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Abstract

In recent years there has been an increased emphasis on the development of new advanced high strength sheet
steels (AHSS), particularly for automotive applications driven by needs for vehicle weight reduction to improve
fuel economy and for materials which lead to enhanced crash performance and passenger safety. Steels of
current interest involve novel alloying and processing combinations to produce unique microstructural
combinations and have been referred to by a variety of identifiers including, among others, DP (dual-phase), TRIP
(transformation induced plasticity), HSLA (high strength low alloy), CP (complex phase), TWIP (twinning induced
plasticity), and martensitic steels. The properties of these multi-phase steels are derived from appropriate
combinations of strengthening mechanisms, the basics of which have been well developed in the steel literature.
Continued developments of AHSS steels, designed for specific applications, will require careful microstructure
control to optimize the specific strengthening mechanisms responsible for the desirable final properties. In this
paper recent AHSS developments are examined, and approaches to produce high strength sheet steels with
unique strength/ductility combinations are discussed.

Keywords: AHSS, retained austenite, quenching and partitioning

1. Introduction

Throughout the world there is increasing interest in the development of new Advanced High Strength Steels
(AHSS) with enhanced combinations of strength and ductility to provide sheet materials for demanding
applications in future vehicles. Correspondingly, research is ongoing at universities, research institutes, and
companies to assess different processing routes that have been identified for the production of new sheet steel
grades. Significant literature is evolving which describes the fundamentals associated with new steel
developments and suggests processing routes to achieve desired properties. In this paper, excerpts from three
recently-published papers from the ongoing work at the authors’ laboratories are presented to illustrate the status
of current AHSS developments. The papers highlighted are:

“Strategies for Third Generation Advanced High Strength Steel Development,” reference [1]

“Austenite Stability Effects on Tensile Behavior of Manganese-Enriched-Austenite Transformation-Induced
Plasticity Steel,” reference [2]

"TRIP Steels - Historical Perspectives and Recent Developments," reference [3]

2. Strategies for Third Generation Advanced High Strength Steel Development
[1]

2.1. Historical AHSS Developments

Current commercially applied AHSS steels have evolved from significant early work on Dual-Phase steels in the
late 1970’s and early 1980’s, and Figure 1, a classic figure from the work of Rashid and Rao [4], shows the effects
of intercritical annealing followed by quenching on the mechanical properties of a conventional HSLA steel. Data
shown include a plain carbon steel, a HSLA steel (SAE 980X), and the same SAE 980X steel after intercritical
annealing and quenching to produce a dual-phase steel (referred to as GM980X). In contrast to the HSLA steel,
the dual-phase (DP) steel exhibits continuous yielding and a significant increase in elongation with essentially the
same ultimate tensile strength.
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Figure 1. Comparison of the stress strain curve for a dual-phase steel with those for a plain carbon steel and an
HSLA steel [4].

The combination of continuous yielding with an increase in strength while maintaining or improving ductility
generated significant interest and extensive research on DP steels [5-7]. One important finding, as illustrated in
the data in Figure 2, was the contribution of retained austenite on the deformation behavior of DP steels.
Specifically, it was observed [8] that DP steels contain retained austenite and that the ductility of DP steels
increased with an increase in retained austenite content. The data in Figures 1 and 2 illustrate the basis on which
new developments in AHSS for automotive applications, particularly transformation induced plasticity (TRIP)
steels, are based.
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Figure 2. The effects of retained austenite on the ductility of two low carbon dual-phase steels [8].
2.2. Current AHSS Grades [1]

The importance of AHSS is highlighted by the growth of the use of AHSS in North American vehicles illustrated in
Figure 3 which shows the amount (both actual and projected) of AHSS in vehicles for the period of 1975 to 2020
[9]. The use of AHSS increased to approximately 8 % in 2011 and is projected to increase to approximately 15 %
of the total vehicle weight by 2020. The significant increase in the use of AHSS reflects economic design
improvements to enhance both safety and fuel economy.
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Figure 3. Actual and projected changes in the absolute amount and percentage of the total weight in North
American vehicles [9].

