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Abstract

A large amount of manganese has been added to next-generation advanced high strength steels for automotive applications.
The increased manganese content changes the microstructural and mechanical characteristics by varying both the stacking
fault energy and the austenite stability, but it is known to deteriorate weldability. The current review provides a general strat-
egy to address several problems in fusion welds of advanced high manganese steels from the viewpoint of microstructural
transitions, plasticity mechanism, and mechanical properties based on the welding metallurgy. The importance of research
on the weldabilities of advanced Mn steels was highlighted. Among the representative types of advanced manganese steels,
this review focuses on high Mn twinning-induced plasticity steel, high Mn austenitic lightweight steel, and medium Mn
transformation-induced plasticity steel. Specifically, this review suggests fundamental concepts for designing each steel
with improved weld characteristics by presenting many research results on the correlations between the microstructure and
mechanical properties of welds and heat-affected zones for these three different steel groups.
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1 Introduction

In recent years, there has been a significant increase in the
demand for high-performance and eco-friendly materials in
the global automotive industry to achieve better crush safety
with increased fuel efficiency. Global auto manufacturers
should meet the targets enacted under the Corporate Aver-
age Fuel Economy (CAFE) standards that forces substantial
changes in automobiles to reach the target fuel economy
and pollutant reductions [1-3]. The target conditions will
continue to increase, as shown in Fig. 1, and hence automak-
ers have demanded a high-performance material for weight
reduction. Since there are substantial amounts of steels cur-
rently used in vehicles, automotive steel sheets have been
developed to have better mechanical properties with lower
density. Along with these developments, advanced high-
strength steel (AHSS) has been attracting enormous atten-
tion as a high-performance automotive material [4].

Figure 2 is a representative diagram showing the mechan-
ical characteristics of various automotive steel sheets at a
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glance [5, 6]. The first generation AHSS is a steel material
with tensile absorbed energy of about 20,000 MPa %, and
it was developed to replace conventional mild and high-
strength steels after the oil crisis in the 1970s. Dual-phase
(DP) and transformation-induced plasticity (TRIP) steels
belong to this category [7, 8]. Until recently, GPa-grade
tensile strength steels were obtained using a high fraction
of martensite in their microstructures, but there is a limit to
increasing the tensile absorbed energy because the strength
and ductility are inversely proportion to each other due to the
complex microstructures in the hard and soft phases in the
steel [9]. Second generation AHSSs are high Mn twinning-
induced plasticity (TWIP) steels possessing outstanding
strengths of over 700 MPa and a remarkable ductility of
higher than 50% [10]. The excellent elongation is based on
a fully austenitic matrix and the dynamic Hall-Petch effect
caused by twinning during deformation, which together
result in a higher absorbed tensile energy. However, steel
has disadvantages such as deteriorated weldability and high
cost due to the substantial amount of alloying elements [11].
The third generation AHSS has a relatively lower tensile
absorbed energy than the high Mn TWIP steels but are used
to reduce vehicles weight or alloying elements. High Mn
lightweight and medium Mn transformation-induced plastic-
ity (TRIP) steels have been developed based on this concept.
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Fig.1 Changes in historical performance and future targets for pas-
senger automotive fuel economy in each country to comply with the
Corporate Average Fuel Economy (CAFE) standard introduced in an
effort to improve transportation efficiency and reduce the associated
environmental emissions [1-3]
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Fig.2 Schematic diagram showing the relationship between elonga-
tion and tensile strength for automotive steels, which is commonly
called a ‘banana curve,” with emphasis placed on the three steel
groups to be introduced in this review (redrawn from [5])

Degraded weldability has also been reported in several stud-
ies [12, 13], but more studies on the cause and solution are
needed.

Welding is the most essential joining method for steel
sheets in the vehicle manufacturing process. There are sev-
eral welding methods used in vehicle manufacturing, includ-
ing arc, resistance spot and laser welding [9, 14-16]. Regard-
less of the welding method, the welding process must lead
to the formation of thermomechanically deformed regions
during melting and solidification of the steel sheets. Most of
the welds, including the fusion zone (FZ) and heat-affected
zone (HAZ), exhibit deteriorated mechanical properties

compared to the base metal (BM) [9]. This implies that
the well-controlled microstructure, which is composed of
retained austenite or a fully austenitic matrix at room tem-
perature, can be destroyed and eventually become a differ-
ent microstructure that degrades the mechanical properties.
Therefore, there is a need to understand welding metallurgy.
Specifically, we need to understand how higher contents of
manganese affect changes in the microstructure and mechan-
ical properties of the FZ and HAZ in advanced steel welds.
The current research largely focuses on representative
advanced high manganese steels among various types of
AHSSs, and we summarize the current research on their
fusion weldabilities in this review. High Mn TWIP, high Mn
austenitic lightweight and medium Mn TRIP steels will be
discussed. Specifically, this review discusses what is detri-
mental in the weldability of each steel and what is needed
to address the problem in the context of an overview of the
metallurgical changes that occur during welding.

