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Abstract: The hot ductility of Transformation Induced Plasticity (TRIP) and Twinning Induced Plas-
ticity (TWIP) steels is reviewed, concentrating on the likelihood of cracking occurring on continuous
casting during the straightening operation. In this review, the influence of high levels of Al, Si, P, Mn
and C on their hot ductility will be discussed as well as the important role B can play in improving
their hot ductility. Of these elements, Al has the worst influence on ductility but a high Al addition
is often needed in both TWIP and TRIP steels. AlN precipitates are formed often as thin coatings
covering the austenite grain surfaces favouring intergranular failure and making them difficult to
continuous cast without cracks forming. Furthermore, with TWIP steels the un-recrystallised austen-
ite, which is the state the austenite is when straightening, suffers from excessive grain boundary
sliding, so that the ductility often decreases with increasing temperature, resulting in the RA value
being below that needed to avoid cracking on straightening. Fortunately, the addition of B can often
be used to remedy the deleterious influence of AlN. The influence of precipitation hardeners (Nb, V
and Ti based) in strengthening the room temperature yield strength of these TWIP steels and their
influence on hot ductility is also discussed.

Keywords: TWIP; TRIP; Al; Si; P; Mn; S; C; Nb; V; Ti; B

1. Introduction

TRIP (transformation induced plasticity) and TWIP (twinning induced plasticity)
steels have a high strength combined with an excellent ductility [1–5], but their application
has been disappointing considering their promising properties. In the case of TRIP steels,
although their properties are better than DP (dual phase) steels, because of the easier
processing route and the lower CEV (carbon equivalent value), the DP steels have been
found to be more suitable for most applications, Table 1.

TRIP steel has higher C contents, (0.2–0.3% C) than DP steel (0.1–0.15% C) which
makes spot welding of TRIP sheet steels more difficult in the automobile industry [6]. This
is because of the rapid cooling induced after welding, which results in the formation of
lower transformation products, leading to brittle failure [7].

Currently, TRIP-assisted steels are used in automobile structural components, longitu-
dinal beams and B-pillar reinforcements and because they have higher n (strain hardening
exponent) values and elongations than DP steels, in complex stampings. TRIP steels obtain
their good room temperature properties by having present ~10% retained austenite (
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an essentially ferritic microstructure. This transforms to martensite under deformation
and helps strengthen the steel and prevents “necking” down to failure, enabling very high
elongations and strengths to be achieved [8]. For the automotive industry, high additions
of Al and Si are often used to allow this ~10% retained austenite to form. This then results
in a steel with a high strength combined with good ductility and press formability and so is
very attractive for reducing the weight of vehicles so that less power is required to operate
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them. The high additions of Al and or Si will also help to lighten, as well as strengthen,
these TRIP steels.

Table 1. A comparison of mechanical properties of typical DP and TRIP steels with the same tensile
strength [4] and TWIP 1000 with a higher tensile strength [5].

Steel UTS
MPa

YS
MPa

Total
Elong.%

Uniform
Elong.% n

DP800 825 440 18 17 0.13

TRIP800 831 503 28 21.5 0.24

TWIP1000 1009 464 >50 >45 0.42
UTS—Ultimate Tensile Strength, YS—Yield Strength, n—strain hardening exponent.

TWIP steels, in contrast, are fully austenitic and obtain their good properties by
triggering the austenite to twin on deformation; the twin boundaries behaving like grain
boundaries, strengthening the steel, resulting, again in both high strength and excellent
ductility. TWIP steels have better properties than TRIP with a uniform elongation twice
that of TRIP steel and a considerably higher ultimate strength and n value, Table 1 [2,5].
One of the problems with TWIP steels is that although their tensile strength is higher, than
that of the TRIP steels, their yield strength for the same tensile strength is significantly
lower, Table 1 (TWIP steels, are fully austenitic (face centered cubic—fcc) whilst TRIP steels,
are mainly ferritic (bcc)) [5]. The properties of TWIP steel are superior to those of TRIP, but
the high costs of the alloying elements (usually very high Mn levels, ≥15%Mn) and the
difficulty of casting these high strength steels has limited their development.

