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 The TRIP Effect and Its Application in Cold Formable

Sheet Steels
Wolfgang Bleck,� Xiaofei Guo, and Yan Ma
The Transformation-Induced-Plasticity (TRIP) effect is used for enhancing the formability of
cold formable sheet steels. While the first observation of this phenomenon dates back to
the 1930’s, the industrial usage of the TRIP steels started after 1950. First fully austenitic
steels, later on multiphase steels have been developed with a meta-stable austenitic phase
that can transform stress-assisted or strain-induced into e- or a0-martensite during
deformation. The historic development, the principles of the TRIP effect, and the different
groups of steels using the TRIP effect are described. For the already commercialized TRIP
steels, characteristic chemical compositions and microstructures are discussed; the
requirements for the process design as well as new annealing concepts after cold rolling
are explained.
1. Definition of the TRIP Effect

The Transformation-Induced-Plasticity (TRIP) effect in

steels denotes the significant enhancement of both

strength and ductility through austenite to martensite

transformation during the plastic deformation.[1] The

transformation of (retained) austenite tomartensite during

deformation at or close to room temperature develops a

high carbon martensite phase, which substantially raises

the strain-hardening rate and strengthens the material

effectively, as shown in Figure 1.[2] The progressive

transformation of austenite to martensite during straining

is visible in the serrations and leads to high strain

hardening and postponed occurring of necking. Accord-

ingly, thematerial’s ductility retains or increases in spite of

higher strength.
2. Steels with TRIP Effect

In the 1930’s, Scheil[3,4] observed the formation

of martensite needles in Fe–Ni alloys, which underwent

shear forces. He raised two hypotheses: one is the stress

hypothesis that the martensite transformation needs a

minimumshear stress; another is the instability hypothesis

that the transformation occurs spontaneously when the

martensitic transformation temperature is reached unless
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a reverse stress is applied. Wassermann[5,6] also observed

the orientation dependent martensitic transformation in

Fe–Ni alloys under tensile deformation. The transforma-

tion contributes to thematerial ductility.[6,7] In the following

decades, the study on the austenite to martensite transfor-

mation behaviors in Fe–Ni alloys was conducted in many

different aspects, including the thermodynamics,[8–11] the

factors influencing the phase transformation, such as

temperature,[12–14] stress, and strain paths.[15,16]

The first proposal for the practical exploitation of TRIP

steels came fromZackayandhis co-workers.[1] Theydefined

high-alloyedaustenitic steelswithnickelandotheraustenite

stabilizing elements as TRIP steels, which are termed as

Meta-stable Austenitic Stainless Steels (Meta-stable ASS)

nowadays. By quenching the high-alloyed austenitic steels

in liquid nitrogen after hot rolling, a significant amount of

retained “meta-stable” austenite is produced. These alloys

obtained significantly improved uniform elongation up

to �80% through deformation-induced martensitic trans-

formation.[17] The meta-stable austenitic phase at ambient

temperature is achieved by large concentrations of Ni and

other expensive austenite stabilizing elements. Fahr et al.

further defined the “stress-induced” and “strain-induced”

formation of martensite and found that a specific amount

of strain-induced martensite led to an “optimum” work

hardening rate and resulted in high strength and high

ductility in meta-stable ASS.[18] The good combination

of mechanical properties and the intended reduction in

high-cost alloying elements led to many research activities

and industrialization of meta-stable ASS.

In the 1980’s, the TRIP effect was demonstrated by

Matsumura et al.[19,20] in low-alloy steels consisting of

0.2–0.4wt%C, 1–2wt%Mn, and 1–2wt%Si. These alloys

consists of 40–60 vol% allotriomorphic ferrite, 35–45 vol%

carbide-free bainite, and the remainder being high-carbon
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 1. Flow curves of a meta-stable austenitic stainless grade
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retained austenite with or without martensite. Distin-

guished from the meta-stable ASS with a fully austenitic

microstructure prior to deformation, these steels are

termed as TRIP-assisted low alloy steels or low-carbon

TRIP steels. The low-carbon TRIP steels typically contain

5–15 vol% retained austenite.[21–24] They belong to the

group termed first-generation Advanced High Strength

Steels (AHSS). The first-generation AHSS consist of

multiphase high strength cold formable steels with a

ferritic matrix and improved formability compared with

conventional high strength steels. In comparison to the

other first-generation AHSS with equivalent strength, such

as dual-phase (DP) steels, the TRIP steels offer improved

ductility and strain-hardening capability.[25,26] The ECO

Index (ECO Index¼ultimate tensile strength�uniform

elongation) of low-carbon TRIP is usually approaching

20 000 MPa%.[27]
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Based on the research on Hadfields steel, in 1962,

White et al.[28] observed the TRIP effect in Fe–Mn–C

high-manganese steels by adjustment of the chemical

composition. In 1986, Tomota et al.[29] reported the TRIP

effect in the Fe–Mn binary alloys with various Mn

contents (16–36wt%). Both the g! e and the e!a0

transformation were observed during deformation. It

was documented that the g! e transformation could

effectively improve the strain-hardening rate in high-

manganese steels by composition optimization. Since the

2000s, high-manganese steels have been intensively

studied owing to their excellent balance of high strength

and superior ductility.[30,31] The ECO Index of high-

manganese steels lies in the range of 50000 to 60000MPa%.

This innovative steel group with a fully austenitic matrix

is termed as second-generation AHSS.

In 2003, Speer et al.[32] first proposed a novel process –

Quenching and Partitioning (Q&P) – to develop a

martensitic steel with a certain amount of retained

austenite. The austenite phase is stabilized by carbon

partitioning between martensite and untransformed

austenite, processing via an isothermal heat treatment

after quenching to a temperature between martensite

transformation start temperature (Ms) and martensite

transformation finish temperature (Mf). The deformation-

induced transformation of retained austenite contributes

to the high strain-hardening rate and improves the

ductility of martensitic steels. Since the 2010s, the

medium-manganese steels have attracted intensive inter-

est of materials scientists.[33–35] Previously, the TRIP effect

in medium-manganese steels was first reported by

Miller[36] in 1972. The Fe–5.7Mn–0.11C (wt%) steel was

intercritically annealed in the gþa region, resulting

in ultrafine grained (UFG) duplex microstructure with

10–30 vol% austenite.[36] This UFG medium-manganese

steel revealed high ultimate tensile strength (UTS) of
steel research int. 88 (2017) No. 10 (2 of 21) 1700218



Figure 2. Chronological development of research work on steels
utilizing TRIP effect.
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 1145MPa and 30.5% total elongation (TEL).[36] The specific

heat treatment in the intercritical region used to process

the medium-manganese steels with UFG microstructure

is termed as Austenite-Reverted-Transformation (ART)

annealing. The mechanical properties of Q&P steels

and medium-manganese steels fill the gap between the

first-generation AHSS and the second-generation AHSS.

They are referred to as the third-generation AHSS.

The ECO index of the third-generation AHSS is about

30 000–4 000MPa%.

In 2009, the TRIP effect was further explored in maraging

steels. Raabe et al.[37] proposed a new concept to enhance

thestrengthandductility simultaneouslyby thecombination

of TRIP effect and martensite aging (Maraging) effect.

