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Effects of Second Phase Morphology on Deep Drawability of
TRIP-aided Dual-phase Sheet Steels™

Akihiko NAGASAKA** and Kazuhide WADA™**

Effects of retained austenite parameters on the deep drawability in high-strength TRIP-aided dual-phase (TDP)
sheet steels with different silicon and manganese contents were investigated. The deep drawability evaluated
with a limiting drawing ratio (LDR) was affected by volume fraction of the retained austenite rather than by its
stability and morphology. Namely, the higher the volume fraction of.the.retained.austenite, the larger the
strength — deepdrawability balance, i.e., the product of tensile strength and LDR. The excellent deep drawability
was caused by large local necking resistance at the cup wall just above the punch bottom due to "the
transformation hardening” and "the stress relaxation" resulting from the strain-induced martensite
transformation, as well as a low punch force of the shrinking flange.
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1. Introduction

A TRIP-aided dual-phase steel associated with the
transformation-induced plasticity (TRIP)[1] of the
retained austenite, or a TDP steel, possesses the
excellent deep drawability of high-strength sheet steels
which were recently developed for shock-safety and
weight reduction of the automobile[2— 5]. So, much
research has been done to apply the steel to various
automotive structural parts such as the impact parts and
the suspension parts[6]. The deep drawability of the
TDP steel is expected to be controlled by the retained
austenite parameters (volume fraction, carbon
concentration and morphology), in the same ways as
the elongation[7 — 10], the stretch-formability[11, 12]
and the stretch-flangeability[13 — 15]. However, there
have been few investigations dealing with the deep
drawability from such the point of view.

In the present study, the deep drawability of the TDP
steels with different retained austenite parameters were
examined. In addition, the relation between the deep
drawability and the retained austenite parameters, as
well as deformation characteristics on Swift cup
forming, was investigated to propose the improving
mechanism of deep drawability.

2. Experimental Procedure
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The chemical composition of as-cold-rolled sheet
steels of 1.2 mm in thickness used in this study is
shown in Table 1. The steels were subjected to two
types of heat treatments (Fig. 1) for changing the
morphology of second phase and retained austenite. In
Fig. 1, intercritical annealing for these steels was
carried out ata given temperature (T4, ), at which the
volume fraction of the retained austenite becomes
maximum[7]. Hereafter, the steels subjected to the heat
treatment are called TYPE I and TYPE II steels,
respectively.

Tensile tests were performed on an Instron type of

tensile testing machine at a crosshead speed of 1

Table 1. Chemical composition of steels used (mass%).

Steel C Si Mn P S Al
A 0.21 1.51 1.00 0.015 0.0013 0.041
B 0.20 1.50 1.50 0.015 0.0012 0.041
C 0.20 1.49 1.99 0.015 0.0015 0.039
E 0.20 1.00 1.50 0.014 0.0013 0.038
F 0.18 2.00 1.50 0.015 0.0013 0.037
G 0.19 2.48 1.49 0.014 0.0013 0.036
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Fig. 1. Heat treatment diagram of TDP steels, in which "0.Q."
representsquenching in oil and T, and Tg,, are austenitizing
and intercritical annealing temperatures, respectively.
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mm/min, using JIS-13B-type tensile specimens.

Swift cup test was carried out on a universal plasticity
testing machine. The deep drawability was evaluated
with a limiting drawing ratio (LDR=Dg/d,,), where the
Dg and the d, are a maximum blank diameter drawn out
and a punch diameter, respectively. These die
dimensions are illustrated in Fig. 2. The tests with disk
specimens of Dy=39 to 45 mm in diameter were
performed under a constant blank holding force of 10
kN and at a punch speed of about 200 mm/min. Prior to
drawing test, a dry lubricant was coated on all the
specimens.