In addition to DP steels, AHSS grades that are currently being applied or are under increased investigation by
steel suppliers, include Complex Phase (CP) and TRansformation Induced Plasticity (TRIP) steels. These three
steel grades are referred to as “first generation” AHSS. The austenitic stainless steels, Twinning Induced
Plasticity (TWIP) steels, lightweight steels with induced plasticity (L-IP) and shear band strengthened steels (SIP)
are referred to as “second generation” AHSS. An overview of representative tensile properties, compared to
those exhibited by conventional steel grades, is shown in Figure 4 [10,11]. The first generation AHSS concepts
were developed in fairly lean compositions and are primarily ferritic-based multi-phase microstructures. DP steels
are currently the most applied AHSS grades. Interest in DP steels results from improved strength and formability,
good weldability, relative ease of processing, and availability [12].
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Figure 4. Overview of tensile strength and total elongation combinations for various classes of conventional and
advanced high strength sheet steel (AHSS) grades [10,11].

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 austenitic 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 shown to be extremely challenging and the TWIP grades have also
been shown to be prone to delayed cracking [13]. Recent research indicates that the embrittlement susceptibility
can be reduced by aluminum alloying, although the exact mechanism involved is still under investigation [13].
From Figure 4 it is clear that a property gap exists between the currently available AHSS grades of the first and
second generations and defines a property band for future “Third Generation” AHSS. Current research is hence
focused on filling this property window using modified or novel processing routes where special attention should
naturally also be given to industrial feasibility and cost effectiveness [1, 2, 14].
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2.3. Design Considerations for Third Generation AHSS

Potential production of third generation AHSS requires a systematic design methodology to identify specific
combinations of microstructural constituents that lead to properties within the opportunity band shown in Figure 4.
Design considerations for third generation AHSS have been discussed recently using a simplified composite
model [10, 15, 16]. Example martensite/ferrite and martensite/austenite microstructures were considered. The
results of the calculations obtained by varying the relative phase fractions in hypothetical microstructures are
shown in Figure 5 with the individual data points corresponding to fixed relative phase fractions superposed on
the property combinations shown in Figure 4. It should be noted that the ductility values obtained from the model
are uniform elongations and the model input parameters were obtained from the literature [17-19]. Fully stable
austenite was assumed in the results shown in Figure 5, i.e. absence of transformation of the austenite during
straining. It is clear that the predicted tensile properties for the hypothetical ferrite/martensite microstructures
overlap with the properties exhibited by the first generation AHSS. The property band corresponding to the
austenite/martensite mixtures is situated between the bands of the first and second generation AHSS, i.e. within
the desired “third generation” regime.
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Figure 5. Superposition of predicted strength/ductility combinations of hypothetical ferrite/martensite and
austenite/martensite mixtures [10, 15]. The assumed constituent properties (UTS in MPa/uniform strain) were:
ferrite, 300/0.3; austenite, 640/0.6; and martensite, 2000/0.08 [17-19].

In a second step of the modeling effort, transformation of metastable austenite with strain was included [15]. Four
hypothetical austenite stability conditions were considered as illustrated in Figure 6a. The resulting
strength/elongation combination predictions are given in Figure 6b 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 microstructure
being ferrite.

Austenite stability clearly has a pronounced effect on the 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 6b).
Simplified assumptions were made in this model and additional work is ongoing to develop more refined models
[20, 21]. However, this fairly straightforward approach provides an understanding of the contribution of the
individual constituents and suggests 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 martensite,
bainite or ultra fine grained ferrite, in combination with highly-ductile austenite with controlled stability against
transformation of austenite to martensite with strain.
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Figure 6. Effect of austenite stability on predicted mechanical property combinations for (a) four different austenite
stabilities identified as A through D and (b) predicted mechanical property combinations corresponding to ferrite
plus austenite with the different austenite stabilities shown in (a). In (b) each data point on each curve
corresponds to an initial austenite fraction, ranging from 0 to 85% [15].