Benefiting from both the occurrence of the TRIP effect

during deformation and nano-sized intermetallic precipita-

tion strengthening by aging, this steel grade develops a

highUTSup to 1.5GPa and total elongations between 15 and

20%.[37,38] During the aging of martensite, a pronounced

austenite reversion takes place as well and the elemental

partitioningofCandasmall amountofMnat themartensite/

austenite interface results in the formation and growth of a

new austenite layer.[39] The deformation-induced transfor-

mation from reversed austenite to a0-martensite during

deformation leads to an improved ductility.

More recently, Li et al.[40] reported a new class of TRIP

assisted high-entropy dual-phase alloys. By appropriate

adjustment of chemical composition in high entropy alloys

(HEAs), the meta-stable dual-phase microstructure is

achieved in Fe50Mn30Co10Cr10 TRIP-DP-HEAs.[40] The

microstructure of the HEA prior to deformation consists of

about 72% face-centered cubic (f.c.c.) phase and 28%

hexagonal close-packed (h.c.p.) phase. Up to post-necking

stage, approximately 56% f.c.c. phase transforms into h.c.p.

phase.[40] As a result, this material achieves the tensile

strength of over 850MPa and total elongation of �75%,

which overcomes the strength-ductility paradoxon in

conventional high strength steels. It is believed that the

newly generated phase boundaries owing to deformation-

induced transformation acts as additional obstacles of

dislocation slip, thereby enhancing the strain hardening.[40]

In summary, the steels utilizing TRIP effect cover a wide

range of steels. The presence ofmeta-stable austenite phase

at room temperature is realized through high alloying or

element enrichment. The chronological development of

different steels with TRIP-effect is summarized in Figure 2.

The typical chemical compositions and microstructures are

listed in Table 1. The typical mechanical properties

represented by the ultimate tensile strength (UTS) and total

elongation (TEL) values are described in Figure 3.
3. Martensitic Transformation Mechanisms

Austenite tomartensite transformation follows thedisplacive

mechanism, which is a diffusionless shear transformation.
1700218 (3 of 21) steel research int. 88 (2017) No. 10
The deformation takes place on habit planes and follows

preferred directions.[59] The transformation from f.c.c. to

body-centered cubic (b.c.c.) crystal structure occurs with 24

possiblevariantswithdistinct latticeorientationrelationship,

within which only the preferred variants are nucleated upon

thermomechanical loading depending on the stress and

stress state.[8,60,61] Entrapped carbon raises the tetragonality

of the b.c.c. structure, therefore, martensite in steels is a

body-centered tetragonal (b.c.t.) phase. The crystallography

of martensite transformation has been reviewed by Kelly.[62]

There are three types of martensitic transformation

according to the driving force: (i) Athermal martensitic

transformation; (ii) Stress-assisted martensitic transforma-

tion, and (iii) Strain-induced martensitic transformation.

Athermal martensitic transformation is a thermodynami-

cally driven process, which is only temperature dependent.

Ms is used to denote the start temperature for martensitic

transformation. The stress-assistedmartensitic transforma-

tionoccursat the temperatureaboveMswith thepresenceof

mechanical driven force U. Patel and Cohen[8] interpreted

themechanical driving forceU as dependent on the applied

shear stress t and normal stress s, where g0 and e0 are the

transformation shear and dilatation strains, respectively, as

shown inEquation1.Themechanical driven forcehas linear

dependenciesontheappliedstresses,aswellasbeinggreatly

affected by the stress states.

U ¼ tg0 þ se0 ð1Þ

Fahr et al.[18] put forward that the austenite to

martensite transformation is driven by both stress and

strain. Olson and Cohen[63] generalized this behavior

and produced the schematic diagram based on the

experimental results of Bolling and Richman[64] to describe

the influences of stress and strain on martensitic

transformation temperature, which are shown in Figure 4.

When the material is cooled from the austenitic region

to the temperature below Ms, the transformation starts

athermally. As discussed above, when the mechanical
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Typical chemical composition, wt% (Fe balanced)

Steel designation C Si Mn Cr Mo Ni Al Co Ti Special process Microstructure

Meta-stable ASS 0.02–0.15 n/a 0–6 17–20 n/a 3–7 n/a n/a n/a no g(100%)

LC TRIP 0.1–0.3 1–2 1–2 n/a n/a n/a 1–2 n/a n/a Intercritical

annealing

a(40–60%)

þaB(35–45%)

þ gR(5–15%)

HMnS TRIP 0.1–0.6 0–3 14–23 n/a n/a n/a 0–3 n/a n/a no g(100%)

Q&P TRIP 0.1–0.3 1–2 1.5–3 n/a n/a n/a n/a n/a n/a Q&P treatment a0 þ g(5–10%)þ (a)

MMnS TRIP 0.05–0.4 0–3 4–12 n/a n/a n/a 0–2 n/a n/a ART annealing aþ g(20–40%)

Maraging TRIP 0.01 0.06 12 n/a 1 2 0.1 n/a 1 Aging

treatment

a0 þ g(�15%)

HEA TRIP 0–0.5 n/a 30–45 10 n/a n/a n/a 10 n/a no eþ g(�30%)

ASS: Austenitic Stainless Steels; LC: Low Carbon; TRIP: Transformation-Induced Plasticity; HMnS: High-Manganese Steels; MMnS:
Medium-Manganese Steels; Q&P: Quenching and Partitioning; Maraging: Martensite Aging; HEA: High Entropy Alloy; ART: Austenite
Reverted Transformation.

Table 1. Chemical composition and microstructure of steels utilizing TRIP effect.

www.steel-research.de

R
EVIEW
driving force exists, the Ms temperature rises linearly with

the applied stress till the yield stress of austenite, as shown

in Part I in Figure 4. When the stress required for

transformation exceeds the yield strength of the material,

plastic strain precedes transformation, as illustrated in

Figure 4 Part II. Olson and Cohen[65] assumed the plastic

strain produces shear band intersections, which act as

nucleation sites for martensitic transformation. As a result,

the required stress is lower than the pure stress condition.

When the maximum temperature limit Md is reached, the
Figure 3. The total elongation (TEL) versus ultimate tensile strength
(UTS) diagram for steels utilizing the TRIP effect; representative
mechanical properties ofHMnSTRIP,[41–43] Q&PTRIP,[44–49]MMnS
TRIP,[36,50–54] Maraging TRIP,[37] HEA TRIP[55,56] from literature, LC
TRIP fromAutosteelwebsite,[57] andMeta-stableASS fromstandard
EN10088-2.[58]

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
austenite can only deform plastically, as shown in Figure 4

Part III. In this condition, the chemical driving force is too

small to nucleate martensite even with the external

mechanical loading.

Lo et al.[66] reviewed the potential nucleation sites and

transformationroutinesofdeformationinducedmartensite.

The energetically favorable nucleation sites are the inter-

sections of shear bands,[67] inside shear bands,[67] the

intersections of shear bands with grain boundaries,[67]

the intersections of e-martensite,[68] inside single e-mar-

tensite,[69] the intersection of twinning plates,[70] and even

dislocation pile-ups[71] etc. Shear bands designate the thin

bands with large localized shear strains. They usually cross

several grains. The shear bands may contain mechanical

twins, e-martensite, and bundles of stacking faults or slip

bands.[65] Depending on the nature of the overlapping,

twins, e-martensite or stacking fault bundles may form.

