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INTRODUCTION

Over the last several decades, a significant research effort
has been directed toward the development of advanced
high-strength steel (AHSS) grades. This research was driven
mainly by the automotive industry’s needs for vehicle
weight reduction to improve fuel economy, and increased
passenger safety of vehicles. Increased regulatory pressure
and consumer expectations regarding crashworthiness'-2
and fuel economy3=4 have resulted in extensive usage of
AHSS grades in autobody structures. Projections are that the
weight percentage of AHSS steel will increase to 35% by
2015, whereas mild steel will decrease from 55% (in 2007)
to 29% in bodies and closures of light vehicles.> The major-
ity of international and domestic car makers are opting for
increased usage of AHSS as part of their vehicle develop-
ment strategies.t

CURRENT AHSS GRADES

The AHSS grades that are currently being applied or are
under increased investigation by steel appliers, include dual-
phase (DP), complex phase (CP) and transformation induced
plasticity (TRIP) steels — referred to as “first generation”
AHSS — and the austenitic twinning induced plasticity
(TWIP) steels, lightweight steels with induced plasticity (L-IP)
and shear band strengthened steels (SIP) of the so-called
second generation. (Press-hardenable steels are not con-
sidered here.) An overview of representative properties,
compared to those exhibited by conventional steel grades,
is shown in Figure 1.7-8 The first-generation AHSS concepts
were developed in fairly lean compositions and are primarily
ferritic-based multi-phase microstructures. Dual-phase steels
are currently the most applied AHSS, which may result,
apart from improved strength and formability, from their
good weldability and relative ease of processing.6 Enhanced
strength/elongation combinations are clearly obtained for
TRIP steel grades, where strain-induced transformation
of retained austenite into martensite results in increased

strain hardening. The second-generation AHSS steels clearly
exhibit superior mechanical properties, but these austen-
itic grades are highly alloyed, resulting in a significant cost
increase. In addition, industrial processing of these alloys,
specifically the TWIP steels with high manganese contents,
has been shown to be extremely challenging, and the TWIP
grades have also been shown to be prone to delayed crack-
ing.? Recent research indicates that the embrittlement sus-
ceptibility can be reduced by aluminum alloying, although
the exact mechanism involved is still under investigation.?

From Figure 1, it is clear that a property gap exists
between the currently available AHSS grades of the first
and second generations. Current research is hence focused
on filling this property window using modified or novel pro-
cessing routes, where special attention should naturally also
be given to industrial feasibility and cost-effectiveness.10-11
An overview of some of the strategies being pursued is pre-
sented here. These strategies include:

Processing to enhance properties of DP steels.
Modifications to traditional TRIP steel processing.
Development of high-strength steels with ultrafine
bainitic microstructures.

¢ Implementation of new processing routes, includ-
ing quenching and partitioning (Q&P) and ultra-
rapid heating and cooling.

e Development of high-Mn-content TRIP steels.

DESIGN CONSIDERATIONS FOR
THIRD-GENERATION AHSS

Design considerations for third-generation AHSS have been
discussed recently using a simplified composite model.”.12-13
Martensite/ferrite and martensite/austenite microstructures
were considered. The results of the calculations obtained by
varying the relative phase fractions in hypothetical micro-
structures are shown in Figure 2, with the individual data
points corresponding to fixed relative phase fractions super-
imposed on the property combinations shown in Figure 1. It
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Figure 1
Overview of tensile strength and total
elongation combinations for various
classes of conventional and advanced
high-strength  sheet steel (AHSS)
grades.7*8

Figure 2

Superposition of the predicted strength/
ductility combinations of hypothetical
ferrite/martensite and austenite/mar-
tensite mixtures.’>12

should be noted that the ductility values obtained from the
model are uniform elongations. The input parameters to the
model are given in Table 1.74-16 Fully stable austenite was
assumed in the results shown in Figure 2, i.e., absence of
transformation of the austenite during straining. It is clear
that the predicted tensile properties for the hypothetical fer-
rite/martensite microstructures overlap with the properties
exhibited by the first-generation AHSS. The property band
corresponding to the austenite/martensite mixtures is situ-
ated between the bands of the first- and second-generation
AHSS, i.e., within the desired “third generation” regime.

