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Summary

Summary
In the present study, the microstructure, tensile properties, formabilities, impact
toughness, and fatigue properties of transformation-induced plasticity (TRIP)-aided
martensitic (TM) steel were investigated and are discussed in this thesis. The results
obtained in this study are summarized below:
In Chapter 1, the background of advanced high-strength steels (AHSSs) and the aim
of this study are introduced. AHSSs have been developed to improve the fuel efficiency
and impact safety of automobiles. For the production of vehicles made primarily of steel
in the future, light-weight automobile bodies can be fabricated by the application of
newly developed AHSSs (e.g., TRIP steels). Focusing on the TRIP effect that improves
the mechanical properties of steels, the mechanism of TRIP was introduced.
In Chapter 2, the effect of partitioning temperature after quenching on the
microstructure and retained austenite characteristics of 0.2%C-1.5%Si-1.5%Mn (in
mass%) TM steel are presented and discussed. The presence of a carbon-enrichment
mechanism during partitioning is proposed in this chapter. TM steel consisting of wide
and narrow lath-martensite structures contained about 3 vol% of retained austenite after
quenching in oil, with 1.7–2.0 vol% of carbides only in wider lath-martensite structures.
With partitioning at temperatures lower than 250°C for times shorter than 1000 s, the
volume fractions of the retained austenite and carbide were maintained, although the
carbon concentration of the retained austenite increased.
In Chapter 3, the effect of alloying elements on the microstructure and retained
austenite characteristics of 0.2%C-1.5%Si-1.5%Mn TM steel are given and discussed.
Addition of Cr and Mo to the base steel raised the upper limit of partitioning temperature
to 400°C, although the carbon concentration in retained austenite decreased slightly.
Further, Ni addition decreased the volume fraction of retained austenite and increased the
carbon concentration.
In Chapter 4, the effects of quenching or isothermal transformation processes on the
tensile properties and formability of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steels are
presented and discussed. When isothermally transformed at temperatures below Mf, TM
steel showed a tensile strength of 1.5 GPa and a total elongation of 8%. The
hole-expanding ratio (λ = 30–50%) was higher than that in steel obtained after quench
and partitioning (QP). As a result, steel obtained after the IT process possessed a superior
combination of tensile strength and stretch flangeability. It is considered that the excellent
combination of IT process steel is mainly caused by a uniform and fine martensite lath
structure matrix and a smaller amount of carbides that suppress the damage caused by
punching and cracking on hole expanding, as well as by the presence of metastable
retained austenite.
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In Chapter 5, the effect of partitioning temperature after the IT process on the tensile
properties and formabilities of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are presented
and discussed. Parti tioning after the IT process significantly enhanced the formability,
especially stretch flangeability, of TM steel as compared to that obtained from
partitioning after the quenching process. The excellent stretch flangeability was
associated with softening of a mixed uniform wide and narrow lath martensitic structure
matrix and an increase in the stability of the retained austenite, which suppressed the
damage caused by punching and crack propagation on hole expansion through the
partitioning process.
In Chapter 6, the effect of the addition of Cr, Mo, and/or Ni on the tensile properties
and formabilities of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are given and discussed.
The addition of 0.5%Cr and 1.0%Cr significantly improved the combination of tensile
strength and stretch flangeability of TM steel. This was mainly caused by the refinement
of the size of voids and cracks at the interface of an MA-like phase upon punching and
suppression of void coalescence on hole expanding.
In Chapter 7, the effects of the addition of Cr, Mo, and/or Ni on the Charpy impact
absorbed value and ductile-brittle fracture appearance transition temperature of
0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are presented and discussed, and are
compared with those for TRIP-aided bainitic ferrite (TBF) steel and conventional
martensitic steel. When Cr, Cr-Mo, or Cr-Mo-Ni was added to the base steel, TM steel
exhibited a high upper-shelf Charpy impact absorbed value that ranged from 100 J/cm2 to
120 J/cm2 and a low fracture appearance transition temperature that ranged from −150°C
to −130°C, while also exhibiting a tensile strength of about 1.5 GPa. This impact
toughness of the alloyed steel was far superior to that of conventional martensitic steel
and was caused by the presence of a softened wide lath-martensite matrix. This matrix
contained only a small amount of carbide and hence had a lower carbon concentration, a
large amount of finely dispersed martensite-retained austenite complex phase, and a
metastable retained austenite phase of 2–4 vol% in the complex phase, which led to
plastic relaxation via a strain-induced transformation and played an important role in the
suppression of the initiation and propagation of voids and/or cleavage cracks.
In Chapter 8, notch-fatigue strengths and notch sensitivities of
0.1–0.6%C-1.5%Si-1.5%Mn TM steel are given and discussed. If TM steel containing
0.2%, 0.3% or 0.4%C were subjected to an ITP process, comprising isothermal
transformation and partitioning processes, much higher notch-fatigue limits and lower
notch sensitivities than those in the case of conventional martensitic steels (SCM steels)
without retained austenite were achieved. It was expected that high notch-fatigue limits
were principally associated with the plastic relaxation of localized stress concentration as
a result of the strain-induced transformation of metastable retained austenite and a large
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amount of a finely dispersed MA-like phase along prior austenitic, packet, and block
boundaries, as well as a small amount of carbide only in the wide lath-martensite
structure, which contributed to difficult fatigue crack initiation and/or propagation.
In Chapter 9, the conclusions of this thesis are summarized. TM steel showed not
only ultrahigh strength but also high formability, impact energy absorption capacity, and
fatigue strength that are necessary to improve the fuel efficiency and impact safety of
automobiles. It can be expected that the applications of TM steel would improve the
global environment and our lives in the future.
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Chapter 1. Introduction

Chapter 1. Introduction
1.1 Background of this study
1.1.1 Current state and issues of automobiles
Nowadays, automobiles play an essential role in our lives. In Japan, the production
of automobiles in 2012 was 9.94 million units, higher than that in the past 3 years (Fig.
1-1(a)).1) In addition, the registration of automobiles in 2012 increased significantly in
comparison to that in 2011 (Fig. 1-1(b)). In countries all over the world, including those
in America, Asia-Oceania, Africa, and other countries, the production of passenger
automobiles increased in 2012 more than that in 2011. Hidden behind this trend is the
fact that automakers are developing “eco cars” (low-emission automobiles) with high
fuel efficiency. These economical automobiles are becoming popular all over the world.

(b)

Production of automobiles

Registration of new automobiles

(a)

Year

Year

Fig. 1-1. Trends in (a) production and (b) registration of automobiles in Japan.1)
However, there are some issues pertaining to automobiles owing to a large number
of automobiles in the world, such as CO2 reduction and improvement in the impact
safety of automobiles.
It is well known that global warming is caused by greenhouse gas emissions. The
increasing number of automobiles is leading to increased gas emissions. Further, an
increase in the automobile body weight also leads to increased gas emissions and lower
fuel efficiency. Fig. 1-2 shows trends in global fuel economy/automobile emissions
regulations. According to Fig. 1-2, strict CO2 emissions legislation has been passed for
achieving further reduction in emissions by 2020. Therefore, the automobile body
weight is needed to be reduced for future automobiles. On the other hand, the reduction
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in the automobile body weight has to be compensated for, for achieving safety

CO2 emissions legislation (g/km)

improvements. Thus, it is necessary to develop advanced high-strength sheet steels
(AHSSs) in order to improve the safety of light-weight automobiles (such as future
low-emission automobiles).

Year

Fig. 1-2. Trends in global fuel economy/automobile emissions regulations.2,3)

1.1.2 Efforts to reduce automobile weight and improve impact safety
The FutureSteelVehicle2,3) (FSV) program is the most recent addition to the global
steel industry’s series of initiatives offering steel solutions to the challenges facing
automakers around the world, such as to increase the fuel efficiency of automobiles and
to reduce greenhouse gas emissions while improving safety and performance as well as
maintaining affordability. The FSV addresses the increased weight reduction in
automobiles with solutions that demonstrate steel as the material of choice for the
automobile structure.
The FSV program has the following key features:
1. State-of-the-future design innovations that exploit the versatility and strength
of steel
2. Body structure mass savings of 35% as compared to a benchmark vehicle
3. Uses 97% high-strength steel (HSS) and advanced high-strength steel
(AHSS)
4. Uses nearly 50% GPa steels
5. Enables 5-star safety ratings
6. Reduces total lifetime emissions by nearly 70%
7. Reduces mass and emissions at no cost penalty

2
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The FSV program helped in achieving 35% body structure mass savings as
compared to a benchmark vehicle (point 2 above). This significant reduction in the body
weight has been realized through the use of a wide range of AHSS grades combined
with a large number of steel technologies and the FSV design optimization methodology.
Figure 1-3 shows the FSV body (battery electric vehicle type) and its steel grade use. In
this figure, AHSS with a tensile strength of 1.0 GPa or more were used for the FSV
body. These steels are dual phase (DP), complex phase (CP), transformation-induced
plasticity (TRIP), twinning-induced plasticity (TWIP), martensitic (MS), and hot
forming (HF) steels. The rates of DP, CP, TRIP, and HF steels are high in the FSV body.
AHSS are primarily applied to the A, B, and C pillars and underbody of an automobile.

Fig. 1-3. FSV body (battery electric vehicle type) and its steel grade use.3)
Figure 1-4 shows a comparison of the tensile strength of FSV materials and those
of ultralight steel auto body (ULSAB)4,5) and ultralight steel auto body-advanced
vehicle concept (ULSAB-AVC)6,7). Figure 1-5 shows a comparison of the grade mix of
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FSV materials and those of ULSAB and ULSAB-AVC. ULSAB and ULSAB-AVC are
previous programs undertaken for improving the fuel consumption and impact safety of
automobiles. Figs. 1-4 and 1-5 show that steels with a tensile strength of 340–450 MPa,
which are high-strength low alloy (HSLA)8,9) and bake hardening (BH)10–12) steels, are
mainly used in ULSAB. The rate of use of these steels in ULSAB is approximately 90%.
In ULSAB-AVC, DP steel11–15) with the tensile strength between 500 and 1000 MPa and
TRIP steel12,16) are newly applied to automobile bodies. AHSS with a tensile strength of
1.0 GPa grade or more, such as TRIP, TWIP, CP, MS, and HF steels, are applied to the
FSV body in the FSV program, as mentioned above.
Table 1-1 shows a comparison of the average tensile strength of the FSV material
mix with that of ULSAB and ULSAB-AVC. The increase in the tensile strength of
ULSAB-AVC is significantly larger than that in the case of ULSAB. For the
FSV-battery electric vehicle, the tensile strength is higher than that of ULSAB-AVC,
and the average material thickness decreases upon the application of AHSS. The
decrease in the automobile body weight and improvement of crash safety are achieved
by the application of AHSS.
As mentioned above, AHSS decreases the weight of an automobile body and
improves crash safety, as summarized in Fig. 1-6. However, owing to the strict CO2
emissions legislation and the increasing demands for improving fuel efficiency, further
weight reduction is required in the future.

Fig. 1-4. FSV materials tensile strength compared to ULSAB and ULSAB-AVC.3)
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Fig. 1-5. Comparison between grade mix of FSV material and that of ULSAB and
ULSAB-AVC.3)
Table. 1-1. Comparison between average tensile strength of FSV material mix and
that of ULSAB and ULSAB-AVC.3)

Tensile Strength Grade
0.4 GPa
<

<

IF steel，BH steel，
HSLA steel, etc.
'94

'96

ULSAB

'98

1.0 GPa
DP steel，
TRIP steel, etc.
'00

'02

'04

<
1.5 GPa
TRIP steel,
martensitic steel,
Hot-stamping steel, etc.
'06

'08

ULSAB-AVC

 ULSAB-AVC
 Reduction rate in body weight
compared to a benchmark
vehicle: 20–30%
 CO2 emission: CO2<140g/km

<

'10

FSV

'12

2.0 GPa

Next-generation
ultrahigh-strength steel

・・・・・

New Project

 New project
 FSV
 New ultrahigh-strength steel
 Achieves 35% body structure
and ecologically friendly car
mass saving compared to a
will be needed for further
benchmark vehicle
improvement in
 CO2 emission: CO2<100g/km
automobiles.

Fig. 1-6. Process and summary of ULSAB, ULSAB-AVC, and FSV programs.
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1.2 Advanced high-strength steels
In order to reduce the body weight and improve the crash safety of automobiles,
various types of AHSS have been developed. De Cooman16) mentioned the following
three principal reasons for the current trend of using more AHSS in automobile
applications:
1. Reduction in passenger car weight by increased use of high-strength
thinner gauge sheet steel, leading to reduced fuel consumption and
emissions.
2. Improvement in the passive safety of vehicles, leading to better passenger
safety via improved crash-worthiness.
3. Strong competition from light-weight materials, particularly Al and Mg
alloys, and plastics.
In addition, a safety-based car body design requires an intensive use of the following
two main types of high strength steels, as shown in Fig. 1-7.
1. High-strength steel grades with a high energy absorption potential,
typically DP and TRIP steel grades with tensile strengths <1000 MPa, for
dynamic loading occurring during car crashes or collisions, and
2. Very high-strength steels, typically martensitic steel grades with
exceptional tensile strengths (>1200 MPa), which provide high-stiffness,
anti-intrusion and load-transferring barriers for the protection of automotive
passengers.

Fig. 1-7. Elongation vs. tensile strength diagram for conventional steels showing the
fact that the multiphase DP and TRIP AHSS have a much improved strength-ductility
balance. The current trend in automobile part steel selections are also indicated.16)
6
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In general, the increase in the steel strength leads to a decrease in elongation and
impact energy absorption. As shown in Fig. 1-7, conventional high-strength steels such
as interstitial-free (IF)17–20), bake-hardened (BH) and high-strength low-alloy (HSLA)
steels have inferior ductility, which almost linearly decreases with increasing strength.
In contrast, AHSS (such as DP and TRIP steels shown in Fig. 1-7) shows improved
tensile strength without much loss in total elongation. In fact, AHSS is characterized by
superior strain hardening properties and large uniform elongation. Since AHSS
possesses a combination of high strength and large elongation, these steels are highly
attractive for the automobile industry. In stretch-forming applications for automobiles
and in high-energy impact situations (e.g., in a crash), formability and energy-absorbing
capacities are especially important for manufacturing and safety considerations,
respectively.

1.2.1 Dual-phase (DP) steel
The microstructure of DP steel consists of soft ferrite and hard martensite (Fig.
1-8).11–15,21–25) DP steel is subjected to quenching from intercritical annealing. The
strength of DP steel can be varied by controlling the balance between ferrite and
martensite fractions. When DP steel is deformed, the strain is concentrated in the soft
ferrite phase. Therefore, DP steel possesses a higher work hardening rate, uniform
elongation, higher tensile strength, and a lower yield ratio (yield stress/tensile strength)
than conventional steels (e. g., HSLA steel) with comparable tensile strength. As
mentioned above, since DP steel has a good combination of tensile strength and
elongation, it can be used in automobile applications that require high impact energy
absorbing capacities and press formability, such as front-side members. However, the
hole-expanding property of DP steel under high local deformation is low, because voids
and cracks easily form at the soft ferrite/hard martensite structure interface (Fig. 1-9).

Fig. 1-8. Optical micrograph of DP steel.21) The specimen was nital etched.
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2 m
Fig. 1-9. Microstructure of DP steel after hole-punching.22) Voids are shown with
arrows.

1.2.2 Twining induced plasticity (TWIP) steel
TWIP steel is high-Mn austenitic steel containing 20–30% Mn.26–31) TWIP steel
possesses a high work hardening rate, high tensile strength, uniform elongation, and low
yield strength because of lower stacking fault energy (SFE) and deformation twining.
Fine twin lamellae can be regarded as extra obstacles within a grain that inhibit the
dislocation movement. Figure 1-10 shows an example of a steel exhibiting deformation
twining.
Although TWIP steel has superior mechanical properties resulting from
deformation twining, it has some disadvantages such as high cost and formation of
cracked edges during hot rolling because of a high Mn content.

Fig. 1-10. TEM images of TWIP steel after a tensile test ( = 10%).26)
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1.2.3 Complex phase (CP) steel
CP steel consists of ferrite and bainite and/or martensite.32,33) The chemical
composition of CP steel is similar to that of DP or TRIP steels. CP steel possesses a
tensile strength of over 800 MPa, good formability, high impact energy absorption, and
good hole-expansion capacity.

1.2.4 Martensitic (MS) steel
Martensitic steel34–38) is manufactured by quenching at austenitizing temperature.
The microstructure of martensitic steel consists of a lath-martensite single structure. The
strength of martensitic steel is over 1200 MPa because of hard lath martensite
containing supersaturated carbon and high dislocation density. In order to improve the
elongation and impact energy absorption capacity of martensitic steel, it is often
subjected to tempering after quenching. In this case, carbide present in the
lath-martensite structure precipitates (Fig. 1-11).

Fig. 1-11. TEM images of 0.15% C martensitic steel tempered at 300°C for 3600 s.35)

1.2.5 Transformation-induced plasticity (TRIP) steel
TRIP39) steel is manufactured by austempering or isothermal bainitic transformation
after austenitizing or intercritical annealing. Recently, low-alloy TRIP steel (TRIP-aided
steel)16,40–67) has been developed (it will be mentioned in section 1.2.6), and is different
from the high-alloy TRIP steel reported by Zackay et al.39) The microstructure of TRIP
steel consists of ferrite, bainite, martensite, and retained austenite. The volume fraction
of retained austenite is usually 15 vol%. TRIP steel possesses high strength and superior
elongation due to the TRIP effect of retained austenite that is formed from martensite
transformation during deformation. Although the retained austenite is a minor phase in
the microstructure, it significantly affects the mechanical properties of TRIP steel. In
TRIP steel, Si is added in order to suppress carbide formation during austempering. This
allows the remaining austenite to become enriched in C, which results in its room

9
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temperature stabilization. The details of transformation-induced plasticity will be
discussed in section 1.3.

Fig. 1-12. Light optical micrograph of color-etched TRIP steel.16) , B, M, and r
denote ferrite, bainite, martensite, and retained austenite, respectively.

1.2.6 TRIP-aided bainitic ferrite (TBF) steel
TBF steel was developed as low-alloy TRIP steel by Sugimoto et al. who performed
an isothermal transformation at temperatures higher than the martensite-start
temperature after austenitization.44–48,50–54,58–67) The microstructure of TBF steel consists
of lath bainitic ferrite and filmy metastable retained austenite (Figs. 1-13 and 1-14).
TBF steel possesses 1000–1200 MPa grade tensile strength, excellent stretch
flangeability, high fatigue strength, and high hydrogen brittle performance. Since TBF
steel has superior mechanical properties and few alloying elements, it has been applied
in some automotive applications.
Recently, TBF steel with a matrix structure consisting of martensite and bainitic
ferrite and fine metastable retained austenite as a second phase has been developed by
Sugimoto et al.65–67) This steel showed a tensile strength of 1470 MPa and superior
formability owing to a fine lath martensite and bainitic ferrite complex matrix structure
and the TRIP effect of metastable retained austenite. The use of this TBF steel will
further decrease the body weight and improve crash safety for next-generation
automobiles.

10
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b

R

f

5 m
Fig. 1-13. EBSD analysis results for a 0.2C-1.5Si-1.5Mn system TBF steel subjected to
austempering at 400°C for 1000 s. In this figure, green and red phases show the matrix
(BCC phase: bainitic ferrite, bf) and secondary phase (FCC phase: retained austenite,
R), respectively.

Fig. 1-14. TEM images of interlath retained austenite films (R) along with a bainitic
ferrite lath structure (bf) in TBF steel austempered at (a) 375°C or (b) 450°C for 200
s; (a) and (b): bright-field images, (c): selected area diffraction pattern of the encircled
area in (b).52)

1.2.7 Quench & Partitioning (Q&P) steel
Q&P steel68–71) is manufactured by a heat process illustrated in Fig. 1-15; in this
process, the steel is quenched to temperatures between martensite transformation start
(MS) and finish temperature (Mf) after austenitizing, and is then isothermally held at a
temperature near or over MS for the carbon enrichment of retained austenite. The
microstructure of Q&P steel usually consists of martensite, bainite, and retained
austenite. Q&P steel possesses a high combination of tensile strength and elongation,
similar to TRIP-aided steel.

11
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Fig. 1-15. Schematic illustration of the Q&P process for producing
austenite-containing microstructures.70) Ci, C, and Cm represent carbon concentration
in the initial alloy, austenite, and martensite, respectively. QT and PT are the quenching
and partitioning temperatures.

1.2.8 Hot-stamping steel
Hot-stamping steel72–75) is manufactured through a thermomechanical treatment
shown in Fig. 1-16. In this process, steel is formed by pressing performed using a press
machine after austenitizing, and is then quenched to room temperature in the die. The
pressed steel is descaled and trimmed. The final product possesses a superior
shape-fitting property. The tensile strength of hot-stamping steel is over 1470 MPa
owing to the martensite matrix structure.
Although hot-stamping steel has ultrahigh strength and shape-fitting property, its
productivity is low because of the complex thermomechanical treatment. Recently, in
order to improve its productivity, forming, trimming, and punching processes are
combined during the hot-stamping process.75)
Heating furnace or
electrical heating system
Sheet steel
(T ≥ AC3)
shot blast

Press machine

Product

Hot-stamping &
die quenching

Descaling &
trimming

(Tensile strength ≥ 1470MPa)

Fig. 1-16. Schematic illustration of the hot-stamping process.
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1.3 Transformation-induced plasticity
Zackay et al.39) reported that superior elongation of high-alloy metastable austenitic
steel can be obtained by transformation-induced plasticity (TRIP) of austenite. Further,
Matsumura et al. developed low-alloy C-Si-Mn TRIP steel by employing austempering
after intercritical annealing.40–43) In addition, Matsumura et al. reported that austenite
stabilization occurs during isothermal bainitic transformation (austempering).
In general, the austenite phase is an unstable phase at room temperature, and it
transforms into the ferrite phase. However, if the stability of austenite is increased by
isothermal bainitic transformation or austempering, austenite remains as metastable
retained austenite at room temperature. The retained austenite transforms into
martensite by stress or strain during deformation (Fig. 1-17). Thus, when tensile stress
is applied to TRIP steel, the retained austenite in the strain concentration region will
transform into martensite. Since the carbon content of the retained austenite is high, the
transformed martensite possesses high strength. This transformation results in plastic
deformation and work hardening of the ferrite structure matrix. This effect propagates
further in the deformation area, and martensitic transformation occurs in neighboring
areas subsequently to disperse strain. This TRIP effect leads to a high combination of
strength and elongation.