A twin is formed under deformation by planes in the fcc austenite lattice shearing
over each other, so that a hcp fault is formed, the lattice then returning to the fcc structure,
as shown in Figure 1 [9].

Figure 1. Schematic diagram showing the normal sequence of stacking (111) planes, ABCABCABC in
the fcc crystal to that of missing out a plane so that the sequence changes to ABCBCABC, the stacking
fault line being hcp [9].

To form this stacking fault, a certain amount of energy is required and if it is low, many
twins can form on deformation. A stacking fault is generated on shearing by two partial
dislocations separating and the energy is measured by the degree of separation [10]. If the
energy is high the partial dislocations can only separate by a small distance and cross slip
is favoured rather than twinning. On lowering the SFE (stacking fault energy), a stage is
reached in which cross slip becomes difficult and twinning is favoured. However, if the
SFE is too low, they are able to separate easily over a wide distance and a cross-slip is no
longer possible, resulting in considerable work hardening, which causes the austenite to
transform to martensite rather than a twin. Hence, twinning only occurs over a narrow
SFE range, 20–40 mJ m−2 [11,12]. If the SFE is <2 0 mJ m−2, work hardening is excessive
and ε martensite forms [13,14] and if >40 mJ m−2, normal glide takes place [11]. The SFE is
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mainly dependent on the composition but the grain size of austenite and the deformation
temperature are also important, coarsening the grain size leading to a lower SFE and
increasing the temperature to a higher SFE [12].

However, before choosing a composition, as well as satisfying the SFE requirement
to encourage twinning, it is also necessary to have a composition which is fully austenitic
at room temperature. This is achieved by having a high Mn (15–25% Mn) and C content
(0.4–0.6% C), so as to lower the Ms (martensite start temperature) below room temperature
(all compositional percentages quoted in the paper are wt.%). Because of the overriding
influence of C and Mn on the Ms, the following simple empirical equation is often used for
these TWIP steels for obtaining a fully austenitic structure at room temperature [11]:

%Mn + 13%C ≥ 17 to be fully austenitic (1)

This equation applies to TWIP steels with Mn contents of 15–30% and carbon contents
of 0.1–0.8% [11]. This means that even with a low C level, it is still possible with a very
high Mn level to obtain fully austenitic steels at room temperature, but because decreasing
the C content lowers the SFE, the TWIP requirement may not be met [12].

In contrast, TRIP steels have much lower C contents (~0.2–0.3% C) and Mn contents
(<2.5%Mn for δ TRIP) than the TWIP steels. In order to form a TRIP steel, a complex heat
treatment is required: the steel is first heated to above the Ac1 (the lowest temperature
at which austenite can form on heating at a specified heating rate) so that there is ~25%
austenite present in the microstructure, stage (1) in Figure 2 [8]. Following this, the steel
is rapidly cooled to ~400 ◦C so that the pearlite transformation is avoided and the ~25%
austenite transforms partially to bainitic ferrite, stage (2) in Figure 2 [15]. The steel is then
held at 400 ◦C for a short time, stage (3) in Figure 2. If ferrite formers such as Al, Si and P are
present, the carbide transformation in the bainitic ferrite will be delayed, so the C content
in the remaining austenite can be increased to over 1% before carbide precipitation takes
place (stage (3). The steel before carbide precipitation commences is then cooled to room
temperature producing a steel with ~10% stable retained austenite, (stage (4), Figure 2 [15].

Figure 2. Mechanism of retained austenite formation during heat treatment of TRIP and DP steels [15].

Conventional TRIP steels use a high Si content (~1.5%) for the alloying addition, which
delays carbide precipitation and allows the carbon to partition into the austenite rather
than precipitating as a carbide in the bainitic ferrite [8]. However, for the automobile
industry, galvanising is required to confer corrosion resistance and the presence of Si leads
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to unsightly spots on the surface. High P additions will also delay carbide precipitation
but again, can give rise to poor coatings on galvanising, which can delaminate from the
steel surfaces [16]. Hence, Al additions have become a preferred addition for TRIP steels
as strip steel can then be successfully galvanised, with no surface blemishes [8]. For the
automotive industry, other advantages of the addition of elements like Al, Si and P is
that they will lighten the vehicles, as well as strengthen the ferrite, being powerful solid
solution hardeners.