2 High Mn TWIP steels

In the steel industry, many researchers have historically
focused on the role of manganese to reduce the high cost of
raw materials by replacing nickel, which is a major alloy-
ing element but is not abundant in nature [17-19]. The pur-
pose of manganese addition is both to strengthen the solid
solution and to stabilize austenite at room temperature [10].
Along with this stabilization of austenite, various concepts
of manganese-alloyed steels with unique deformation modes
controlled by stacking fault energy (SFE) have been pro-
posed. Among the advanced high manganese steels, the high
Mn TWIP steel is a steel material utilizing a single-phase
austenite having excellent formability due to its mechani-
cal twinning. If a steel has a SFE within a range from 20 to
45 mJ m~2, the formation of mechanical twins induces the
creation of new crystal orientations in the austenitic matrix
during deformation. Therefore, the chemical composition of
the steel is varied to control the SFE (as shown in Fig. 3) in
an effort to utilize the dynamic Hall-Petch effect that results
in a high work hardening rate in steel [10]. In other words,
the design of TWIP steel is based on adjusting the concen-
trations of the alloying elements to get the proper SFE value
and to ensure a fully austenitic matrix.

Many different welding studies have been carried out
for various applications. Weldability studies are roughly
divided into groups according to the welding method: arc
welding [11, 20], resistance spot welding [21], laser beam
welding [22], friction stir welding [23], and electrical resist-
ance welding [24, 25]. In many of these methods, the high
alloying elements and the austenitic matrix of the TWIP
steel substantially affect weldability [11, 17, 25], including
special cases such as liquid metal embrittlement cracking

@ Springer



2048

Metals and Materials International (2021) 27:2046-2058

1.0
0.8 -
06—

0.4 -

C content (wt%)

0.2 -

0.0

Mn content (wt %)

Fig. 3 Phase equilibrium after quenching from an annealing tempera-
ture of 700 °C and stacking fault energy according to the main alloy-
ing elements of high Mn TWIP steel present at room temperature
(redrawn from [10])

by coating layers [21, 26]. The high content of alloying
elements in the steel can change the mechanical properties
of weldments by changing the solidification. This chapter
focuses on what factors exist and how to control them in
terms of solidification mode changes to improve the weld-
ability of the TWIP steel.

2.1 Solidification cracking behavior of high Mn
TWIP steel welds

In arc welds, solidification cracking is a critical weld defect
that acts as a crack initiation site for structural failure. Unfor-
tunately, high contents of alloying elements in many steels
have been well-known to lower the solidification crack sus-
ceptibility [27, 28]. Many researchers have tried to under-
stand and solve these problems, and several testing meth-
ods for evaluating the solidification cracking susceptibility
were invented, such as Varestraint and Houldcroft tests [27].
Among them, the longitudinal Varestraint test is widely used
as a test method to evaluate hot cracking susceptibility of
steels including solidification, liquation and ductility dip
cracking. The experiments have shown that a die block with
a specific curvature results in strain under a specimen with
a specific thickness when the arc weld passes, generating a
partial crack due to stress during welding as shown in Fig. 4.
The augmented strain is given by the following equation:

Strain (%) = t/2R x 100, (1

where the radius of the die block and the thickness are R and
t, respectively. Hot cracking susceptibility is a characteris-
tic of steel sheets, which are compared by the crack length
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Fig.4 Schematic diagram of double-pass longitudinal Varestraint test
method and top-view macro image of the fractured specimen showing
typical hot cracking after the test (redrawn from [27, 32])

generated in each steel material. For example, a steel with
a higher total and maximum crack length (TCL and MCL)
has a higher hot cracking susceptibility than the others, and
hence its weldability is lower. Therefore, hot cracking behav-
ior can be evaluated by comparing these crack lengths with
various augmented strains.