The volume fraction of the retained austenite was
quantified by X-ray diffractometry using MoK,
radiation (five peak method)[16]. In addition, the
initial carbon concentration in the retained austenite (
C 0. mass%) was estimated from lattice parameter (
a .o, nm) measured from (220) , diffraction peak of
CrK , radiation using the following equation[17].

a,0=035467+4.67x1073xC,, )

TYPEI

TYPEII

3. Results and Discussion

3.1. Structure and tensile properties

Fig. 3 shows (a and c) optical micrographs and (b and
d) scanning electron ones of steel B with different
second phase morphology, in which white phases in (a)
and (c) represent the retained austenite. The optical
micrographs were color etched using the LePara
method[18] while the scanning electron micrographs

(O, Punch  gjank holder

o \<
dp Specimen
T4
e F
dg Die
$70 /
A

(dp=20.64 mm, rp=4 mm, dy=24.40 mm, ry=4 mm)

Fig. 2. Experimental apparatus for Swift cup test.

Fig 3 Optical and scanning electron micrographs of steel B with (a and b) TYPE I or (¢ and d) TYPE II morphology, in which
white phases in (a) and (c) represent retained austenite and "a /", " @ 4 and "7 g" are ferrite matrix, bainite and retained

austenite, respectively.
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were etched in a 3% nital solution. The TYPE I and TYPE
I steels can be classified as (a and b) a network structure
along the ferrite grain boundary and (c and d) an isolated
fine and acicular one, respectively.

The initial volumefractionof retained austenite (f,, o)
increases and its carbon concen-tration (C , o) decreases

with increasing silicon and manganese contents for
TYPE I and TYPE Il steels, as listed in Table 2.

Tensile properties of the steels are also listed in Table
2. The tensile strength (7'S) is in a wide range of 742 to
984 MPa and tends to increase with silicon and
manganese contents. It is noteworthy that the TDP
steels have extremely large total elongation (TEl) and
high work hardening exponent (n-value), though the
Lankford's value or r-value is below unity.

3.2. Deep drawability

Fig. 4 shows a comparison of LDR value as a function
of tensile strength (TS) for TYPE I and TYPE 11 steels,
accompanied with those of a ferrite — bainite dual-phase
steel (BDP steel) and a ferrite—martensite dual-phase
steel (MDP steel) without retained austenite[4, 5].

The TDP steels exhibit the best deep drawability of the
high-strength sheet steels, despite low r-value less than
unity. However, if the deep drawability was evaluated
with the strength—deep drawability balance, i.e., the
product of TS and LDR, the TDP steels with high silicon
and/or manganese contents possess larger TSX LDR
values than the other TDPsteels. From Figs. 5 and 6, it
is found that the TSX LDR value represents a positive

LDR

TSXLDR (GPa)

correlation with the volume fraction of the retained
austenite rather than its stability and morphology,

unlike in cases of the elongation, the stretch-
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Fig. 4. Comparison of limiting drawing ratio (LDR) of TDP, ayr
+ a sdual-phase (BDP) and a s+ a ndual-phase (MDP) steels
as a function of tensile strength (TS).
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Fig. 5. Correlation between strength —deep drawability balance
(TSX LDR) and retained austenite parametersin TDP steels.

Table 2. Retained austenite characteristicsand tensile properties.