Retained
austenite
R

Martensite
m

Fig. 1-17. Schematic representation of the TRIP-aided plasticity mechanism in
low-alloy TRIP steels.16) During straining, retained austenite transforms into
martensite. Austenite is replaced by high-strength high-C martensite, and the
transformation is associated with volume expansion. Both effects suppress plastic
instability and extend the range of uniform elongation.
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The behavior of martensitic transformation of retained austenite is explained as
following on the basis of MS, MS, and Md related to the martensitic transformation
temperature (Fig. 1-18).16,76–81) The MS temperature is the temperature at which the
stress-induced transformation is converted to strain-induced transformation. The Md
temperature is the temperature above which no martensitic transformation occurs.
(1) MS–MS range: When the retained austenite is loaded with stress lower than the
yield stress of retained austenite, stress-induced transformation of austenite to
martensite occurs at a pre-existing nucleation site. Since the chemical driving
force of the transformation of austenite to martensite is high in the range of
MS–MS (Fig. 1-19), the transformation occurs because of stress. The stress
required for martensitic transformation increases with increasing temperature,
because the chemical driving force decreases.
(2) MS–Md range: When the retained austenite is subjected to plastic deformation,
a new nucleation site for martensitic transformation originates because of slip.
Martensite transformation occurs at the intersection of strain-induced
deformation bands.
(3) Above Md: Strain-induced transformation does not occur, because a higher
temperature results in higher stacking fault energy and lower driving force for
transformation.
Generally, the retained austenite that possesses the transformation temperature
between MS and Md leads to high strength, large elongation, and high impact energy
absorption capacity. The retained austenite is formed because of the high carbon
concentration of fine (or filmy) retained austenite.

Fig. 1-18. Schematic illustrating the dominant deformation mechanisms in different
temperature ranges in retained austenite in TRIP steel: (from left to right)
stress-induced plasticity, strain-induced plasticity, and dislocation glide plasticity.16)
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Martensite is stable.

G=0Ms

Austenite is stable.

Gibbs free energy, G

G (Stress-assisted)
Gch

GMartensite

GAustenite
MS

T

T0

Temperature

Fig. 1-19. Schematic illustration of chemical (Gch) and mechanical driving forces
(Gch) of TRIP-aided steel.77)
With respect to stacking fault energy (SFE), TRIP easily occurs in steel with low
stacking fault energy of austenite. Saeed-Akbari et al.82) reported that the stacking fault
energy increases with increase in the C and Mn content, as illustrated in Fig. 1-20. If the
stacking fault energy of steels increases, the deformation mechanism of the steel
converts from TRIP to TWIP as shown in Fig.1-21 and as reported by Lee et al.83) In Fig.
1-21, -martensite transformation is favored in SFE below 20 mJ/m2. The mixed
deformation mechanism associated with the simultaneous occurrence of strain-induced
martensite formation and TRIP appears in intermediate SFE ranging from 12 to 18
mJ/m2 at a low strain rate. In steel with significantly high stacking fault energy, the
deformation mechanism of steel is only slip deformation.
In order to effectively utilize the TRIP effect, it is necessary that SFE be controlled
by the alloying and heating of TRIP steel.

Manganese content (wt %)

G→e >> 0

G→e << 0

Low

High

SFE

Carbon content (wt%)

Fig. 1-20. Schematic illustration of a composition-dependent SFE map.82) G→ and
SFE show free energy for the →  phase transformation and stacking fault energy.
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Fig. 1-21. Effect of strain rate on the plasticity-enhancing mechanism in
Fe-12Mn-0.6C with SFE ranging from 12 to 18 mJ/m2.83)
TRIP-aided steel can be expected to further improve the tensile strength,
formability, fatigue strength, impact toughness, hydrogen embrittlement performance,
and other properties of third-generation steels, as mentioned by Matlock et al.84) (Fig.
1-22). In addition, Sugimoto has explained that a combination of tensile strength and
total elongation in some steels improves with increasing volume fractions of austenite
or retained austenite (Fig. 1-23). In order to improve the mechanical properties of
low-alloy steels, it is important that the volume fraction of retained austenite is
increased by new heating or thermomechanical processes.
In the future, the requirements for steels with excellent combinations of strength,
elongation, and toughness will further increase for achieving higher levels of fuel
efficiency and impact safety of automobiles and for reducing greenhouse gas emissions.
Therefore, the development of TRIP-aided steels with superior mechanical properties
and studies on such steels are necessary.

Fig. 1-22. Summary of tensile strength and tensile elongation data for various classes
of conventional and advanced high-strength sheet steels.82)
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TS x TEl (GPa%)

100
TWIP/Aus.

80

20Mn-3Si-3Al
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TDP
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40
60
f (vol%)

80
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Fig. 1-23. Relationship between a combination of tensile strength and total elongation
(TS × TEl) and volume fractions of austenite or retained austenite (f).76) Mar.:
martensitic steel, Q&P: quench and partitioning steel, TDP: TRIP-aided dual-phase
steel, TBF: TRIP-aided bainitic ferrite steel, TAM: TRIP-aided annealed martensitic
steel, Aus.: austenitic steel.

1.4 Scope and structure of this thesis
The scope of the present study is to develop and investigate high-strength
TRIP-aided steels. It will be realized by utilizing ultrahigh-strength TRIP-aided
martensitic (TM) steel. TM steel possesses an ultrahigh strength of over 1470 MPa, high
formability, high impact toughness, and high fatigue strength. The microstructure of this
steel is characterized by fine lath martensite with ultrahigh strength and a martensite
metastable retained austenite mixed phase. TM steel can be expected to improve the fuel
efficiency and impact safety of automobiles.
In this thesis, results of investigation on the microstructure and mechanical
properties of ultrahigh-strength TM steel, which was developed in this study, are
presented and discussed. In Chapter 1 (this chapter), the background of advanced
high-strength steels and the aim of this study are introduced. In Chapter 2, In Chapter 2,
the effect of partitioning temperature after quenching on the microstructure and retained
austenite characteristics of 0.2%C-1.5%Si-1.5%Mn (in mass%) TM steel are given and
discussed. In Chapter 3, the effect of alloying elements on the microstructure and
retained austenite characteristics of 0.2%C-1.5%Si-1.5%Mn TM steels are given and
discussed. In Chapter 4, the effects of quenching or isothermal transformation processes
on the tensile properties and formability of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM
steels are presented and discussed. In Chapter 5, the effect of partitioning temperature
after the IT process on the tensile properties and formabilities of
0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are presented and discussed. In Chapter 6,
the effect of the addition of Cr, Mo, and/or Ni on the tensile properties and formabilities
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of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are given and discussed. In Chapter 7,
the effects of the addition of Cr, Mo, and/or Ni on the Charpy impact absorbed value
and
ductile-brittle
fracture
appearance
transition
temperature
of
0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are presented and discussed, and are
compared with those for TRIP-aided bainitic ferrite (TBF) steel and conventional
martensitic steel. In Chapter 8, notch-fatigue strengths and notch sensitivities of
0.1–0.6%C-1.5%Si-1.5%Mn TM steel are given and discussed. In Chapter 9, the
conclusions of this thesis are summarized.
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Chapter 2. Microstructure and Retained Austenite
Characteristics of C-Si-Mn TRIP-aided Martensitic Steel
2.1 Introduction
In the past two or three decades, many advanced high-strength sheet steels for
automobile parts have been developed to reduce the body weight of automobiles.
According to De Cooman,1) first-generation advanced high-strength steels (AHSSs),
such as dual-phase steel, Transformation-Induced Plasticity-aided steel (TRIP-aided
steel) with a polygonal ferrite matrix, and so on, have contributed considerably to the
weight reduction and crash safety of recent automobiles because of their good
combination of formability and tensile strength. Although second-generation AHSSs
such as Twinning-Induced Plasticity steel (TWIP steel)2) have not been applied so
widely to automotive parts, third-generation advanced AHSSs such as TRIP-aided
bainitic ferrite steel (TBF steel)3-9) and quenching and partitioning steel (Q&P steel),10)
with good formability (stretch-flangeability and bendability) and ultra-high strength
(980–1470 MPa) are expected for future automotive applications. For the achievement
of a tensile strength of more than 2.0 GPa, quenching-partitioning-tempering (Q-P-T)
steel with a martensite matrix was developed by Wang et al.11) They reported that
ultra-high-strength TRIP-aided steel can be developed through the utilization of the
martensite structure.
Further ultra-high strength may be achieved by changing the matrix structure into
martensite with carbon-enriched metastable retained austenite. However, such a
“TRIP-aided martensitic steel (TM steel)” has not yet been developed. Moreover, there
have been no reports on the microstructural formation mechanism and
carbon-enrichment mechanism of retained austenite in martensitic steels such as TM
steel. In this section, TM steel with a chemical composition of 0.2% C, 1.5% Si, and
1.5% Mn (in mass%) is developed by means of quenching (to temperatures lower than
Mf) and partitioning processes. In addition, the microstructural formation mechanisms
and retained austenite characteristics are investigated and discussed.

2.2 Experimental Procedure
In this study, a 100-kg steel ingot was prepared by vacuum melting followed by hot
forging to produce a bar of 32 mm in diameter. Then, the bars were heated to 1200°C
and hot-rolled to 13 mm in diameter with a finishing rolling temperature of 850°C, and
cooled in air to room temperature. The chemical composition is detailed in Table 2-1.
The measured CCT diagram is shown in Fig. 2-1, indicating a martensite start
temperature MS of about 420°C. In addition, the martensite finish temperature Mf is
estimated to be 277°C.9)
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Table 2-1. Chemical composition (mass%) of a steel used.
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Fig. 2-1. Measured CCT diagram of steel used, in which A, F, P, B and M
represent austenite, ferrite, pearlite, bainite and martensite, respectively.

Temperature

The heat-treatment diagram of TM steel is shown in Fig. 2-2. TM steel was
partitioned at 200–500°C after quenching to room temperature in oil or ice-brine.

MS
Mf
25°C

900°C, 1200 s
TP=200–500°C
tP=0-10000 s

In salt baths
OQ or IB
Time

OQ

Fig. 2-2. Heat treatment diagram for TM steel, in which OQ and IB represent
Time
quenching in oil and ice-brine, respectively.

The retained austenite characteristics of the steel were investigated by X-ray
diffractometry (XRD; Rigaku Co., RINT2100). Specimens were electropolished after
grinding with Emery paper (#1200). The volume fraction of retained austenite (fγ, vol%)
was quantified from the integrated intensity of the (200)α, (211)α, (200)γ, (220)γ and
(311)γ peaks obtained by X-ray diffractometry using Mo-K radiation.12) The carbon
concentration (Cγ, mass%) was estimated from the equation below. In this case, the
lattice constant (aγ, ×0.1 nm) was measured from the (200)γ, (220)γ and (311)γ peaks of
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Cu-Kα radiation.13)
aγ = 3.5780 + 0.0330Cγ+ 0.00095Mnγ + 0.0056Alγ + 0.0220Nγ

(2-1)

where Mnγ, Alγ, and Nγ represent the concentrations of the respective individual
elements (mass%) in the retained austenite. For convenience, the contents of added
alloying elements were substituted for these concentrations in this study.
The microstructure was observed by field-emission scanning electron microscopy
with electron backscatter diffraction pattern (FE-SEM; Hitachi Co., S-4100 and
FE-SEM-EBSP; JEOL Ltd., JSM-6500F) equipment and transmission electron
microscopy (TEM; JEOL Ltd., JEM-2010). Specimens for FE-SEM-EBSP analysis
were ground with colloidal silica after grinding with alumina. The volume fraction of
the carbide precipitation was measured through carbon extraction replicas.
Vickers hardness tests were carried out using a Vickers microhardness machine
(Shimadzu Co., DUH-201H) at 25°C, with a load of 0.98 N (HV0.1). The surface of the
specimen was polished with Emery paper (#600).

2.3 Result
2.3.1 Vickers hardness
Figure 2-3 shows the Vickers hardnesses of the TM steels. The TM steels subjected
to quenching in oil and ice-brine have Vickers hardnesses of about 450HV at
partitioning temperatures in the range 25–350°C. When the TM steels are partitioned at
temperatures above 400°C, the Vickers hardness decreases with increasing partitioning
temperature.
500
450

HV0.1

400
350
● oil
○ ice-brine

300
250
200

As-Q
100

200

300
TP (oC)

400

500

Fig. 2-3. Variations in Vickers hardness of TM steel as a function of partitioning
temperature (TP). Partitioning time (tP) = 1000 s.

2.3.2 Retained austenite characteristics
Figure 2-4 shows the typical change in the X-ray diffraction pattern of the retained

28

Chapter 2. Microstructure and Retained Austenite Characteristics of C-Si-Mn
TRIP-aided Martensitic Steel
austenite with partitioning temperature in the TM steel quenched in oil. Figures 2-5 and
2-6 show the variations in the initial volume fraction and carbon concentration of the
retained austenite of TM steels quenched in oil or ice-brine as a function of partitioning
time and temperature, respectively. The TM steel quenched in oil contains retained
austenite of a maximum of about 3 vol%. This amount decreases with increasing
partitioning time in the range 100–10000 s (Fig. 2-5) and with increasing partitioning
temperature in the range 250–450°C (Fig. 2-6). On the other hand, the carbon
concentration of the retained austenite increases considerably with increasing
partitioning temperature and time. If the TM steel is quenched in ice-brine, the amount
of retained austenite and its carbon concentration are reduced to about 1.6 vol% and 0.3
mass%, respectively.
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Fig. 2-4. Typical changes in X-ray diffraction patterns in TM steels as-quenched
(As-Q) and partitioned at 200–500°C for 1000 s after oil quenching.
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Fig. 2-5. Variations in initial volume fraction (f0) and initial carbon concentration
(C0) of retained austenite as a function of partitioning time (tP) in TM steel
(quenching in oil). TP = 250°C.
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Fig. 2-6. Variations in initial volume fraction (f0) and initial carbon
concentration (C0) of retained austenite as a function of partitioning temperature
(TP) in TM steel. tP = 1000 s.

2.3.3 Microstructure and carbide
Figure 2-7 shows typical SEM images of the TM steel quenched in oil. Figure 2-8
shows typical FE-SEM-EBSP analysis results for TM steel, and Figure 2-9 shows
typical TEM images. From Figs. 2-7 and 2-8, the matrix structure of the present TM
steel is found to consist of wide and narrow lath martensite structures, and hardly seems
to change with partitioning temperature. It is also found that the wider lath martensite
structure in TM steel gives a higher image quality than the narrower lath martensite
structure, which means that the narrow lath martensite structure possesses a higher
dislocation density.14) It is noteworthy that there is no twin in the narrow lath martensite,
or the narrow martensite is α'-martensite and not -martensite. As shown in Figs. 2-8(d),
2-8(e), and 2-9(c), most of the retained austenite phases are fine, and are located on the
interlath boundary of the narrow martensite lath structure, which is yellowish green in
Fig. 2-8(d).
TP=200°C
(a)

300°C
(b)

400°C
(c)

500°C
(d)

10 μm

Fig. 2-7. Typical SEM images of TM steel subjected to partitioning process at (a)
200°C, (b) 300°C, (c) 400°C or (d) 500°C for 1000 s.
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In Figs. 2-9(a), 2-9(b), and 2-9(e)–2-9(h), a large amount of fine and needle-shaped
carbide seems to precipitate only in the wider martensite lath structure. This means that
the needle-shaped carbides are already precipitated through auto-tempering upon
quenching. According to De Cooman and Speer,1) the martensite structure in Q&P steel
includes transition - or -carbide. In this study, some carbides were observed in the
TM steel (Fig. 2-9), but the precipitates were not detected as - or -carbide, so the
carbides are considered as cementites.
The volume fraction of carbide in the present TM steel was too low to be measured
by X-Ray diffractometry (Fig. 2-4). Therefore, in order to measure the carbide volume
fraction accurately, we observed it through carbon extraction replicas for TM steels
partitioned at 25–500°C. As an example, a typical TEM image of the extraction replicas
is shown in Fig. 2-9(h). The measured volume fraction of carbide is shown in Fig. 2-10.
The amount of carbide in the TM steel hardly changes when it is partitioned at
temperatures below 250°C (f = 1.7–2.0 vol%). The carbide fraction appears to increase
with increasing partitioning temperature at temperatures above 250°C, accompanied by
coarsening of the carbide. In the partitioning range above 450°C, the amount of carbide
increases further (f = 5.2 vol%). The carbide fraction of the TM steel quenched in
ice-brine and then partitioned at 200°C (f = 1.2 vol%) is lower than that of TM steel
quenched in oil. Note that the amount of carbide in TM steel partitioned at 300°C for
1000 s is considerably lower than that (f = 5.7 vol%) of SCM420 steel
(0.21%C-0.21%Si-0.77%Mn-1.02%Cr-0.18%Mo-0.06%Ni, in mass%) quenched in oil
and then tempered at 300°C for 3600 s.
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Fig. 2-8. (a) Image quality map, (b) inverse pole figure map, (c) phase map, (d) image
quality distribution map of bcc phase, (e) image quality distribution map of fcc phase
and (f) number fraction of image quality (IQ) of bcc and fcc phases in TM steel
partitioned at 250°C for 1000 s. In (c), green and red phases denote matrix structure
(bcc) and retained austenite (fcc), respectively. In (d), darker yellow and yellowish
green regions represent martensite lath structures with higher and lower image quality
index, respectively. Black phases are other ones such as retained austenite phases.
Dotted lines in (a), (d) and (e) represent prior austenitic grain boundary.
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Fig. 2-9. TEM images of lath martensite structure in TM steel subjected to partitioning at (a) 25°C (as quenched), (b-d, h) 200°C,
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and narrow lath martensite structure without carbides, respectively.
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and carbon concentration (C0: ●) of retained austenite as a function of partitioning
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2.4 Discussion
Figures 2-7–2-9 showed that TM steel subjected to the quenching and partitioning
process consists of a wide and narrow lath martensite structure matrix and retained
austenite located along the narrow martensite lath boundary, with precipitation of a
small amount of carbide in the wide lath martensite structure. In general, Si suppresses
carbide formation in steel,5,15) similarly to Al.9) Thus, it is considered that Si addition of
1.5 mass% results in such microstructural characteristics. In this case, a high shearing
stress or free energy is required in the retained austenite for martensite transformation,
because most of the retained austenite films are fine and surrounded by a hard
martensite lath structure.
In the following, the transformation and carbide precipitation behavior of such a
microstructure during the quenching and partitioning processes is discussed.

2.4.1 Microstructural change on quenching
The microstructural change and the retained austenite characteristics during the
quenching process are illustrated in Fig. 2-11. On quenching, the austenite is
transformed into two kinds of lath martensite structure matrices. The transformation
behavior can be summarized as follows.
Stages 1–3: When the steel is cooled to temperatures below MS after heating in the
 region, the wide martensite structure is first formed preferentially (stages 1–2 in Fig.
2-11(c)). Carbides are not yet precipitated in the wide martensite structure.
Stages 3–4: On continuous cooling to room temperature below Mf, the
untransformed austenite is transformed to the narrow martensite structure and retained
as retained austenite (stages 3–4 in Fig. 2-11(c)). At the same time, the wide martensite
structure is tempered through auto-tempering, and therefore, carbide is precipitated only
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in the wider martensite lath structure because of carbon diffusion.
According to Koistinen and Marburger,16) the amount of martensite structure (fm)
increases with decreasing isothermal transformation temperature (TIT) in conventional
structural steel as follows:
fm = 1−exp{−1.1×10−2(MS−TIT)}

(2-2)

If the present steel is subjected to the isothermal transformation process at temperatures
between Mf and room temperature, the volume fractions of narrow martensite and
retained austenite may increase. In fact, the above forecast was verified by Kobayashi et
al.17) with an investigation of the mechanical properties of TM steel.
In Fig. 2-6, it is seen that the volume fraction and carbon concentration of the
retained austenite decrease more with decreasing carbide content when the TM steel is
quenched in ice-brine than when it is quenched in oil. This is because of the increasing
volume fraction of martensite due to the lower quenching temperature in ice-brine. It
may also be associated with the shorter diffusion time that results from rapid quenching.
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Fig. 2-11. Illustrations of (a) heat treatment diagram, (b) changes in carbon
concentrations (C, Cm and Cm) and volume fractions (f, fm and fm) and (c)
microstructural change at stages 1 through 6 of TM steel during partitioning process
at 200oC.
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2.4.2 Carbon-enrichment mechanism during partitioning
The microstructural changes in the behavior of this TM steel during the partitioning
process (stages 5–6 in Fig. 2-11(c)) at temperatures between 200 and 500°C are
illustrated in Fig. 2-12, and are classified into three partitioning ranges: Range I, Range
II, and Range III, as follows:
Range I (200–250°C): When the quenched TM steel is partitioned at temperatures
lower than 250°C, the carbon concentration of the retained austenite increases
considerably with increasing partitioning temperature (Fig. 2-10). Because the volume
fractions of retained austenite and carbide are both constant (Fig. 2-10), supersaturated
carbon in the martensite may move into the retained austenite (Fig. 2-12(a)).
Range II (250–450°C): When the steel is partitioned at temperatures higher than
300°C, the carbon concentration of the retained austenite increased to 1.0–1.1 mass%.
The volume fraction of retained austenite decreases and the carbide content increases
with increasing partitioning temperature (Fig. 2-10). Thus, it is thought that the retained
austenite shrinks and the excess solute carbon causes the further precipitation or
coarsening of the carbide (Fig. 2-12(b)).
Range III (above 450°C): When the steel is partitioned at temperatures above
450°C, most of the retained austenite phase decomposes into ferrite and carbide (Fig.
2-12(c)). In the wide martensite lath structure, spheroidal carbides coexist with
coarsened needle-shaped carbides (Fig. 2-9(g)).
According to Nishiyama,18) the decomposition of retained austenite into ferrite and
cementite begins upon tempering at over 140°C in plain carbon steel. In this study, no
retained austenite was decomposed into ferrite and carbide even in Range II. Therefore,
we confirm that the retained austenite was shrunk in Range II.
Figure 2-13 shows a plot of the carbon concentration of the retained austenite of
TM steel in an equilibrium diagram calculated for the C-1.5%Si-1.5%Mn (in mass%)
system. The carbon concentrations at TP = 350 and 400°C agree well with the T0 line
where austenite and ferrite with the same chemical composition have identical free
energies.19) However, the carbon concentration at 250°C is significantly lower than the
T0 line because of the low diffusion rate of carbon. From these results, it is expected that
the upper limit of the carbon concentration of the retained austenite is the T0 line, in the
same way as for TBF steel.
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Fig. 2-12. Illustrations of (a) heat treatment diagram, (b) changes in carbon
concentrations (C, Cm and Cm) and volume fractions (f, fm and fm) and (c)
microstructural change at stages 1 through 6 of TM steel during partitioning process
at 200oC.
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2.5 Summary
The effects of partitioning after quenching in oil or ice-brine on the microstructure
and retained austenite characteristics of 0.2%C-1.5%Si-1.5%Mn (in mass%) TM steel
were investigated.
(1) The TM steel consisting of wide and narrow lath martensite structures
contained retained austenite of about 3 vol% after quenching in oil, with
carbides of 1.7–2.0 vol% only in the wider martensite lath structure. When the
steel was quenched in ice-brine, the volume fraction of retained austenite
decreased to 1.8 vol% with a decrease in the carbide volume fraction.
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(2)

(3)

With partitioning at temperatures lower than 250°C for times shorter than 1000
s, the volume fractions of the retained austenite and carbide were maintained,
although the carbon concentration of the retained austenite increased. In this
case, high mechanical properties of TM steel for automotive application can be
expected due to a superior TRIP effect.
On the other hand, partitioning at 300–400°C for 1000 s after quenching
caused a considerable increase in the carbon concentration of the retained
austenite, although the volume fraction of retained austenite decreased and the
volume fraction of carbide increased with increasing partitioning temperature.
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Chapter 3. Effects of Microalloying on Retained Austenite
Characteristics of TRIP-aided Martensitic Steel
3.1 Introduction
For the past two or three decades, many advanced high-strength sheet steels have
been developed to reduce the weight of automobile body structures. According to De
Cooman and Speer1), first-generation advanced high-strength steels (AHSSs) such as
dual-phase steel and TRIP-aided steel with polygonal ferrite matrix, considerably
contributed to weight reduction of recent automobiles due to a good combination of
formability and tensile strength. Although second-generation AHSS such as twinning
induced plasticity (TWIP) steel has not been generally applied to automotive parts, third
generation advanced AHSSs such as TRIP-aided bainitic ferrite (TBF) steel2–5) and
quenching and partitioning (Q&P) steel6) with good formability (stretch-flangeability
and bendability) and ultra high tensile strength of 980-1470 MPa are expected to be
used in automotive applications.
Higher tensile strengths may be achieved by changing the matrix structure to
martensite, while maintaining carbon-enriched retained austenite. Recently, a
TRIP-aided martensitic steel (TM steel), has been developed by means of quenching at
temperatures below Mf after austenitizing.7) In this study, effects of partitioning
temperature on retained austenite characteristics and microstructure in TM steel with
chemical composition of 0.2C, 1.5Si and 1.5Mn (in mass%) are introduced. Also,
effects of Cr, Mo and Ni additions on the retained austenite characteristics and
microstructure were examined to improve hardenability.