Yoo et al. [11] investigated TCL and MCL of a repre-
sentative high Mn TWIP steel (Fe—18Mn-0.6C) after dou-
ble-pass longitudinal Varestraint tests. They suggested that
the solidification cracking susceptibility of the steel lies in
between those of STS304 and STS310S, as shown in Fig. 5.
The main idea of their research is that the solidification
mode of a weld affects several fundamental factors such as
alloying element segregation into the dendritic boundaries
and final solidification temperature. Weld metals of STS304
have an austenitic matrix with a vermicular type 0 ferrite.
That is, they solidified under the primary ferritic solidifica-
tion mode (FA mode), so that their hot cracking suscepti-
bility is lower than TWIP steel having a primary austenitic
solidification mode (A mode).

It is well known that the amount of § ferrite formed dur-
ing solidification in a weld plays a decisive role in determin-
ing the hot cracking susceptibility of STS. Representative
results of Lippold et al. [29] showed that STSs with ferrite
numbers between 5 and 12 have better hot cracking suscep-
tibility than those that are fully austenite. Similarly, Arata
et al. [30] found that the austenitic STS welds containing
4-5% of d ferrite were shown to be less susceptible than
others containing more or less d ferrite. The O ferrite affects
hot cracking susceptibility in five ways: grain refinement
and impurity solubility, changes in interfacial energy that
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Fig.5 Comparison of solidification cracking susceptibility of high
Mn TWIP steel with conventional stainless steels. (a—c) Total and (d—
f) maximum crack lengths (TCL and MCL) in the base metal, weld

reduce the wettability of eutectic films, volume contraction,
changes in the solidification temperature range, and changes
in ductility at high temperature [31]. Similar to the austenitic
STS, the hot-cracking behavior of high Mn TWIP steels is
closely related to the formation of & ferrite. In the following
section, the effect of each alloying element in TWIP steels
on the hot cracking behavior will be discussed with respect
to O ferrite.

2.2 Effect of alloying elements on the solidification
cracking susceptibility of high Mn TWIP steel
welds

Like designing an STS weld, alloying elements in the high
Mn TWIP steel need to be adjusted to obtain an appropriate
amount of § ferrite. An investigation of hot cracking sus-
ceptibility by adding aluminum [33] and chromium [34] to
the basic TWIP steel composition of Fe—18Mn-0.6C [11]
showed different behaviors depending on the resulting o fer-
rite content, as shown in Fig. 6. These two elements are
representative ferrite stabilizers and increase the delta ferrite
content of TWIP steel welds. The base composition of TWIP
steel has only small amounts of  ferrite. As the alloying
elements are added, increased amounts of d ferrite play a
very effective role in reducing hot cracking susceptibility.

5
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metal heat-affected zone (HAZ) and fusion zone were obtained from
double-pass longitudinal Varestraint tests (Redrawn from [11])
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Fig.6 Effect of & ferrite content in weld metals of Fe—18Mn-0.6C
TWIP steels with different chromium and aluminum concentrations
(redrawn from [11, 20, 33, 34])

However, as the amount increases to values higher than
approximately 10%, the hot cracking susceptibility increases
again. The initial reduction effect due to the & ferrite can
be summarized in terms of the following mechanisms: (1)
the formation of d ferrite increases the inter-phase bound-
ary region, which in turn may serve to reduce the amount
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of segregation per area, (2) internal stress differences dur-
ing welding due to the low volume expansion of § ferrite,
(3) the formation of & ferrite may increase discontinuities
when the liquid phase is present at the boundaries, and (4)
grain refining effects. On the other hand, as the & ferrite
content increases, the influence of the characteristics of the
ferrite increases. Since these properties are relatively lower
than those of the austenite, the hot-cracking susceptibility
increases.

In addition, silicon, the main alloying element of TWIP
steel, increases the hot cracking susceptibility [20]. When
solidification occurs during welding, the steel with silicon
solidifies in the primary austenite mode, hence extensive
segregation of silicon can occur. The segregated silicon
shifts the eutectic carbon content to the lower side, thereby
promoting eutectic behavior. The segregation also signifi-
cantly affects the formation of secondary carbide formed
after solidification. The formation of (Fe, Mn);C eutec-
tic carbide during solidification changes to a mixture of
(Fe,Mn),;C4 and (Fe,Mn)sSiC due to the local partition-
ing of silicon and manganese in the steel. Eventually, three
major alloying elements besides manganese were added to
control the SFE of the steel, the fluidity of the molten pool,
and the surface, but it is necessary to design the materials
composition based on an understanding of the welding phe-
nomenon related to the solidification mode.