In a second step of the modeling effort, transformation
of metastable austenite with strain was included.’2 Four
hypothetical austenite stability conditions were considered,
as illustrated in Figure 3a. The resulting strength/elongation
combination predictions are given in Figure 3b, where the
different austenite stability conditions are indicated by letters
A through D and the individual data points on each curve
correspond to different initial austenite contents (assumed
to range from 0 to 85%), with the remainder of the micro-
structure being ferritic with the properties shown in Table 1.
Austenite stability clearly has a pronounced effect on the
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predicted properties. The lowest stability (condition D) leads
to martensite formation at low strains and properties which
overlap with the first-generation AHSS band, indicating that
the austenite does not significantly contribute to improved
properties. The best combinations of strength and ductility
are predicted for high volume fractions of relatively stable
austenite (curve B in Figure 3b). Simplified assumptions
were made in this model, and additional work is ongo-
ing to develop more refined models.'” However, this fairly
straightforward approach provides an understanding of the
contribution of the individual constituents and suggests

Table 1

Assumed Tensile Properties for the Constituents Used as
Input Parameters for the Model”

Constituent UTS (MPa) Uniform true strain
Ferrite 300 0.3
Austenite 640 0.6
Martensite 2000 0.08



(a)
Figure 3

(b)

Effect of austenite stability on predicted mechanical property combinations: (a) four different austenite stabilities were considered,

labeled A through D; (b) predicted mechanical property combinations corresponding to the different austenite stabilities. Each data
g g

point on a curve corresponds to an initial austenite fraction, considered ranging from 0 to 85%, with the remainder of the initial

microstructure being ferrite.!?

that, in order to obtain the next generation of AHSS steels,
complex microstructures are needed consisting of significant
fractions of high-strength phases, which may be martens-
ite, bainite or ultrafine-grained ferrite, in combination with
highly ductile austenite with controlled stability against
transformation of austenite to martensite with strain.

NEXT-GENERATION AHSS DEVELOPMENT

APPROACHES

Ongoing AHSS research is focused on increasing strength
and/or ductility to higher levels than exhibited by the first-
generation AHSS without significantly enriching the alloy
compositions, or is aimed at reducing the alloying levels
in third-generation AHSS grades. An overview of some of
these approaches is discussed here. The proposed com-
positions used in the different processing paths compiled
from literature are summarized in Table 2, and the resulting
tensile properties are plotted on a total elongation versus
tensile strength diagram in Figure 4a. The solid and dashed
lines in the figure are the ferrite-martensite and austenite-
martensite property predictions from Figure 2, respectively,
shown for reference. It should be recognized that different
sample geometries were used in the various studies, and
thus some care is needed when comparing mechanical
properties. The various sample geometries used are also
given in Table 2.

In an effort to enable better comparison of the data
generated from the disparate sample geometries repre-
sented within prior investigations, the tensile ductilities
reported in the literature were adjusted according to ISO
2566/1-1984(E)'® so that the normalized properties cor-
respond to a single specimen geometry. The values were
converted to correspond to those of the standard ASTM E8
geometry with a 50.8-mm (2-inch) gauge length, 12.7-mm
(0.5-inch) width and 1-mm thickness, and the results are
shown in Figure 4b. The ISO 2566 standard is based on the
Oliver formula:1?