3.2 Experimental procedure
In this study, five kinds of vacuum melted and hot-rolled steel bars of 13 mm
diameter with different Cr, Mo, Ni and Nb contents were prepared. The chemical
composition, calculated martensite-start temperature (MS)8) and hardenability of the
steels A through E are listed in Table 3-1. Nb was added to refine prior austenitic grain
size.
Hardenability was defined by a product of multiplying factors and the Grossman
pearlitic hardenability factor (fi)9,10) measured from the following equation.
DI/DI* = fi = (1 + 0.64%Si) × (1 + 4.10%Mn) × (1 + 2.83%P) × (1 − 0.62%S)
× (1 + 2.33%Cr) × (1 + 0.52%Ni) × (1 + 3.14%Mo) × (1 + 0.27%Cu)
× (1 + 1.5(0.9 − %C))
(3-1)
where DI and DI* are critical diameter and ideal critical diameter for hardenability,
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respectively, and, %Si, %Mn, %P, %S, %Cr, %Ni, %Mo, %Cu and %C represent added
content (in mass%) of individual alloying elements.
Table 3-1. Chemical composition (mass%), martensite-start and -finish temperatures
(MS, Mf, °C) and hardenability factors (fi) of a steel used.
Steel

C

Si

Mn

P

S

Al

Nb

A

0.20

1.50

1.51

0.0030

0.0023

0.044

-

B

0.21

1.49

1.50

0.0019

0.0040

0.040

0.050

C

0.20

1.49

1.50

0.0019

0.0040

0.040

0.050

D

0.18

1.48

1.49

0.0029

0.0040

0.043

0.050

E

0.21

1.49

1.49

0.0019

0.0030

0.034

0.049

Cr

Mo

Ni

N

O

MS

Mf

fi

A

-

-

-

0.0013

0.0007

409

289

14.2

B

0.50

-

-

0.0012

0.0012

408

292

30.6

C

1.00

-

-

0.0012

0.0012

406

261

47.0

D

1.02

0.20

-

0.0010

0.0015

392

258

76.8

E

1.00

0.20

1.52

0.0014

0.0009

357

245

135.8

Steel

A hot-rolling process and heat-treatment schematic for the TM steel are presented
in Fig. 3-1. To produce the TM steel, 13 mm diameter × 10 mm long bars were annealed
at 900°C for 1200 s in austenite region and then quenched in oil, followed by
partitioning at TP = 200–500°C for tP = 1000 s in salt baths. The partitioning time

Temperature

corresponds to peak carbon concentration of retained austenite.7)

MS
Mf
25°C

900°C, 1200 s
TP = 200–500°C
tP = 1000 s

In salt baths

OQ

OQ

Time

Fig. 3-1. Heat treatment diagram for TM steel, in which OQ resents quenching in oil.
Time

The retained austenite characteristics of the TM steels were investigated by X-ray
diffractometry (XRD; Rigaku Co., RINT2100). The specimen surfaces were
electropolished after grinding with Emery paper (#1200). The volume fraction of
retained austenite (fγ, vol%) was quantified from the integrated intensity of the (200)α,
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(211)α, (200)γ, (220)γ and (311)γ peaks obtained by X-ray diffractometry using Mo-Kα
radiation.10) The carbon concentration (Cγ, mass%) was estimated from the equation
below. In this case, the lattice constant (a, ×10−1 nm) was measured from the (200)γ,
(220)γ and (311)γ peaks with Cu-Kα radiation.11)
aγ = 3.5780 + 0.0330Cγ+ 0.00095Mnγ – 0.0002Niγ + 0.0006Crγ
+ 0.0220Nγ + 0.0056Alγ – 0.0004Coγ+ 0.0015Cuγ + 0.0031Moγ
+ 0.0051Nbγ + 0.0039Tiγ + 0.0018Vγ + 0.0018Wγ
(3-2)
where Mnγ, Niγ, Crγ, Nγ, Alγ, Coγ, Cuγ, Mo, Nb, Tiγ, Vγ and Wγ represent the
concentrations of the respective individual elements (mass%) in the retained austenite.
As an approximation, the contents of added alloying elements were substituted for these
concentrations in this study.
The microstructures were observed by TEM (transmission electron microscopy),
field-emission scanning electron microscopy (FE-SEM; Hitachi Co., S-4100) and
FE-SEM electron backscatter diffraction pattern (FE-SEM-EBSP; JEOL Ltd.,
JSM-6500F) analysis. Specimens for FE-SEM were etched with 5% nital etchant.
Specimens for FE-SEM-EBSP were finished with colloidal silica after polishing with
γ-alumina particles.
Vickers hardness tests were carried out using a Vickers microhardness machine
(Shimadzu Co., DUH-201H) at 25°C with a load of 0.98 N (HV0.1). The surface of the
specimen was polished with Emery paper (#600).

3.3 Result
3.3.1 Vickers hardness
Figure 3-2 shows Vickers hardness (HV0.1) of steels A through E which are
partitioned at TP = 200–500°C for tP = 1000 s. These TM steels possess Vickers
hardness above 430HV in a partitioning temperature range between 20 and 400°C. By
partitioning at 450 and 500°C the hardness rapidly decreases in all the steels. Cr, Mo
and Ni additions increased hardness.
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500

HV0.1

450

E
●
△
▲
■
◆
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300

As-Q
100

steel A
steel B
steel C
steel D
steel E

200

300
TP (oC)

D
C
B
A

400

500

Fig. 3-2. Variations in Vickers hardness of steels A through E as a function of
partitioning temperature (TP). Partitioning time (tP) = 1000 s.

3.3.2 Retained austenite characteristics
Figure 3-3 shows the variations in retained austenite volume fraction (f0), carbon
concentration (C0) and total carbon concentration (f0×C0) as a function of partitioning
temperature (TP) in steels A through E. The base steel (A) contains a maximum volume
fraction of retained austenite of 3 vol%. The amount is decreased by partitioning at
temperatures higher than 250°C. It is noteworthy that the maximum carbon
concentration is obtained by partitioning at 300°C. Alloying element additions such as
Cr, Mo and Ni change the retained austenite volume fraction, carbon concentration and
total carbon concentration, as well as these partitioning temperature dependences.

3
2
1
0

D
C

E
A
As-Q
100 200 300 400 500
Tp (oC)

1

(b)

(c)
f0 x C0 (mass%)

B

(a)
C0 (mass%)

f0 (vol%)

4

0.05

1.2

5

0.8
0.6
0.4
0.2
0

As-Q
100 200 300 400 500
Tp (oC)

0.04
0.03
0.02
0.01
0

As-Q
100 200 300 400 500
Tp (oC)

Fig. 3-3. Variations in (a) initial volume fraction (f0), (b) initial carbon concentration
(C0) and (c) initial total carbon concentration (f0×C0) of retained austenite as a
function of partitioning temperature (TP) in steels A (●), B (△), C (▲), D (■) and E
(◆).

Figure 3-4 shows variations in retained austenite characteristics as a function of
hardenability (fi) in steels A through E partitioned at 300 or 350°C. Addition of Cr and
Mo (steels B, C and D) increases volume fraction and total carbon concentration of the
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retained austenite and decreases the carbon concentration, particularly when partitioned
at 300°C. On the contrary, further addition of Ni (steel E) decreases the volume fraction
and total carbon concentration, while increasing the austenite carbon concentration.
Figure 3-5 shows that critical partitioning temperature (TCP) above which volume
fraction of retained austenite rapidly decreases varies with alloy element addition. The
critical partitioning temperature increases with Cr and Mo additions. Ni does not seem
to affect it.
1.2

5

3

E

A

2

B

1
0

(c)

1
TP=350oC

0.9
0.8

300oC

0.7

(b)

0.6
0

50

fi

100

150

f0xC0 (mass%)

C

0.05

1.1

C0 (mass%)

D

4

f0 (vol%)

(a)

0.5
0

50

fi

100

0.04
0.03
0.02
0.01
0
0

150

50

fi

100

150

Fig. 3-4. Variations in (a) initial volume fraction (f0), (b) initial carbon concentration
(C0) and (c) initial total carbon concentration (f0×C0) of retained austenite with
hardenability (fi) in steels A through E at partitioned at TP = 300°C (○) or 350°C (■).
450
E

D

TCP (oC)

400
C

350
300
A

250
200
0

B

50

fi

100

150

Fig. 3-5. Variation in critical partitioning temperature (TCP) for volume fraction of
retained austenite as a function of hardenability (fi).

3.3.3 Microstructure and carbide
Figure 3-6 shows typical SEM images of steels A through E. Microstructures of all
the steels consist of martensite lath structure matrix and retained austenite. As shown in
Fig. 3-7, a large amount of fine, needle shaped cementite precipitates were evident only
in the martensite lath structure, especially in larger lath structure. The cementite appears
to coarsen with increasing partitioning temperature. Because cementite appears even in
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as-quenched steel (Fig. 3-7(a)), the cementite may be precipitated by auto-tempering.
The amount of the cementite precipitates seems to increase with increasing temperature
in a partitioning range above 250°C. In a partitioning range above 450°C, the amount of
cementite increases further, with spheroidized ones. Most of the retained austenite
appears to occur as films between lath structures (Fig. 3-7(a)). Nb addition is found to
refine the prior austenitic grain size.
Figure 3-8 shows TEM images of steels C, D and E subjected to partitioning at
400°C. If the cementite fraction was measured by extraction replica technique, the
amount decreases in steels B through E, relative to steel A.

(a)

(b)

(d)

(e)

(c)

m

Fig. 3-6. Typical SEM images of steels (a) A, (b) B, (c) C, (d) D and (e) E subjected to
partitioning at 200oC.

(c)

(b)

(a)

(d)

Fe3C
Fe3C

Fe3C

Fe3C
200 nm

Fig. 3-7. TEM images of steel A subjected to partitioning at (a) 25°C (as-quenched),
(b) 300°C, (c) 400°C or (d) 500°C. Cementite volume fractions measured by extraction
replica technique are 2.1, 2.1, 4.3 and 5.2 vol%. in (a), (b), (c) and (d), respectively.
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(a)

(c)

(b)
Fe3C

Fe3C

Fe3C

200nm

500nm

500nm

Fig. 3-8. TEM images of steels (a) C, (b) D and (c) E subjected to partitioning at
400°C.

3.4 Discussion
Effects of alloying elements on retained austenite characteristics
In this study, volume fraction and total carbon of retained austenite increased with
increasing hardenability in a range of fi = 0–80, which is associated with addition of
Cr and Mo, not addition of Nb (Fig. 3-4). On the other hand, these values decreased at
the factor of fi = 140 or with Ni addition. Hardenability dependence of the carbon
concentration exhibited the opposite tendency. From Fig. 3-8, volume fraction of
cementite considerably increased in steel E. From these results, hardenability
dependences of volume fractions of cementite and retained austenite characteristics may
be illustrated as shown in Fig. 3-9.
In general, Cr, Mo and Ni enhance the hardenability of the steel. Therefore, it is
expected that these elements suppress cementite precipitation on quenching just after
austenitizing. This leads to an increase in solute carbon on quenching. Also, these
elements suppress carbon diffusion in martensite, which suppresses the carbon
enrichment and increases the volume fraction of retained austenite. Cr and Mo hardly
influence to T0 temperature where austenite and ferrite of the same chemical
composition have identical free energies13), different from Ni, as shown in Fig. 3-10.
Thus, Cr and Mo increase volume fraction of retained austenite and decrease the carbon
concentration through the suppressed diffusion of carbon.
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0

T (K)

Fig. 3-9. Illustration of variations in volume fraction of cementite (fC) and retained
austenite characteristics (f0, C0, f0×C0) with hardenability (fi).

1.5

2

Fig. 3-10. T0 temperatures of steels A, C, D and E which were calculated from
Thermo-Calc.

3.5 Summary
The effects of partitioning after quenching in oil on microstructure and retained
austenite characteristics of 0.2C-1.5Si-1.5Mn (in mass%) TM steel (base steel, A) were
investigated. In addition, effects of alloying element additions to the base steel were
examined.
(1) Addition of Cr and Mo into the base steel raised upper limit partitioning
temperature to 400oC, although carbon concentration of the retained austenite was
decreased somewhat. Cr and Mo increase volume fraction of retained austenite
and decrease the carbon concentration through the suppressed diffusion of carbon.
If Cr and Mo add into the base steel, superior mechanical properties of TM steel
can be expected.
(2) Ni addition decreased volume fraction of retained austenite and increased the
carbon concentration. This might be caused by the decrease of T0 temperature
through addition of Ni. Addition of Nb changed hardly retained austenite
characteristics, although it played a role of refining the prior austenitic grain.
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Chapter 4. Effects of Partitioning and Isothermal
Transformation Temperature on Tensile Properties and
Formabilities of TRIP-aided Martensitic Steel
4.1 Introduction
According to Sugimoto et al.1–3), a Transformation-Induced Plasticity-aided sheet
steel with a mixed structure matrix of bainitic ferrite and martensite lath structures
(TRIP-aided bainitic ferrite/martensite steel; TBF steel) produced by austempering or
isothermal transformation holding at temperatures between martensite-start (MS) and
martensite-finish temperature (Mf) possesses a good combination of tensile strength and
stretch-flangeability due TRIP effect of metastable retained austenite to reduce the body
weight of automobiles. In this case, the more stable the retained austenite films, the
higher the combination because the retained austenite suppresses a void or crack
formation on hole-punching and crack propagation on hole-expanding. An increase in
volume fraction of the retained austenite also plays the same role as an increase in
retained austenite stability. The resultant low damage on hole-punching and difficult
crack propagation behavior lead to good stretch-flangeability.
If the steel was quenched to room temperature and then partitioned at 250oC, matrix
structure changes to martensite single phase, as well as changes of retained austenite
characteristics and carbide precipitation behavior, as reported by Sugimoto et al.4) Also,
such a steel or TRIP-aided martensitic steel (TM steel) was developed by Kobayashi et
al.5) by means of isothermal transformation holding at temperatures below Mf after
austenitizing. These heat treatments closely resemble the quench and partitioning
(Q&P) process described by De Cooman and Speer6,7) and the austempering process
described by Sugimoto et al. However, the steel described herein is very different from
the TM steels that are produced by cooling to temperatures lower than the Mf
temperature and holding at temperatures that are not between MS and Mf or higher than
MS, and there is not any research which investigates the formability and a relationship
between the formability and metallurgical properties in both TM steels.
In this sectoin, stretch-flangeability of two kinds of TM steels was examined, as
well as stretch-formability. In addition, the stretch-flangeability was related to
metallurgical properties.

4.2 Experimental procedure
In this study, vacuum melted and hot-rolled sheet steel (3.2 mm thickness) with a
chemical composition of Table 4-1 was prepared. The CCT diagram is shown in Fig.
4-1, showing martensite-start temperature of about 420°C. After cold rolling to a
thickness of 1.2 mm, tensile specimens of gauge length of 50 mm and gauge width of
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12.5 mm (JIS13B) and stretch-forming and hole-expanding specimens of 50 mm by 50
mm were machined. The specimens were subjected to isothermal transformation
holding at TIT = 200–450°C for 200 s after austenitizing at 900oC (IT process) or
partitioning at 200–450°C for 1000 s after quenching from 900°C (QP process), as
shown in Fig. 4-2. The characteristics of the retained austenite in the steel were
quantified by X-ray diffractometry (XRD; Rigaku Co., RINT2100). Specimens were
electropolished after being ground with Emery paper (#2000). As described by
Maruyama, the volume fraction of the retained austenite (fγ, vol%) was calculated from
the integrated intensity of the (200)α, (211)α, (200)γ, (220)γ, and (311)γ peaks resulting
from X-ray diffractometry using Mo-Kα radiation.8) The carbon concentration (Cγ,
mass%) was estimated by substituting the lattice constant (aγ, 10-10 m) measured from
the (200)γ, (220)γ and (311)γ peaks of Cu-Kα radiation into the equation proposed by
Dyson and Holmes.9)
aγ = 3.5780 + 0.0330Cγ+ 0.00095Mnγ + 0.0056Alγ + 0.0220Nγ,

(4-1)

where Mnγ, Alγ, and Nγ represent the concentrations of the respective individual
elements (mass%) in the retained austenite. For convenience, the contents of added
alloying elements were substituted for these concentrations in this study.
Table 4-1. Chemical composition (mass%) of a steel used.
Si

Mn

P

S

Al

Nb

N

0.21

1.50

1.50

0.015

0.0023

0.042

0.05

0.0012
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Fig. 4-1. Measured CCT diagram of steel used, in which A, F, P, B and M represent
austenite, ferrite, pearlite, bainite and martensite, respectively.
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IT process
QP process

900°C
A3
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BS
MS
TP = 200-450°C
Mf
TIT = 200-450°C
OQ

OQ OQ

Time

Fig. 4-2. Heat treatment diagrams of IT and QP process, in which FS, BS and OQ
represent ferrite-start temperature, bainite-start temperature and quenching in oil.
According to a previous study by Sugimoto et al.1), retained austenite stability
against straining of TRIP-aided steel can be evaluated by “strain-induced
transformation factor; k” defined by the following equation, rather than the carbon
concentration, if retained austenite morphology changes so much.
logfγ = logfγ0 − kP,

(4-2)

where f is a volume fraction of retained austenite after strained by plastic strain P and
f is an initial volume fraction of retained austenite.1–3)
The microstructure of the steel was examined by transmission electron microscopy
(TEM; JEOL Ltd., JEM-2010) and electron backscatter diffraction pattern analysis
using field emission scanning electron microscopy (FE-SEM; Hitachi Co., S-4100 and
FE-SEM-EBSP; JEOL Ltd., JSM-6500F). The volume fraction of carbide was measured
using carbon extraction replicas.
Tensile tests were carried out on a hard type of testing machine (Shimadzu Co.,
AD-10TD, Fig. 4-3(b)). The strain rate was 3.3 × 10-3 s-1. The hole-punching and
hole-expanding tests were conducted with a graphite-type lubricant. First, a hole with
4.76 mm diameter was punched out at a punching rate of 10 mm/min, with a clearance
of 10% between the die and the punch (Fig. 4-4). The successive hole-expansion tests
were performed at a punching rate of 1 mm/min using the hole-expanding die and the
flat-bottom cylindrical punch (Figs. 4-5(a) and 4-5(b)). In the expansion tests, the punch
made contact with the roll-over section of the hole-punched specimens. The
hole-expansion ratio (λ) was determined by the following equation:
λ = {(df − d0)/d0} × 100%,
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where d0 and df are the initial hole diameter and the hole diameter on cracking,
respectively. Stretch-forming tests were also performed using the same specimens as
used for the stretch-flanging tests, to measure the maximum stretch height Hmax without
cracking. The punching rate was 1 mm/min. The stretch-forming die and a cylindrical
punch with a diameter of 17.4 mm and a curvature radius of 8.7 mm was used (Figs.
4-5(c) and 4-5(d)).2)

(b)

(a)

R20

Thickness = 1.2 mm

150

12.5

25

50

Fig. 4-3. (a) Illustration of tensile specimen and (b) image of a hard type of testing
machine (Shimadzu Co., AD-10TD).
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Fig. 4-4. (a) Image of a hole-punching die and (b) illustration of the hole-punching
system.
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Fig. 4-5. Illustrations of (a) hole-expanding and (c) stretch-forming systems. (b) and
(d) show flat-bottom and hemispherical-bottom cylindrical punches, respectively.
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4.3 Results
4.3.1 Microstructure
Typical microstructures of IT and QP process steels are shown in Fig. 4-6. Both
steels apparently exhibit the same microstructure. The matrix structure consists of wide
and narrow martensite lath structures.
Carbides precipitate only in the wider martensite lath structure (Fig. 4-7). The
volume fraction of carbide in IT process is 0.47 vol% and is smaller than that (1.08
vol%) of QP process steel when the steel was isothermally held at 200°C after
austenitizing. However, these carbide amounts are so much smaller than that of
SCM420 steel, which was reported by Sugimoto et al.4) According to De Cooman et
al.10), the carbides are transition carbides or cementites. On the other hand, most of
retained austenite phases are surrounded by or adjacent to the fine martensite lath
structure.
IQ map

IQ distribution map of bcc

Orientation map

(b)

(c)

(d)

(e)

(f)

QP process

IT process

(a)

ND

10 m
2000

8000
4000 6000
Image Quality index

111

RD

001

101

Fig. 4-6. EBSP analysis results of steels subjected to isothermal transformation
holding (IT process) or partitioning (QP process) at 200°C. Arrows represent wider
martensite lath structure.
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(a)

(b)





200 nm

Fig. 4-7. TEM images of steels subjected to (a) isothermal transformation holding (IT
process) or (b) partitioning (QP process) at 200°C, in which  is cementite or transition
carbide. Volume fraction of carbide in IT and QP process steels are f = 0.47 and 1.08
vol%, respectively.