Steel|TYPE| f,o Cqo YS TS UE!l TEl YR E¢ n r HV,
(mass%)| (MPa) | (MPa) (%) (%)
A 0.058 1.51 470 742 27.2 323 0.63 0.84 0.25 0.94 222
B 0.079 138 527 831 314 358 0.63 0.67 0.26 0.89 240
C 1 0.137 1.26 516 984 204 229 0.52 0.56 0.23 0.84 295
E 0.076 1.41 494 767 24.6 29.0 0.64 0.74 023 | 0.92 248
F 0.085 1.31 517 911 278 31.9 0.57 0.59 0.30 0.87 273
G 0.103 1.29 468 966 24.5 28.8 048 0.43 0.28 0.89 282
A 0.053 1.50 490 761 189 23.4 0.64 0.85 0.20 0.78 247
B 0.105 1.46 629 890 27.9 324 0.71 0.81 0.19 0.87 265
C I 0.113 1.36 623 912 26.2 318 0.68 0.74 0.21 0.84 293
E 0.083 1.43 571 772 17.2 22.1 0.74 0.74 0.17 0.82 261
F 0.124 1.34 565 824 32.1 36.7 0.60 0.65 0.18 0.87 273
G 0.112 1.33 610 855 21.5 25.6 0.71 0.60 0.25 0.86 292
S yo: initial volume fraction of the retained austenite, C. 0: initial carbon concentration in the retained austenite, YS:

0.2% offset proof stress or yield stress, 7S: tensile strength, UEI: uniform elongation, TE!: total elongation, YR: yield
ratio (=YS/TS), &z fracture ductility, n: work hardening exponent (€ =5—15%), r: r-value ( € =10%) and HVj:

initial Vickers hardness (load=9.81N).
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formability[12] and the stretch-flangeability[14, 15].
Therefore, a large amount of retained austenite can be

principally considered to result in the above mentioned

excellent deep drawability.

3.3. Improving mechanism of deep drawability
The deep drawability is in general controlled by a
ratio of critical fracture force (P,,) on the cup wall just

above the radius of the punch to maximum punch force
(Pmay)» i.e., the equivalent critical fracture force

(Pmax/Pc)[19). Namely, the lower the Pp,,/P.. value,
the larger the deep drawability. The P, can be estimated
by[3]

Por=mdplo0p (03]

0,=@3) - W3a+n2{1+2rt+n. 15

€)]

where d,, to, O p, n,r and 7S represent punch diameter,

thickness, fracture stress in plane strain[19], n-value, r-
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Fig. 6. Correlations between strength—ductility balance (TSX
TEl), suength—stretch-formability balance (TSXHpax) and

strength — stretch-flangeability balance (TSX A1) and retained
austenite parametersin TDP steels.
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Fig. 7. Variation in maximun punch force (Pmax) with initial
volume fraction of retained austenite (f, o) of TDP steels (DR=
1.89).
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Fig. 8. Relation between strength —deep drawability balance (TS
X LDR) and equivalent critical fracture force (Pmax/Per).-

value and tensile strength, respectively.

Fig. 7 shows a variation in maximun punch force
(Pmay) With the volume fraction of the retained
austenite. And, Fig. 8 shows a relation between the
strength — deep drawability balance and the equivalent
critical fracture force for TYPE I and TYPE Il steels. The
TSXLDR values appeared to be increased with a
decrease in the Fy,,/P... This indicates that the deep

drawability of the TDP steels is enhanced by the
increased critical fracture force. The deep drawability
was also increased with increasing retained 'austenite
content, as shown in Fig. 5. Therefore, the excellent
deep drawability is considered to be caused by large
local necking resistance at the cup wall just above the
punch bottom due to "the transformation hardening”
and "the stress relaxation” resulting from the strain-
induced martensite transformation, as well as a low
drawfng force of the shrinking flange.
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4. Conclusions

The effects of retained austenite parameters and
second phase morphology on the deep drawability of
the TRIP-aided dual-phase steels were investigated. The
results were summarized as follows.

1) The TDP steels possessed the best deep drawability of
the high-strength sheet steels, despite low r-value less
than unity.

2) The deep drawability was controlled by the volume
fraction of the retained austenite rather than by its
stability and morphology. Namely, the higher the
volume fraction of the retained austenite, the larger the

strength— deep drawability balance.

3) The excellent deep drawability was caused by large |

local necking resistance at the cup wall just above the
punch bottom due to the transformation hardening and
the stress relaxation resulting from the strain-induced
martensite transformation, as well as a low drawing

force of the shrinking flange.
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