Twins formwhenstacking faults overlap on successive {111}

planes, whereas the e martensite is generated if the

overlapping of stacking faults occurs on alternate {111}

planes. Stacking fault bundles arise from the irregular

overlapping of stacking faults.[66] In general, the nucleation

sites of a0-martensite are associated with various lattice

defects existing in themicrostructure, where the local stress

due to the lattice misfit favors the transformation. Many

factors, such as forming condition, grain size, material

chemistry, influence the favorable martensite nucleation

sites, and transformation paths.[66] The martensitic trans-

formation can proceed through both g! e! a0 or g!a0

routines, which is quite dependent on the deformation

temperature.[66,72]

The transformation behavior has also been described by

phenomenological or constitutive models. Angel first

developed an empirical formula to calculate the volume
steel research int. 88 (2017) No. 10 (4 of 21) 1700218



Figure 4. Schematic illustration of the critical stress to initiate
martensitic transformation as a function of temperature, accord-
ing to Olson and Cohen.[63]
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 of transformedmartensite on the degree of plastic deforma-

tion.[73] Olson and Cohen proposed a temperature depen-

dent model to describe martensitic transformation kinetics

based on the observations of intersections of shear

systems.[65] As shown in Equation 2, the volume fraction of

martensite f a
0
obtained at the strain e is affected by the

temperature dependent parameters, a and b. The former

depends on the Stacking Fault Energy (SFE) of the steel,

which in turn is affected by material chemistry and

temperature. b is related to the probability that an

intersecting shear system creates a nucleation site and the

driving force for g!a0 transformation. The exponent n is a

dimensionless constant,which is used as afittingparameter.

It usually has a value �2. For examples, a value of 4.5 is

appropriate for the steels studiedbyAngel.[73] Then constant

is affected by the material and process parameters, which

influence the transformation kinetics.

fa
0 ¼ 1� exp �bð1� aeÞn½ � ð2Þ

Much research work was carried out to improve the

Olson-Cohen model by incorporating the critical factors,

such as stress state,[74–79] strain rate[76,80] etc. The constitu-

tive relation describing the transformation-induced plastic-

ity provides opportunity for effective material and process

design of TRIP-assisted steels.
4. TRIP Effect in Meta-Stable Austenitic
Stainless Steels

Meta-stable ASS contain reduced Ni alloying compared

with the conventional stable ASS. The strain-induced

martensitic transformation is initiated at room tempera-

ture. Meta-stable ASS usually have a fully austenitic

structure in the cold rolled and annealed condition. The

unstable austenite transforms progressively to a0- and/or
Chemi

Steel grade Material Number C Cr

X5CrNi18-10 1.4301 0.07 17.5–1

X2CrNi18-9 1.4307 0.03 17.5–1

X10CrNi18-8 1.4310 0.15 16.0–1

X2CrNiN18-7 1.4318 0.03 16.5–1

X12CrMnNiN17-7-5 1.4372 0.15 16.0–1

X8CrMnNiN19-6-3 1.4376 0.10 17.0–2

Table 2. Chemical composition andmicrostructure of some commerc
10088-2.[58]

1700218 (5 of 21) steel research int. 88 (2017) No. 10
e-martensite upon the applied plastic deformation. As a

result, they achieve extraordinary mechanical properties

through transformation strengthening. The typical chemi-

cal composition of commercial meta-stable ASS are listed

in Table 2.[58] The alloying elements of C, N, or Mn are

added to partially replace the Ni element for stabilizing the

austenite phase at room temperature. The contribution of

these elements in stabilizing the austenite phase is

empirically described by the Ni equivalent, as listed in

Table 3.

The stability of the austenite structure is controlled

by the SFE, which describes the interaction between

the extended dislocations on the closely spaced slip

planes.[81,82] When the SFE is low, the mobility of

dislocations is greatly suppressed; the dissociation of a

full dislocation into two partials is energetically favorable.

The stacking sequence changes to the faulted sequence,

which involves h.c.p. stacking and provides nuclei for
cal composition, wt% (max.)

Ni Mn N Microstructure

9.5 8.0–10.5 2.0 0.11 pure austenite

9.5 8.0–10.5 2.0 0.11 pure austenite

9.0 6.0–9.5 2.0 0.11 pure austenite

8.5 6.0–8.0 2.0 0.10–0.20 pure austenite

8.0 3.5–5.5 5.5–7.5 0.05–0.25 pure austenite

0.5 2.0–4.5 5.0–8.0 0.30 pure austenite

ial meta-stable austenitic stainless steels according to standard EN

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Formulae Author Ref.

Nieq

Nieq ¼ % Niþ 0:65%Crþ 0:98%Moþ 1:05%Mnþ 0:35%Siþ 12:6%C Rhodes, et al. [84]

Nieq ¼ %Niþ 0:6%Mnþ 0:18%Crþ 9:69ð%Cþ%NÞ � 0:11ð%SiÞ2 Takemoto, et al. [85]

SFE

SFEðmJ=m2Þ ¼ �53þ 6:2%Niþ 0:7%Crþ 3:2%Mnþ 9:3%Mo Schramm, et al. [81]

SFEðmJ=m2Þ ¼ 1:2þ 1:4%Niþ 0:6%Crþ 7:7%Mn� 44:7%Si Rhodes, et al. [84]

SFEðmJ=m2Þ¼ �25:7þ 2%Niþ 410%C� 0:9%Cr� 77%N� 13%Si� 1:2%Mn Pickering [86]

SFEg300ðmJ=m2Þ ¼ g0 þ1:59%Ni� 1:34%Mnþ 0:06ð%MnÞ2 � 1:75%Cr

þ 0:01ð%CrÞ2þ15:12%Mo� 5:59%Si�60:69 ð%Cþ 1:2%NÞð1=2Þ

þ26:27ð%Cþ 1:2%NÞð%Crþ%Mnþ%MoÞð1=2Þ

þ0:61½%Nið%Cr þ%MnÞ�ð1=2Þ

ðg300 is the value of SFE at room temperature

g0 is the value of SFE of pure austenitic iron at room temperatureÞ

Dai, et al. [87]

Ms

Msð8CÞ ¼ 1350� 1665ð%Cþ%NÞ � 28%Si� 33%Mn� 42%Cr� 61%Ni Eichelmann, et al. [88]

Msð8CÞ ¼ 1182� 1456ð%Cþ%NÞ � 37%Cr� 57%Ni Monkman, et al. [89]

Msð8CÞ ¼ 492� 125%C� 65:5%Mn� 10%Cr� 29%Ni Kulmburg, et al. [90]

Msð8CÞ ¼ 502� 810%C� 1230%Ni� 13%Mn� 30%Ni� 12%Cr

�54%Cu� 46%Mo

Pickering [91]

MsðKÞ ¼ 1578� 41:7%Cr� 61:1%Ni� 33:3%Mn� 27:8%Si� 36:1%Mo

�1667ð%Cþ%NÞ
Hammond [92]

MsðKÞ ¼ A3 � 199:8ð%Cþ 1:4%NÞ � 17:9%Ni� 21:7%Mn� 6:8%Cr

�45:0%Si� 55:9%Mo� 1:9ð%Cþ 1:4%NÞð%Moþ%Crþ%MnÞ
�14:4½ð%Niþ%MnÞð%Crþ%Moþ%Alþ%SiÞ�ð1=2Þ � 410

Dai, et al. [93]

MsðKÞ ¼ Ae � 710:5ð%Cþ 1:4%NÞ � 18:5%Ni� 12:4%Mn� 8:4%Cr

þ13:4%Si� 1:6%Mo� 22:7%Al

þ11:6ð%Cþ 1:4%NÞð%Moþ%Crþ%MnÞ
�3:7½ð%Niþ%MnÞð%Crþ%Moþ%Alþ%SiÞ�ð1=2Þ þ 277

Yuan, et al. [94]

Msð8CÞ ¼ 545� 330%Cþ 2%Alþ 7%Co� 14%Cr� 13%Cu� 23%Mn

�5%Mo� 4%Nb� 13%Ni� 7%Siþ 3%Tiþ 4%Vþ 0%W

Ishida [95]

MsðKÞ ¼ 764:2� 302:6%C� 30:6%Mn� 16:6%Ni� 8:9%Crþ 2:4%Mo

� 11:3%Cuþ 8:58%Coþ 7:4%W� 14:5%Si

Capdevila, et al. [96]

Table 3. Continued

www.steel-research.de
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Formulae Author Ref.