—\0.4

's
=2A X°
AL

(Eg. 1)

with L, and S, the original gauge length and cross-sectional
area of the specimen, respectively; A, the elongation on
gauge length Ly, and A the elongation on a proportional
gauge length of 5.65(S,. Conversion of the literature
data was done in two steps, with an initial conversion to a
proportional gauge length of 5.65+S,, followed by conver-
sion to ASTM E8. Adjustment of elongations to a single
consistent gauge length resulted in a strength-ductility map
significantly different from the one shown in Figure 4a.
Many of the samples that displayed high strength/ductility
combinations had short and/or circular gauge lengths. After
adjusting to predict properties characteristic of a standard
sample geometry, many of the results fell into the range
exhibited by other materials. However, after the data was
replotted, selected studies clearly show properties at the
upper boundary of the property band. The different alloying
and heat treating approaches associated with Figure 4 are
discussed in the following paragraphs.

Enhanced DP Steels

An increase in strength of dual-phase steels can readily be
obtained by increasing the martensite volume fraction by
altering carbon content and/or intercritical annealing tem-
perature.’? In this way, DP780 and DP980 have been devel-
oped and are currently available commercially. A strength
increase has also been obtained by microstructural refine-
ment resulting from special hot deformation practices.21-29
One such approach, employing deformation induced fer-
rite transformation (DIFT), is schematically shown in Figure
5. The DIFT methodology involves strain-induced phase
transformation from austenite to ferrite by rolling the mate-
rial approximately 25-50°C above the A ; temperature but
below the A,3 temperature. This approach has been found
successful to produce ultrafine ferrite with a grain size
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Table 2