In their excellent review paper, Mdjica Roncery et al. [35]
highlighted the need to control impurities in the TWIP steels
such as phosphorous and sulfur. Although not published,
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our research group’s experimental results [32] showed that
increased phosphorous and sulfur content promoted crack
formation, as shown in Fig. 7. That is, susceptibility to hot
cracking can be reduced by elimination of impurities in the
TWIP steels. This seems to be related to precipitates such
as (Fe,Mn);P, but more research is needed. Recently, it has
been reported that elements such as niobium [36], which
form fine precipitates, can induce grain refinement in FZ
and HAZ as well as in the BM. Therefore, to improve the
weldability of TWIP steel, the formation of fine precipitates
and segregation of impurities is required when designing an
alloy an alloy design considering the solidification mode,
formation of fine precipitates and segregation of impurities
is required when designing an alloy, and the solidification
mode must be considered.

3 High Mn austenitic lightweight steels

Lightweight steels were originally developed for replacing
Fe—Cr-Ni stainless steels because of their appropriate cor-
rosion resistance and price competitiveness [37-39]. Chem
et al. [40] showed that using the plasma nitride process on
austenitic lightweight steel results in remarkable hardening
and superior corrosion resistance due to AIN formation.
After several decades of work, however, scientists have
focused more on a combination of density reduction and
mechanical properties that meet both the occupant safety

W

Fig.7 Longitudinal Varestraint test results showing the effect of phosphorous and sulfur on the hot cracking susceptibility in Fe—18Mn—-0.6C
TWIP steel [32]: Comparison of (a) total, (b) maximum crack lengths, and (c¢) weld surface with the cracks
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and environmental regulations for automotive applications
[41-43].

As lightweight steels have attracted more attention, much
alloy design work has been carried out based on thermody-
namic calculations since the lightweight steels can be either
austenite, ferrite, or duplex depending on the alloying con-
tent since Al is a ferrite stabilizer while Mn and C were
austenite stabilizers. Thereafter, the austenitic lightweight
steels, which was optimized with chemical compositions
in the range of Fe—(15-30)Mn—(5-12)Al—(0.5-1.3)C, have
been reported; these show outstanding performance with-
out any deteriorative effect caused from the ferrite phase
[44-49]. Several previous studies were conducted to under-
stand density reduction effect., Mn, Al, and C are reported
to have linear density reduction effects as the concentra-
tions of the element increases. Mn has a lower molar density
but larger atomic radius than Fe [50]. Al is also known for
increasing stacking fault energy and effective weight reduc-
tion in austenitic lightweight steels [51, 52].

In addition to the density reduction effect, austenitic
lightweight steel has also attracted great attention due to its
unique plasticity phenomenon, which is mainly observed
only in the austenitic lightweight steels. Scientists reported
a unique dislocation behavior originating from a highly
increased stacking fault energy (i.e. MBIP) that supported
the strain-hardening increase and ductile characteristics [53].
Zhang et al. [54] observed the same phenomenon in several
lightweight steels. Park et al. [55] calculated the relation-
ship between stacking fault energy and deformation behavior
transition between TRIP and TWIP and MBIP.

3.1 Base metal of austenitic lightweight steels

Various kinds of phase transitions can occur in the light-
weight steels, and these have tremendous influence on
both the microstructural and mechanical properties. Fig-
ure 8 shows a schematic illustration of the time tempera-
ture transformation diagram in Si added lightweight steel,
which illustrates the phase transition behavior of DO3, B2,
B-manganese, and k-carbide. A DO3 (Fe;Al) phase has been
reported that precipitates on austenite grain boundaries or
forms within the ferrite matrix via an ordering mechanism
[56-58].

It has been reported that the DO3 phase shows increased
strength and a ductility loss effect in the in Fe—-Mn-Al-C
alloys [59]. B2 is another phase that could be formed in
lightweight steel as FeAl. Kim et al. [47] reported that
the brittle B2 phase could provide a specific combination
of strength and ductility. The formation of f-manganese,
which appeared by excessive Mn addition and caused severe
brittleness, was also investigated in terms of its effect on
microstructure and mechanical properties. Lee et al. [60]
confirmed that the addition of Al in the Fe—-Mn-AI-C alloys
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Fig.8 Time-temperature-transformation diagram of Fe-28Mn—
8.5A1-1C-1.25Si [58]