MsðKÞ ¼ 273� 12:1%Cr� 17:7%Ni� 7:5%Mo� 423%N Xu, et al. [97]

Md30

Md30ð8CÞ ¼ 551� 462ð%Cþ%NÞ � 9:2%Si� 8:1%Mn� 13:7%Cr

� 29ð%Niþ%CuÞ � 18:5%Mo� 68%Nb

Nohara, et al. [98]

Md30ð8CÞ ¼ Md30ðNohara� 1:42� ðGS� 8Þ
ðGSmeans grain size according toASTMÞ

Nohara, et al.

(modified)

[98]

Md30ð8CÞ ¼ 2462� 14:4� GS� 116:1%Cr� 134:1%Mn

ðGSmeans grain size according toASTMÞ
Lewis, et al. [99]

Md30ð8CÞ ¼ 608� 515%C� 812%N� 7:8%Si� 12%Mn� 13%Cr� 34%Ni� 6:5%Mo Sjöberg [100]

Table 3. Empirical formulae for calculation the Nickel equivalent (Nieq), stacking fault energy (SFE), martensitic transformation
temperature (Ms), martensitic transformation temperature (Md30) as a function of chemical composition.
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e-martensite platelets. Therefore, the SFE is regarded as

the sum of surface and volume energy contributions for the

formationof e-martensite in thermodynamicbasedmodels.[83]

Chemical composition and temperature are the most critical

factors that influence the SFE of austenite. The dependence of

SFE on chemical composition is described by the various

empirical formulae listed in Table 3. Table 3 also lists the

empirical formula for calculating Ms and Md30 temperatures.

Ms temperature is defined as the start temperature for

martensitic transformation. Md30 defines the temperature at

which an amount of 50% austenite will be transformed to

martensite through cold deformation of 0.30 true strain.

Figure 5a reveals the microstructure evolution upon

applied plastic deformation in an austenitic stainless steel

1.4301. Lath martensite was induced after 5% tensile

deformation from the prior fully austenite microstructure.

Cold rolling also induced martensitic transformation in

meta-stable ASS.[101] As discussed before, a0-martensite

nucleates in various lattice defects, Figure 5b displays the

preferable a0-martensite nucleation sites in the intersec-

tions of deformation bands in a cast CrNiMn steel.[102]
Figure 5.Microstructure of strain inducedmartensitic transformation
steel grade 1.4301 before and after 5% tensile deformation. b) Transm
martensite at the intersections of deformation bands in a cast CrNi
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The mechanical properties of meta-stable ASS reveal

very strong temperature and strain rate dependency.

Plastic deformation at lower temperature promotes the

martensitic transformation and strengthens the material

significantly.[103–106] Figure 6a shows the influence of

temperature on the mechanical properties of grade 1.4301

after tensile testing in the temperature range 77–433K.[106]

The induced microstructure at the maximum uniaxial

tensile stress was characterized by combined X-ray

diffraction (XRD), optical microscopy study, and magnetic

measurement, as shown in Figure 6b. Figure 6a reveals the

strong temperature dependence of the flow curves below

Mg!a0
d temperature, during which the g!a0 transforma-

tion dominates. As revealed in Figure 6b, above the Mg!a0
d

temperature, the e-martensitephase increasescontinuously

and the a0-martensite gradually diminishes. The maximum

elongation is obtained at the start of the g! e!a0

transformation temperature. Based on the results, the

stress-temperature-transformation (STT) diagram with

indicating the ranges of strain induced formation of e- or
a0-phase has been developed, as shown in Figure 6c. It gives
inmeta-stable austenitic stainless steels: a)Metallographic images
ission electron microscopy characterization of the transformed a0

Mn steel.[102]

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 6. Influences of temperature on the mechanical properties and phase transformation in 1.4301 stainless steels: a) The flow curves
of 1.4301 at different temperatures; b) The dependence of total elongation, tensile strength and martensitic volume fraction in 1.4301 at
different temperatures; c) Stress–temperature transformation diagram that defines the transformation mechanisms in respective
temperature and true stress range.[106]
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guidance for themartensitic transformationmechanisms in

accordancewith applied stress and temperature. As the STT

diagram is developed based on uniaxial tensile test, the

transformation kinetics may differ when other stress states

are applied.

Meta-stable ASS show a negative strain rate sensitivity,

whichmeans the tensile strength declines as the strain rate

increases.[107,108] Themain reason is that adiabatic heating

at high strain rates reduces the chemical driving force for

martensitic transformation.[109] The high strain rate may

promote more irregular micro-shear band arrays and

reduce the formation probability of a0-martensite em-

bryos.[110] It is observed that high strain rates promote the

formation of stacking faults and e-martensite, however

suppress a0-martensite in 1.4301.[111] Figure 7[108] reveals a

systematic investigation on the mechanical behavior of

steel grade 1.4318 at the strain rates between 6.0� 10�4 s�1
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
and 920 s�1. As shown in Figure 7a, in the low strain rate

region from 1.6� 10�4 s�1 to 0.8 s�1, the negative strain

rate sensitivity at high deformation strain is very pro-

nounced. At strain rates above 0.8 s�1, positive strain rate

sensitivity is observed through the whole deformation

range. It is assumed that the macroscopic flow stress s can

decompose into an athermal stress component si, a

thermally activated strain rate dependent positive

dynamic stress offset Dsdynamic, as well as the transforma-

tion-induced flow stress increase DsTRIP, as defined in

Figure 7b. At strain rates above 0.8 s�1, the adiabatic

heating suppresses the TRIP effect. As a result, the flow

stress is lower than the quasi-static strain rate conditions.