Processing Routes and Chemical Compositions Employed in Different Studies

Process Composition Sample Geometry
Enhanced DP 0.17C-1.63Mn-0.28Si3° 3.5 x 5 mm, GL: 10 mm
Modified TRIP 0.39C-1.16Si-1.20Mn3?2 JIS-5 25 mm wide, GL: 50 mm
0.38C-1.46Si-1.20Mn33 JIS-5 25 mm wide, GL: 50 mm
0.39C-1.99Si-1.20Mn33 JIS-5 25 mm wide, GL: 50 mm
0.23C-1.65Mn-0.45Si-1.14A1-0.076P-0.085Ti34 A80: 20 x 1 mm, GL: 80 mm
0.24C-1.67Mn-0.45Si-1.38A1-0.080P-0.08 1Nb34 A80: 20 x 1 mm, GL: 80 mm
0.22C-1.55Mn-1.558i-0.035Nb3> Small specimen test technique based on punching a
3 mm disk out of a 300-350 pm thick specimen
0.186C-1.53Mn-1.48Si-24ppmTi-108 1 ppmV-81ppmN3®  no properties reported
0.225C—1.58Mn—1.605i—25pmei—l550ppmV—90ppmN36 no properties reported
0.20C-1.51Mn-1.51Si%7 JIS-13B specimens: 12.5 x 1.2 mm, GL: 50 mm
0.20C-1.71Mn-1.48Si-0.02Nb38 JIS-5 specimens, 25 x 1.2 mm, GL: 50 mm
0.185C-2.3Mn-1.5Si-0.25Mo0>3? 2.5 x 6.25 mm, GL: 150 mm
0.285C-2.3Mn-1.5Si-0.25Mo>? 2.5 x 6.25 mm, GL: 150 mm
Bainite 0.79C-1.94Mn-1.59Si-1.33Cr-0.30Mo-0.11V42 no properties reported
0.98C-1.89Mn-1.46Si-1.26Cr-0.26Mo-0.09V42:44:45 no properties reported
0.83C-1.98Mn-1.57Si-1.02Cr-0.24Mo-1.54Co42:4> no properties reported
0.78C-1.95Mn-1.49Si-0.97Cr-0.24Mo-1.60Co0-0.99A14245  no properties reported
0.80C-2.01Mn-1.59Si-1Cr-0.24Mo-1.51Co%6:49 5 mm diameter, GL: 25 mm
0.79C-1.98Mn-1.56Si-1.01Cr-0.24Mo-1.51Co-1.01Al46:49 5 mm diameter, GL: 25 mm
0.43C-3.00Mn-2.025;°0:51 Hounsfield no. 11: 3 mm diameter, GL: 50 mm
0.19C-2.90Mn-2.13Si°° Hounsfield no. 11: 3 mm diameter, GL: 50 mm
1.1C-3.00Mn-2.02Si>° Hounsfield no. 11: 3 mm diameter, GL: 50 mm
0.22C-3.00Mn-2.03Si°! Hounsfield no. 11: 3 mm diameter, GL: 50 mm
0.39C-2.05Si-4.08Ni>! Hounsfield no. 11: 3 mm diameter, GL: 50 mm
0.39C-2.05Si-4.09N>2:53 Hounsfield: 3.5 mm diameter, GL: 20 mm
0.40C-2.01Si-4.15N{52:53 Hounsfield: 3.5 mm diameter, GL: 20 mm
0.22C-3.00Mn-2.03Si°2:53 Hounsfield: 3.5 mm diameter, GL: 20 mm
0.22C-3.00Mn-1.99Si°2:53 Hounsfield: 3.5 mm diameter, GL: 20 mm
0.32C-1.97Mn-1.45Si-1.26Cr-0.26Mo-0.10V4! BS EN 10 002-1:1990
0.31C-1.51Si-1.44Cr-0.25Mo-3.52Ni-0.10V4! BS EN 10 002-1:1990
0.30C-1.51Si-1.42Cr-0.25Mo-3.53Ni4! BS EN 10 002-1:1990
0.31C-1.51Si-1.44Cr-3.52Ni-0.25Mo-0.10V47 3 mm diameter, GL: 19 mm
0.30C-1.51Si-1.42Cr-3.53Ni-0.25Mo*47 3 mm diameter, GL: 19 mm
0.29C-2.25Mn-1.50Si-0.26Mo47 3 mm diameter, GL: 19 mm
0.29C-1.97Mn-1.46Si-0.46Cr-0.25Mo%47 3 mm diameter, GL: 19 mm
0.29C-1.56Mn-1.49Si-1.47Cr-0.25Mo47 3 mm diameter, GL: 19 mm
0.27C-1.53Mn-1.71Si-1.47Ni-0.17Cr-0.24Mo%7 3 mm diameter, GL: 19 mm
0.22C-2.23Mn-1.508i-0.25Mo*” 3 mm diameter, GL: 19 mm
0.21C-1.56Mn-1.46Si-1.49Cr-0.24Mo47 3 mm diameter, GL: 19 mm
Quenching 0.20C-1.71Mn-1.48Si-0.02Nb38 JIS-5 specimens, 25 x 1.2 mm, GL: 50 mm
& Partitioning 0.19C-1.59Mn-1.63Si55:56 sub-size ASTM: 6.34 x 1.2 mm, GL: 25.4 mm
0.20C-1.63Mn-1.63Si>7->8 A50: 12.5 x 1 mm, GL: 50 mm
0.24C-1.61Mn-1.45Si-0.30A157:58 A50: 12.5 x 1 mm, GL: 50 mm
0.25C-1.70Mn-0.55Si-0.69A157-58 A50: 12.5 x 1 mm, GL: 50 mm
0.24C-1.60Mn-0.12Si-1.41A1-0.17Mo>7->8 A50: 12.5 x 1 mm, GL: 50 mm
0.21C-1.96Mn-1.49Si-0.25Mo>7:58 A50: 12.5 x 1 mm, GL: 50 mm
0.17C-1.65Mn-0.38Si-1.11AI-0.08P>° A50: 12.5 x 1 mm, GL: 50 mm
0.2C-1.5Si-1.8Mn62 A50: 12.5 x 1 mm, GL: 50 mm
0.2C-1.6Si-3Mn%0 ASTM E8: 12.7 x 1 mm, GL: 57.15 mm
0.29C-1.598i-2.95Mn®° ASTM E8: 12.7 x 1 mm, GL: 57.15 mm
0.28C-1.64Si-4.95Mn 60 ASTM E8: 12.7 x 1 mm, GL: 57.15 mm
0.41C-1.27Si-1.30Mn-1.01Ni-0.56Cr6! 16 x 1 mm, GL: 80 mm
Flash processing 0.16C-0.16 Si-0.79Mn-0.13Cr-0.08Ni-0.13Cu®3 not reported
0.15C-0.21 Si-1.46Mn®3 not reported
0.04C-0.16Mn-0.02Cr-0.09Ni63 not reported
0.21C-0.22 Si-0.63Mn-0.33Cr-0.01Ni-0.04Cu®4 12.7 x 3.1 mm, GL: 50 mm
0.22C-0.26 Si-1.05Mn-0.22Cr6% 12.7 x 3.1 mm, GL: 50 mm
0.21C-0.27Si-0.73Mn-0.48 Cr-0.48Ni-0.16Mo-0.18Cu®> 6.3 x 1.6 mm width, GL: 25 mm
Lower Mn 0.02C-15.8Mn-3.0Si-2.9A171 not reported
TWIP/TRIP 0.04C-20.1Mn-2.8Si-2.9A171 not reported
0.03C-25.6Mn-3.0Si-2.8A17! not reported
1.13C-11.4Mn-0.2Si-0.17Ni-0. 08 Mo”2 6.25 mm diameter, GL: 25 mm
High Mn TRIP 0.10C-5.2Mn-0.12Si73-75 sub-size ASTM: 6.34 x 1.2 mm, GL: 25.4 mm
0.10C-5.8Mn-0.13Si73-75 sub-size ASTM: 6.34 x 1.2 mm, GL: 25.4 mm
0.10C-7.1Mn-0.13Si73-75 sub-size ASTM: 6.34 x 1.2 mm, GL: 25.4 mm
136 <4 Iron & Steel Technology