4.3.2 Retained austenite characteristics
Volume fraction and carbon concentration of retained austenite of IT and QP
process steels are shown in Fig. 4-8. A larger amount of retained austenite was observed
in IT process steels, although the carbon concentration was lower than that of QP
process steel. The carbon concentration of IT process steel is significantly low at
isothermal transformation temperatures below 250°C. According to Kobayashi et al.5), if
the IT process steel isothermally held at 200°C after austenitizing was subjected to
partitioning at 250–450°C (called ITP process), the carbon concentration of retained
austenite increases, in the same way as QP process steel. It is noteworthy in the QP
process steel that the volume fraction of retained austenite gradually decreased with
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increasing partitioning temperature in a temperature range higher than 300°C.
The k value shows opposite tendency carbon concentration of retained austenite
(Fig. 4-9). Namely, k values of IT process steel are higher than that of QP process steel.
It is noteworthy that k value of IT process steel are considerably low when isothermally
held at 350–450°C.

P

Fig. 4-8. Variations in initial volume fraction (f) and carbon concentration (C) of
retained austenite as a function of isothermal transformation or partitioning
temperature (TIT, TP) in IT and QP process steels.
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Fig. 4-9. Variations in k values as a function of isothermal transformation or
partitioning temperature (TIT, TP) in IT and QP process steels.

4.3.3 Tensile properties
Tensile properties of IT and QP process steels are shown in Fig. 4-10. The IT
process steel exhibits lower tensile strength and yield stress than QP process steel. Since
the yield stress is considerably lowered by IT process, IT process steel possesses lower
yield ratio.
In contrast, uniform and total elongations are increased by IT process. When a
combination of tensile strength and total elongation of IT process steel was compared
with that of QP process steel, the IT process steel exhibits better combination than QP
process steel.
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Fig. 4-10. Variations in (a) tensile strength (TS) and yield stress or 0.2% offset proof
stress (YS) and (b) total elongation (TEl) and uniform elongation (UEl) as a function of
isothermal transformation or partitioning temperature (TIT ,TP) in IT and QP process
steels.

4.3.4 Formabilities
Figure 4-11 shows maximum stretch-height and hole-expanding ratio as a function
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of isothermal transformation or partitioning temperature in steels subjected to IT or QP
process. The IT process steel possesses higher maximum stretch-height and
hole-expanding ratio than QP process steel, although these values of both steels increase
with increasing isothermal transformation and partitioning temperatures.
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Fig. 4-11. Variations in (a) maximum stretch-height (Hmax) and (b) hole-expanding
ratio (λ) as a function of isothermal transformation or partitioning temperature (TIT ,
TP) in IT and QP process steels.

Figure 4-12 compares maximum stretch-height and hole-expanding ratio of IT and
QP process steels and ferrite- martensite dual-phase steel as a function of tensile
strength.
IT process steel exhibits higher combinations of tensile strength and
stretch-flangeability than QP process steel and dual-phase steel. According to Kobayashi
et al.5), when the IT process steel was partitioned at 250–450°C, both the stretch
formability and stretch-flangeability are further improved.
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Fig. 4-12. Variations in combinations of (a) tensile strength and maximum
stretch-height (TS×Hmax) and (b) tensile strength and hole-expanding ratio (TS×) in
IT and QP process steels. DP: 0.082%C-0.88%Si-2.0%Mn (in mass%)
ferrite-martensite dual-phase steel with different volume fraction of second phase.
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Figure 4-13 shows appearance of steels after stretch-forming or stretch-flanging
tests. Figure 4-14 shows SEM images of break section of punched hole in IT and QP
process steels. It is found that punching damage such as void or crack in IT process steel
is smaller than that in QP process steel (Fig. 4-14). In addition, IT process steel is
characterized by longer shearing section than QP process steel, as shown in Fig. 4-15.
These results indicate that IT process suppresses punching damage for the TM steel,
compared with QP process. It is very important that isothermal transformation
temperature dependence of shear section length resembles to that of hole-expanding
ratio.
IT process (TIT = 200°C)
(a)

QP process (TP = 200°C)
(b)

stretch-forming

crack

Hmax= 7.6 mm

(c)

(d)

λ= 28%

λ= 23%

stretch-flanging

Hmax= 7.7 mm

10 mm

Fig. 4-13. Appearance of IT and QP process steels subjected to stretch-forming or
stretch-flanging. (TIT = TP = 200°C)
(b)
void

void
crack

10m

crack

Punching direction

punching direction

rp
rp
ss

bs

Specimen

(a)

t

rp: roll-over portion
ss:shearing section
bs: break section

Fig. 4-14. Scanning electron micrographs of break section of punched hole surface in
(a) IT and (b) QP process steels isothermally held and partitioned at 200oC,
respectively.
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Fig. 4-15. Variations in ratio of shearing section length (ss) to sheet thickness (t) as a
function of isothermal transformation (TIT) or partitioning temperature (TP) of steels.

4.4 Discussion
4.4.1 Carbon-enrichment mechanism of TM steel subjected to
isothermal transformation process at 200–250°C.
According to Sugimoto et al.2), Si addition of 1.5 mass% promotes carbon
enrichment in retained austenite and an increase in the volume fraction in TM steel due
to suppressing the carbide precipitation. They proposed that when QP process steel was
subjected to partitioning at 25–250°C after quenching in oil, volume fraction of carbide
and retained austenite characteristics vary during partitioning as illustrated in Fig. 4-16.
Namely, first auto-tempering on quenching takes place on during quenching or
martensitic transformation, particularly in the wider martensite lath structure (stage 1–2
in Fig. 4-16(b)). Simultaneously, some of supersaturated solute carbon in martensite is
enriched in retained austenite to about 0.4 mass% through carbon diffusion from the
wider martensite. Next, when the quenched steel is partitioned at temperatures higher
than 250°C, carbon concentration of retained austenite considerably increases with
increasing partitioning time (stage 2–3), because supersaturated carbon in narrow
martensite may diffuses into retained austenite, with decrease in volume fractions of
retained austenite and increase in carbide fraction.
It is supposed that a similar microstructural change takes place in IT process steel,
with different volume fractions of retained austenite and carbide, because both steels
possessed the similar microstructure (Fig. 4-6). The high volume fraction of retained
austenite and low volume fraction of carbide of IT process steel may be associated with
(i) incomplete martensite transformation and (ii) delayed carbon-enrichment in retained
austenite from transformed martensite during isothermal transformation holding.
When IT process steel was held at 200–300°C, the mechanical stability was lower
than that of QP process steel (Fig. 4-9). This result may be caused by lower carbon
concentration of retained austenite because size and location of the retained austenite
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are nearly the same in both steels.
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Fig. 4-16. Illustration of (a) heat treatment diagram, (b) microstructural change at
stages 1 through 3 and (c) change in carbon concentrations (Cγ , Cγ = CγR and Cαm)
and volume fractions (fγ, fγ = fγR, fθ and fαm) of each phase during isothermal
transformation holding at 200°C in IT process steel. (b) is also applied to QP process
steel.

4.4.2 Excellent stretch-flangeability
Sugimoto et al.2,3) have reported that stretch-flangeability of TBF steel is controlled
by (i) volume fraction and stability of retained austenite and uniformity and (ii) size of
matrix microstructure which influence both hole-surface layer damage on punching and
localized ductility on expanding. The present IT process steel also exhibited an excellent
stretch-flangeability, when isothermally held at temperatures below Mf (Fig. 4-11(b)),
despite high tensile strength of about 1.5GPa.
As shown in Figs. 4-14 and 4-15, IT process steel was characterized by a small
damage of punched hole-surface, or a small amount of void and long shear section. This
may lead to higher stretch-flangeability in IT process steel, as well as a larger amount of
retained austenite which contributes to a large strain on stretch-flanging. Also, the small
punching damage may be associated with uniform and fine lath martensite matrix
structure and a smaller amount of carbide, reducing localized stress concentration.
In Fig. 4-9, IT process steel exhibited higher k value or lower mechanical stability
of retained austenite than QP process steel. Because the stretch-flangeability was better
than that of QP process steel, the mechanical stability of retained austenite is expected
to hardly influence the stretch-flangeability in this study.
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According to Kobayashi et al.5), partitioning at 250–350°C after isothermal
transformation at 200°C improves retained austenite characteristics and a combination
of tensile strength and stretch flangeability. This result will be reported in chapter 5.

4.5 Summary
Stretch-flangeability of TM steel subjected to IT process was compared with that of
previously developed TM steel subjected to QP process. In addition, the
stretch-flangeability was related to some metallurgical properties. Main results are
summarized as follows,
(1) Microstructure of the TM steel subjected to IT process at 200–250°C below Mf
consisted of wide and narrow martensite lath structures and interlath retained
austenite surrounded by narrow martensite lath structure, similar to the steel
subjected to QP process. A small amount of carbide precipitated only in wider
martensite lath structure of both the steels although the carbide fraction was
smaller than that of QP process. It is noteworthy that the volume fraction of
retained austenite of IT process steel was higher than that of QP process steel,
with lower carbon concentration of retained austenite. This is expected to be
associated with incomplete martensite transformation and delayed carbon
enrichment in retained austenite during isothermal transformation holding.
(2) When isothermally transformed at temperatures below Mf, the IT process steel
possessed tensile strength of 1.5 GPa and total elongation of 8%. The
hole-expanding ratio (λ = 30–50%) was higher than that of QP process steel.
Resultantly the IT process steel possessed a superior combination of tensile
strength and stretch-flangeability. It is considered that the excellent combination
of IT process steel is mainly caused by uniform and fine martensite lath structure
matrix and a smaller amount of carbides which suppress the damage on punching
and cracking on hole-expanding, as well as metastable retained austenite.
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Chapter 5. Effects of Partitioning Temperature after
Isothermal Transformation Process on Stretch-flangeability
and
Bendability
of
a
0.2C-1.5Si-1.5Mn-0.05Nb
Ultrahigh-strength TRIP-aided Martensitic Sheet Steel
5.1 Introduction
To reduce the body weight of automobiles, an ultrahigh-strength
transformation-induced-plasticity (TRIP)-aided sheet steel with two kinds of lath
martensite structure matrices and metastable retained austenite, also called TRIP-aided
martensitic or TM steel, has been developed in terms of quenching or isothermal
transformation process after austenitizing.1–3) These heat treatments closely resemble the
quench and partitioning (Q&P) process described by De Cooman and Speer4,5) and the
austempering process described by Sugimoto et al.6,7) However, the steel described
herein is very different from the TM steels that are produced by cooling to temperatures
lower than the Mf temperature and holding at temperatures that are not between MS and
Mf or higher than MS.
According to a previous study, high tensile strength and stretch flangeability in
0.2%C-1.5%Si-1.5%Mn-0.05%Nb (in mass%) TM steel is achieved by an isothermal
transformation (IT) process after austenitizing, a different from the quenching process.3)
Metastable retained austenite phases suppress void or crack formation on hole-punching
and crack propagation on hole-expansion. The small degree of damage on
hole-punching and the reduction in crack propagation lead to good formability.
Recently, Sugimoto and Kobayashi reported that partitioning after the IT process
promotes carbon enrichment of the retained austenite.2) Thus, partitioning is expected to
improve the formability of TM steel through the stabilization of the retained austenite or
an increased TRIP effect.
In this section, in order to further improve the formability of TM steel, the effects of
partitioning after the IT process (ITP process) on the formability were investigated. Also,
the formability was compared with that of TM steel subjected to partitioning after the
quenching process.

5.2 Experimental procedure
Vacuum melted and hot-rolled sheet steel (3.2 mm in thickness) with the chemical
composition listed in Table 5-1 was used in this study. The continuous cooling
transformation (CCT) diagram in Fig. 5-1 shows the martensite-start temperature of
about 420°C. After cold rolling to a thickness of 1.2 mm, tensile, stretch-forming and
hole-expansion, and bending specimens with a gauge length and gauge width of 50 mm
and 12.5 mm, 50 mm and 50 mm, and 70 mm and 40 mm, respectively, were machined.

65

Chapter 5. Effects of Partitioning Temperature after Isothermal Transformation Process
on Stretch-flangeability and Bendability of a 0.2C-1.5Si-1.5Mn-0.05Nb
Ultrahigh-strength TRIP-aided Martensitic Sheet Steel
The specimens were heat-treated for the ITP process, as shown in Fig. 5-2. The
partitioning temperatures were between 200 and 450°C for the ITP process. For
comparison, heat treatment for the QP process was also done.
The characteristics of the retained austenite in the steel were quantified by X-ray
diffractometry (XRD; Rigaku Co., RINT2100). Specimens were electropolished after
being ground with Emery paper (#2000). As described by Maruyama, the volume
fraction of the retained austenite (f, vol%) was calculated from the integrated intensity
of the (200), (211), (200), (220), and (311) peaks resulting from X-ray
diffractometry using Mo-Kα radiation.8) The carbon concentration (C, mass%) was
estimated by substituting the lattice constant (a, ×10-1 nm) measured from the (200),
(220) and (311) peaks of Cu-Kα radiation into the equation proposed by Dyson and
Holmes.9)
a = 3.5780 + 0.0330Cγ + 0.00095Mnγ + 0.0056Alγ + 0.0220Nγ,

(5-1)

where Mn, Al, and N represent the concentrations of the respective individual
elements (mass%) in the retained austenite. For convenience, the contents of added
alloying elements were substituted for these concentrations in this study.

Table 5-1. Chemical composition (mass%) of a steel used.
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Fig. 5-1. Measured CCT diagram of steel used, in which A, F, P, B and M represent
austenite, ferrite, pearlite, bainite and martensite, respectively.
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Fig. 5-2. Heat treatment diagram of ITP process, in which FS, BS and OQ represent
ferrite-start temperature, bainite-start temperature and quenching in oil.
The stability of the retained austenite against the strain-induced martensite
transformation or k value was defined by the following equation:
logf = logf0 − kP,

(5-2)

where f is a volume fraction of retained austenite after strained by plastic strain  and f
is an initial volume fraction of retained austenite.6,7)
The microstructure of the steel was examined by transmission electron microscopy
(TEM; JEOL Ltd., JEM-2010) and electron backscatter diffraction pattern analysis
using field emission scanning electron microscopy (FE-SEM; Hitachi Co., S-4100 and
FE-SEM-EBSP; JEOL Ltd., JSM-6500F). The volume fraction of carbide was measured
using carbon extraction replicas.
Tensile tests were carried out on a hard type of testing machine (as shown in Fig.
4-3 in Chapter 4.). The strain rate was 3.3 × 10-3 s-1. The hole-punching and
hole-expanding tests were conducted with a graphite-type lubricant. First, a hole with
4.76 mm diameter was punched out at a punching rate of 10 mm/min, with a clearance
of 10% between the die and the punch (as shown in Fig. 4-4 in Chapter 4.). The
successive hole-expansion tests were performed at a punching rate of 1 mm/min using
the hole-expanding die and the flat-bottom cylindrical punch (as shown in Fig. 4-5(a) in
Chapter 4.). In the expansion tests, the punch made contact with the roll-over section of
the hole-punched specimens. The hole-expansion ratio () was determined by the
following equation:

 = {(df − d0)/d0} × 100%,

(5-3)

where d0 and df are the initial hole diameter and the hole diameter on cracking,
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respectively. Stretch-forming tests were also performed using the same specimens as
used for the stretch-flanging tests, to measure the maximum stretch height Hmax without
cracking. The punching rate was 1 mm/min and a cylindrical punch with a diameter of
17.4 mm and a curvature radius of 8.7 mm was used (as shown in Fig. 4-5(c) in Chapter
4.).3) Bendability was assessed in terms of the minimum bending radius (Rmin) bendable
to 90° without cracking using a bending die and punches with bending radius of 0.5–5.0
mm (Fig. 5-3). All tests were conducted at 20°C.
(a)

20 mm

(b)

20

Width: 35 mm

(c)

Width: 35 mm

R0.5–R5.0

50
100

Fig. 5-3. (a) Image and (b, c) illustrations of the bending die and punch, respectively.

5.3 Results
5.3.1 Microstructure
The typical microstructure of ITP process steel is shown in Fig. 5-4. The matrix
consists of wide and narrow lath martensite structures. The volume fraction of the
narrow lath martensite is about 17 vol%. Most of the retained austenite is located along
the narrow lath martensite structures and on the prior grain boundary and packet one, as
well as TM steel subjected to IT process in Chapter 3. A small amount of needle-like
carbide precipitates in multi angle only in wide lath martensite. The volume fraction
increases with increasing partitioning temperature, as shown in Fig. 5-5. At a
partitioning temperature of 200°C, the amount of carbides in ITP process steel (f = 0.64
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vol%) is much lower than that in QP process steel (f = 1.08 vol%). These carbides
precipitate due to auto-tempering on isothermal transformation or quenching.
(a)

(b)





2 m

Fig. 5-4. Typical SEM images of steels subjected to partitioning process at 200°C and
400°C after isothermal transformation holding.  denotes carbide.
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Fig. 5-5. Variation in volume fraction of carbide (f) as a function of partitioning
temperature (TP).

5.3.2 Retained austenite characteristics
Figure 5-6 shows the initial volume fraction (f0) and initial carbon concentration
(C0) of the retained austenite, and the k value as a function of the partitioning
temperature in the ITP process steel. The initial volume fraction of the retained austenite
decreases with an increase in the partitioning temperature. When partitioned at 450°C,
all retained austenite phases decompose into carbide and ferrite. On the other hand, the
initial carbon concentration increases from 0.6 to 1.2 mass% on partitioning.
Corresponding to the carbon concentration, the k value decreases (or the stability of the
retained austenite increases) with an increase in the partitioning temperature.
When these characteristics were compared with those of QP process steel, the ITP
process steel was seen to possess a larger amount of retained austenite.
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Fig. 5-6. Variations in (a) initial volume fraction (f), carbon concentration (C) of
retained austenite and (b) the stability of the retained austenite against the
strain-induced martensite transformation or k value as a function of partitioning
temperature (TP).

5.3.3 Tensile properties

 (MPa)

Figure 5-7 shows typical nominal stress - strain curves for ITP process steel
partitioned at 200–400°C. Table 5-2 shows the tensile properties of ITP process steel.
When the steel was partitioned at 200–350°C, the yield stress increased and the tensile
strength decreased with an increase in the partitioning temperature. The reduction of
area increases with increasing partitioning temperature, with decreases in uniform and
total elongations. These tensile properties are superior to those of QP process steel.
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Fig. 5-7. (a) Initial and (b) total nominal stress–strain curves of ITP process steels
partitioned at 200°C, 300°C and 400°C.
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Table 5-2. Tensile properties of steels subjected to partitioning after the IT process.
TP

YS

TS

YR

UEl

TEl

RA

200

1225

1609

0.76

5.1

7.5

50

250

1277

1556

0.82

3.7

6.5

57

300

1322

1552

0.85

3.0

5.9

55

350

1342

1517

0.88

2.8

6.1

61

400

1325

1425

0.93

3.5

6.5

63

450

1140

1225

0.93

5.2

8.7
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TP (°C): partitioning temperature; YS (MPa): 0.2% proof stress or yield strength; TS (MPa):
tensile strength; YR: yield ratio; UEl (%): uniform elongation; TEl (%): total elongation; RA
(%): reduction of area.

5.3.4 Stretch-formability, stretch-flangeability and bendability
Figure 5-8 shows the variations in the maximum stretch height, minimum bending
radius, and hole-expansion ratio as a function of the partitioning temperature for ITP
process steel. The stretch formability and stretch flangeability increase with increasing
partitioning temperature. On the other hand, bendability is improved by partitioning at
temperatures above 400°C.
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Fig. 5-8. (a) Maximum stretch height (Hmax), (b) minimum bending radius (Rmin), and
(c) hole-expansion ratio () of ITP process steel as a function of partitioning
temperature.
Figure 5-9 shows the relationship between the tensile strength and the maximum
stretch height, the minimum bending radius, and the hole-expansion ratio for ITP
process steel. For comparison, the experimental data for QP process steel3) with the
same chemistry are also plotted in the figure. It is found that ITP process steel
partitioned at 200–350°C possesses superior stretch flangeability as well as stretch
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formability and bendability, as compared to QP process steel.
Figure 5-10 shows the ratio of shearing section length to sheet thickness (ss/t) as a
function of the partitioning temperature for ITP process steel. The shear section length
increases with increasing partitioning temperature. From SEM observations, it is found
that the size and the number of voids and cracks are reduced by partitioning at higher
temperatures. The damage on punching is smaller than that in QP process steel. These
results show that partitioning after the IT process, rather than after the quenching
process, considerably reduces punching damage.
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Fig. 5-9. Relationships between the tensile strength (TS) and the (a) maximum stretch
height (Hmax), (b) minimum bending radius (Rmin), and (c) hole-expansion ratio (λ) in
ITP process and QP process12) steels.
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Fig. 5-10. Ratios of shearing section length to sheet thickness (ss/t) in ITP and QP
process steels as a function of partitioning temperature.