In summary, the meta-stable ASS have an excellent

combination of strength and ductility, formability,

and corrosion resistance. They are also cost competitive

compared with other high Ni alloyed stable ASS due to the
steel research int. 88 (2017) No. 10 (8 of 21) 1700218



Figure 7. Influence of strain rate on the flow curves of a meta-
stable ASS grade 1.4318: a) Flow curves at different strain rates;
b) The contribution of dynamic stress offset Dsdynamic and
transformation stress offset DsTRIP on the macroscopic flow
stress. The dashed line indicates the quasi–static flow stress
without phase transformation.[108]
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reduced Ni content. Therefore, they gain increasing

interest to be utilized as strengthening parts, energy

absorption component, which can also be exposed to

corrosive environment. By controlling appropriate form-

ing temperature, strain rate and strain path with consid-

eration of austenite stability, the ultimate formability of

meta-stable ASS can be exploited.
5. TRIP Effect in Low Carbon TRIP Steels

Different from high alloyed meta-stable ASS, low carbon

TRIP steels contain typically 5–15 vol% retained austenite
Steel Designation Microstructure

TRIP690 ferriteþbainiteþ retained austenite

TRIP780 ferriteþbainiteþ retained austenite

Table 4. Chemical composition of the commercial low carbon TRIP

1700218 (9 of 21) steel research int. 88 (2017) No. 10
embedded in a matrix of ferrite, bainite, or martensite

depending on alloy composition and production process.

More carbon than that in conventional low carbon steels is

added for stabilizing the retained austenite phase below

ambient temperature. Si and/or Al are added to accelerate

the ferrite/bainite formation and to postpone the carbide

formation during the bainitic reaction.[112,113] As a result,

carbon enriches in the retained austenite and the low

carbon bainite is formed. The typical chemical composi-

tions of commercialized TRIP steels are shown in

Table 4.[114]

The strength of low carbon TRIP steels generally

increases as the overall carbon concentration is raised.

However, too high carbon contents have the drawback of

retarding the bainitic transformation[115] and deteriorating

the manufacturability such as welding.[116] The carbon

concentration is not homogenous among the different

phases in low carbon TRIP steels. The meta-stable

austenite is enriched with carbon through the controlled

two step intercritical annealing process. Figure 8 illustrates

the time–temperature processing routines for producing

hot rolled and cold rolled TRIP steels.[117,118] The carbon

enrichment occurs during the two phase (austeniteþ
ferrite) intercritical annealing process step (780–880 8C) and
the isothermal bainitic transformation step (350–500 8C).[119]

Therefore, the Ms temperature of the retained austenite

declines accordingly, leading to the stabilized retained

austenite at room temperature.

In the past decades, many research activities took place

to optimize the processing parameters of the intercritical

annealing,[118,120,121] and of the subsequent isothermal

bainitic transformation[122–124] to adapt the heat treatment

production of TRIP steels to existing annealing and

galvanizing lines.[26] In parallel, the effect of alloying

elements on phase transformation, final microstructure,

and induced mechanical properties has been intensively

investigated.[121,125] Carbon is very crucial to raise the

volume fraction and stability of retained austenite, and also

has a strong solid solution strengthening effect. However,

carbon contents beyond 0.2wt% lead to detoriated weld-

ability. Silicon is effective to postpone the carbide precipi-

tation andensures good stability of retainedaustenite. Since

high silicon contents induce strong oxide layers and lead

to poor coatability, silicon is partially replaced by Al, P,

etc.[126,127] A schematic composition diagram summarizing

the main reasons for the TRIP alloying concept is shown in

Figure 9. In addition, Cu and Ni were found effective in
Chemical composition, wt%

C (max) Si (max) Mn (max) P (max) Al

0.24 2.00 2.20 0.050 0.015–2.0

0.25 2.20 2.50 0.050 0.015–2.0

steels according to standard VDA 239-100.[114]

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 8. Processing routines to produce a) the hot rolled TRIP strips with controlled cooling after hot rolling and coiling in the bainitic
transformation region and b) the cold rolled TRIP strips with intercritical annealing after cold rolling. The color disks denote the
microstructure evolution.[117,118]
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stabilizing the retained austenite, leading to the improve-

ment in both strength and ductility.[128,129] Micro-alloying

elements, such as Nb, Ti, and V were also added to

achieve microstructure refinement and precipitation

strengthening.[130–132]

All the steps above aim to achieve the desirable

microstructure for the optimized mechanical properties.

As a multiphase steel, the composite effect of soft ferrite

phase for providing strain localization and hard bainite

or martensite phase as strengthening phase for main-

taining the excellent overall mechanical properties.[133]

Figure 10a shows the schematic microstructural features

of a TRIP steel and the important microstructure features

that influence the mechanical properties. Among them,

the volume fraction and stability of retained austenite

play a great role in providing high strain-hardening

coefficient (n-value).[123,134,135]

Figure 10b reveals the influences of austenite volume

fraction and stability on the tensile properties of a
Figure 9. Schematic composition diagram for low alloy TRIP steels, sh
compositions.[127]

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
0.2C–1.8Mn–1.3Al–0.04Si–0.016P TRIP steel.[136] The ma-

terial A has a higher stability (Ms
S ¼�15 8C) and a lower

volume fraction of 11.3% gR by longer isothermal holding

in the bainitic transformation region. It shows progressive

transformation into martensite, which leads to the

postponed occurring of necking. Material B has a lower

austenite stability (Ms
S ¼�5 8C), which reveals higher

instantaneous work hardening exponent at the start of

deformation and leads to early fracture. The material A

obtains improved fatigue performance (fatigue limit

values¼ 478MPa) compared with material B (fatigue limit

values¼ 462MPa) after 107 fatigue cycles, although A

has lower ultimate tensile strength. The phase morphol-

ogy also greatly influences the austenite stability.

Figure 10c compares the austenite stability in a

0.17C–2.2Mn–1.6Al–0.013P TRIP steel with an equiaxed

(material C) and a lamellar (material D) microstructure

morphology.[137] A new processing routine with quenching

the material below the Ms temperature before intercritical
owing the main reasons leading to the development of alternative
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Figure 10. Important microstructure features influencing the mechanical properties of low carbon TRIP steels: a) The schematical
microstructure of TRIP steels; b) The influences of austenite volume fraction and stability on themechanical properties in a 0.2C–1.8Mn–
1.3Al–0.04Si–0.016P TRIP steel[136]; c) The influences of the microstructure mophology on austenite stability and mechanical properties
in a 0.17C–2.2Mn–1.6Al–0.013P TRIP steel.[137]
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annealing produced the lamellarmorphology inmaterial D.

In comparison to the equiaxed morphology in material C,

the lamellar microstructure is more stable, which raises the

value of total elongation by�10%. The ECO index has been

raised from 20400 to 23100MPa%.

Figure 11 compares the tensile properties between

TRIP, Dual Phase (DP), and Complex Phase (CP) steels

with the same strength level of 780MPa. It reveals the TRIP

780 steel achieves obviously improved ductility and strain-

hardening exponent compared with the other two grades.

Much research work has also been carried out to improve

the ductility of DP steels by introducing retained austenite,

which is named as TRIP-assisted dual phase (TADP)

steels.[138–141] In addition, most steel grades from the third-

generation AHSS utilize the TRIP concept for achieving

excellent combination of strength and ductility, which will

be introduced in the following sections.

