of retained austenite and agreed well
with T corresponding to minimum k-value or forming tem-
perature (T&) referring to k=1.5°" (Fig. 13(b)). In this
study, k-value of the TBF steels became minimum at form-
ing temperature of 74=100-150°C (Fig. 9(b)). Most of the
retained austenites transformed to martensite during strain-
ing at temperatures lower than 7. Since the first peak form-
ing temperature T}, is lower than the T and k-value at the
Ty, is higher than 1.5, it can be considered that large total
elongation at the 75, is controlled by TRIP effect due to the
strain-induced martensite transformation (SIMT). The
forming temperature dependences of k-value and total elon-
gation are schematically illustrated in Fig. 13. As shown in

w
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10E T T
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o [ . .
=) N
© [K=Lo_ ]
>
L 1F
C SIBT SIMT ~ (b)
0.5 1 1 1 1
Ms Bs Mo Bp
Tr (°C)

Fig. 13. Illustration of forming temperature (7;) dependence of
total elongation (7E!/) and k-value of TBF, TDP and
bainitic (B) steels, in which “SIMT” and “SIBT” mean
strain-induced martensite transformation and strain-in-
duced bainite transformation, respectively. Mg and Bg
are martensite-start and bainite-start temperatures of re-
tained austenite, respectively. And M, and By, represent
maximum temperatures at which martensite and bainite
grow under influence of stress, respectively.
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Fig. 14. Relationships between peak forming temperatures (75,
Tp,) and martensite-start temperature (M) of retained
austenite in 0.1C-0.6C TBF steels.

Fig. 14, T}, of the present TBF steels was independent on
carbon concentration or Mg of retained austenite. The rea-
son is not clear.

Next, let us discuss about the second peak forming tem-
perature, Tp,. Fig. 9(a) represents that retained austenite de-
composes into ferrite and cementite by only reheating at
temperatures above 200-300°C for 3 600s. Also, it was ob-
served that the retained austenite transformed to bainite
during forming at the 7, (Fig. 10(c)). Therefore, a signifi-
cant increase in total elongation at the 7, may be con-
trolled by TRIP effect referring to the strain-induced bainite
transformation (SIBT), differing from a case at the Tp,.
Also, dynamic strain aging may enhance the total elonga-
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tion through an increase in strain-hardening rate, because
moderate serrations and increased flow stress were ob-
served in the flow curves at the T}, (Fig. 7(a)) and the same
behavior appeared even in bainitic steel (B steel) without
retained austenite (Fig. 13(a)). The T}, tends to increase
with increasing My of retained austenite (or decreasing car-
bon content of steel), as shown in Fig. 14. This may be be-
cause the decomposition start temperature of retained
austenite (Fig. 9(a)) increases with increasing Mg of re-
tained austenite.

5. Conclusions

The effects of austempering temperature and forming
temperature on retained austenite characteristics and ductil-
ity of 0.1-0.6C—1.5Si—1.5Mn, mass%, TBF steels were in-
vestigated. The results are summarized as follows.

(1) Volume fraction and carbon concentration of re-
tained austenite were increased with increasing carbon con-
tent in the TBF steels. Most of the retained austenite lay
along bainitic ferrite lath boundary. However, if the TBF
steels with 0.4 or 0.6 mass% carbon were austempered at
temperatures above M, coarse blocky retained austenite is-
lands were recognized along their block, packet and/or prior
austenitic grain boundaries, as well as a large amount of
fresh martensite.

(2) When austempered at temperatures above M, the
TBF steels possessed large total elongations of about
20-25% at maximum. The higher the carbon content of the
steels, the larger the total elongation and the lower the opti-
mum austempering temperature.

(3) Total elongations of the steels were enhanced at two
forming temperatures. The first peak forming temperature
Tp, was between 0 and 75°C and total elongation was main-
ly increased due to the strain-induced martensite transfor-
mation, particularly in the steels austempered at tempera-
tures above M. The second peak forming temperature 75,
was between 200 and 300°C, and extreme large total elon-
gations beyond 30% were achieved at the 7,,. This was
mainly controlled by the strain-induced bainite transforma-
tion and dynamic strain aging.
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