5.4 Discussion
5.4.1 Yield stress
In general, the yield stress and yield ratio of TM steel are low. Kobayashi et al. 3)
have reported that low yield stress or "continuous yielding" is associated with
spherically symmetric internal stress due to martensitic transformation strain.10,11) This
feature is favourable for cold-stamping because the sheet attaches well to dies in the
early stage of forming.
In this study, partitioning at 200–350°C after IT process increased yield stress and
yield ratio. In addition, the yield stress and yield ratio increased with increasing
partitioning temperature although the tensile strength decreased only a little (Table 5-2).
From Fig. 5-7, it is found that the increase in yield stress is responsible for flow stress
increased in an early strain range. In this case, the abovementioned spherically
symmetric internal stress is expected to be relaxed by partitioning. Thus, relaxation of
the internal stress by partitioning may increase the flow stress despite softening by the
recovered matrix structure and coarsening of the carbides.

5.4.2 Stretch-flangeability
Partitioning at 200–350°C after the IT process considerably improved the stretch
flangeability in ITP process steel, as shown in Fig. 5-8. Also, as shown in Fig. 5-9, the
ITP process steel was characterized by a small degree of damage to the punched
hole-surface with a long shear section and a small number of tiny cracks. So, such a
small punching damage by partitioning mainly brought on the excellent stretch
flangeability, as well as a large reduction of area or a good localized ductility leading to
difficult crack propagation on hole-expanding.
According to Kobayashi et al., both the damage to the hole-surface layer on
punching and the localized ductility on expansion are controlled by the volume fraction
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and stability of the retained austenite as well as the uniformity and size of the matrix
structure in TM steel.12) In addition, when the IT process was carried out, the excellent
stretch flangeability was associated with (i) a mixed structure matrix of uniform wide
and narrow lath martensite, (ii) a larger amount of metastable retained austenite, and
(iii) decreased cementite content, which suppress both damage due to punching as well
as crack propagation on hole-expansion.
In the studied ITP process steel, partitioning at 200–350°C lead to the (1)
carbon-enrichment or stabilization of the retained austenite and (2) softening of the
narrow and wide lath martensite, although carbides in the wide lath martensite were
coarsened and increased. Thus, it can be concluded that (1) and (2) reduced the surface
damage on punching and improved the localized ductility on hole-expansion, and
consequently enhanced the stretch flangeability.

5.5 Summary
The effects of partitioning after the IT process on formability of a
0.2%C-1.5%Si-1.5%Mn-0.05%Nb (in mass%) TM steel were investigated.
(1) Partitioning at 200–350°C after the IT process promoted carbon-enrichment in
the retained austenite in the TM steel, with a small decrease in the fraction of
retained austenite. The partitioning softened a mixed lath structure matrix, with a
coarsening of and an increase in the carbides.
(2) The partitioning increased the yield stress and yield ratio of the TM steel,
accompanied by small declines in the tensile strength as well as the uniform and
total elongations.
(3) Partitioning after the IT process significantly enhanced the formability,
especially stretch-flangeability, as compared to that from partitioning after the
quenching process.
(4) The excellent stretch-flangeability was associated with (i) a softening of a
mixed uniform wide and narrow lath martensitic structure matrix and (ii) an
increase in the stability of the retained austenite, which suppressed the damage on
punching and crack propagation on hole-expansion through partitioning process.
(5) In case of partitioning above 400°C after the IT process, the volume fraction of
retained austenite was too low to effectively use TRIP effect.
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Chapter 6. Effects of microalloying on stretch-flangeability of
Ultrahigh-strength TRIP-aided martensitic steel sheets
6.1 Introduction
Recently, third generation advanced high-strength steel sheets (3rd generation
AHSSs) have been developed for reducing body weight of automobiles, suppression of
global warming, and improvement in impact safety. Typical AHSSs include C-Si-Mn
“Transformation-induced plasticity (TRIP)1)-aided bainitic ferrite” (TBF) steel and
“Quench and Partitioning” (Q&P) steel, which possess superior formability owing to
transformation-induced plasticity (TRIP) of the metastable retained austenite. TBF steel
is produced by an isothermal transformation (IT) process at temperatures higher than the
martensite transformation-start temperature (MS) (when the matrix structure is bainitic
ferrite) or between the Ms and martensite transformation-finish temperature (Mf)
temperatures (when the matrix structure is a mixture of bainitic ferrite and martensite)
after austenitizing.2,3) Q&P steel is fabricated by first quenching at a temperature below
the Ms temperature after austenitizing and then by partitioning (P) at a temperature
higher than the Ms temperature (matrix structure is the same mixture of bainitic ferrite
and martensite as in the case of TBF steel).4-6)
In order to increase the strength of TBF steel, Sugimoto et al. recently developed a
C-Si-Mn “TRIP-aided martensitic” (TM) steel with a wide lath-martensite structure and
a narrow lath-martensite/metastable-austenite-retained complex phase (MA-like
phase).7-10) The TM steel was manufactured by the following two-step heat treatment
ITP process:
(1) IT process for 1000 s at temperatures below Mf temperature after austenitizing.
(2) P process at temperatures between 200–350°C for 1000 s after the IT process,
which further enriches the carbon concentration of the retained austenite.
The TM steel achieved superior stretch-flangeability compared to TBF steel
because of its unique microstructure.7) As the microstructure and retained austenite
characteristics of TM steel are affected by Cr, Mo, and Ni alloying7), press-formability
of TM steel sheet can be also expected to be improved by microalloying with Cr, Mo
and Ni; however, the effects of alloying elements on the press-formability of TM steel
have not yet been reported.
In the present study, the effects of Cr, Mo and/or Ni alloying on the microstructure,
retained austenite characteristics, tensile properties, stretch-formability and
stretch-flangeability of TM steel subjected only to an IT process at temperatures below
the Mf temperature were investigated in order to further improve the press-formability
of TM steel. It was discovered that the tensile properties and stretch-flangeability were
also related to some metallurgical factors.
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6.2 Experimental procedure
Five kinds of steels, with varying Cr, Mo and Ni contents listed in Table 6-1, were
prepared in the form of 100 kg ingots by vacuum melting, which were then hot-forged
into slabs. The slabs were then heated to 1200°C and hot-rolled into thin plates (3 mm
in thickness) with a finishing rolling temperature at 850°C, followed by cooling in air to
room temperature and subsequent annealing at 650°C. Finally, the plates were
cold-rolled to 1.2 mm after acid pickling.
In general, carbon equivalent (Ceq) is used in the evaluation of hardenability of
steels. Some of the plates contained boron at a concentration of ~20 ppm, along with the
other alloying elements, for increasing hardenability; however, Ceq does not include the
effects of boron. Therefore, hardenability defined as the product of the various
Grossman pearlitic hardenability factors11) (fis) was used in this study. The value of
fi was calculated using the following equation:
fi = DI/DI* = (1 + 0.64%Si) × (1 + 4.1%Mn) × (1 + 2.83%P)
× (1 − 0.62%S) × (1 + 2.33%Cr) × (1 + 0.52%Ni)
× (1 + 3.14%Mo) × (1 + 0.27%Cu) × (1 + 1.5(0.9 − %C)),

(6-1)

where DI and DI* are the ideal critical diameters for the hardenability of alloyed and
carbon steels, respectively. The effect of the prior austenite grain size is not considered
in Eq. (6-1). The last term on the right-hand side of Eq. (6-1) was included only in the
case of the steel containing boron, because the hardenability of boron-bearing steel is
more sensitive to carbon contents than boron contents. Hereafter, fi is called the
“hardenability factor” or “hardenability”. The continuous cooling transformation (CCT)
diagrams of steels A through E are shown in Fig. 6-1.
Tensile specimens with a gauge length of 50 mm and gauge width of 12.5 mm
(JIS13B), and stretch-forming and hole-expansion specimens of 50 mm length and
width were machined from the cold-rolled steel sheets. These specimens were subjected
to an IT process, as shown in Fig. 6-2. Similar to previous studies6-8), the austenitizing
was performed at 900°C for 1200 s, and then the IT process was performed at 200°C for
1000 s.
The microstructure of the steels was examined by transmission electron microscopy
(TEM; JEOL Ltd., JEM-2010) and electron backscatter diffraction pattern analysis
using field emission scanning electron microscopy (FE-SEM; Hitachi Co., S-4100 and
FE-SEM-EBSP; JEOL Ltd., JSM-6500F). The volume fraction of carbide in the
specimens was measured as follows. First the specimens were etched in 5%-nital
etchant, and then a carbon film was coated on the specimen. The carbon replicas with
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carbides were then peeled off from the specimens in an ethanol solution including 30%
nitric acid, followed by TEM examination and image analysis in an area of about 560
μm2.
The characteristics of the retained austenite in the steels were quantified by X-ray
diffraction (XRD; Rigaku Co., RINT2100). Specimens were electropolished after being
ground with emery paper (#2000). As described by Maruyama12), the volume fraction of
the retained austenite (fγ, vol%) was calculated from the integration of intensities of the
(200)α, (211)α, (200)γ, (220)γ and (311)γ peaks from the XRD studies performed using
Mo-Kα radiation. The carbon concentration (Cγ, mass%) was estimated by substituting
the lattice constant (aγ, units of 10-1 nm) measured from the (200)γ, (220)γ and (311)γ
peaks of Cu-Kα radiation into the following equation proposed by Dyson and
Holmes.13)
aγ = 3.5780 + 0.0330%Cγ + 0.00095%Mnγ − 0.0002%Niγ + 0.0006%Crγ
+ 0.0220%Nγ + 0.0056%Alγ − 0.0004%Coγ + 0.0015%Cuγ + 0.0031%Moγ
+ 0.0051%Nbγ + 0.0039%Tiγ + 0.0018%Vγ + 0.0018%Wγ,
(6-2)
where %Mnγ, %Niγ, %Crγ, %Nγ, %Alγ, %Coγ, %Cuγ, %Moγ, %Nbγ, %Tiγ, %Vγ and %Wγ
represent the concentrations of the respective individual elements (mass%) in the
retained austenite phase. For convenience, the contents of added alloying elements were
substituted for these concentrations in this study.

Table 6-1. Chemical composition (mass%), measured martensite-start and -finish
temperatures (MS, Mf, °C) and hardenability factor (fi) of steels used.
Steel

C

Si

Mn

P

S

Al

Nb

A
B
C
D
E

0.20
0.21
0.20
0.18
0.21

1.50
1.49
1.49
1.48
1.49

1.50
1.50
1.50
1.49
1.49

0.0015
0.0019
0.0019
0.0029
0.0019

0.002
0.004
0.004
0.004
0.003

0.042
0.040
0.040
0.043
0.034

0.048
0.050
0.050
0.050
0.049

Steel

Cr

Mo

Ni

O

N

MS

Mf

fi

A
B
C
D
E

0.50
1.00
1.02
1.00

0.20
0.20

1.52

0.0010
0.0012
0.0014
0.0015
0.0009

0.0012
0.0012
0.0012
0.0010
0.0014

409
408
406
368
357

289
292
261
250
245

14.6
30.6
47.0
76.8
135.8
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Fig. 6-1. Measured CCT diagrams of steels A through E, in which A, F, P, B and M
represent austenite, ferrite, pearlite, bainite and martensite, respectively.
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Fig. 6-2. Heat treatment diagram of ITP process, in which OQ represents quenching
in oil.
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Tensile tests were carried out on a hard type of testing machine (Shimadzu Co.,
AD-10TD, as shown in Fig. 4-3 in Chapter 4.). The strain rate was 3.3 × 10-3 s-1 and the
tensile direction was parallel to the rolling direction of the sheet. In order to investigate
the initial yield behavior, a strain gauge (Kyowa Electronic Instruments Co., Ltd,
KFG-10-120-C1) was attached to the gauge section of the specimen. The hole-punching
and hole-expanding tests were conducted with a graphite-type lubricant. First, a hole
with 4.76 mm diameter was punched out at a punching rate of 10 mm/min, with a
clearance of 10% between the die and the punch (as shown in Fig. 4-4 in Chapter 4.).
The successive hole-expansion tests were performed at a punching rate of 1 mm/min
using the hole-expanding die and the flat-bottom cylindrical punch (as shown in Fig.
4-5(a) in Chapter 4.). In the expansion tests, the punch was contacted with the roll-over
section of the hole-punched specimens. The hole-expansion ratio (λ) was determined by
the following equation:
λ = {(df − d0)/d0} × 100%,

(6-3)

where d0 and df are the initial hole diameter and the hole diameter upon cracking,
respectively. Stretch-forming tests were also performed to measure the maximum
stretch height, Hmax, without cracking. The punching rate was 1 mm/min and a
cylindrical punch with a diameter of 17.6 mm and a curvature radius of 8.7 mm was
used (as shown in Fig. 4-5(c) in Chapter 4.).10) The forming tests were carried out twice
in this study. The error margins in the hole-expanding ratio and maximum stretch height
were 1–3% and 0.05–0.2 mm, respectively. All tests were conducted at 25°C.

6.3 Results
6.3.1 Microstructure and Retained Austenite Characteristics
Figure 6-3 shows SEM images of the microstructure in steels A through E. The
results from EBSP analysis in steels A and D are shown in Fig. 6-4. Based on these
results, the body centered cubic (Fe- bcc) structures of the TM steel consisted of high
image quality (IQ) index or low IQ index structures. According to Kobayashi et al.3), the
martensitic and bainitic ferrite matrices possess a high IQ index whereas the MA phase
in TBF steel possesses a low IQ index. Thus, the high IQ index structure in Fig. 6-4
seems to be a soft wide lath-martensite structure with low dislocation density14). It is
proposed that this wide lath-martensite structure was auto-tempered during cooling after
austenitizing. The width of the lath-martensite was 0.5–1.0 m. As shown in Figs.
6-3(f)–6-3(j), needle-like carbides were observed in the wide lath-martensite structures.
The low IQ index structure was a blocky phase composed of fine martensite and
retained austenite. The blocky second phase appears to be a martensite-austenite
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constituent or phase, which was observed in martensitic steel in a previous study15).
Hereafter, the blocky second phase is referred to as an “MA-like phase”. The MA-like
phase was primarily located on the prior austenite, packet, and martensite block
boundaries. The fraction of the MA-like phase increased with increasing hardenability.
In addition, these MA-like phases were also finely dispersed with increasing
hardenability (Figs. 6-4(b) and 6-4(e)).
TEM images of steels A (base steel) and D (Cr-Mo-bearing steel) are shown in Fig.
6-5. In Fig. 6-5, the blocky second phase was found to possess a narrow lath-martensite
structure (αm*) with high dislocation density. Considering the IQ map distribution of
Figs. 6-4(b) and 6-4(e), the retained austenite appears to be located on a narrow
lath-martensite boundary. Carbides in Figs. 6-3 and 6-5, which were precipitated only in
wide lath-martensite, were detected to be cementite (Fe3C). The length of the carbide
was about 200 nm. The sizes of the carbides in steels B through D were slightly smaller
than that of steel A. It was hypothesized that these carbides were precipitated by
auto-tempering during cooling after austenitizing.
Figure 6-6 shows the initial volume fraction and carbon concentration of retained
austenite, volume fractions of the MA-like phase and carbide, and the stability of the
retained austenite against the strain-induced martensite transformation “k value” as a
function of hardenability factor in steels A through E. The k value or “strain-induced
transformation factor” was defined by the following equation16):
logfγ = logfγ0 − kε,

(6-4)

where fγ is the volume fraction of retained austenite after applying plastic strain ε and fγ0
is the original volume fraction of retained austenite. In Fig. 6-6(a), the initial volume
fraction of the retained austenite had only a slight dependence on the hardenability
factor. On the other hand, the initial carbon concentration of the retained austenite
clearly decreased with increasing hardenability. Although the k value of steel E
(Cr-Mo-Ni bearing steel) slightly increased (retained austenite became unstable), the
hardenability dependence of the k value was small (Fig. 6-6(c)).
The carbide fraction in steels A through E was between 0.8 and 1.2 vol%, and it
minimally depended on the hardenability (Fig. 6-6(b)). The volume fractions of the
MA-like phase in steels A through E were 11–18 vol% and increased with increasing
hardenability.
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Fig. 6-3. SEM images of steels A through E, in which m and  represent wide lath-martensite and carbide, respectively. Bottom images are
responsible to square region in upper images.
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Fig. 6-6. Variations in (a) initial volume fraction (f0) and carbon concentration (C0)
of retained austenite, (b) volume fractions of MA-like phase (fMA) and carbide (f) and
(c) strain-induced transformation factor (k) as a function of hardenability factor (fi)
in steels A through E.

6.3.2 Tensile Properties
Figure 6-7 shows the engineering stress-strain curves of steels A, C, and D. The
tensile properties of steels A through E are shown in Fig. 6-8. The tensile strengths of
steels A through E were of an ultrahigh strength grade, at 1.5 GPa. The tensile strength,
yield stress (or 0.2% offset proof stress), and yield ratio of steels A through E increased
with increasing hardenability (Figs. 6-8(a) and 6-8(b)). In particular, the yield stress and
yield ratio were significantly dependent on hardenability.
The total elongation and a combination of the tensile strength and total elongation
slightly decreased with increasing hardenability (Fig. 6-8(c)). The reductions of area in
steels D and E were lower than those of steels A, B, and C (Fig. 6-8(d)).
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6.3.3 Stretch-flangeability and Stretch-formability
The hole-expanding ratio, a combination of tensile strength and hole-expanding
ratio, maximum stretch-height, and a combination of tensile strength and maximum
stretch-height in steels A through E as a function of hardenability are shown in Fig. 6-9.
The hole-expanding ratio of steel A was 28.4%. The hole-expanding ratios of steels B
and C (Cr-bearing steels) increased respectively to 35.7% and 38.3%, which were
approximately 10% higher than that of steel A. On the other hand, the hole-expanding
ratio of steels D and E were roughly equal to that of steel A. The combination of tensile
strength and hole-expanding ratio of steel C was highest of all steels. Although the
hole-expanding ratio and combination of tensile strength and hole-expanding ratio
changed with hardenability factor, the maximum stretch-height and combination of
tensile strength and maximum stretch-height in steels A through E were nearly constant.
Figure 6-10 shows the ratio of shear section length to sheet thickness and punching
shear stress as a function of hardenability factor. The ratio of shear section length to
sheet thickness decreased with increasing hardenability. In contrast, the punching shear
stresses of the steels increased with increasing hardenability.
SEM images of the break section of hole-surface pierced by punch in steels A, C,
and D are shown in Fig. 6-11. Dimple fractures appeared on the fracture surface of
steels A through E. The dimple size on fracture surface decreased with increasing
hardenability (Figs. 6-11(a)–6-11(c)). In cross-sectional images of Figs. 6-11(d)–6-11(f),
a small number of fine voids and cracks were observed in steel C. The punching damage
was lowest of all steels. The voids of steel C appear to be formed at the wide
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and hole-expanding ratio (TS × ) and (b) maximum stretch-height (Hmax) and
combination of tensile strength and maximum stretch-height (TS × Hmax) as a function
of hardenability factor (fi) in steels A through E.
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6.4 Discussion
6.4.1 Microstructure Formation and Carbon Enrichment into Retained
Austenite in TM Steel with High Hardenability
The microstructure of steels B through E consisted of fine, uniform lath-martensite
structure matrix and the MA-like phase (Fig. 6-4). The volume fractions of MA-like
phase were increased by additions of Cr, Mo and/or Ni (Fig. 6-6(b)). On the other hand,
the volume fractions of the retained austenite in steels B and C (Cr-bearing steels) were
the smallest of all steels, although the carbon concentration of the retained austenite in
steels A through E decreased with increasing hardenability factor (Fig. 6-6(a)). In order
to investigate the change in these retained austenite characteristics, the dilatometry
curves of steels A through E were plotted. The typical dilatometer curves of steels A and
D are shown in Fig. 6-12(a). Figure 6-12(b) shows these martensite transformation
fraction-temperature curves. The martensite transformation fraction was fitted using the
volume fraction of each phase resulting from SEM observation, EBSP and X-ray
diffraction analyses. In Fig. 6-12, martensitic transformation of steel D was shifted to a
lower temperature, compared to steel A.
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transformation fraction (fm + fm*) - temperature (T) curves of steels A and D, in
which fm, fm* and f0 represent volume fractions of wide lath-martensite, narrow
lath-martensite and initial retained austenite, respectively.
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Based on Figs. 6-4–6-6 and 6-12(b), the microstructural changes of steels B through
E are schematically illustrated in Fig. 6-13. First, we will discuss the mechanism of
microstructural formation in steel A. According to Kobayashi et al.8), the microstructure
of steel A changes as follows.
Stage 1: The microstructure was austenite.
Stage 2–3: When the steel was quenched to temperature T3, lower than MS, a large
amount of austenite phase transformed to wide lath-martensite (m). The untransformed
austenite was located on the prior austenitic grain, packet, and block boundaries. In this
situation, the volume fraction of wide lath-martensite (fm) increased with decreasing
quenching temperature according to the following equation reported by Koistinen and
Marburger17):
fαm = 1 − exp{−1.1×10-2(MS – T3)}

(6-5)

Namely, the wide lath-martensite fraction increases with increasing MS temperature
because (MS – T3) increases.
Stage 3–4: Carbide precipitated only in the wide lath-martensite with supersaturated
carbon by auto-tempering during cooling. At the same time, the carbon in the martensite
partitioned to untransformed austenite. Most of untransformed austenite transformed to
narrow lath-martensite, and a small amount of untransformed austenite was retained.
This complex phase was confirmed as the MA-like phase. The retained austenite was
mainly located on the narrow lath-martensite boundaries. Carbides did not precipitate in
the narrow lath-martensite since auto-tempering was suppressed by the lowered MS
temperature or the increased carbon concentration of untransformed austenite.
Stage 4–6: Supersaturated carbon in wide and narrow lath-martensite further
partitioned into untransformed austenite during the IT process. As a result, the carbon
concentration of untransformed austenite increased. The size and volume fraction of
carbide in the wide lath-martensite were only slightly affected.
In this study, the microstructural changes of steels B through E were nearly the
same as that of steel A (Figs. 6-3–6-5), although the carbon concentration of retained
austenite decreased and the volume fraction of the MA-like phase increased with
increasing hardenability in steels B through E (Figs. 6-6(a) and 6-6(b)). The reason why
the carbon concentration of retained austenite decreased with increasing hardenability
factor can be considered as follows: the volume fractions of untransformed austenite at
stage 3–4 in steels B through E increased with the decrease in MS temperature shown in
Fig. 6-13(c). Thus, carbon enrichment in the retained austenite was suppressed because
the supersaturated carbon of the wide lath-martensite did not move in the untransformed
austenite as a result of an increase in the volume fractions of the untransformed
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austenite. In steels B through E, the above decrease in MS temperature may also lead to
refining of the martensite block structure and suppression of carbide precipitation. It is
hypothesized that the volume fractions of carbide in steels B and C were low because Cr
addition suppresses the carbide coarsening.18)

6.4.2 The Increase of Yield Stress and Yield Ratio with Alloying
In Fig. 6-8, the yield stress and yield ratio of steels B through E were increased,
compared to those of steel A. According to the initial yield model of Sakaki et al. 19) and
Sugimoto et al.20), the elastic limit Ye19) and strain hardening increment 20) in a dual
phase steel containing of martensite second phase are estimated by the following
equations (see Fig. 6-14).
Ye = Y [−1/2× (Y0/Y) + {1− 3/4× (Y0/Y)2}1/2]

(6-6)

 = fSKE0,

(6-7)

where Y and Y0 are the yield strengths of the soft matrix structure at room temperature
and upon martensitic transformation, respectively (in this case, Y > Y0). The fS, K, E, and
0 are volume fraction, morphological coefficient of the second phase, Young's modulus
of the matrix and second phase, and plastic strain in the matrix, respectively. In this case,
it was assumed that the second phase deforms elastically. In the present study, the fS and
soft matrix structure can be replaced by the volume fraction of the MA-like phase, fMA,
and wide lath-martensite matrix structure. If Y0/Y is approximately 0.8, Ye is 0.32Y.
Thus, the lower yield strength of steel A may have been caused by a low elastic limit at
initial yielding. Although the elastic limits of steels B through E may be equal to that of
steel A, their strain hardening increments are higher than that of steel A because of an
increase in the volume fractions of the MA-like phase in steels B through E. From a
microstructure perspective, although the volume fraction of carbide in steel C was
slightly lower than that of steel A, the volume fraction of the MA-like phase increased
(Fig. 6-6(b)). In spite of the decrease in carbon concentrations of the retained austenite
in steels B through E, the stabilities of the retained austenite against straining were
equal to that of steel A (Fig. 6-6(c)). Therefore, higher yield strengths of steels B
through E are considered to be caused by larger hardening increment flow stress with
increasing volume fraction of the MA-like phase in a strain range from the elastic limit
to 0.2% strain (Fig. 6-14). High yield ratios of steels B through E may be caused by
relatively high yield stress compared to tensile strength.
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Fig. 6-14. Illustration of stress () - strain () curves in early stage and definition of
elastic limit (Ye), 0.2% offset proof stress (YS) and strain hardening increment () in
steel A and steels B through E.
In steels D and E, the total elongation and the combination of tensile strength and
total elongation were slightly lower than those of steel A. In addition, the reductions of
area were significantly decreased (Fig. 6-8(d)). The microstructure of steels D and E
became fine, and the volume fraction of MA-like phase was significantly increased.
Mechanical stability of the retained austenite in steels D and E slightly decreased,
compared to steel A. From these results, the decreases in reduction of area in steels D
and E may be caused by the increase in volume fraction of the MA-like phase. On the
other hand, the decrease in total elongation may be caused by the decrease in
mechanical stability of the retained austenite.