In summary, the low alloy concept and high strain-

hardening capacity make low-carbon TRIP steels well

suitable for automotive structural and safety parts such as
1700218 (11 of 21) steel research int. 88 (2017) No. 10
cross members, longitudinal beams, B-pillar reinforce-

ments and bumper reinforcements. With respect to cold

formability, high spring back after press forming and

poor stretch-flangeability of TRIP grades still need to be

improved.[127,134]
6. TRIP Effect in High-Manganese Steels

The reduction in car-body weight and CO2 emission and

the improvement of crash safety in the automotive

industry highly promote the development of the ultrahigh

strength steels with superior ductility. The high-

manganese TWIP (TWinning Induced Plasticity) and TRIP

steels have attracted increasing interest by materials

scientists and engineers since the last decades owing to

their extraordinary mechanical performance.[30,31,143] It

has been reported that the TRIP effect in high-manganese

steels could result in superior mechanical properties, an
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 11. Tensile properties of CP, DP, and TRIP steel grades with
the ultimate tensile strength level of 780MPa. (Rp0.2 represents
the 0.2% offset yield strength; Rm represents the ultimate tensile
strength; Ag represents the uniform elongation; A80 represents the
total elongation for a gauge length of 80mm; n4–6 and n10–20

represent thestrain-hardeningexponent inthestrainrangesof4–6%
and 10–20%, respectively).[142]
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excellent combination of high strength and good ductility,

and high strain-hardening capacity.[30,31] There are mainly

three high-manganese steel groups, which have been

intensively studied, namely Fe–Mn–Al–Si,[30,31,42,43,143–145]

Fe–Mn–C,[146–148] and Fe–Mn–Al–C[149,150] alloys. The

chemical composition and corresponding SFE of some

typical high-manganese TRIP steels are listed in Table 5.

The addition of Mn content higher than 15wt% stabilizes

the austenite phase. Consequently, high-manganese steels

are composed of a single austenitic phase or of several

phases with a large amount of austenite.

The superior mechanical properties of high-manganese

steels benefit from various additional deformation
Chemical compo

Steel Designation C Si

Fe–15Mn–3Al–3Si n/a 2.80

Fe–19Mn–3Al–3Si 0.04 2.90

Fe–20Mn–2Al–3Si 0.03 3.30

Fe–13Mn–0.3C 0.30 n/a

Fe–17Mn–0.02C 0.02 2.87

Fe–18Mn–0.4C 0.44 0.33

Fe–22Mn–0.1C 0.10 n/a

Fe–14Mn–2Al–0.6C 0.64 0.25

Fe–18Mn–3Al–3Si–0.15C 0.15 3.26

n/a: not available.

Table 5. The chemical composition and stacking fault energy (SFE)

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
mechanisms besides pure dislocation slip, such as TRIP

effect, TWIP effect, and MBIP (MicroBand-Induced-

Plasticity) effect. The SFE in high-manganese steels is a

decisive parameter for the deformationmechanisms,which

is a function of chemical composition and temperature. A

thermodynamic SFEmap for the Fe–Mn–Al–C systembased

on the sub-regular thermodynamicmodelwas developed to

explain the deformation mechanisms in high-manganese

steels.[155] Figure 12a[152] displays the 2D SFE map of the

Fe–Mn–C alloy system, which illustrates the chemical

composition dependence of deformation mechanisms in

high-manganese steels. The TRIP effect is believed to occur

in high-manganese steels when a value of SFE is below

20mJm�2 and the TWIP effect is the dominant deformation

mechanism when the SFE value is above 20mJm�2. The

strength of high-manganese TRIP steels lies in the range of

800–1000MPa with large ductility in the range of 40–55%.

During deformation, the meta-stable austenite can trans-

form into e- and/or a0-martensite,[29,156–159] effectively

retarding stress localization and promoting homogeneous

deformation. Figure 12b and c[152] show the EBSD image

quality (IQ)maps of alloys Fe–13Mn–0.3C at strain 0.05 and

Fe–22Mn–0.1C at strain 0.10, respectively. Additionally, the

SFE values of Fe–13Mn–0.3C and Fe–22Mn–0.1C steels are

marked in the 2D SFEmap in Figure 12a. It can be seen that

both steel grades are located in the TRIP region. As shown in

Figure 12b, the g-austenite in Fe–13Mn–0.3C alloy trans-

forms into e-martensite and a0-martensite during straining.

However, there is only g-austenite! e-martensite transfor-

mation occurring in the Fe–22Mn–0.1C alloy during

deformation, as illustrated in Figure 12c.

Because the SFE is a function of temperature as well,

the deformation mechanisms in high-manganese steels

are strongly affected by the deformation temperature.

The temperature dependence of deformation modes has

been studied in a Fe–17Mn–0.6C steel.[158] As shown in
sition, wt%

Mn Al SFE, mJm�2 Ref.

15.99 3.08 n/a [145]

18.80 2.90 n/a [43]

19.93 2.12 n/a [151]

13.00 n/a �0 [152]

17.22 0.48 n/a [153]

17.40 0.01 14 [147]

22.00 n/a 7 [152]

14.00 2.40 n/a [149]

18.40 3.01 n/a [154]

of typical high-manganese TRIP steels.
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Figure 12. a) 2D SFE (unit, mJm�2) map of Fe–Mn–C high-manganese steels at 300 K[150]; EDSB IQ maps of b) Fe–13Mn–0.3C alloy at
strain 0.05 and c) Fe–22Mn–0.1C alloy at strain 0.10.[152]
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Figure 13a, the UTS shows very little change in this steel

with different temperatures and the total elongation drops

dramatically with the decrease in temperature. The

corresponding strain-hardening rates tested at 173, 223,

294, and 373K are shown in Figure 13b. It was proved by

XRD that the e-martensite appeared in the specimen

deformed at 273K and the intensity of it increased with

the decrease in temperature.[158] No a0-martensite was

observed.[158] Deformation induced twins were detected in

the specimens deformed at 294 and 373K by EBSD

analysis.[158] It was claimed that the e-martensite transfor-

mation could produce an extraordinary high strain-

hardening rate of approximately 4GPa at 10% strain.[158]

By comparing the contribution of deformation twining

and dynamic strain agingwith the contribution of deforma-

tion-induced e-martensite transformation to strain-

hardening rate, it can be concluded that e-martensite
Figure 13. a) Engineering stress–strain curves and b) true stress–strain
steel at different temperatures.[158]
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transformation has the highest contribution to the

strain-hardening rate in Fe–Mn–C steel.[158]

Another study reported that by adjusting manganese

content in Fe–Mn–C alloys, the SFE was reduced below

18mJm�2, in the rangewhere e-martensite transformation is

favorable instead of deformation-induced twins during

deformation.[159] The e-martensite was observed in these

steelsafter tensile testsat roomtemperature. Itwasstatedthat

the deformation-induced e-martensite did not significantly

deteriorate themechanical properties of Fe–Mn–C steels.[159]

The deformation-induced e-martensite shows similar effects

on the mechanical properties as twins. The progressive

activationof two e-martensitevariants results in thereduction

in themean free path of the dislocation, consequently a high

strain-hardening rate.[159] It was also mentioned that occur-

rence of deformation induced a0-martensite led to decreased

ductility, due to its brittle characteristic.[159]
curves and corresponding strain–hardening rate of Fe–17Mn–0.6C

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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However, it is believed that the steel containing

e-martensite results in lower ductility than that of TWIP-

assisted fully austenitic steel.[160] It has been found that

cracks are prone tobe initiated andpropagated at the region

of e-martensite,which isnormallyharder thanaustenite.[160]