2.4. 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 second generation AHSS grades. An overview of some of the strategies being pursued has been
presented [1] and is briefly reviewed 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 including quenching and partitioning (Q&P);
and development of high Mn content TRIP steels. The proposed compositions used in the different processing
paths compiled from literature are summarized elsewhere [1] and the resulting tensile properties are plotted on a
total elongation versus tensile strength diagram in Figure 7a. The solid and dashed lines in the figure are the
ferrite-martensite and austenite-martensite property predictions from Figure 5 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 summarized in

1

In an effort to enable better comparison of the data generated from the disparate sample geometries represented
within prior investigations, the tensile ductilities reported in the literature were adjusted according to ISO
2566/1-1984(E) [22] with the Oliver formula [23] so that the normalized properties correspond 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) gage length, 12.7 mm (0.5 inch) width and 1 mm thickness. Adjustment of elongations to a
single consistent gage length resulted in the strength-ductility map shown in Figure 7b which is significantly
different from the one shown in Figure 7a. Many of the samples which displayed high strength/ductility
combinations had short and/or circular gage lengths. After adjusting to predict properties characteristic of a
standard sample geometry, many of the results coincided with the ranges exhibited by other materials. However,
after replotting the data, selected studies clearly show properties at the upper boundary of the property band. The
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different alloying and heat treating approaches associated with Figure 7 are introduced in the following
paragraphs and a complete discussion of each is presented elsewhere [1].

2.4.1. Enhanced DP Steels

An increase in strength of Dual Phase steels can be readily obtained by increasing the martensite volume fraction
by altering carbon content and/or intercritical annealing temperature [15]. In this way, DP780 and DP980 have
been developed and are currently available commercially. A strength increase has also been obtained by
microstructural refinement resulting from special hot deformation practices [24-32], one of which is referred to as
Deformation Induced Ferrite Transformation (DIFT) [32].

2.4.2. 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 [33, 34] and it is apparent from
Figure 7 that the high 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 [35-37]. Tensile
strength levels up to 1 GPa with ductility levels of about 20 % total elongation have been obtained as shown in
Figure 7.

2.4.3. Ultrafine Bainite

Recent work has been conducted to create ultrafine bainitic microstructures [38-46]. Theoretical calculations
have identified alloys that can be processed at low temperatures leading to interesting strength-ductility
combinations. For example low transformation temperatures in the range 125-325 °C were employed in a 0.98C-
1.89Mn-1.46Si-1.26Cr-0.26Mo-0.09V alloy (in wt pct) which exhibited 600HV 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 treatment to
hours rather than days by alloying with Al and/or Co [43, 47].

2.4.4. Quenching and Partitioning

Quenching & Partitioning (Q&P) has been proposed recently as a new way of producing martensitic steels
containing enhanced levels of retained austenite [48-50]. The process, shown schematically in Figure 8, consists
of a two step thermal treatment where the steel is quenched to a predetermined temperature (quench
temperature, QT) in the Ms-M; (i.e. martensite start temperature to martensite finish temperature) range to
produce a partially martensitic, partially austenitic microstructure. The second, so-called partitioning 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
temperature. Partitioning can be done at a higher temperature than the QT, so-called two-step Q&P, or by
holding at the quench temperature, one-step Q&P. The addition of molybdenum 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 [51].
High retained austenite fractions are believed to result in improved strength and ductility as shown in Figure 7 [52-
55]. Mechanical properties reported from a recent industrial trial are also shown in Figure 7 [56].
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Figure 7. Overview of total elongation and tensile strength combinations obtained by different approaches [1].
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 5 are also shown for reference. The reference citations for the specific data sets in this figure

refer to reference numbers found in reference [1].
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Figure 8. Schematic of the Q&P process for production of austenite-containing microstructures starting with
100% austenite: C;, Cyand Cn, respectively represent the carbon contents of the initial alloy, austenite, and
martensite [50]. Other Q&P heat treatments start with intercritically annealed steel in which the starting
microstructure consists of austenite and ferrite [49].

2.4.5. Lower Mn TWIP/TRIP

A variety of compositions have been proposed for the second generation austenitic steel grades, including (in wt
pct): 15,20,25,30Mn-2,3,4Si-2,3,4A1-0.01,0.02,0.03,0.04,0.05,0.06C [57], 27Mn-0.02C [58], 30Mn-3AI-3Si [59],
and 16,18,19Mn-6,7,8,10Cr-0.25C-0.080,0.100,0.150,0.200N [60]. Some of the current research is focusing on
reducing the alloying content in these grades [61]. Some of the resultant properties combinations are also given
in Figure 7.