Figure 4

Overview of total elongation and tensile strength combinations obtained by different approaches: (a) data as reported and (b) same
data adjusted to ASTM E8 standard specimen geometry. The predicted uniform elongation results for martensite/ferrite (solid line)
and martensite/austenite mixtures (dashed line) from Figure 2 are also shown for reference.

on the order of 1 um. Special cooling practices following
deformation have also led to ultrafine DP microstructures in
classical DP compositions such as 0.06C-1.9Mn-0.16Mo.27
(It is interesting to note that an ultrafine DP microstructure
was obtained in a leaner composition where the expensive
Mo addition was omitted.) Another process consists of a
large strain (true strain ~ 1.6) warm deformation below the
pearlite finish temperature resulting in an ultrafine-grained
ferrite matrix with homogeneously dispersed, spheroidized
cementite particles.30 A grain size of 1-2 um was obtained
which remained essentially stable during subsequent inter-
critical annealing. A tensile strength level of 893 MPa
combined with 21% elongation was reported for ultra-
fine-grained DP in this way.39 However, these properties

remain within the first generation AHSS band, and thus
microstructural refinement in DP steels does not offer an
opportunity to produce third-generation AHSS properties.
Strength increase has, in some cases, not been the primary
focus, and a variety of DP microstructures have been devel-
oped, aiming at satisfying specific requirements such as high
hole expansion or bendability rather than increasing tensile
properties.3’

Modified TRIP Steels

Early TRIP steel research was performed on grades with
higher carbon contents than currently used in commercially
available grades. Matsumura et al. investigated 0.4CMnSi
grades,32733 and it is apparent from Figure 4 that the high
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Figure 5

Thermomechanical processing path for deformation-induced ferrite transformation.??

carbon level results in properties that merit consideration
in the context of third-generation AHSS objectives. Grain
refinement of TRIP steels by microalloying has also been
investigated.34-36 Tensile strength levels up to 1 GPa with
ductility levels of about 20% total elongation have been
obtained, as shown in Figure 4. Other TRIP steel develop-
ments involve modified heat treating, where isothermal
holding following full austenitization is done at various
temperatures (350-475°C), and in some cases below the
M, temperature (calculated to be 417°C).37 Lowering the
holding temperature resulted in increased strength levels
and reduced ductility associated with less pronounced strain
hardening, as shown in Figures 6a and 6b, respectively.
Isothermal holding below the M, temperature is also applied
in the TRIP-dual®® and interrupted quenching3® processes,
resulting in the properties shown in Figure 4 (where the
holding temperature is below M, these concepts may
incorporate elements of “one-step” Q&P, discussed below).
Significant fractions of austenite, assumed to result from a
bainite transformation, are retained in these microstructures.