6.4.3 The Effects of Alloying Elements on Stretch-flangeability
The best combination of tensile strength and stretch-flangeability was achieved by
adding 0.5%Cr and 1.0%Cr (Fig. 6-9(a)). According to Sugimoto et al.16),
stretch-flangeability of TRIP-aided steel with lath-type structure matrix is mainly
controlled by the punching damage in the hole-surface layer and the localized ductility
upon expansion. The punching damage is controlled by the following metallurgical
factors.
(1) Matrix: Fine and uniform packet, block, and lath structures suppress the void
and crack initiations.
(2) Second phase: A small difference of flow stress between the matrix and second
phase and low second phase fraction suppress the void and crack initiations at the
matrix/second phase interface.
(3) Retained austenite: Higher stability of the retained austenite suppresses crack
initiation through the plastic relaxation of localized stress concentration resulting
from the strain-induced transformation to martensite.
(4) Carbide: Carbides located on prior austenitic grain, packet, block, and lath
boundaries play a role in crack nucleation sites. If the carbide size in wide
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lath-martensite structure is relatively large, voids and cracks initiate near the
carbide.
In the present study, the retained austenite characteristics and the volume fraction of
carbide in steels A through E changed minimally (Fig. 6-6). On the other hand, the
volume fraction of the MA-like phase increased and the MA-like phase was finely
dispersed (by decreasing the size of the martensite block) with increasing hardenability
factor. The hardenability dependence of metallurgical properties and the
stretch-flangeability are illustrated in Fig. 6-15. Based on roles (1)–(4) described above
and Fig. 6-15, the highest stretch-flangeability of steels B and C can be explained as
follows.
If the volume fraction of the MA-like phase increases, stretch-flangeability is
reduced by easy void initiation at the matrix/MA-like phase interface, as line (i) in Fig.
6-15(b) shows. In contrast, the stretch-flangeability is increased by a fine microstructure
resulting from the short interparticle path of the MA-like phase (dMA). Such a theory is
compatible with the results of Figs. 6-11(b), 6-11(e), namely, that the punching damage
in the hole-surface layer was lowest in steel C. Therefore, superior stretch-flangeability
of steels B and C may be associated with a good balance of (i) volume fraction and (ii)
interparticle path of the MA-like phase.
The combinations of tensile strength and stretch-flangeability of steels D and E
were not improved, in spite of their finer microstructures than steels B and C. This may
be caused by low local elongation and easy void and crack initiation at the
matrix/second phase interface by increases in volume fraction of the MA-like phase.
Note that the retained austenite in steels A through E also played a role in
enhancing the stretch-flangeability through suppression of void initiation and
coalescence upon hole expansion due to plastic relaxation of localized stress
concentration resulting from the strain-induced transformation.2,16)
(a)
(i)

dMA

(ii)

(b)
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Fig. 6-15. Illustrations of variations in (a) volume fraction (fMA) and interparticle path
(dMA) of MA-like phase, retained austenite characteristics (f0, C0 (k)) and carbide
fraction (f) and (b) stretch-flangeability () as a function of hardenability factor (fi).
In Fig. 6-15(b), line (i) decreases stretch-flangeability due to increasing of fMA. Line
(ii) increases stretch-flangeability due to decreasing of dMA.
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6.5 Summary
The effects of alloying elements on the microstructure, retained austenite
characteristics,
tensile
properties,
and
formabilities
of
0.2%C-1.5%Si-1.5%Mn-0.05%Nb (in mass%) TM steels subjected to an isothermal
transformation process at temperatures below Mf were investigated. In addition,
relationships between tensile properties, stretch-flangeability, and metallurgical factors
were discussed. Primary results can be summarized as follows.
(1) The microstructures of alloyed TM steels consisted of a wide lath-martensite
structure and a uniform, fine MA-like phase on the prior austenitic grain, packet,
and block boundaries. It was supposed that the retained austenite was mainly
located on the narrow lath-martensite boundaries in the MA-like phase. The
volume fraction and interparticle path of the MA-like phase respectively
increased and decreased with addition of alloying elements. On the other hand,
retained austenite characteristics and carbide volume fractions were minimally
changed by alloying.
(2) The addition of Cr increased tensile strength, yield strength, and yield ratio.
This was caused by the increase in strain hardening rate resulting from the
increase in volume fraction of the MA-like phase. The total elongation and
combination of tensile strength and total elongation were slightly decreased by
alloying. The reduction of area was significantly decreased by the additions of
Cr-Mo and Cr-Mo-Ni.
(3) The additions of 0.5%Cr and 1.0%Cr significantly improved the combination of
tensile strength and stretch-flangeability of TM steel. This was mainly caused by
a good balance of (i) volume fraction and (ii) interparticle path of the MA-like
phase, which refined the size of voids and cracks at the matrix/MA-like phase
interface on punching and suppressed the void coalescence on hole-expanding.
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Chapter 7. Effects of Microalloying on the Impact Toughness
of Ultrahigh-strength TRIP-aided Martensitic Steels
7.1 Introduction
It is known that the transformation-induced plasticity (TRIP1)) of the metastable
retained austenite phase in steels significantly improves the formability of the
corresponding steels. Making use of this fact, third-generation advanced high-strength
steels (AHSSs) such as a TRIP-aided bainitic ferrite steel (TBF steel)2–5), medium
Mn-TRIP steel6–8), quenching and partitioning steel (Q&P steel)9), and
quenching-partitioning-tempering steel (Q-P-T steel)10,11) have been developed, with the
aim of reducing the weights of automobiles and improving their crash safety.
Recently, a 0.2%C-1.5%Si-1.5%Mn-0.05%Nb (in mass%) TRIP-aided steel with a
lath-martensite structure and a fine retained austenite phase (TM steel) has been
developed by Sugimoto et al.12,13) This steel, which was subjected to an isothermal
transformative heat treatment at temperatures lower than the martensite-finish
temperature after the austenitizing process, possesses ultrahigh strength and good
stretch-flangeability and stretch-formability.13) To mass-produce the TM steel, high
hardenability which results from microalloying of Cr, Mo, and/or Ni should be required
because the lack of hardenability of steel causes degradation of the ductile-brittle
fracture appearance transition temperatures (FATTs) due to the formation of
pro-eutectoid ferrite on prior austenitic grain boundary. Also good impact toughness
(high upper shelf energy and low ductile-brittle transition temperature) which is
necessary for further improvement of automobile crash safety is required to apply the
TM steel to automotive structural parts. However, there have been no studies on these
impact properties of Cr, Mo, and/or Ni-containing TM steels.
In this section, the Charpy impact absorbed values (CIAVs) and FATTs of
0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steels microalloyed with Cr, Mo and/or Ni were
investigated. In addition, the relationship between these parameters and some of the
metallurgical characteristics of the steels were determined.

7.2 Experimental procedure
Five different TM steels with varying Cr, Mo, and Ni concentrations were prepared
in the form of 100 kg ingots by vacuum melting, and the ingots were hot-forged into
slabs. These slabs were then heated to 1200°C and hot-rolled into thin plates (3 mm in
thickness) with the finishing rolling temperature being 850°C. The plates were allowed
to cool in air to room temperature and then annealed at 650°C. The chemical
compositions of the steel plates are listed in Table 7-1; the martensite-start and -finish
temperatures (MS and Mf, respectively; °C) were measured using a dilatometer.
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Table 7-1. Chemical composition (mass%), martensite-start and -finish temperatures
(MS, Mf, °C) and hardenability factors (fi) of a steel used.
Steel

C

Si

Mn

A

0.20

1.50

1.51

B

0.21

1.49

C

0.20

D

P

Al

Nb

0.0030 0.0023

0.044

0.050

1.50

0.0019 0.0040

0.040

0.050

1.49

1.50

0.0019 0.0040

0.040

0.050

0.18

1.48

1.49

0.0029 0.0040

0.043

0.050

E

0.21

1.49

1.49

0.0019 0.0030

0.034

0.049

SCM420

0.21

0.21

0.77

0.0200 0.0240

*

*

Steel

Cr

Mo

Ni

MS

Mf

fi

A

-

-

-

0.0013 0.0007

409

289

14.2

B

0.50

-

-

0.0012 0.0012

408

292

30.6

N

S

O

C

1.00

-

-

0.0012 0.0012

406

261

47.0

D

1.02

0.20

-

0.0010 0.0015

392

258

76.8

E

1.00

0.20

1.52

0.0014 0.0009

357

245

135.8

SCM420

1.02

0.18

0.06

*

*

24.6

*

*

For the purpose of this study, the hardenability of the steel plates was defined as the
product of the various Grossman pearlitic hardenability factors14,15) (fis). The reason
for applying Grossman pearlitic hardenability factor is that some of the other plates
contained boron in a concentration of ~20 ppm, along with the other alloying elements,
for increasing hardenability. The value of fi was calculated using the following
equation:
fi = DI/DI* = (1 + 0.64%Si) × (1 + 4.1%Mn) × (1 + 2.83%P)
× (1 − 0.62%S) × (1 + 2.33%Cr) × (1 + 0.52%Ni)
× (1 + 3.14%Mo) × (1 + 0.27%Cu)
× (1 + 1.5(0.9 − %C)),
(7-1)
where DI and DI* are the ideal critical diameters for the hardenability of alloyed and
carbon steels, respectively. The effect of the prior size of the austenite grains is not
considered in Eq. (7-1). The last term on the right-hand side of Eq. (7-1) was included
only in the case of the steel containing boron, because the hardenability of
boron-bearing steel is very sensitive to carbon contents than boron contents. Hereafter,
fi is called the “hardenability factor”. The continuous cooling transformation (CCT)
diagrams of the steels B through E are shown in Fig. 7-1. For comparison, commercial
plates of the SCM420 steel were also prepared.
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Fig. 7-1. CCT diagrams of the steels (a) B, (b) C, (c) D, and (d) E, in which A, F, P, B,
and M represent the austenite, ferrite, pearlite, bainite, and martensite phases,
respectively.
Specimens for tensile tests (JIS 14B; 2.5 mm in thickness; 25 mm gauge in length;
4 mm in width) and subsized specimens to determine the CIAVs and FATTs (JIS 4; 2.5
mm in thickness; 10 mm in width; 55 mm in length; V notch with a depth of 2 mm)
were machined from the plates. These specimens were subjected to the heat treatment
shown in Fig. 7-2, namely, an isothermal transformation at 50°C for 1000 s after being
austenitized at 900°C for 1200 s, and partitioned at 300°C for 1000 s to enrich the
carbon concentration of retained austenite. The partitioning time used was that reported
previously.12) The plates of SCM420 steel were quenched to room temperature after
austenitizing at 900°C for 1200 s, and then tempered at temperatures ranging from
200C to 600°C for 3600 s.
The microstructures of the steels were observed via field-emission scanning
electron microscopy (FE-SEM; Hitachi Co., S-4100 and FE-SEM-EBSP; JEOL Ltd.,
JSM-6500F), which was performed using an instrument equipped with electron
backscatter diffraction (EBSP) system. Transmission electron microscopy (TEM; JEOL
Ltd., JEM-2010) was also used. The steel specimens for the FE-SEM-EBSP analyses
were first ground with alumina powder and then with colloidal silica. The volume
fraction of carbide in the specimens was measured using carbon extraction replicas and
TEM.
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Time

Fig. 7-2. Profile showing the heat treatment to which the steels were subjected. OQ:
quenching in oil.
The retained austenite characteristics of the steels were evaluated via X-ray
diffractometry (XRD; Rigaku Co., RINT2100). The surfaces of the specimens were
electropolished after being ground with Emery paper (#1200). The volume fractions of
the retained austenite phases (f; vol%) were quantified from the integrated intensity of
the (200), (211), (200), (220), and (311) peaks, obtained via X-ray diffractometry
using Mo-K radiation.16) The carbon concentrations (C; mass%) of the specimens
were estimated from Eq. (7-2). For doing so, the lattice constant (a; × 10−1 nm) was
determined from the (200), (220), and (311) peaks of the Cu-K radiation.17)
a = 3.5780 + 0.0330%C + 0.00095%Mn − 0.0002%Ni
+ 0.0006%Cr + 0.0220%N + 0.0056%Al − 0.0004%Co
+ 0.0015%Cu + 0.0031%Mo + 0.0051%Nb + 0.0039%Ti
+ 0.0018%V + 0.0018%W,

(7-2)

where %Mn, %Ni, %Cr, %N, %Al, %Co, %Cu, %Mo, %Nb, %Ti, %V and %W
represent the concentrations of the respective individual elements (mass%) in the
retained austenite phase. As an approximation, the concentrations of the added alloying
elements were substituted for these concentrations in this study.
The tensile tests were performed at 25°C using a hard-type testing machine
(Shimadzu Co., AD-10TD, as shown in Fig. 4-3 in Chapter 4.) with the crosshead speed
being 1 mm/min (resulting in a strain rate of 6.67×10−4 s-1).
The impact tests were conducted on a Charpy impact testing machine (Tokyo
Testing Machine Inc., CI-300, maximum energy: 300J, Fig. 7-3) over temperatures
ranging from −196°C to 100°C. Liquid nitrogen, dry ice, ethyl alcohol and water were
used to cool and warm the specimens. The specimens were held at the different testing
temperatures for 1800 s before being tested. The impact test was carried out within 3 s
after picking up the specimen from a regulator. The impact properties were evaluated by
determining the upper-shelf Charpy impact absorbed value (US-CIAVs) and the FATTs
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of the specimens. In the present study, the fractions of ductile/brittle fracture surface at
each testing temperature were evaluated from digital camera image of fractured
specimen. The FATTs, which were the 50% shear fracture ductile to brittle transition
temperatures, were determined by interpolating the fraction of ductile/brittle fracture
surface at testing temperatures between −196°C to −100°C with fitting the data to a
hyperbolic tangent curve.

Fig. 7-3. Image of a Charpy impact testing machine (Tokyo Testing Machine Inc.,
CI-300, maximum energy: 300J).

7.3 Results
7.3.1 Microstructures and carbide
Figure 7-4 shows typical SEM images of the steels A through E and the SCM420
steel. Figure 7-5 shows the results of the EBSP analyses of the steels A, C, D and E.
The matrix structures of the steels B through E comprised phases of varying image
qualities (IQs). Lower IQ phases were located on the prior austenitic grain, packet, and
block boundaries and were similar to conventional martensite-retained austenite
constituent (MA-like phase). On the other hand, the higher IQ phases seemed to be
wider lath-martensite structure that was originally transformed. The volume fractions of
the MA-like phases increased with an increase in the concentration of the alloying
elements (Table 7-2). In the steel A (base steel), a pro-eutectoid ferrite was located on
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the prior austenitic grain boundary (Fig. 7-4(a)).
(a)

(b)

(c)

(e)

(f)

pe
pe

(d)

10 m

Fig. 7-4. Typical SEM images of the steels (a) A, (b) B, (c) C, (d) D, and (e) E, and (f)
SCM420 steel tempered at 200°C. The pe in (a) is a pro-eutectoid ferrite.
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Fig. 7-5. (a–d) Image quality (IQ) maps, (e–h) IQ distribution maps of body centered cubic (bcc), and (i–l) orientation maps of bcc in
the steels A, C, D, and E.
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TP or TT

f0

C0

f

fMA

YS

TS

UEl

LEl

TEl

RA

(°C)

(vol%)

(mass%)

(vol%)

(vol%)

(MPa)

(MPa)

(%)

(%)

(%)

(%)

A

300

3.66

1.07

1.00

14.5

1274

1463

5.9

7.8

13.7

B

300

2.71

0.70

1.62

*

1228

1474

4.6

7.3

C

300

2.69

0.66

1.43

18.0

1211

1420

4.7

D

300

3.70

0.64

0.90

15.6

1258

1476

E

300

2.30

0.56

0.86

18.7

1316

200

0.70

≥ 0.20

3.98

13.0

300

0.31

*

5.14

*

steel
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n4–7

f

51.9

0.54

0.73

11.9

53.9

0.46

0.77

9.1

13.8

56.2

0.52

0.83

4.7

7.8

12.5

50.3

0.52

0.70

1527

6.1

7.3

13.4

56.0

0.59

0.82

1142

1478

8.2

6.2

14.4

47.0

0.59

0.63

1158

1389

5.3

6.2

11.5

46.2

0.50

0.62

SCM420
TP: partitioning temperature; TT: tempering temperature; f0: initial volume fraction of the retained austenite phase; C0: initial carbon concentration of the retained
austenite phase; f: volume fraction of the carbide; fMA: volume fraction of the MA-like phase; YS: yield stress or 0.2% offset proof stress; TS: tensile strength; UEl:
uniform elongation; LEl: local elongation; TEl: total elongation; RA: reduction of area; n4–7: strain hardening coefficient for true strains ranging from 4% to 7%; f:
fracture strain calculated from the RA values (εf = ln(1/(1 − RA)).
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Table 7-2. Retained austenite characteristics, volume fractions of the carbide and MA-like phase, tensile properties of the steels A through
E and of SCM420 steel. *: not measured
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Figure 7-6 shows typical TEM images of the steel C (1.0Cr steel). It was found that
the MA-like phase in this steel was composed of narrow lath-martensite and fine
retained austenite films, which were located on the block boundaries. The width of the
narrow lath-martensite structure was 0.1–0.2 m lesser than the width (0.5–1.0 m) of
the wide lath-martensite structure (or the higher IQ phase in Fig. 7-5).

(a)

(b)



m
m



(b)
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0.1 m

0.5 m

Fig. 7-6. Typical TEM images of the steel C, in which m,  and MA are the wide
lath-martensite structure, carbide, and narrow lath-martensite–metastable retained
austenite complex phase, respectively. (b); high-magnification image of the area
encircled in (a).
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Figure 7-7 shows TEM images of the carbides in the steels A through E and the
SCM420 steel, which were obtained using their extraction replicas. A large number of
fine needle-shaped carbide precipitates were seen in the wide lath-martensite structures
in all the steels. It was assumed that these needle-shaped carbide precipitates were
formed through auto-tempering when the steel specimens were cooled to temperatures
ranging from their corresponding MS temperatures to 50°C. The volume fraction of the
carbide in the steels A through E was between 0.86 vol% and 1.62 vol%, with the steels
B and C (0.5Cr and 1.0Cr steels, respectively) possessing larger carbide fraction (Table
7-2). However, the volume fractions of the carbide of these steels were much lower than
that of the SCM420 steel, as shown in Table 7-2. Note that the carbide precipitates in
the steels A through E were oriented along a single orientation, while those in SCM420
steel exhibited multiple orientations.
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(a)

(b)

(c)

(e)
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carbide

(d)
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108

Fig. 7-7. TEM images of the extraction replicas of the wide lath-martensite phases in
the steels (a) A, (b) B, (c) C, (d) D, and (e) E, and the SCM420 steel tempered at (f)
200°C and at (g) 300°C.