2.4.6. High Mn TRIP

An alternative processing concept has been proposed by Merwin [62-65] based on earlier work by Grange and
Miller [66, 67] to produce fine grained or ultra fine grained duplex ferrite-austenite microstructures based on
“medium” manganese (5-7 wt pct), low carbon (0.1 wt pct) compositions. Manganese enrichment of austenite
during intercritical annealing was recently applied to a cold rolled 0.1-C 7.1-Mn (wt pct) steel to produce a range
of microstructures with varying austenite fraction and stability [2, 63]. Based on equilibrium thermodynamic
predictions samples of the steel were annealed for 168 hr at temperatures between 575 °C and 675 °C [2, 68].
The long annealing times were employed to facilitate Mn partitioning. The resulting microstructures included
between 2 and 43 pct retained austenite in a fine grained ferrite matrix (between 0.9 and 1.5 pm). Ambient
temperature tensile properties varied with annealing temperature, shown in Figure 9a, and ranged from high yield
strength with limited work hardening (675 °C), to a high ductility steel (600 °C), to a steel with relatively low work
hardening (575 °C).

Figure 9b compares the strain induced austenite transformation kinetics, as measured with in situ neutron
diffraction, to the observed tensile work hardening behavior. There is a strong correlation between the strain
dependence of the work hardening rate and austenite transformation behavior, where regions of high work
hardening are associated with significant austenite transformation. The sample annealed at 600 °C displayed
substantial austenite transformation at strains above approximately 0.1, where martensite formation was able to
effectively delay necking and increase elongation. The correlations in Figure 9b illustrate the importance of
austenite stability on tensile properties, reinforcing the observed trends discussed in conjunction with Figure 6
above.
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(a) (b)

Figure 9: (a) Engineering stress-strain curves for a 0.1C, 7.1 Mn (in wt pct) steel annealed for 1 week at
indicated temperatures, and (b) fraction of austenite (initial fractions shown in Figure 9a) transformed with strain
as observed with in-situ neutron diffraction experiments on samples along with the strain dependence of the work
hardening rate; adapted from [2].

3. Summary

This paper has highlighted recent developments leading to the production of the third generation of advanced
high strength sheet steels (AHSS) which will be required in future light-weight, fuel-efficient vehicles. The basic
principles for these developments were shown to evolve from early dual-phase and TRIP steel research in the
late 1970’s and early 1980’s. The importance of controlling austenite stability and volume fraction in order to
produce high-ductility TRIP steels was emphasized as a critical aspect in the growth of new third generation
AHSS. Achievement of desired final microstructures in both coated and uncoated products requires control of a
large number of variables including alloy content, starting microstructure, annealing temperature prior to cooling,
time at temperature, heating and cooling rates, and incorporation of additional thermal cycles. It is important to
note that alloy designs have been based primarily on low carbon steels due to welding considerations.
Modifications to weld designs or joining processes may allow the use of higher carbon equivalent grades in the
future, enabling new process/product concepts that are considered infeasible at present. With the extensive
current research activities leading to new AHSS products, the challenges to researchers, steel producers, and
designers are to identify and optimize promising alloys and processing routes to minimize the time required for
economic implementation of new AHSS products in vehicles of the future.

4. Acknowledgements

The authors gratefully acknowledge the support of the National Science Foundation through award number
CMMI-0729114 and the sponsors of the Advanced Steel Processing and Products Research Center, an NSF
industry/university cooperative research center at the Colorado School of Mines.

References

[11 Moor, E. D., Gibbs, P.J., Speer, J.G., Matlock, D.K., and Schroth, J.G., Strategies for Third Generation
Advanced High Strength Steel Development, AIST Transactions, Iron and Steel Technology, vol. 7, 11, 133-
144, 2010.

[2] Gibbs, P.J., Moor, E.D., Merwin, M.J., Clausen, B., Speer, J. G., and Matlock, D. K., Austenite Stability
Effects on Tensile Behavior of Manganese-Enriched-Austenite Transformation-Induced Plasticity
Steel,Metallurgical and Materials Transactions A, vol. 42, 12, 3691-3702, 2011.