In addition, e-martensite provides a large amount of

diffusible hydrogen trapping sites.[160] The g/e interface

with lowhydrogen trapping activation energy is responsible

for the severe hydrogen embrittlement.[160] Although high-

manganese austenitic TRIP steels show considerably high

strain-hardening rate, the presence of strain-induced

hardmartensite phase deteriorates the in-service properties

(e.g., hydrogen embrittlement) of steels strongly.
Figure 14. Schematic illustration of the Quenching and Partition-
ing (Q&P) process.[161] The light and dark green colors illustrate
the martensite with different carbon contents.
7. TRIP Effect in Q&P Steels

The Q&P process enables to produce a novel martensite

steel grade with good ductility; the process is illustrated in

Figure 14.[161] Following austenitization, quenching is

interrupted at a temperature (quenching temperature) in

between of the Ms and Mf temperatures. At the quenching

temperature martensite transformation is not completed

and the quenching process results in quenchedmartensite

and untransformed retained austenite.[162] Subsequently,

a heat treatment is carried out at either the identical

temperature tothequenchingtemperature,whichisdefined

as one step Q&P process, or an evaluated temperature,

which is referred to as two stepQ&P process.[162] During the

partitioning treatment process, carbon atoms diffuse from

carbon-supersaturated martensite into the untransformed

austenite. Consequently, carbon-enriched austenite can

be retained when the steel is finally quenched to room

temperature.

The Q&P steels take advantage of low alloying content.

Mn, C, Al, and Si are the main alloying elements in Q&P

steels. The chemical composition of several Q&P steels is

listed in Table 6. Generally, C content is in a range of 0.15–

0.3wt%.[49] Mn content is controlled in between of

1.5–3.0wt%.[49] Both C and Mn are austenite stabilizers.

As the interstitial element in Q&P steels, C plays a critical
Chemical

Steel Designation C Si M

Fe–2Mn–1.5Si–0.2C 0.20–0.22 1.40–1.67 1.65

Fe–3Mn–1.5Si–0.2C 0.20 1.60 3

Fe–3Mn–1.5Si–0.3C 0.29 1.59 2

Q&P (Baosteel) 0.15–0.30 1.00–2.00 1.50

n/a: not available.

Table 6. The chemical composition of typical Q&P steels.
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role in stabilizing retained austenite during partitioning

heat treatment. Si and/or Al are alloyed in Q&P steels

to inhibit the cementite formation during partitioning

process. The microstructure of Q&P steels consists of

martensite, retained austenite, and ferrite (under partial

austenitization condition). The quenching and partitioning

process is expected to generate a fine acicular microstruc-

ture of lath martensite interwoven with carbon enriched

retained austenite.[161] The microstructure of commercial-

ized QP980 steel is composed of a certain amount of

martensite (50–80 vol%) obtained during quenching, pro-

eutectoid ferrite (20–40 vol%) formed from austenite during

slow cooling, and dispersed retained austenite (5–10 vol%)

stabilized by carbon enrichment during partitioning,[49] as

shown in Figure 15. [163]

Compared with the ductility of the conventional

martensitic steels, the Q&P steels can offer much higher

ductility at the same strength level. The TRIP effect in

retained austenite during plastic deformation contributes

to the increase in strain hardening, improvement of UTS

and uniform elongation.[165] Q&P steel grade can offer

ultrahigh strength of 1000–1400MPa with good ductility

of 10–20%, which could be a promising candidate for
composition, wt%

n Al N V Ref.

–2.04 n/a n/a 0–0.2 [164–166]

.00 0.06 0.0041 n/a [167]

.95 0.06 0.0039 n/a [167]

–3.00 0.02–0.06 n/a n/a [49]
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Figure 15. Microstructure of Q&P980 Fe–0.2C–1.5Si–1.8Mn.[163]
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anti-intrusion barriers in automotive applications such as

B-pillars, cross beams, front bumpers.[168] The mechanical

properties of the commercialized Q&P980 steel show a tensile

strength of 980MPa with adequate total elongation of

approximately 20%.[49]

Recently, the phase transformation kinetics of defor-

mation-induced martensite in the commercialized

Q&P980 steel was studied by in situ synchrotron X-ray

diffraction (SYXRD) during tensile tests.[169] Figure 16a[169]

shows the engineering stress–engineering strain curves of

three Q&P980 specimens. The UTS is about 990MPa and

TEL is around 25%.[169] The austenite fraction was

analyzed by SYXRD profile fitting.[169] The evolution of

austenite phase during tensile tests is illustrated in

Figure 16b. The initial austenite fraction prior to tensile

tests is around 0.115. During deformation, the austenite

progressively transforms into a0-martensite and the

austenite fraction declines to 0.04–0.05 at the end of

deformation.[169] The TRIP effect contributes to the

enhanced strain-hardening rate and improved ductility

in martensitic steels.

Taking the advantage of the TRIP effect in retained

austenite during deformation, Q&P steels exhibit a good
Figure 16. a) Engineering stress–engineering strain curve and b) retain
tensile tests of three Q&P980 specimens tracked by synchrotron XRD.
and 3 in the figure.
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combination of high strength and adequate ductility for

anti-intrusion applications in automotive industry. The

specific heat treatment cycle (Q&P process) leads to

retaining austenite down to room temperature without

necessity of high alloying. However, Q&P process is a

complex process, which integrates austenitization step,

controlled quenching step, and partitioning step. The heat

treatment parameters need to be adjusted properly to

achieve desired microstructure and mechanical proper-

ties. The feasibility of this two-step heat treatment in

currently available continuous annealing lines needs to be

further explored.
8. TRIP Effect in Medium-Manganese
Steels

The medium-manganese TRIP steels are processed by

intercritical annealing in between A1 and A3 temper-

atures, which is also named Austenite-Reverted-

Transformation (ART) annealing.[170] The heat treatment

cycle of medium-manganese TRIP steels consists of
ed austenite fraction as a function of engineering strain from in situ
[169] The test has been repeated with three samples, designated 1, 2,

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 17. Schematic representation of ART-annealing process.
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austenitization and ART annealing. Before ART annealing,

the steel strip is heated above A3 temperature to achieve a

fully austenitic microstructure. Subsequently, the aus-

tenite transforms to athermal a0-martensite by quenching

to room temperature. Alternatively, the conventional

rolling and ART-annealing process might be employed to

manufacture this steel grade. Hot rolling is possibly

conducted above the A3 temperature combined with an

austenitization treatment. During the cold rolling pro-

cess, some retained austenite from hot rolled medium-

manganese steels might transform into martensite.