has an influence on the morphological transition and kinetics
of the f-manganese formation. The k-carbide phase, which
has perovskite structures with (Fe, Mn);Al, is known to have
the most important influence in the austenitic lightweight
steels. Many analyses have been conducted to understand
the effects of k-carbide on the microstructure and mechani-
cal properties, and it has been noted that nano-sized intra-
granular k-carbide is coherent with a specific orientation
relationship to the austenite matrix [48]. Various thermo-
dynamic descriptions of x-carbide were published such as
first principles calculations or CALPHAD [61-63]. Bent-
ley [64] investigated the isothermal age hardening process
and showed that a temperature of 550 °C resulted in the
maximum precipitation efficiency of k-carbide with specific
increases in mechanical properties. Moon et al. [65] sum-
marized the microstructural evolution during isothermal
age hardening in Fe-30Mn-9AI-0.9C alloys. Furthermore,
the strengthening potential at appropriate temperatures in
Fe—Mn-Al-C lightweight steel (which has a specific correla-
tion with the behavior of k-carbide content) has also been
studied in detail [66, 67]. Figure 9 shows a comparison of
the strengthening effect for various carbides in accordance
with the precipitate fraction [68]. As shown in the figure,
k-carbide was confirmed to have precipitation strengthening
potential comparable to micro-alloyed carbides such as NbC,
VC, and TiC. Lee et al. [69] calculated that this strengthen-
ing effect in lightweight steels is induced by a k-carbide
shearing mechanism. Based on the literature, the precipi-
tation behavior of k-carbide is believed to have promising
mechanical properties due to heat treatment.

Most phase transformations and ordering in lightweight
steels are known to influence both the microstructure and
mechanical properties, and this is mainly caused by Al addi-
tion. Moreover, it was revealed that an adequate level of
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Fig.9 Strengthening potential of the x-carbide in lightweight steels
comparted to NbC, VC, and TiC [68]

Al content increases the hardness and strength without a
noticeable loss of ductility [70]. Other reports have been
produced showing that C content has a remarkable influ-
ence on mechanical properties in many ways. Chang et al.
[71] examined the tensile properties in Fe—29Mn-9Al alloys
with different C contents, and they showed that increased
carbon content results in great strength and elongation with
a fully austenite phase. Using these alloying components as
a basis, many kinds of alloying elements have been studied
in lightweight steels and proved to have a specific influ-
ence on the Fe—-Mn-Al-C alloy system. Kalashnikov et al.
[72] reported the effect of various refractory elements on
the mechanical properties such as V, Nb, W and Mo in the
Fe—29Mn-9A1-0.9C alloy. Kim et al. [73] studied the effect
of Si on the precipitation kinetics and interactions with dis-
locations. Moon et al. [74] investigated the effect of Mo
addition at the atomic scale. The effect of Cr addition on
the microstructure and mechanical properties has also been
reported in the Fe-30Mn-10.5 Al-1.1 C alloy [75].

The potential usefulness of lightweight steels confirmed
the importance of analyses and considerations for the weld-
ing process and the ultimate characteristics. Since light-
weight steels can have rapid phase transitions as the tem-
perature changes, other studies focused on weld metal and
HAZ in lightweight steels have been conducted.

3.2 Weld metal characteristics in austenitic
lightweight steels

It is well known that large amounts of alloying elements
can reduce the weldability. For instance, there are potential
problems due to the nature of manganese such as widening
of the solidification temperature range or evaporation in
the fusion zone [76]. In addition, studies on the weldability
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with austenite, k-carbide, and small amounts of ferrite.
The microstructural transition in the Fe—-30Mn-9A1-0.4C
alloy as a weld metal revealed a rapid DO3 precipitation
mechanism during GTAW [77]. The authors also men-
tioned ductility loss in the butt-jointed welded sample.
An incompletely melted zone has been discovered at the
interface of the fusion zone with phase transformation,
which was explained in terms of thermal history [78].

To improve the weldability and fusion zone proper-
ties of lightweight steels, many investigations on weld-
ing with various experiments have been performed. Chou
et al. [79-81] reported the hot cracking susceptibility of
Fe-30Mn—(8-10)A1-(0.12-1.17)C lightweight steels. The
authors said that four types of microstructural evolution:
vermicular ferrite, lacy ferrite, acicular austenite grow-
ing from a ferrite matrix, and Widmanstatten austenite
growing from austenite boundaries could be found in the
weld metal in the experimental alloys. It was also reported
that the Widmanstatten austenite and acicular austenite
had a great hot cracking susceptibility. Furthermore, a
strong relationship between carbon content and ferrite
was confirmed, and the alloys with a proper fraction of
ferrite exhibited beneficial influence on the hot cracking
resistance.