[3] Matlock, D. K.,. Speer, J. G., Moor, E. D., and Gibbs P. J., TRIP Steels - Historical Perspectives and Recent
Developments, Proceedings of 18! International Conference on High Manganese Steels, HMnS2011,
published by Yonsei University, Seoul, Korea, P-3, 1-15, 2011.

[4] Rashid, M.S., and Rao, B.V.N., Tempering Characteristics of a Vanadium Containing Dual-Phase Steel, in
Fundamentals of Dual-Phase Steels, edited by R.A. Kot and B.L. Bramfitt, TMS-AIME, Warrendale, PA, 246-
264,1981.

[5] Kot, R.A. and Morris, JW., eds.: Structure and Properties of Dual-Phase Steels, TMS AIME, Warrendale,
PA, 1979.



Matlock, D.K.; at all

[6] Kot, R.A. and Bramfitt, B.L., eds.: Fundamentals of Dual-Phase Steels, TMS AIME, Warrendale, PA 1981.

[71 Davenport A.T., ed.:Formable HSLA and Dual-Phase Steels, TMS AIME, Warrendale, PA ,1979.

[8] Marder, A.R., Factors Affecting the Ductility of “Dial-Phase” Alloys,” in Formable HSLA and Dual-Phase
Steels, ed. by A.T. Davenport, TMS AIME, Warrendale, PA pp. 87-98, 1979.

[9] Schultz R.A. and Abraham A.K., Great Designs in Steel, www.autosteel.org, 2009..

[10] Matlock, D. K. and Speer, J.G., Design Considerations for the Next Generation of Advanced High Strength
Sheet Steels, Proc. of the 3rd International Conference on Structural Steels, ed. by H.C. Lee, the Korean
Institute of Metals and Materials, Seoul, Korea,pp. 774-781, 2006.

[11] Advanced High Strength Steel (AHSS) Application Guidelines, International Iron & Steel Institute, Committee
on Automotive Applications, available online at www.worldautosteel.org.

[12] Brooke, L. and Evans H., Lighten up!,” Automotive Engineering International, pp.16-22, March 2009.

[13] Kim, S.K., Kim G., Chin K.-G., Development of high Manganese TWIP Steel with 980MPa Tensile
Strength, Proc. of the Intl. Conf. on New Developments in Advanced High-Strength Sheet Steels, AIST,
Orlando, Fla, pp. 249-256, June 15-18 2008.

[14] Matlock, D.K. and Speer, J.G., “Processing Opportunities for New Advanced High-Strength Sheet Steels,”
Mat. and Manuf. Proc., Vol. 25, Issue 1, pp. 7-13, 2010.

[15] Matlock, D.K. and Speer, J.G., Third Generation of AHSS: Microstructure Design Concepts,” Microstructure
and Texture in Steels and Other Materials, eds. A. Haldar, S. Suwas and D. Bhattacharjee, Springer, London,
pp. 185-205,b2009.

[16] Mileiko, S.T., The Tensile Strength and Ductility of Continuous Fibre Composites, J. of Materials Science,
Vol. 4, pp. 974-977, 1969.

[17] Frommeyer, G., Brix U., Neumann P., Supra-Ductile and High-Strength Manganese-TRIP/TWIP Steels for
High Energy Absorption Purposes, ISIJ Intl., Vol. 43, No. 3, pp. 438-446, 2003.

[18] Davies, R.G., The Deformation Behavior of a Vanadium-Strengthened Dual Phase Steel, Metall. Trans. A,
Vol. 9A, pp. 41-52,1978.

[19] Davies, R.G., The Mechanical Properties of Zero-Carbon Ferrite-Plus-Martensite Structures,”Metall. Trans. A,
Vol. 9A, 1978, pp. 451-455.

[20] Nam Han, H., Oh, C.S., Kim, G. and Kwon, O., Design method for TRIP-aided multiphase steel based on a
microstructure-based modeling for transformation-induced plasticity and mechanically induced martensitic
transformation, Mat. Sci. and Eng. A, Vol. 499, 462-468, 2009.

[21] Choi, K.S., Soulami, A., Liu, W.N., Sun, X., Khaleel, M.A., Influence of various material design parameters on
deformation behaviors of TRIP steels,” Computational Materials Science 50, 720-730, 2010.