Afterwards, the cold-rolled steel strip is reheated to the

intercritical annealing region between A1 and A3, and

maintained at this evaluated temperature for some time,

followed by cooling to room temperature, as shown in

Figure 17. During ART annealing, the nucleation of

austenite takes place along martensite lath boundaries,

martensite block boundaries or primary austenite bound-

aries,[171] leading to a pronounced grain refine-

ment.[172,173] By ART annealing, austenite is enriched in

C and Mn. It is believed that the Mn partitioning at the

martensite/austenite interface results in the formation

and growth of austenite.[39,174] The diffusion of Mn by

small distance during ART annealing in the UFG steels

enables a certain amount of retained austenite.[175]

As a consequence of ART annealing, either UFG duplex

microstructures with austenite and ferrite lamella,[176,177]

or equiaxed microstructures with ferrite and retained

austenite are obtained in medium-manganese steels.[177]

The resulting UFG microstructure yields a grain size

smaller than 1mm,[176,178] which effectively raises the

thermal stability of retained austenite.[50] It was docu-

mented that the hot rolled Fe–9Mn–0.05C steel had a

lamella microstructure of elongated lath-shaped ferrite

(aL) and austenite (gL) phases after ART annealing, while

the cold rolled Fe–9Mn–0.05C steel shows an equiaxed

microstructure of globular-shaped ferrite (aG) and austen-

ite (gG) phases, as shown in Figure 18.[33,53] It was pointed

out that the initial microstructure of hot rolled Fe–9Mn–

0.05C steel was full athermal martensite, however the

microstructure of the cold rolled Fe–9Mn–0.05C steel was

deformed martensite.[33] During ART annealing, recovery
Figure 18. Bright filed TEM images of Fe–9Mn–0.05C medium-man
specimen and b) cold rolled specimen.[33]

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
in the hot rolled steel is sluggish. On the contrary, the

recovery and recrystallization takes place in cold rolled

steel during ART annealing.[33]

The main alloying elements in medium-manganese

steels are Mn, C, Al, and Si. Mn and C are strong austenite

stabilizers. In medium-manganese steels, Mn is the most

important alloying element, which can effectively stabi-

lize the austenite phase.[172] It usually contains 4–12wt%

manganese in medium-manganese steels. The C content

is generally around 0.05–0.4wt%. Al and Si are around

1.5–3.0wt% and 1.2–2.0wt%, respectively. On the one

hand, Al and Si can prevent carbide formation during ART

annealing; on the other hand, the addition of Al and Si

shifts the intercritical annealing temperature window to

higher temperatures, allowing a faster kinetics of austen-

ite reverted transformation.[179] The chemical composi-

tion of some typical medium-manganese steels are listed

in Table 7.

To understand the deformation mechanisms is of great

importance to evaluate the mechanical properties in UFG

duplex medium-manganese steels. A study of Fe–5Mn–

0.2C steel reported that during deformation there was

no apparent change of the ferrite phase apart from

the slight increase in dislocation density.[184] However,
ganese steels after annealing at 620 8C for 10min: a) hot rolled

steel research int. 88 (2017) No. 10 (16 of 21) 1700218



Chemical composition, wt%

Steel Designation C Si Mn Cr Al N V Ref.

Fe–4.5Mn–0.2C 0.20 0.15 4.50 0.1 0.028 n/a n/a [180]

Fe–5Mn–0.2C 0.21 1.50 4.94 n/a 0.032 0.002 n/a [181]

Fe–6Mn–0.05C 0.05 1.50 6.15 n/a n/a n/a n/a [50]

Fe–8Mn–0.1C 0.07 0.14 7.90 n/a 0.05 n/a n/a [182]

Fe–8Mn–0.4C–(0.2V) 0.40 2.00 8.00 n/a 3.00 n/a 0-0.2 [172]

Fe–9Mn–0.05C 0.05 0.29 8.51 n/a 0.08 n/a n/a [178]

Fe–9Mn–0.2C 0.17 n/a 9.00 n/a 3.50 n/a n/a [183]

Table 7. The chemical composition of typical medium-manganese steels. (n/a: not available)
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the a0-martensite phase transformation was characterized

in UFG austenite phase during deformation by XRD. The

XRD measurements revealed a continuous decrease of

austenite fraction from 40–0.6 vol% with progressive

straining up to 30%, indicating the complete phase

transformation of austenite to a0-martensite.[184] More-

over, XRD results confirmed the absence of e-martensite

transformation as a transition phase.[184] Recently, it was

found that intercritically annealed 10wt% Mn steels

exhibited excellent mechanical properties with tensile

strength up to 1144MPa and elongation about 65%.[185]

The high strain-hardening rate of this steel was reported to

be related to the combination of TWIP and TRIP effect

occurring progressively during the tensile test.[185] During

mechanical deformation primary twins are generated and

followed by secondary twins.[185] The twin intersections

are expected to be the nucleation sites for the following

deformation induced a0-martensite transformation.[185]
Figure 19. Mechanical properties of Fe–8Mn–0.4C–3Al–2Si steel
prior to ART annealing and after ART annealing. The stress–strain
curve of high-manganese TWIP steel is shown for comparison.
The upward curvature in the stress–strain curves is marked by the
arrows, indicating the activation of the TRIP effect.[172]
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Figure 19 displays the mechanical properties of Fe–

8Mn–0.4C–3Al–2Si steel prior to the ART annealing and

after the ART annealing.[172] It can be seen that the ductility

is effectively improved after the ART annealing. The

high strain-hardening rate of this steel is related to the

combination of TWIP and TRIP effect occurring progres-

sively during the tensile test.[172] Because austenite is

enriched in Mn and C after ART annealing, the SFE of

austenite phase could achieve the level high enough to

promote deformation twins. As mentioned previously,

primary twins generate first and are followed by secondary

twins at the early stage of deformation. Then, deformation

induced a0-martensite nucleates at the twin intersec-

tions,[172] which further strengthens the material and

improves the strain-hardening capacity of the steel. The

change of the curvature in the stress–strain curve is

illustrated by the arrows in Figure 19, which indicates the

activation of the TRIP effect.[172]

The TRIP effect enhances the strain-hardening rate and

ductility in medium-manganese steels. However, the

appearance of the localized deformation behavior in

medium-manganese steels is still not well understood.

Furthermore, for the industrialization and application of

medium-manganese steels, there are lots of properties

required to be further evaluated, like weldability, hole

expansion ratio, sheet formability (forming limit diagram),

dynamic tensile properties, delayed fracture properties,

and impact toughness etc.[33–35] The two-step heat

treatment process for medium-manganese steels might

not be compatible with the present steel processing

routes. An upgrade of the equipment to achieve two-step

annealing may be necessary.
9. Conclusions

The positive impact of a martensitic phase transformation

on the ductility of steels has been observed already in the
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1930’s, the first ideas to make technical use of this effect

date back to the 1950’s with a focus on austenitic stainless

steels. The search for low alloyed high strength steels with

improved formability in the 1980’s became the nucleus for

the development of the low carbon TRIP steels; now only

a part of the microstructure is affected by the TRIP related

phase transformations. This new idea of using the TRIP

phenomenon in multiphase microstructures fostered new

steel concepts in recent years.

The availability of continuous annealing lines (and

modern hot-dip galvanizing lines) with accurate tempera-

ture-time control and the option for high cooling rates

stimulated new ideas for complex heat treatments in order

to create mixtures of different phases with well-defined

morphologies and local element enrichments by parti-

tioning. In most steels, it is the C enrichment, that is,

decisive for the retained austenite stability. New observa-

tions also indicate that in nanostructured steels Mn

enrichment by small distance diffusion contributes to

the stability control beside morphological effects. This

retained austenite stability is decisive for the smoothness

of transformation during the forming processes.

While the principles for steel design using the TRIP effect

seem to be well understood, the process layout is still a

matter of discussion. The parameter windows and the

sensibility to small parameter changes for many new steel

concepts are in contradiction to the industrial need for

robust processes. Finally, it should be mentioned that

most laboratory studies related to the development of TRIP-

aided steels are based on experiments using the uniaxial

tensile test, while in real forming processesmultiaxial stress

states and changing strain paths are characteristic. Simula-

tion tools for the impact of different stress states and strain

paths on the TRIP behavior, as well as damage mechanics

oriented new research approaches will be necessary for the

further successful application of TRIP steels.
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