Overall, the hot cracking show that lightweight steels
have complex ductility behavior at elevated temperature
and other factors also affect the properties. Figure 10 shows
the representative hot-ductility behavior upon a cooling
thermal cycle in the Fe-30Mn-9AI-0.9C alloy [82]. Grain
boundary solidification in a partially melted zone, dynamic
recrystallization (DRX) induced by plastic deformation, and
the MBIP effect might have increased ductility in the light-
weight steels. On the other hand, a drop in ductility occurred
due to grain growth or DO3 precipitation during the cooling
cycle. The formation of DO3 in the welding condition is of
interest due to its unique effects. Lin et al. [83] investigated
the phase transition mechanism from 550 to 600 °C in the
Fe-26.6Mn-8.8A1-0.61C and confirmed that weld metal
and base steel had different phase transition behavior due to
the segregation of Al during the welding process. The weld
metal had a phase transition sequence from DO3 to B2, and
ferrite with a DO3 phase eventually transformed into the B2
phase in the base steel.
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Fig. 10 Schematic illustration showing the effect of individual fac-
tors on hot ductility and the net-ductility curve on the cooling thermal
cycle in Fe-30Mn—-9A1-0.9C [82]

3.3 HAZ properties in austenitic lightweight steels

Scientists agree on the need for analyses focused on the
HAZ characteristics since the HAZ properties in austenitic
lightweight steels are known to have significant effects. As
aresult, many studies on understanding the HAZ properties
in Fe—Mn-Al-C alloys have been published.

Tjong et al. [84] reported the HAZ hardness transition
behavior after the EBW process in the Fe—28Mn—-6A1-1C
alloy. The authors suggested that the increased hardness in
the HAZ is related to the strain induced twinning mecha-
nism, while decreased hardness and the creep rupture life
of the fusion zone came from the parting of the dendrite
phase. In later studies, the effect of k-carbide has been con-
firmed in the HAZ mechanical properties. Jeong et al. [85]
investigated the relationship between microstructure and
mechanical properties in the Fe-30Mn—0.9C—xAl light-
weight alloys, revealing the influence of k-carbide pre-
cipitation in HAZs with various heat input conditions. The
existence of intra-granular and inter-granular x-carbide and
their influence on the in HAZ properties were described in
detail. As the content of Al increased, the precipitation of
intra-granular k-carbide in HAZs accelerated while main-
taining the [011]y//[011]k crystallographic relationship.
This coherent k-carbide showed a direct relationship with
tensile and hardness properties for all examined specimens.
However, due to the formation of inter-granular k-carbide,
the cryogenic impact toughness of HAZ decreased dramati-
cally in the alloys with higher Al content, despite the robust
combination of strength and ductility. TEM analysis showed
the presence of large inter-granular k-carbide particles with
an irregular shape in the HAZ that triggered brittle cleavage
fracture.
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Fig. 11 Hardness profiles of HAZs with various peak temperatures
and age-hardening conditions in the Fe-31.4Mn-11.4A1-0.9C [86]

The same author noted the deleterious effect of
k-carbide precipitates on mechanical characteristics in the
Fe-31.4Mn-11.4A1-0.9C alloy [86]. Figure 11 shows the
hardness transition behavior in HAZs for solution treated,
short-aged (10 min at 550 °C), and peak-aged (100 min
at 550 °C) cases. The peak temperatures for HAZs were
1150, 950, and 750 °C. The HAZ was hardened due to
the rapid precipitation of k-carbide in the solution treated
state. On the other hand, HAZ softening also occurred dur-
ing age-hardening because the k-carbide in HAZ at high
temperature was completely dissolved during the weld-
ing thermal cycle. Further, the inter-granular k-carbide
resulted in severe brittleness in the impact toughness test,
and the author suggested not to put an excessive amount
of Al in the Fe—-Mn-AI-C alloy. The k-carbide also had a
significant impact on grain boundaries at elevated tem-
perature. Kim et al. [87] confirmed that the precipitation of
k-carbide at high temperature causes local HAZ cracking
with Varestraint tests. The experiments also confirmed that
inter-granular cracking was induced by the relative weak-
ness of the grain boundary and inter-granular k-carbide
formation at in situ at high temperature.