[22] International Organization for Standardization, “Steel — Conversion of elongation values — Part 1: Carbon and
low alloy steels,” International Standard ISO 2566/1-1984(E), pp. 1-28.

[23] Oliver, D.A., Proceedings of the Institution of Mechanical Engineers, Vol. 11, p. 827,1928.

[24] Song, R., Ponge, D., Raabe, D., Speer, J.G. and Matlock, D.K., Overview of processing, microstructure and
mechanical properties of ultrafine grained bcc steels, Mat. Sci. Eng. A, Vol. 441, pp. 1-17, 2006.

[25] Okitsu, Y., Naito, T., Takaki, N., Sugiura, T. and Tsuji, N., Mechanical Properties and Crash Worthiness of
Ultrafine Grained Multi-Phase Steel Sheets for Automotive Body Applications, Proc. of SAE 2010 World
Congress, SAE Intl., 2010-01-0438, Detroit, MI, 2010.

[26] Okitsu, Y., Takata, N. and Tsuji, N., A New Route to Fabricate Ultrafine-grained Structures in Carbon Steels
without Severe Plastic Deformation,Scripta Mat., in press

[27] Okitsu, Y., Takata, N. and Tsuji, N., Mechanical Properties of Ultrafine Grained Ferritic Steel Sheets
Fabricated by Rolling and Annealing of Duplex Microstructures, J. Mater. Sci., Vol. 43, No. 23-24, , pp. 7391-
7396, 2008.

[28] Choi, J.K., Seo, D.H., Lee, J.S., Um, K.K. and Choo, W.Y, Formation of Ultrafine Ferrite by Strain-induced
Dynamic Transformation in Plain Low Carbon Steel, ISIJ Intl., Vol. 43, No. 5, pp.746-754, 2003.

[29] Delincé, M., Bréchet, Y., Embury, J.D., Geers, M.G.D., Jacques, P.J., Pardoen, T., Structure-property
optimization of ultrafine-grained dual-phase steels using a microstructure-based strain hardening model, Acta
Mat., Vol. 55, pp. 2337-2350, 2007.

[30] Mukherjee, K., Harza, S.S. and Militzer, M., “Grain Refinement in Dual-Phase Steels, Metall. Trans. A,
Vol. 40A, pp. 2145-2159, 2009.

[31] Mukherjee, K., Hazra, S. and Militzer, M., Grain refinement in hot rolled dual phase steels, Proc. of SAE 2006
World Congress, SAE Intl., SP-2035, Detroit, MI, , pp. 81-86, 2006.

[32] Militzer, M., Sarkar S., K. Mukherjee, H. Azizi-Alizamini and W.J. Poole, Advanced Steels with Complex
Ultra-Fine Grained Microstructures, Proc. of New Developments on Metallurgy and Applications of High
Strength Steels, Buenos Aires, ed. T. Perez, TMS, May 26-28, 2008.

[33] Matsumura, O., Sakuma Y. and Takechi H., Enhancement of Elongation by Retained Austenite in Intercritical
Annealed 0.4C-1.5Si-0.8Mn Steel, Trans. ISIJ, Vol. 27, pp. 570-579, 1987.

[34] Matsumura, O., Sakuma Y., Ishii Y. and Zhao J., Effect of Retained Austenite on Formability of High Strength
Sheet Steels” ISIJ Intl., Vol. 32, No. 10, pp. 1110-1116,1992.

[35] Krizan, D., De Cooman B.C. and Antonissen J., Retained Austenite Stability in the Cold Rolled CMnAISiP
Micro-Alloyed TRIP Steels, Proc. of the Int. Conf. on Advanced High Strength Sheet Steels for Automotive
Applications, AIST, Warrendale, PA, June 6-9, Winter Park, CO, pp. 205-216, 2004.

[36] Hanzaki, A.Z., Hodgson, P.D. and Yue S., Hot Deformation Characteristics of Si-Mn TRIP Steels with and
without Nb Microalloy Additions, ISIJ Intl., Vol. 35, No. 3, pp. 324-331, 1995.