7.3.2 Retained austenite characteristics and tensile properties
Table 7-2 shows the initial volume fractions and carbon concentrations of retained
austenite phase and the volume fractions of the carbide for the steels A through E and
for the SCM420 steel. The tensile properties of these steels are also listed. The volume
fractions and carbon concentrations of the retained austenite phases in the steels A
through E ranged from 2.30 vol% to 3.70 vol% and from 0.56 mass% to 1.07 mass%,
respectively. Except in the case of the steel D (1.0Cr-0.2Mo steel), the volume fraction
of the retained austenite phase in all the steels tended to decrease with the addition of
the respective alloying element. The carbon concentration also decreased slightly with
the addition of the respective alloying element.
The yield stresses and tensile strengths of the steels A through E were between 1211
and 1316 MPa and between 1420 and 1527 MPa, respectively. The yield stress and
tensile strength values of the steels increased significantly after the addition of Cr, Mo,
and/or Ni, and were higher than those of SCM420 steel. The total elongations ranged
from 11.9% to 13.8% and did not change significantly after the addition of the alloying
elements.
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7.3.3 Charpy impact toughness
Figure 7-8 shows the typical load-displacement curves for the steels A through E
and for SCM420 steel. These were obtained from the results of the instrumental Charpy
impact tests, performed at 25°C. The peak load for the steels increased after the addition
of the alloying elements. It is found that the absorbed energies corresponding to the
peak loads (Ei) for the steels A through E and for SCM420 steel were almost the same.
It is worth noting that the steels A through E—and in particular, the steel D
(1.0Cr-0.2Mo steel)—exhibited higher absorbed energies for crack propagation (Ep)
than the SCM420 steel.
Figure 7-9 shows the typical CIAV-testing temperature curves for the steels A
through E. Figure 7-10 shows the variations in the US-CIAVs and the FATTs of these
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steels, where the US-CIAV is conveniently adopted by CIAV at 25°C at which the
fracture surface is 100% fibrous, and the FATT is the temperature at which the fracture
surface is 50-50% cleavage and fibrous. The steels A through E possessed much higher
US-CIAVs (especially 1.0Cr-0.2Mo steel: steel D) and lower transition temperatures
(except for base steel: steel A) than the SCM420 steel. The microalloying of the steels
decreased their FATTs to some extent.

15
10

Ep
12.2 10.2 10.0 13.5 11.3 10.7
4.9

5

Ei
5.7
0
A

14

7.2
B

7.4 7.6
C
D
Steel

8.5
2.8

6.1 5.8 5.7
E 200oC 300oC
SCM420

Fig. 7-8. (a–c) Load-displacement curves and (d) total absorbed energies (Et), crack
initiation energies (Ei), and crack propagation energies (Ep), determined at 25°C, of
the steels A through E and of the SCM420 steels tempered at 200°C and at 300°C.
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Fig. 7-9. Variations in the Charpy impact absorbed value (CIAV) with the testing
temperature (T) for the steels A through E, and for the SCM420 steels tempered at
200°C and at 300°C.
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Fig. 7-10. Variations in (a) the upper-shelf Charpy impact absorbed value (US-CIAV)
and (b) the ductile-brittle fracture appearance transition temperature (FATT) as a
function of the hardenability factor (fi) for the steels A through E.
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The phenomenon of void or crack formation near the notch roots in the case of the
steel D (1.0Cr-0.2Mo steel) and SCM420 steel after the impact tests is shown in Fig.
7-11. Most of the voids in the steel D appeared to originate at the interface between the
wide lath-martensite structure and MA-like phase (Fig. 7-11(b)). On the other hand, in
SCM420 steel, a few voids also originated at the lath-boundaries between the wide
lath-martensite structures (Fig. 7-11(d)). Note that fewer voids or cracks were present in
the steel D than in SCM420 steel.
Figure 7-12 shows typical fractographs of the steels A, C, and D (base steel, 1.0Cr
and 1.0Cr-0.2Mo steels, respectively) and of SCM420 steel. Distinct dimple fractures,
consisting of coarse and fine dimples, were formed near the fracture surfaces in the
steels A, C, and D, which fractured at 25°C (Figs. 7-12(a)–7-12(c)). These fractures
111

were different from those seen near the fracture surface in SCM420 steel, which
contained only fine dimples (Fig. 7-12(d)). When the impact tests were performed at
−196°C, quasi-cleavage fractures occurred in all the steels, except for SCM420 steel. It
was tempered at 300°C, resulting in formation of a few large intergranular fracture
facets. In contrast, there were many small river-like patterns in the quasi-cleavage
fracture surfaces of the steels A through E. It was found that the unit sizes of the
cleavage fractures in the steels C and D were somewhat smaller than those of the steel A
and SCM420 steel.
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Fig. 7-11. Typical SEM images of the fracture surface located near a notch root for (a, b) the steel D and (c, d) the SCM420 steel
tempered at 300°C. The SEM images were obtained at 25°C. (b, d) high-magnification images of the areas encircled in (a, c),
respectively. m,  and MA denote the wide lath-martensite structure, carbide and MA-like phase, respectively.
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Fig. 7-12. Typical fractographs of the steels A, C and D and of the SCM420 steel tempered at 200°C. The steels were tested at 25°C or at
−196°C.
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7.4 Discussion
In the present work, the addition of Cr, Mo, and/or Ni to a
0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel increased the volume fraction of the
MA-like phase and decreased the carbon concentration of the retained austenite in the
MA-like phase, with there being a small variation in the volume fraction of the retained
austenite phase as well. The formation of the pro-eutectoid ferrite was also suppressed.
The carbide volume fractions of the resulting alloyed steels were much lower than that
of SCM420 steel. These metallurgical characteristics are expected to influence the
impact properties of the steels B through E. To this effect, the relationships between the
two are discussed below.

7.4.1 High upper-shelf charpy impact absorbed values
The steels A through E possessed tensile strengths and US-CIAVs superior to those
of SCM420 steel, as can be seen from Fig. 7-13(a). As shown in the figure, these values
in the case of the steels A through E were nearly the same as those of TBF steel, which
has the same chemical composition as the steels A through E.4) In general, the US-CIAV
of TRIP-aided steel is principally controlled by its matrix structure (i.e., its size,
morphology, and other such parameters), the characteristics of its carbide (i.e., its
volume fraction and size, among other parameters), and the characteristics of its
retained austenite phase (i.e., its volume fraction, carbon concentration, and
morphology).18) In addition, it is known that the initiation, growth and coalescence
behavior of voids is influenced by the interparticle paths of the second phases (MA-like
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Fig. 7-13. Relationships between tensile strength (TS) and (a) the upper-shelf Charpy
impact absorbed value (US-CIAV) and (b) the ductile-brittle fracture appearance
transition temperature (FATT) for the steels A through E (●), the SCM420 steel (□)
tempered at 200–600°C, and TRIP-aided bainitic ferrite (TBF) steels4) (○), which had
the compositions as those of the present steels A through E and were austempered at
400°C for 1000 s.
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phases) or the carbides. According to Horn and Ritchie19) and Sarikaya et al.,20) the
carbide precipitates in tempered martensitic steel are located on the prior austenitic
grain, packet, and block boundaries, as well as in the wide lath-martensite structure.
These carbide precipitates generally act as void-initiation sites in martensitic steels.
Keeping in mind the above-cited studies, the void-initiation and void-coalescence
behavior of the steels B through E is illustrated in Fig. 7-14(a). Most of the voids
originated at the interface of the MA-like phase and the wide lath-martensite structure
(Fig. 7-11(b)). Observations of the cross-sections of the tensile-tested specimens
showed that voids in SCM420 steel had originated at a strain of approximately 3.6%
(before necking). On the other hand, those in the steel D (1.0Cr-0.2Mo steel) had
originated at approximately 6.0% (after necking). These results may be attributed to the
fact that the softening of the wide lath-martensite structure and the strain-induced
transformation of the metastable retained austenite phase both suppressed the formation
of voids in the steel D.
According to the McClintock model for the coalescence of voids, which consists of
cylindrical holes with an initial radius b0, with the average distance between the holes
being l0,21,22) the strain to fracture (f) is given by

f = (1 − n)ln(l0/2b0)/{sinh[(1 − n)(a + b)/(2/ 3)]},

(7-3)

for a material with a stress-strain curve that follows the expression  = Kn (K: strength
coefficient; n: strain hardening coefficient). In Eq. (7-3), a and b are the stresses
parallel and perpendicular to the axis of the cylindrical holes, respectively, and  is the
true flow stress. It can be seen from Fig. 7-11 that the radius b0 of the voids in the steel
D (1.0 Cr-0.2 Mo steel) was almost the same as that of the voids in SCM420 steel. On
the other hand, the average distance between the voids (l0) for the steel D (l0 was the
same as the size of the prior austenitic grains) was greater than that for SCM420 steel
(much shorter than the size of the prior austenitic grains). In this study, it can be
considered that US-CIAVs of steels A through E are mainly controlled by the average
distance between the voids. Actually, when the fracture strains (f = ln(1/(1 − RA)) were
calculated using the reduction in area (RA) values listed in Table 7-2, it was found that
the fracture strains for the steels A through E were greater than that for SCM420 steel,
although the n or n4–7 of SCM420 steel was almost the same as those of the steels A
through E (Table 7-2). Thus, a large fracture strain was expected to result in the
absorption of a large amount of energy after the application of the peak load (EP; Fig.
7-8). This large absorbed energy was related to the facts that the number of voids (Fig.
7-11(a)) in the steels A through E were fewer than those in SCM420 steel and that the
steels A through E contained a greater number of coarse dimples (Figs. 7-12(b) and
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7-12(c)) than the SCM420 steel.
When the US-CIAVs of the steels B through E were correlated to the characteristics
of their retained austenite phases, the values exhibited a positive relationship with the
volume fractions of the retained austenite phases, as shown in Fig. 7-15(a). This was
similar to what was noticed for the carbon concentrations of the steels. The
microstructures of the steels B through E were characterized by (i) a wide
lath-martensite structure matrix with only a small amount of carbide and a lowered
carbon concentration and (ii) a large amount of finely dispersed MA-like phases, which
contained metastable retained austenite at the prior austenitic grain, packet, and block
boundaries. The US-CIAVs of these steels were negatively correlated with the volume
fractions of their carbide (Fig. 7-15(c)). As can be seen from Figs. 7-11(a) and 7-11(b), a
small number of voids were formed mainly at the MA-like phase/wide lath-martensite
structure interface in these steels. In SCM420 steel, a large number of voids originated
in the wide lath-martensite structure, and these decreased the deformability of the steel
owing to the increase in the volume fraction of the carbide (Figs. 7-11(c) and 7-11(d)).
Therefore, on the basis of these results, it was assumed that the high US-CIAVs of
the steels B through E were caused by presence of the metastable retained austenite of
2–4 vol% and the softened wide lath-martensite structure. In this case, it was assumed
that the metastable retained austenite phase effectively lowered the concentration of
localized stress near the MA-like phase by plastic relaxation owing to a strain-induced
transformation. In addition, only some of the carbide precipitates in the wide
lath-martensite contributed to the decrease in the number of void-initiation sites. In this
regard, it is not reveal which metallurgical factor is more effective on impact toughness
of TM steel.
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(b) Impact brittle fracture
Quasi-cleavage length affected by the MA-like phase located
on prior austenitic, packet, and block boundaries.

Applied stress
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Fig. 7-14. Illustrations showing (a) an impact ductile fracture and (b) a brittle fracture that resulted from the impact test to which the
steels B through E were subjected.
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Fig. 7-15. Correlations between (a–c) the upper-shelf Charpy impact absorbed value (US-CIAV) and (d–f) ductile-brittle fracture
appearance transition temperature (FATT) and the initial retained austenite characteristics (f0 and C0) or volume fraction of the carbide
(f) for the steels B through E (●) and for SCM420 steel (□).
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7.4.2 Low ductile-brittle fracture appearance transition temperature
When the FATTs of the steels B through E were compared with that of SCM420
steel and the previously described TBF steel4), the steels B through E were found to
exhibit lower FATTs, despite exhibiting higher tensile strengths (Fig. 7-13(b)).
According to Kunitake et al.23), the FATTs of low-carbon martensitic and
martensitic/bainitic steels are mainly correlated with the packet size (d) of the
quasi-cleavage fracture surfaces as per the following relationship.
FATT ∝ d−1/2

(7-4)

Figure 7-16 shows the relationship between FATTs and the packet sizes for the steels A
through E. A linear relation existed between the FATTs and the packet sizes for the
steels B through E. The slopes of these FATT vs. d−1/2 curves were similar to or lower
than those for low-carbon martensitic and martensitic/bainitic steels containing only a
small amount of carbide as reported by Kunitake et al.23) This indicates that the small
quasi-cleavage crack size of steels B through E was resulted from increase of
quasi-cleavage crack deflections due to finely dispersed MA-like phase on prior
austenitic grain, packet and block boundaries in matrix structure.
When the FATTs of the steels B through E were compared with that of SCM420
steel tempered at 200°C, the FATTs of the steels B through E were found to be lower
than that of SCM420 steel by FATT. According to Song et al.18), the FATT of TBF steel
is significantly lowered by the high volume fraction and carbon concentration of the
retained austenite phase. As can be seen from Figs. 7-15(d) and 7-15(e), in this study,
the FATTs of the steels B through E exhibited the same tendency as that reported by
Song et al. for TBF steel. This indicated that the strain-induced transformation of the
retained austenite phase in the present alloyed steels played a role in lowering their
FATTs by FATT via plastic relaxation during the propagation of quasi-cleavage cracks,
as shown in Fig. 7-14(b). It was assumed that the cleavage cracks originated in the
MA-like phase because of the presence of the much softened wide lath-martensite
matrix.
On the basis of the above-mentioned facts, it could be concluded that the decrease
in the FATT (FATT) of the steels B through E was owing to the presence of (i) decrease
of the size of quasi-cleavage fracture facet due to a large amount of finely dispersed
MA-like phase and (ii) the plastic relaxation of the metastable retained austenite phase
by a strain-induced transformation, which played an important role in the suppression of
the initiation and propagation of quasi-cleavage cracks.
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Fig. 7-16. Relationship between the ductile-brittle fracture appearance transition
temperature (FATT) and the size (d) of the packets on the quasi-cleavage fracture
surfaces in the steels A through E and in the SCM420 steel tempered at 200°C and at
300°C. The dotted line represents the data for the 0.12%C-0.30%Si-0.83%Mn0.30%Cu-1.11%Ni-0.53%Cr-0.49%Mo-0.03%V (mass%) steel, whose microstructure
comprised martensitic (m) or martensitic/bainitic (m+b) structures.23)
It should be noted that the decrease in the FATT owing to low-temperature
tempering embrittlement did not occur in the steels A through E, in contrast to the
SCM420 steel tempered at 300°C. This may have also been due to the presence of the
deformable softened wide lath-martensite structure, which had a smaller amount of
carbide and because of the plastic relaxation of the strain-induced transformation of the
metastable retained austenite phase.

7.5 Summary
The effects of the addition of Cr, Mo, and/or Ni on the Charpy impact absorbed
value and ductile-brittle fracture appearance transition temperature of a
0.2%C-1.5%Si-1.5%Mn-0.05%Nb (in mass%) TM steel were investigated. The results
can be summarized as follows.
(1) The microstructures of the alloyed TM steels consisted of a wide
lath-martensite structure that contained only a small amount of carbide and a
narrow lath-martensite-metastable retained austenite complex phase (MA-like
phase) at the prior austenitic grain, packet, and block boundaries. The addition of
Cr, Mo and/or Ni refined the microstructure of the TM steel and increased the
volume fraction of the MA-like phase by decreasing the MS temperature of the
steel. On the other hand, the alloying elements also decreased the carbon
concentration of the retained austenite phase of the steel.
(2) The upper-shelf Charpy impact absorbed value and ductile-brittle fracture
appearance transition temperature of the TM steel were increased and decreased,
respectively, by the addition of Cr, Mo and/or Ni. This was particularly true for
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the complex addition of Cr and Mo. The impact properties of the resulting
alloyed steels were superior to those of SCM420 and TBF steels.
(3) The high upper-shelf Charpy impact absorbed value was caused by the
presence of (i) a softened wide lath-martensite matrix, which contained only a
small amount of carbide and had a lower carbon concentration, (ii) a large
amount of finely dispersed MA-like phase, and (iii) a metastable retained
austenite phase of 2–4 vol% in the MA-like phase, which lead to plastic
relaxation by a strain-induced transformation and played an important role in the
suppression of the initiation, growth and coalescence of voids.
(4) The low ductile-brittle fracture appearance transition temperature was
associated with the presence of above mentioned (ii) and (iii) which suppressed
the initiation and propagation of quasi-cleavage cracks.
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Chapter 8. Notch-fatigue strength of advanced TRIP-aided
martensitic steels
8.1 Introduction
For the past decade, second- and third-generation advanced high-strength steels
such as 5–25%Mn transformation-induced plasticity (TRIP)/twinning-induced plasticity
steels1-3), C-Si-Mn quench and partitioning steels4), and C-Si-Mn TRIP-aided bainitic
ferrite (TBF) steels5,6) have been developed to reduce the weight of automotive bodies
in white and to improve impact safety. In order to enhance the tensile strength further,
C-Si-Mn ultrahigh-strength TRIP-aided steels with a martensitic matrix (TRIP-aided
martensitic steel; TM steel)7-9) have recently been developed for automotive
applications. These TM steels can be produced by an isothermal transformation (IT)
process below the martensite-finish temperature (Mf) after austenitizing and a
subsequent partitioning (P) process at temperatures below 350°C (hereafter a
combination of the IT and P processes is called an ITP process). Resultantly, the TM
steels are characterized not only by good sheet formability, but also by high impact
toughness10) and fracture toughness.11) If the TM steel possesses a high notch-fatigue
strength, it has potential applications such as in precision driving parts and in
ultrahigh-pressure common rails for diesel engines. However, such a notch-fatigue
strength has not yet been investigated.
In the present study, the notch-fatigue properties of 0.1–0.6%C-1.5%Si-1.5%Mn
TM steels were investigated and compared with those of commercial Cr-Mo-containing
structural steels (SCM420, SCM435 and SCM440 steels). In addition, the notch-fatigue
limit and notch sensitivity were related to metallurgical factors such as microstructural
and retained austenite characteristics.

8.2 Experimental procedure
In the current work, five kinds of steel bars, A through E, with different carbon
contents were prepared by vacuum melting, followed by hot forging and hot rolling to a
diameter of 13 mm. The chemical compositions and estimated martensite-start
temperatures (MSs)12) are listed in Table 8-1. For comparison, commercial SCM420
(steel F) and SCM435 (steel G) steel bars, and a vacuum-melted SCM440 (steel H) steel
bar of diameter 13 mm were used.
After smooth and notched specimens for tension and fatigue tests (Fig. 8-1) were
machined from these steel bars, the ITP process illustrated in Fig. 8-2 (isothermal
transformation at TIT = 50°C and then partitioning at TP = 250°C) was conducted in salt
baths for steels A through E. Partitioning was conducted for further carbon-enrichment
in the retained austenite. For steels F–H, quenching in oil at 50°C after austenitizing at
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900°C and then tempering at 200 to 600°C for 3600 s were carried out.
Table 8-1. Chemical composition (mass%) and martensite transformation-start
temperature (MS, °C) of a steel used.
Steel

TM

SCM

C

Si

Mn

P

S

Cr

Mo

Al

O

N

Ms

A

0.10

1.49

1.50

0.015

0.0015

< 0.01

< 0.01

0.039

0.0007

0.0007

457

B

0.20

1.51

1.51

0.015

0.0011

< 0.01

< 0.01

0.040

0.0012

0.0012

420

C

0.29

1.50

1.50

0.014

0.0012

< 0.01

< 0.01

0.040

0.0014

0.0013

388

D

0.40

1.49

1.50

0.015

0.0012

< 0.01

< 0.01

0.043

0.0015

0.0010

348

E

0.61

1.50

1.53

0.015

0.0011

< 0.01

< 0.01

0.034

0.0009

0.0014

270

F

0.21

0.21

0.86

0.016

0.018

1.12

0.16

0.035

*

0.0031

416

G

0.35

0.17

0.78

0.012

0.019

1.12

0.16

0.033

*

0.0029

369

H

0.41

0.19

0.80

< 0.005

0.0009

1.00

0.20

0.044

0.0018

0.0009

351

The retained austenite characteristics of steels A through E were investigated by
X-ray diffractometry (XRD; Rigaku Co., RINT2100). The specimens were
electro-polished after grinding with Emery paper (#1200). The volume fraction of
retained austenite (f, vol%) was quantified from the integrated intensity of the (200),
(211), (200), (220) and (311) X-ray diffraction peaks, using Mo-K radiation.13) The
carbon concentration (C, mass%) was estimated from the empirical equation14) shown
below. In this case, the lattice constant (a, ×10-1 nm) was measured from the (200),
(220) and (311) peaks using Cu-K radiation.
a = 3.5780 + 0.0330%C + 0.00095%Mn − 0.0002%Ni + 0.0006%Cr
+ 0.0220%N + 0.0056%Al − 0.0004%Co + 0.0015%Cu + 0.0031%Mo
+ 0.0051%Nb + 0.0039%Ti + 0.0018%V + 0.0018%W,
(8-1)
where %Mn, %Ni, %Cr, %N, %Al, %Co, %Cu, %Mo, %Nb, %Ti, %V and %W
represent the concentrations of individual elements (mass%) in retained austenite. As an
approximation, the added contents of the above alloying elements were substituted for
these concentrations in this study.
The microstructures of the steels were observed using a field-emission scanning
electron microscope (FE-SEM; Hitachi Co., S-4100 and FE-SEM-EBSP; JEOL Ltd.,
JSM-6500F) with electron backscattering diffraction (EBSP) system and a transmission
electron microscope (TEM; JEOL Ltd., JEM-2010). Samples for FE-SEM-EBSP
analysis taken from the grip section of the tensile and fatigue specimens were ground
using colloidal silicon after alumina grinding. The volume fraction of the second phase
was estimated from the SEM image and the image quality map from EBSP analysis.
Vickers hardness tests were carried out using a micro Vickers hardness tester (Shimadzu
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Co., HMV-1, load: 4.9 N (HV0.5)) at 25°C.
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Fig. 8-1. Dimensions of (a, c) smooth and (b, d) notched specimens for (a, b) tensile
and (c, d) fatigue tests. Notch root radii of (b) and (d) are 1 mm and 0.75 mm,
respectively.
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Mf
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in oil
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tP = 1000 s,
in salt
in oil

25°C
Time

Fig. 8-2. Heat treatment diagram for steels A through E; TIT, tIT, TP and tP represent
isothermal transformation temperature, isothermal transformation time, partitioning
temperature and partitioning time, respectively.
The surfaces of all the specimens for tension and fatigue tests were ground using
#600 Emery paper before testing. Tension tests were conducted using a tensile testing
machine (Shimadzu Co., Japan, AG-10TD) at 25°C and at a cross-head speed of 1
mm/min. In order to measure precisely yield stress (0.2% offset proof stress), strain
gauge (gauge length: 10 mm, Kyowa Electronic Instruments Co., Ltd) was attached on
surface of specimen. The displacement was measured from the position of the cross
head and the load was measured by the load cell. Fatigue tests were carried out using a
multi-type fatigue testing machine (Tokyo Koki Co. Ltd., Japan, PMF4-10, Fig. 8-3(a))
at 25°C, with a sinusoidal wave of 80 Hz. The stress ratio, defined as the ratio of
minimum stress (min) to maximum stress (max) was R = 0.1 (Fig. 8-3(b)). The fatigue
limit was defined by the maximum value of the stress amplitude (R = max − min)
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without failure up to 1.0 × 107 cycles.
(a)

(b)

Stress

max
R

min
Time

Fig. 8-3. (a) Image of a multi-type fatigue testing machine (Tokyo Koki Co. Ltd.,
Japan, PMF4-10) and (b) sinusoidal curve of fatigue test. R: stress amplitude, max:
maximum stress, min: minimum stress. Stress ratio (R = max/min) is 0.1.