The effect of refractory elements was explored in the
tensile properties of HAZs. Moon et al. [88] investigated
the effect of V and Nb addition to the Fe—-30Mn—9AI1-0.9C
alloy. The experimental results showed that the tensile
properties could be enhanced by the addition of refractory
elements with the grain refinement effect and precipitation
hardening from the formation of VC, NbC, or (V, Nb)C.
Those particles precipitated both in the matrix and grain
boundaries.
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4 Medium Mn TRIP steels

As a third-generation AHSS, medium Mn TRIP steels have
been attracting attention for use in automotive applica-
tion to improve the fuel efficiency of vehicles. This steel
has been extensively investigated to replace conventional
hot-stamping boron steels for automotive applications
due to its relatively lower press forming temperature in
addition to outstanding mechanical properties [6, 89].
Alloying elements in the steel are basically designed to
make good use of the TRIP effect of the metastable aus-
tenite using the high content of manganese (3—10 wt%).
Because a dual-phase matrix of ferrite and austenite is
formed through intercritical annealing, many research-
ers have been focused on achieving improved mechanical
properties by controlling intercritical annealing conditions
[90, 91]. At this time, redistribution of manganese between
the two phases is the key determining how to obtain stable
austenite at room temperature. The accumulation of the
manganese into the austenite lowers the SFE, resulting in a
TRIP phenomenon that is essential for achieving excellent
mechanical properties. However, the problem is that these
well-controlled microstructures must be changed after
welding and inevitably degrade the mechanical properties.

Like the other advanced high manganese steels, the
weldability problem is based on phase transformation due
to rapid thermo-mechanical cycling of the weld. Studies on
the weldability of medium Mn TRIP steel have commonly
pointed out that the decrease in the mechanical properties
in weldment is related to the brittleness of the martensite
[12, 13, 92, 93]. Most welding procedures for joining auto-
motive steel sheets generally have low heat inputs causing
fast cooling rates. Inasmuch as the lower critical cooling
rate is due to higher alloying elements, the formation of
martensite in welds is unavoidable. As a solution to this
problem, several methods for changing the martensite
formed in welds were proposed [9, 89]. By combining
these trends, this chapter will explain the designs used for
manufacturing medium Mn TRIP steel, the degradation of
steel after welding, and solutions related to the formation
of martensite with changes in the retained austenite.

4.1 Role of retained austenite in medium Mn TRIP
steel weldment

The generic microstructural design strategy of the medium
Mn TRIP steels is to have a stable retained austenite phase
at room temperature, and hence many efforts have been
made to obtain an optimal microstructure [90, 91, 94]. The
production method varies depending on the purpose, but
there are two major phase changes of the steel to be noted.

@ Springer

The first is the martensitic transformation that occurs when
the steel is heated above the Ac; temperature and sub-
sequently cooled to room temperature (or a temperature
between M, and M; temperature). This initial martensite is
another major factors that determines the mechanical prop-
erties after subsequent heat treatment [91], and it is again
dependent on whether the steel is made from hot-rolled or
cold-rolled material. The subsequent heat treatment (called
the intercritical annealing process) is the most important.
This is because the martensite phase transforms into a
dual-phase matrix of ferrite and austenite by the redistri-
bution of alloying elements between the two phases. There
are many factors that can affect the volume fraction and
stability of the retained austenite, but the most important
one is basically to give sufficient time and temperature for
diffusion of substitutional manganese atoms [90].

Before explaining the change in retained austenite that
occurs during welding, it is necessary to examine how
the mechanical properties of the welds in the medium Mn
TRIP steel appear. A considerable amount of manganese
is used in this steel, resulting in higher carbon equivalent
and a lower M, temperature. The higher carbon equivalent
generally lowers the cross-tension strength in AHSS resist-
ance spot weldments. Oikawa et al. [95] reported that as
the tensile strength of AHSS increases, the tensile-shear
strength also increases while the cross-tension strength
(CTS) decreases. In the resistance spot weldment (where
the mechanical properties are mainly determined by the
fracture mode of the weld), the high carbon equivalent
causes crack propagation to the brittle HAZ or FZ rather
than to the base metal or soft zone. This deterioration is
also a problem in medium Mn TRIP steel regardless of the
welding methods [12, 13, 93]. Figure 12 compares CTS
and the button diameter of similar and dissimilar welded
joints of medium Mn TRIP steel together with DP steel.
The solid symbols in this graph represent the welded prop-
erties according to ISO18278-2, and the open symbols
represent the properties after paint-baking heat treatment.
The latter is discussed in the next section. Compared with
conventional TRIP steel welds, the CTSs in similar and
dissimilar welds of medium Mn TRIP steel are quite low.
Both similar and dissimilar welds of conventional TRIP
steel have CTS values more than 5 kN when welded at a
7.0 kA welding current. Figure 13 summarizes how failure
modes appear in the similar and dissimilar resistance spot
welds of medium Mn TRIP steel. Deterioration of the weld
characteristics of the medium Mn steel was due to crack
propagation to the center line of the FZ or to the CGHAZ.
Of course, the spot weldment may show different failure
modes depending on the size of the FZ, which is usually
called the weld nugget size [96]. The overall trend in dis-
similar welds, however, needs to be clarified as the crack
propagates towards the CGHAZ [12].
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Fig. 12 Cross-tension test results for (a, b) similar MT1180/MT1180 and the open symbols represent the properties after paint-baking heat
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Fig. 13 Schematic illustrations
of fracture mode changes for
similar and dissimilar welds of
medium Mn TRIP steel together
with DP steel after paint-baking
heat treatment (redrawn from
[12,92])
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The retained austenite that is intentionally formed in this austenite will be uniformly distributed in the full aus-
the production stage of the steel will be transformed into  tenite matrix to achieve thermodynamic equilibrium at the
martensite after welding. The manganese accumulated in ~~ CGHAZ peak temperature, which is much higher than the
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A5 temperature. Therefore, the formation of martensite in
the weld is inevitable considering both the very low critical
cooling rate of the medium Mn TRIP steel and the fast cool-
ing rate in the weldment. The martensite shows an extensive
change in mechanical characteristics depending on the cool-
ing rate under the critical cooling rate. Thus, the brittleness
of martensite is related to insufficient self-tempering, as well
as the improved CTS by paint-baking heat treatment which
will be described below.