10



Matlock, D.K.; at all

[37] Perrard, F. and Scott C., Vanadium Precipitation During Intercritical Annealing in Cold Rolled TRIP Steels,
ISIJ Intl., Vol. 47, No. 8, , pp. 1168-1177, 2007.

[38] Caballero, F.G.,. Bhadeshia H.K.D.H, Mawella K.J.A., Jones D.G. and Brown P., Design of Novel High
Strength Bainitic Steels: Part 1, Mat. Sci. and Tech., Vol. 17, pp. 512-516, May 2001.

[39] Caballero, F.G., Bhadeshia H.K.D.H., Mawella K.J.A., Jones D.G. and Brown P., Design of Novel High
Strength Bainitic Steels: Part 2,Mat. Sci. and Tech., Vol. 17, pp. 517-522, May 2001.

[40] Caballero, F.G. and Bhadeshia H.K.D.H., Very Strong Bainite,” Current Opinion in Solid State and Materials
Science, Vol. 8, pp. 251-257, 2004.

[41] Garcia-Mateo, C., Caballero F.G. and. Bhadeshia H.K.D.H, Low Temperature Bainite, J. de Physique IV,
Vol. 112, pp. 285-288, 2003.

[42] Garcia-Mateo, C., Caballero F.G. and Bhadeshia H.K.D.H, Development of Hard Bainite, ISIJ Intl., Vol. 43,
No. 8,pp. 1238-1243, 2003.

[43] Garcia-Mateo, C., Caballero F.G. and Bhadeshia H.K.D.H, Acceleration of Low-Temperature Bainite, ISIJ
Intl., Vol. 43, No. 11, pp. 1821-1825, 2003.

[44] Garcia-Mateo C. and Caballero, F.G., The Role of Retained Austenite on Tensile Properties of Steels with
Bainitic Microstructures,”Materials Trans., Vol. 46, No. 8, pp. 1839-1846, 2005.

[45] Caballero, F. G., Santofimia M.J., Garcia-Mateo C., Chao J., Garcia de Andrés C., “Theoretical Design and
Advanced Microstructure in Super High Strength Steels,” Materials and Design, Vol. 30, Issue 6, pp. 2077-
2083, 2009.

[46]. Caballero, F. G, Cha J., Cornid J., Garcia-Mateo, C., Santofimia, M.J., Capdevila, C., Toughness
Deterioration in Advanced High Strength Bainitic Steels,Mat. Sci. and Eng. A, Vol. 525, Issue 1-2, pp. 87-95,
2009.

[47] Garcia-Mateo, C. and Caballero, F.G., Ultra-high-strength Bainitic Steels, ISIJ Intl., Vol. 45, No. 11,
pp. 1736-1740, 2005.

[48] Speer, J.G., Matlock D.K., De Cooman B.C. and Schroth J.G., Carbon Partitioning into Austenite after
Martensite Transformation, Acta Mat., Vol. 51, pp. 2611-2622, 2003.

[49] Speer, J. G., Moor E. De, Findley K. O., Matlock D. K., De Cooman B. C., and Edmonds D. V., Analysis of
Microstructure Evolution in Quenching and Partitioning Automotive Sheet Steel, Metallurgical and Materials
Transactions A, vol. 42, no. 12, pp. 3591-3601, 2011.

[50] Matlock, D.K., Brautigam V.E., and Speer J.G., Application of the Quenching and Partitioning (Q&P) Process
to a Medium-Carbon, High-Si Microalloyed Bar Steel, Proceedings of Thermec 2003, Trans Tech
Publications, Inc, Uetikon-Zurich. Switzerland, pp. 1089-1094, 2003.

[51] Moor, E. De, Penning J., Fojer C., Clarke A.J., Speer J.G., Alloy Design for Enhanced Austenite Stabilization
via Quenching and Partitioning, Proc. of the Intl. Conf. on New Developments in Advanced High-Strength
Sheet Steels, AIST, June 15-18, Orlando, Fla, pp. 199-207, 2008.

[52] Moor, E. De, Speer J.G., Matlock D.K., Fojer C. and Penning J., Effect of Si, Al and Mo Alloying on Tensile
Properties Obtained by Quenching and Partitioning, Proc. of Materials Science and Technology (MS&T)
2009, Oct. 25-29, Pittsburgh, PA, pp. 1554-1563, 2009.