Ultrafine Bainite

Recent work has been conducted to create ultrafine bainitic
microstructures.40-48 Theoretical calculations based on the
T'y concept have led to a judicious alloying basis, shown
in Table 2, to obtain the desired fine-scale microstructure
and absence of large blocks of untransformed austenite
which may affect toughness adversely. The T, curve is the
locus of all points where austenite and ferrite of the same
chemical composition have the same free energy plotted
on a temperature-versus-carbon concentration diagram.
The T'y curve is similarly defined but takes into account
the stored strain energy of the bainitic ferrite. Low trans-
formation temperatures in the range of 125-325°C were
employed, leading to microstructures as shown in Figure
7 for a 0.98C-1.89Mn-1.465i-1.26Cr-0.26Mo-0.09V alloy.
The steel shown in Figure 7 exhibited 600 HV hardness
and strength in excess of 2.5 GPa. The microstructure was
obtained after a 15-day heat treatment, a time which may
be too long for industrial purposes, and thus further work
has been done on increasing bainite kinetics, reducing heat
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treatment to hours rather than days by alloying with Al and/
or C0.4549 The combination of high strength and toughness
has made this material a strong candidate for armor applica-
tions at a significantly lower cost than maraging steels with
similar properties. Tensile strength levels in the 1,700-2,300
MPa range were obtained with pronounced tensile elonga-
tion and toughness. Small specimens were used (3 mm @ x
19 mm GL) in these studies, and the elongation conversion

Figure 6

Effect of isothermal holding temperature for a fixed time of
200 seconds following full austenitization of a 0.20C-1.51Mn-
1.51Si steel with an estimated M temperature of 417°C on (a)
the stress-strain curves and (b) strain hardening plots. TMP
refers to a TRIP-type multiphase steel austempered at 400°C
for 1,000 seconds after an intercritical anneal at 780°C for
1,200 seconds. F represents a 0.006C-1.50Si-1.50Mn ferritic
steel.37




Figure 7

Transmission electron micrograph of a very fine bainitic
microstructure developed in a 0.98C-1.89Mn-1.468Si-1.26Cr-
0.26Mo-0.09V alloy at a temperature of 200°C for 15 days.42

to an ASTM E8 geometry suggests that these materials
would exhibit property combinations characteristic of the
high-strength first-generation steels shown in Figure 1,
albeit at higher strength levels. Given the relatively higher
alloy and carbon levels, this approach may be more difficult
to implement in high-volume vehicle applications, although

bainitic microstructures have also been obtained in leaner
alloys.40-41,47,50-53

Quenching and Partitioning

Quenching and partitioning (Q&P) has been proposed
recently as a new way of producing martensitic steels con-
taining enhanced levels of retained austenite.>4 The process
consists of a two-step thermal treatment and is schematical-
ly shown in Figure 8a: after soaking, the steel is quenched to
a predetermined temperature (quench temperature, QT) in
the M—M; range to produce a partially martensitic, partially
austenitic microstructure. The second, so-called partitioning