4.2 Improvement of cross-tension properties
by paint-baking heat treatment

As already shown in Figs. 12 and 13, improved CTS after
paint-baking heat treatment is related to changes in the
fracture modes. The change in fracture behavior and hence
improved mechanical properties in medium Mn TRIP
steel welds implies that low temperature tempering at the
CGHAZ is possible. The paint-baking heat treatment is
one procedure in the automotive manufacturing process.
This CGHAZ strengthening effect is equally applicable to
the martensite produced during the steel stamping process
[97]. As with other tempering mechanisms, it is naturally
dominated by carbon diffusion because it is conducted at
lower temperature. At temperatures below 170 °C, where
the paint-baking is performed, only interstitial atoms have
sufficient diffusion distances (within nanometers) along the
lath or the boundaries. Carbide is formed under high heat
treatment conditions, i.e., either higher temperature or longer
time, and the mechanical properties are reduced again [92].
Therefore, designs considering low temperature tempering
kinetics seems to be necessary. Ultimately, control of the
alloying elements should be considered to solve the CGHAZ
brittleness due to the decrease in retained austenite fraction.

5 Summary

In this review, the importance of research on the weld-
abilities of advanced Mn steels was highlighted with
brief descriptions about the development history of recent
advanced high strength steels for automotive applications.
The principal features of the weldabilities of each steel are
as follows:

1. High Mn TWIP steel has a considerable amount of
alloying elements added to form single-phase austenite
with an intermediate stacking fault energy at room tem-
perature. The high manganese content of the steel lowers
the weldability due to segregation along the dendritic
boundary in the fusion zone. The hot cracking behavior
of the steel is related to the solidification mode, and the
addition of appropriate amounts of additional alloying
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element such as Al and Cr can improve solidification
cracking susceptibility by forming primary delta ferrite.
In the heat-affected zone, grain growth occurs without
phase transformation and the degradation in the mechan-
ical properties is not large.

2. In the high Mn lightweight steels, the effects of the
welding process on the microstructural characteristics
and mechanical properties are diverse because of the
rapid phase transitions and deformation behavior. In
the fusion zone, a complicated microstructural evolu-
tion occurs forming various ferrite, austenite, or DO3
phases induced by Al content, which results in ductility
loss. Additional segregation or precipitation were also
reported depending on the alloying elements (such as
Cr). In the HAZ, the precipitation and dissolution behav-
ior of intra-granular k-carbide have significant effects
on the tensile and hardness properties in the HAZ of
lightweight steels, while inter-granular k-carbide causes
severe embrittlement. Based on these studies, delicate
optimization of alloy and weld metal design is a key
aspect to ensure stable properties and weldability in
lightweight steels.

3. Medium Mn TRIP steels have a dual-phase matrix of
ferrite and austenite containing intentionally redistrib-
uted manganese and carbon contents to obtain stable
austenite at room temperature. However, regardless of
similar and dissimilar weldment, coarse-grained HAZ
and FZ undergo martensitic transformation during heat-
ing above the Ac; temperature and then rapid cooling
to room temperature. Then the high retained austenite
content is sharply reduced, resulting in deterioration of
mechanical properties with increased brittleness. Vari-
ous ways to improve weldability have been proposed,
and the paint-baking heat treatment process during auto-
motive production can drastically improve the tensile
properties of martensite, even when conducted at low
temperature.
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