[53] Moor, E. D., Lacroix S., Clarke A.J., Penning J. and Speer J.G., Effect of Retained Austenite Stabilized via
Quench & Partitioning on the Strain Hardening of Martensitic Steels, Metall. Trans. A, Vol. 39A,
pp. 2586-2595, 2008.

[54] Moor, E. D.,, Speer J.G., Matlock D.K., Kwak J.H., and Lee S.B., Quenching and Partitioning of CMnSi Steels
Containing Elevated Manganese Levels, Proceedings of 1% International Conference on High Manganese
Steels, HMnS2011, published by Yonsei University, Seoul, Korea, paper no. B-34, pp. 1-9, 2011.

[55] Li, H.Y., Lu, XW., Li, W.J. and Jin, X.J., Microstructure and Mechanical Properties of an Ultrahigh-Strength
40SiMnNiCr Steel during the One-Step Quenching and Partitioning Process, Metall. Trans. A, Vol. 41A, pp.
1284-1300, 2010.

[56] Wang, Li, Feng, W., Li W., Industry Trials of C-Si-Mn Steel Treated by Q&P Concept in Baosteel,” Proc. of
SAE 2010 World Congress, SAE Intl., 2010-01-0439, Detroit, MI, 2010.

[57] Grassel, O., Kruger, L., Frommeyer G. and Meyer L.W., High strength Fe-Mn-(Al,Si) TRIP/TWIP steels
development — properties - application, Int. J. Plast., Vol. 16, Issues 10-11, pp. 1391-1409, 2000.

[58] Bouazi, O. and Guelto, N., Modelling of TWIP effect on work-hardening, Mat. Sci. Eng. A, Vol. A319-321, pp.
246-249, 2001.

[59] Vercammen, S., Blanpain, B., De Cooman, B.C., and Wollants, P., Cold rolling behavior of an austenitic
Fe-30Mn-3AI-3Si TWIP-steel: the importance of deformation twinning, Acta Mat., Vol. 52, Issue 7, ,
pp. 2005-2012, 2004.

[60] Bracke, L., Mertens G., Penning J., De Cooman B.C., Liebherr M. and Akdut N., Influence of Phase
Transformations on the Mechanical Properties of High-Strength Austenitic Fe-Mn-Cr Steel, Metall. Trans. A,
Vol. 37A, pp. 307-317, 2006.

[61] Proc. of the Workshop on High Mn Steels, Nov. 3-5, Graduate Institute of Ferrous Technology, Pohang
University of Science and Technology, Pohang, South , 2009.

[62] Merwin, M.J., Microstructure and Properties of Cold-Rolled-and-Annealed Low-Carbon Manganese TRIP
Steels, Proc. of Materials Science and Technology Sept. 16-20, 2007, Detroit, Ml, pp. 515-536, 2007.

[63] Merwin, M.J., Low-Carbon Manganese TRIP Steels,”Proc. of THERMEC 2006, Materials Sci. For., Vols. 539-
543, pp. 4327-4332, 2007.

11



Matlock, D.K.; at all

[64] Merwin, M.J., Hot- and Cold-Rolled Low-Carbon Manganese TRIP Steels,”Proc. of SAE Intl. World Congress
& Exhibition, Innovations in Steel Sheet Products and Processing, SAE Paper No. 2007-01-0336, April 2007.

[65] Merwin, M.J., Microstructure and Properties of Cold Rolled and Annealed Low-Carbon Manganese TRIP
Steels, Iron & Steel Technology, Vol. 5, No. 10, pp. 66-84,0ct. 2008.

[66] Grange, R.A. and Mille R.L., Heat Treatment for Improving the Toughness of High Manganese Steels,
United States Patent 4,047,979, September 13, 1977.

[67] Miller, R.L., Ultrafine-Grained Microstructures and Mechanical Properties of Alloy Steels, Metall. Trans. A,
Vol. 3, pp. 905-912, 1972.

[68] Moor, E. D., Matlock D.K., Speer J.G., and Merwin M.J., Austenite Stabilization through Manganese
Enrichment, Scripta Mat., Vol. 64, pp. 185-188, 2011.

12