(@)
Figure 8

step aims at carbon enrichment of the austenite by (partial)
carbon depletion of the martensite and carbon transport to
the austenite. Thus, carbon-stabilized austenite is retained
in the microstructure after final quenching to room tem-
perature. Partitioning can be done at a higher temperature
than the QT, via so-called two-step Q&P, or by holding at
the quench temperature, called one-step Q&P. The quench
temperature can be calculated, which stabilizes the maxi-
mum amount of austenite using carbon present in the mar-
tensite, as illustrated in Figure 8b. The calculation applies
the Koistinen-Marburger relationship to calculate the initial
martensite fraction formed by quenching to the QT, and
again to calculate the martensite fraction that forms upon
final quenching to room temperature following carbon
partitioning.>* Full carbon depletion of the initially formed
martensite is assumed in the original model. Retained aus-
tenite stabilization is hence believed to result from carbon
depletion of martensite, rather than from bainite transfor-
mation. Carbide precipitation should be suppressed, and
Si-containing TRIP steel-type compositions have shown
promise for Q&P processing.>5-56 The addition of molybde-
num retards bainite transformation kinetics and has been
shown to increase the retained austenite volume fraction,
whereas aluminum substitution for silicon has been found
to accelerate the bainite reaction, and reduce the retained
austenite fractions.>” High retained austenite fractions are
believed to result in improved strength and ductility, as
shown in Figure 4.5558-61 Mechanical properties reported
from a recent industrial trial are also shown in Figure 4.62

Rapid Heating and Cooling

A very rapid heating and cooling approach, similar to induc-
tion hardening, has been applied to sheet steel.63-65 Very
short heating and cooling times and corresponding very
fast heating and cooling rates are used. Microstructural
characterization of an AISI 8620 grade processed by this
so-called “flash process” revealed a very fine microstructure

(b)

(a) Schematic illustration of the quenching and partitioning process; and (b) calculation of the optimal quench temperature result-
ing in the greatest austenite fractions by applying the Koistinen-Marburger equation to the initial and final quench assuming full

carbon partitioning between the martensite and austenite.>4
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Figure 9
True stress versus true strain curves showing the effect of Mn
content on strain hardening.”!

Figure 10

Batch annealing cycles applied by Merwin in 0.1C-5/7Mn
steels to obtain Mn enrichment of austenite, thus stabiliz-
ing significant austenite fractions at room temperature. The

temperature cycles are shown for cold spot (CS) and hot spot
(HS).”3

consisting of bainitic ferrite and martensite with a uniform
distribution of large and small carbides believed to be Cr-rich
cementite.5> These carbides have been suggested to be
undissolved carbides inherited from the prior microstructure
due to the very short austenitizing times. A very fine prior
austenite grain size is also observed in the final microstruc-
ture. It has been hypothesized that the short dwell times
above the A 3 temperature may result in incomplete carbon
diffusion and redistribution throughout the austenite, which
may lead to complex austenite decomposition into different
transformation products such as bainite and martensite.65
High strengths are achievable, although it is not clear from
the results in Figure 4 that this approach would offer any
unigue property advantages.

Lower-Mn TWIP/TRIP

A variety of compositions have been proposed for the
second-generation austenitic steel grades, including:

e 15, 20, 25, 30Mn-2, 3, 4Si-2, 3, 4A1-0.01, 0.02,
0.03, 0.04, 0.06C.66
27Mn-0.02C.%7
30Mn-3Al-35;.68
16, 18, 19Mn-6, 7, 8, 10Cr-0.25C-0.080, 0.100,
0.150, 0.200N.62

Some of the current research is focusing on reducing the
alloying content in these grades.”’® Frommeyer et al. inves-
tigated Fe-Mn-3Si-3Al steel grades with lower Mn content
(15% Mn), as shown in Table 2.71 The effect of lowering
the Mn content from 25 to 15 wt. % on the stress-strain
behavior is shown in Figure 9. A clear effect is observed at
true strains exceeding 0.15, where a pronounced increase
in strain hardening is observed in the 15Mn steel, which is
believed to be associated with o' martensite transforma-
tion. No transformation products, o' nor € martensite, were
observed in the 25Mn steel, and the strain hardening result-
ed predominantly from twin formation. The 20Mn steel
exhibited twinning as well as transformation induced strain
hardening. It can be noted that the mechanical properties
in the 15Mn-3Si-3Al grade are similar to the properties
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exhibited by a 1.1C-11.4Mn Hadfield steel,”2 also shown
in Figure 4.