8.3 Results
8.3.1 Microstructure and retained austenite characteristics
Figure 8-4 shows image quality (IQ) maps and orientation maps of steels B, D and
E. The microstructures of steels B through E principally consist of a wide
lath-martensite structure matrix or martensite block structure (dark-yellow phase) and a
blocky second phase (yellowish-green phase) (Figs. 8-4(a)–8-4(c)), although the steel A
possesses a large amount of polygonal ferrite located on the prior austenitic grain
boundary because of its low hardenability. Steel C possesses the almost same
microstructure of steel B. The blocky second phases of steels B through E, which are
located on prior austenitic grain, packet and block boundaries, are characterized by
lower IQ indexes, indicating that the second phases possess higher dislocation densities
and/or finer microstructures15). With increasing carbon content, block size decreases and
the blocky second phase fraction increases. Also, most of the retained austenite phases
are very fine and exist mainly in the blocky second phase. The microstructures of steels
F–H also consist of a wide lath-martensite structure matrix and a blocky second phase,
like steel B through E. However, the steels F through H are characterized by an absence
of the retained austenite.
As shown in Fig. 8-5(a), a large amount of fine and needle-shaped carbide seems to
precipitate only in the wider lath-martensite structure. It is expected that the
needle-shaped carbides are precipitated by auto-tempering on quenching. Most of the
blocky second phases are found to consist of narrow lath-martensite structures and
retained austenite (Fig. 8-5(b)). Although the retained austenite morphology in the
blocky second phase is indistinct, it seems that the retained austenite, observed as a
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dotted phase in the second phase (Figs. 8-4(a)–8-4(c)) is located along the narrow
lath-martensite boundary. These results suggest that the blocky second phase seems to a
martensite-austenite constituent or phase which is observed in martensitic steel of the
prior studies.9,16) Hereafter, the blocky second phase is called an “MA-like phase”.
Figure 8-6 shows the variations in the initial volume fraction and carbon
concentration of the retained austenite and volume fractions of the MA-like phase and
carbide, as a function of the carbon content in steels A–E. It is seen in Fig. 8-6(a) that
the carbon concentration reaches peak value in steels B and C. Note that the carbon
concentrations in steels D and E are lower than the added carbon contents. In contrast,
the volume fraction of retained austenite increases with increasing carbon content. In
particular, steel E has a significant volume fraction of retained austenite.
The volume fraction of the MA-like phase increases monotonically with increasing
carbon content (Fig. 8-6(b)). However, the volume fraction of carbide becomes
maximum in steel B, although the carbide fraction (f = 1.77 vol%) is much lower than
that (4.20 vol%) in steel F.
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Fig. 8-4. Image quality distribution maps of body-centered cubic (bcc) phase and orientation maps of bcc and face-centered cubic (fcc)
phases in steels B, D and E. In (a)–(c), m, m* and R represent wide lath-martensite (dark yellow), narrow lath-martensite (yellowish
green) and retained austenite (dotted black).
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Fig. 8-5. Transition electron microscopy images of steel D, in which m, m*, R and 
represent wide lath-martensite, narrow lath-martensite, retained austenite and carbide,
respectively.
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Fig. 8-6. Variations in (a) initial volume fraction (f0) and carbon concentration (C0)
of retained austenite and (b) volume fractions of MA-like phase (fMA) and carbide (f)
as a function of carbon content (C) in steels A through E.

8.3.2 Vickers hardness and tensile properties
Figure 8-7 shows flow curves of smooth and notched specimens of steels A
through E. Table 8-2 shows the Vickers hardness and tensile properties of these steels.
The Vickers hardness values of steels A through E are between 284HV and 717HV, and
increase with increasing carbon content. Similarly, both the yield stress or 0.2% offset
proof stress and tensile strength increase with increasing carbon content. In contrast, the
total elongation decreases with increasing carbon content, except for steel E.
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The notch-tensile strength (TSN) increases with increasing carbon content in the
same way as the tensile strength (TS). As a result, steels B through D exhibit high
notch-tensile strength ratios (NSR = TSN/TS), except for steels A and E, although these
notch-tensile strength ratios are somewhat lower than those of steels F–H.17)
Table 8-2. Vickers hardness, tensile properties, and fatigue properties of steels A–E.
Steel HV0.5

YS

TS

TSN NSR

UEl

TEl

LEl/TEl

FL

FLN

q

284

713 1046 1338 1.28

7.3

17.0

0.57

847

453

1.24

B

457

1193 1495 2214 1.48

3.7

14.0

0.74

969

645

0.72

C

535

1448 1786 2771 1.55

3.4

12.8

0.73

1141

807

0.59

D

600

1620 2009 3042 1.51

4.0

11.7

0.66

1300

847

0.77

E

717

1830 1845 874 0.47

0.0

0.0

0.00

1067

619

1.03

HV: Vickers hardness number; YS (MPa): 0.2% offset proof stress or yield strength; TS (MPa): tensile strength; TSN
(MPa): notch-tensile strength; NSR: notch-tensile strength ratio; UEl (%): uniform elongation; TEl (%): total
elongation; FL (MPa): fatigue limit of smooth specimen; FLN (MPa): fatigue limit of notched specimen; q:
notch-sensitivity factor; *: not measured.
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Fig. 8-7. (a) Nominal stress-plastic strain (-) curves of smooth specimens and (b)
nominal stress-displacement (-) curves of notched specimens in steels A through E.

8.3.3 Notch-fatigue limit and notch sensitivity for fatigue
Figure 8-8 shows stress amplitude-number of cycles (S-N) curves of steels A
through E. Figure 8-9 shows the fatigue limits of smooth and notched specimens and
the “notch sensitivity factor q”18), defined by the following equation:
q = (Kf − 1)/(Kt − 1),

(8-2)

where Kf and Kt are the fatigue-notch factor (= FL/FLN) and stress concentration factor
(1.7 in this study), respectively.
The fatigue limits of both smooth and notched specimens increase linearly with
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carbon content (or Vickers hardness) in steels A through D. The notch sensitivity
becomes minimum in steel C. When the notch-fatigue limits of steels B through D were
compared with those of steels F through H, they were found to be higher and the notch
sensitivities were lower.
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Fig. 8-8. Stress amplitude-number of cycles (S-N) curves of (a) smooth and (b)
notched specimens in steels A through E.
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Fig. 8-9. Variations in (a) fatigue limits (FL, FLN) and (b) notch sensitivity (q) of
smooth and notched specimens as a function of Vickers hardness (HV0.5) in steels
A–E (○●; TM) and steels F–H (△▲; SCM).

Figure 8-10(a) shows a typical SEM image of a fatigue crack on a notch root
surface of steel D failured at Nf = 5.0 × 104 cycles. The fatigue crack is originated
mainly in the wide lath-martensite structure. Also, propagation of the crack is disturbed
by the MA-like phase. In this case, inclusions such as Al2O3 are not likely to be crack
initiation sites at the surface in the current study (Fig. 8-10(b)).
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Fig. 8-10. Scanning electron microscopy images of (a) initial crack and (b) failure
surface of notched specimen in steel D, fractured at Nf = 5.0 × 104 cycles.
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8.4 Discussion
8.4.1 Microstructure and retained austenite characteristics of steels B
through D
According to Kobayashi et al.9), the microstructural changes in TM steels subjected
to an ITP process at temperatures lower than the Mf temperature can be illustrated as
shown in Fig. 8-11(d), and summarized as follows.
Stages 1–3: When the steel is cooled to a T3 temperature lower than the Ms
temperature, the austenite first transforms to a wide lath-martensite structure (stages 2–3
in Figs. 8-11(a), 8-11(c) and 8-11(d)). In this stage, carbide does not precipitate in the
wide lath-martensite structure. According to Koistinen and Marburger19), the amount of
wide lath-martensite structure (fm) is given by the following equation:
fm = 1 − exp{−1.10×10-2(MS − T3)}

(8-3)

Stages 3–5: On subsequent continuous cooling to the isothermal transformation
temperature (TIT = 50°C) below the Mf temperature, the wide lath-martensite structure is
auto-tempered, that is, a small amount of carbide precipitates only in the wider
lath-martensite structure. Simultaneously, some supersaturated solute carbon diffuses
into the untransformed austenite. Then, most of the untransformed austenite is
transformed into a narrow lath-martensite structure, with a little retained austenite on
the lath boundary (stages 3–5 in Figs. 8-11(c) and 8-11(d)). No carbide precipitates in
the narrow lath-martensite structure.
Stages 5–7: During isothermal transformation holding, supersaturated solute carbon
in wide and narrow lath-martensite structures diffuses into the retained austenite (stages
5–7 in Fig. 8-11(d)).
Stages 8–11: The retained austenite phase is further carbon-enriched by diffusion of
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supersaturated carbon in the wide and narrow lath-martensite structures, without further
carbide precipitation in these lath-martensite structures and a decrease in the retained
austenite volume fraction.
As shown in Figs. 8-4 and 8-6 and Table 8-2, the volume fraction of the MA-like
phase increased with increasing carbon content in steels B through D, with refining of
the wide lath-martensite structure and a small increase in the retained austenite fraction.
The carbon concentration of the retained austenite and carbide fractions became
maximum in steels B and C. In general, the higher the carbon content (the lower the Ms
temperature) of a steel, the greater the increase in the volume fraction of untransformed
austenite, accompanied by a subsequent increase in the MA-like phase fraction (Fig.
8-11(b)), as well as a decrease in the carbide fraction in the wide lath-martensite. This
134

may control the volume fraction of the MA-like phase in steels B through D, leading to
a high carbon concentration in the retained austenite and carbide fractions in steels B
and C. The decreased carbon concentrations of the retained austenite in steels D and E
may be influenced by transformation expansion strain of narrow lath-martensite
surrounding the retained austenite, which reduces the lattice constant of the retained
austenite.
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Fig. 8-11. Illustration of (a) heat treatment diagram, (b) carbon content dependences of initial volume fraction (f0) and carbon
concentration (C0) of retained austenite and volume fractions of MA-like phase (fMA) and narrow lath-martensite (fm*), (c) variations
in martensitic transformation volume (fm) , fm* and f0 with temperature and (d) microstructural changes at stages 1–11 during heat
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narrow lath-martensite, respectively.
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8.4.2 Low notch-tensile strength ratios of steels B through D
According to Majima et al.20), the notch-tensile strength ratio of a ductile metal is
mainly controlled by two primary factors, namely (i) the stress triaxiality factor and (ii)
the ratio of local elongation to total elongation (LEl/TEl). The larger the values of these
two factors, the higher the notch-tensile strength ratio because of an increase in plastic
notch constraint. Figure 8-12(a) shows the notch-tensile strength ratios of steels A
through D and steels F through H as a function of LEl/TEl, with those of
0.2%C-1.5%Si-1.5%Mn-0–1.0%Cr-0–0.2%Mo-0–1.5%Ni-0.05%Nb (in mass%) TBF
steels.17) In the figure, these notch-tensile strength ratios tend to increase with increasing
LEl/TEl, although steel A exhibits a lower notch-tensile strength ratio. So, it is
considered that the higher notch-tensile strength ratios of steels B through D are caused
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Fig. 8-12. Relationships between notch-strength ratio (NSR = TSN/TS) and (a) LEl/TEl
and
(b)
Vickers
hardness
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in
steels
A–D
(●;
TM),
0.2%C-1.5%Si-1.5%Mn-0–1.0%Cr-0–0.2%Mo-0–1.5%Ni-0.05%Nb (in mass%)
TRIP-aided bainitic ferrite steels (○; TBF) and steels F–H (△; SCM).
If the above-mentioned notch-tensile strength ratios are plotted as a function of
Vickers hardness, steels A through D belong to a group with lower notch-tensile strength
ratios than steels F through H, in the same way as for the TBF steels (Fig. 8-12(b)). This
result indicates that the retained austenite in the MA-like phase plays a role in reducing
the notch-tensile strength ratio through a plastic relaxation of the strain-induced
transformation to martensite, as well as the softened wide lath-martensite, which
increases the uniform elongation or decreases local elongation. In other words, it is
expected that the strain-induced transformation of the retained austenite effectively
relaxes triaxial plastic notch constraint in steels B through D.
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8.4.3 High notch-fatigue limits of steels B through D
In general, the notch-fatigue limit of a conventional ultrahigh-strength structural
steel is saturated in the high Vickers hardness range, as shown in steels F through H (Fig.
8-9(a)). However, the notch-fatigue limits of steels B and D linearly increased with
Vickers hardness, even in the Vickers hardness range between 457HV and 600HV.
In section 8.4.2, it was suggested that the strain-induced transformation of the
retained austenite plastically relaxes a triaxial plastic notch constraint in steels B
through D, compared with steels F through H. In addition, the growth of fatigue cracks
was disturbed by the blocky MA-like phase, as shown in Fig. 8-10(a). According to
Knott21), the plastic zone size (dY) at a small crack tip can be estimated using the
following equation:
dY = K2/(3YS2),

(8-4)

where K is the stress intensity factor, defined by (c)1/2,  is the applied stress, and c is
the crack length. In steel D, the plastic zone size is estimated to be about 4.0 m if the
fatigue crack length at the first stage is 2c = 30 m, equivalent to the prior austenitic
grain size, and the applied stress is the maximum stress ( = max = FL/0.9 = 1444 MPa),
corresponding to the fatigue limit. The plastic zone always includes some retained
austenite particles in MA-like phase (see Fig. 8-13) because the interparticle path of
MA-like phase is 0.5–2.0 m (Fig. 8-4(b)). Therefore, the plastic relaxation by the
strain-induced transformation of retained austenite can be expected to take place always
in the plastic zone during fatigue deformation. From these facts and the metallurgical
characteristics of steels B through D, it is considered that the followings contribute to
the high notch-fatigue limit and low notch sensitivity through the suppression of crack
initiation and propagation in steels B through D:
(1) a plastic relaxation of localized stress concentration as a result of the
strain-induced transformation of 3–5 vol% metastable retained austenite;
(2) a large amount of finely dispersed MA-like phase along prior austenitic, packet
and block boundaries;
(3) a small amount of carbide, precipitated only in the wide lath-martensites
structure
In (1), the transformed martensite also decreases the triaxial plastic notch constraint
and plays a role in suppressing crack initiation and propagation. Regarding (2), a
difference in flow stress between the wide lath-martensite structure and the MA-like
phase may produce a high compressive long-range internal stress in the wide
lath-martensite structure matrix, suppressing crack initiation.22) Factor (3) decreases the
number of crack initiation cites and therefore suppresses crack initiation.
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According to previous studies8,11), the mechanical stability of retained austenite in
TM steels is hardly influenced by the carbon concentration, because most of the retained
austenite phases are surrounded or constrained by hard narrow lath-martensite structures.
So, a high volume fraction of retained austenite in steels B through D may further
increase the contribution of (1) to fatigue deformation.
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Fig.8-13. Illustration of plastic zone size (dY) in steel D at crack tip and distribution of
MA-like phases; m, m*, R and  represent wide lath-martensite, narrow
lath-martensite, retained austenite and carbide, respectively.

8.5 Summary
The notch-fatigue strengths and notch sensitivities of 0.1–0.6%C-1.5%Si-1.5%Mn
(in mass%) TM steels were investigated for automotive applications. Also, the
notch-fatigue properties were related to the microstructural and retained austenite
characteristics. The main results are summarized as follows.
(1) If TM steels containing 0.2%, 0.3% or 0.4%C were subjected to an ITP process,
consisting of isothermal transformation and partitioning processes, they achieved
much higher notch-fatigue limits and lower notch sensitivities than conventional
0.2–0.4%C-1.0%Cr-0.2%Mo structural steels without retained austenite.
(2) It was expected that high notch-fatigue limits were principally associated with
(i) plastic relaxation of localized stress concentration as a result of the
strain-induced transformation of 3–5 vol% metastable retained austenite and (ii) a
large amount of finely dispersed MA-like phase along prior austenitic, packet and
block boundaries, as well as (iii) a small amount of carbide only in the wide
lath-martensite structure, which contribute to difficult fatigue crack initiation
and/or propagation.
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In the present study, the microstructure, tensile properties, formabilities, impact
toughness, and fatigue properties of transformation-induced plasticity (TRIP)-aided
martensitic (TM) steel were investigated and are discussed in this thesis. The results
obtained in this study are summarized below:
In Chapter 1, the background of advanced high-strength steels (AHSSs) and the
aim of this study are introduced. AHSSs have been developed to improve the fuel
efficiency and impact safety of automobiles. For the production of vehicles made
primarily of steel in the future, light-weight automobile bodies can be fabricated by the
application of newly developed AHSSs (e.g., TRIP steels). Focusing on the TRIP effect
that improves the mechanical properties of steels, the mechanism of TRIP was
introduced.
In Chapter 2, the effect of partitioning temperature after quenching on the
microstructure and retained austenite characteristics of 0.2%C-1.5%Si-1.5%Mn (in
mass%) TM steel are presented and discussed. The presence of a carbon-enrichment
mechanism during partitioning is proposed in this chapter. TM steel consisting of wide
and narrow lath-martensite structures contained about 3 vol% of retained austenite after
quenching in oil, with 1.7–2.0 vol% of carbides only in wider lath-martensite structures.
With partitioning at temperatures lower than 250°C for times shorter than 1000 s, the
volume fractions of the retained austenite and carbide were maintained, although the
carbon concentration of the retained austenite increased. In this case, high mechanical
properties of TM steel for automotive application can be expected due to a superior
TRIP effect.
In Chapter 3, the effect of alloying elements on the microstructure and retained
austenite characteristics of 0.2%C-1.5%Si-1.5%Mn TM steel are given and discussed.
Addition of Cr and Mo to the base steel raised the upper limit of partitioning
temperature to 400°C, although the carbon concentration in retained austenite decreased
slightly. Further, Ni addition decreased the volume fraction of retained austenite and
increased the carbon concentration.
In Chapter 4, the effects of quenching or isothermal transformation processes on
the tensile properties and formability of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steels
are presented and discussed. When isothermally transformed at temperatures below Mf,
TM steel showed a tensile strength of 1.5 GPa and a total elongation of 8%. The
hole-expanding ratio (λ = 30–50%) was higher than that in steel obtained after quench
and partitioning (QP). As a result, steel obtained after the IT process possessed a
superior combination of tensile strength and stretch flangeability. It is considered that
the excellent combination of IT process steel is mainly caused by a uniform and fine
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martensite lath structure matrix and a smaller amount of carbides that suppress the
damage caused by punching and cracking on hole expanding, as well as by the presence
of metastable retained austenite.
In Chapter 5, the effect of partitioning temperature after the IT process on the
tensile properties and formabilities of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are
presented and discussed. Partitioning after the IT process significantly enhanced the
formability, especially stretch flangeability, of TM steel as compared to that obtained
from partitioning after the quenching process. The excellent stretch flangeability was
associated with softening of a mixed uniform wide and narrow lath martensitic structure
matrix and an increase in the stability of the retained austenite, which suppressed the
damage caused by punching and crack propagation on hole expansion through the
partitioning process.
In Chapter 6, the effect of the addition of Cr, Mo, and/or Ni on the tensile
properties and formabilities of 0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are given
and discussed. The addition of 0.5%Cr and 1.0%Cr significantly improved the
combination of tensile strength and stretch flangeability of TM steel. This was mainly
caused by the refinement of the size of voids and cracks at the interface of an MA-like
phase upon punching and suppression of void coalescence on hole expanding.
In Chapter 7, the effects of the addition of Cr, Mo and/or Ni on the Charpy impact
absorbed value and ductile-brittle fracture appearance transition temperature of
0.2%C-1.5%Si-1.5%Mn-0.05%Nb TM steel are presented and discussed, and are
compared with those for TRIP-aided bainitic ferrite (TBF) steel and conventional
martensitic steel. When Cr, Cr-Mo, or Cr-Mo-Ni was added to the base steel, TM steel
exhibited a high upper-shelf Charpy impact absorbed value that ranged from 100 J/cm2
to 120 J/cm2 and a low fracture appearance transition temperature that ranged from
−150°C to −130°C, while also exhibiting a tensile strength of about 1.5 GPa. This
impact toughness of the alloyed steel was far superior to that of conventional
martensitic steel and was caused by the presence of a softened wide lath-martensite
matrix. This matrix contained only a small amount of carbide and hence had a lower
carbon concentration, a large amount of finely dispersed martensite-retained austenite
complex phase, and a metastable retained austenite phase of 2–4 vol% in the complex
phase, which led to plastic relaxation via a strain-induced transformation and played an
important role in the suppression of the initiation and propagation of voids and/or
cleavage cracks.
In Chapter 8, notch-fatigue strengths and notch sensitivities of
0.1–0.6%C-1.5%Si-1.5%Mn TM steel are given and discussed. If TM steel containing
0.2%, 0.3% or 0.4%C were subjected to an ITP process, comprising isothermal
transformation and partitioning processes, much higher notch-fatigue limits and lower
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notch sensitivities than those in the case of conventional martensitic steels (SCM steels)
without retained austenite were achieved. It was expected that high notch-fatigue limits
were principally associated with the plastic relaxation of localized stress concentration
as a result of the strain-induced transformation of metastable retained austenite and a
large amount of a finely dispersed MA-like phase along prior austenitic, packet, and
block boundaries, as well as a small amount of carbide only in the wide lath-martensite
structure, which contributed to difficult fatigue crack initiation and/or propagation.
In this thesis, the microstructure, retained austenite characteristics, tensile
properties, formabilities, impact toughness and fatigue properties of TM steel were
systematically investigated and discussed on various heating processes and chemical
compositions. TM steel showed not only ultrahigh strength but also high formability,
impact energy absorption capacity, and fatigue strength that are necessary to improve
the fuel efficiency and impact safety of automobiles. Although TM steel has possessed
some challenges (manufacturability, shape controllability, corrosion resistance, etc.) in
putting into practical use, it can be expected that the applications of TM steel would
improve the global environment and our lives in the future.
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