High-Mn TRIP

An alternative processing concept has been proposed
by Merwin,”3-76 based on earlier work by Grange and
Miller,77-78 to produce duplex ferrite-austenite microstruc-
tures based on “low” manganese (5-7 wt. %), low-carbon
(0.1 wt. %) compositions, as shown in Table 2. These Mn
levels are higher than conventional sheet products, but
much lower than in TWIP grades. Conventional hot rolling,
cold rolling and batch annealing processes were employed.
Example annealing cycles are shown in Figure 10. Prolonged
holding at the peak annealing temperature results in an
intercritical anneal where manganese partitioning occurs.
An ultrafine microstructure consisting of ferrite and high-
manganese austenite is obtained at room temperature.
Austenite fractions up to 17% were measured in the
0.10C-5.2Mn steel, whereas austenite levels up to 28% and
38% were obtained in the 0.10C-5.8Mn and 0.10C-7.1Mn

Figure 11

Example engineering stress-strain curves obtained in the
0.10C-5.2Mn (alloy 64), 0.10C-5.8Mn (alloy 65) and
0.10C-7.1Mn (alloy 66) steels after Mn enrichment of the
austenite by the batch annealing cycles shown in Figure 10.73




grades, respectively. Pronounced strain hardening was
obtained, as shown in Figure 11, for selected annealing
conditions. Apart from the benefit of reducing alloying rela-
tive to TWIP steels, this approach may also show promise for
those facilities that do not possess continuous annealing or
advanced cooling capabilities.

CONCLUDING PERSPECTIVES

Model predictions provide important guidance in identifying
successful approaches for next-generation advanced high-
strength steels. It was shown previously that multi-phase
microstructures with a high-strength constituent such as
martensite, bainite or ultrafine ferrite will be needed, along
with a ductile austenite constituent with good work harden-
ing characteristics. A newer model to incorporate the effects
of the mechanical stability of the austenite on the strain
hardening behavior indicates that new strategies to control
the austenite morphology and stability will also be helpful in
optimizing the contribution of the austenite to tensile ductil-
ity and other formability measures.

A number of metallurgical approaches for advanced
high-strength steel development from the recent literature
were reviewed here, and these approaches are generally
consistent with directions identified by the model results.
The reported strategies have employed a variety of means
to promote austenite retention and high strength, through
alloying and/or processing variations. Strength has been
promoted by incorporating low-temperature transforma-
tion products, e.g., bainite and martensite, along with new
approaches to further refine the microstructure. Austenite
content has been promoted via the use of austenite sta-
bilizers, particularly manganese and carbon, along with
processing routes to control the scale and morphology of
the microstructure, and the composition and stability of
the austenite. Some of these product development strate-
gies have been implemented on a limited basis in industry,
or are being evaluated through industrial production tri-
als, including applications currently involving hot-stamped
components. Comparison of mechanical property results in
the available literature points out a broad range of proper-
ties across the spectrum of strength/ductility combinations,
and highlights the need to consider carefully the specimen
geometry when making comparisons of results from differ-
ent laboratories.

It is clear from this review that several interesting alloy
and processing routes exist for potentially producing third-
generation AHSS products. However, all will require careful
control of alloy additions along with processing times and
temperatures, and commercial implementation may require
equipment modifications to meet the challenging process-
ing requirements. Some of the development strategies that
lead to the most impressive ranges of properties also involve
rather elevated levels of carbon and sometimes manganese.
Such alloying approaches have typically been avoided in
the past for automotive applications due to spot welding
considerations, but improved resistance spot welding tech-
nology and alternate joining technologies will be introduced
to serve as manufacturing enablers if the performance
imperative is sufficient. While this review has focused on the
broad target of improved strength/ductility combinations, it
is likely that other characteristics, such as edge stretching
behavior,’980 bending and shear fracture,81-83 delayed

cracking,84-8% etc., will play a greater role in defining opti-
mized materials as matrix strength levels increase further.
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