2. Analysis of the Simple Hot Ductility Test for Evaluating the Likelihood of Cracking
Occurrence on Straightening

The present review is concerned mainly with the hot ductility of these steels in relation
to the ease of continuously casting them without cracking occurring in the straightening
operation and follows previous reviews on the subject [17–19].

The continuous casting process is shown schematically in Figure 3 in which the strand
is bent round from the vertical plane to the horizontal so that it can be cut into slabs of
a suitable size for rolling to a thinner gauge. Unfortunately, the tensile stresses from this
bending operation generate cracks on the top surface and edges of the strand in some
grades of steel [17–19].

Figure 3. Schematic representation of a continuous casting machine.

A simple laboratory hot ductility tensile test has mainly, been used to assess the
ductility needed to prevent cracking. This has proved to be successful in assessing the
susceptibility to cracking of plain C-Mn, and HSLA (high strength low alloy) steels contain-
ing Nb and V. In the simple test, conditions are kept as close as possible to the continuous
casting process [17]. The tensile sample is initially heated to 1250–1300 ◦C, which takes
the microalloying elements back into solution and coarsens the austenite grain size to that
reminiscent of the as-cast slab. The tensile specimen is then cooled at the average cooling
rate undergone by the continuous cast slab as it cools from the melting point to the test
temperature, which often is taken as 60 K/min and 200 K/min for thick (220 mm) and thin
(40–60 mm) slab casting, respectively. The strain rate chosen for thick and thin slab casting
is that applying during the unbending operation, ~10−3 s−1 and 10−2 s−1, respectively [19].
The RA (reduction of area) value is then used as the measure of ductility.

Ti containing steels normally need to have the gauge length of the tensile specimen
melted to take Ti (CN) back into solution but it is found even when incorporating this
treatment into the testing procedure, there is little agreement between the commercial
reality of Ti additions improving the hot ductility and results from the simple hot ductility
test, which predicts the opposite [18]. This arises because one of the main faults associated
with this simple test in an average cooling rate is chosen for the whole casting operation,
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which as can be seen from Figure 4 is a much too simplified approximation of the cooling
process undergone by the continuous cast slab [20].

Figure 4. A 2-D computerised strand temperature model predicting the thermal history during
continuous casting of a 240 mm thick strand cast at 1 m/min [20].

In the commercial operation, cooling is very rapid at the start of casting, reaches a min-
imum (primary cooling) and then rises, rapidly to a peak, followed by a slow progressive
fall in temperature to the straightener (secondary cooling), Figures 3 and 4. During this
secondary cooling the temperature of the slab cycles, increasing as it goes through guide
rolls and decreasing again on exiting as the water sprays impinge on its surface, Figure 4.
When after melting, both the average primary cooling rate and the average secondary
cooling rate are incorporated into the laboratory test as in Figure 5, the ductility of Ti
containing steels improves and there is then agreement between the commercial reality and
laboratory predictions [20].

Figure 5. Thermal schedule used to generate the thermal condition of the billet surface in the
continuous casting process: Tm is melting point, Tmin and Tmax are lowest and highest temperatures
respectively. Tu is the temperature at the straightener and ∆T is the undercooling step [20].

The second major problem with the simple test is that it does not distinguish between
the ductility of un-recrystallised austenite from that of recrystallised. During the straighten-
ing operation, no dynamic recrystallisation (DRX) is possible because the grain size is very
coarse, ~500–1000 µm and the strain is very low (1–3%). This is in contrast to the tensile test,
where with the very much higher strain, often >30%, DRX normally occurs at temperatures
in excess of 800 ◦C [20]. An RA value of >35–40% is often taken as the criterion for good
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ductility to avoid cracking on straightening but if this RA is due to DRX, this will not apply
to the ductility required for the straightening operation [19]. Hence, when applying the RA
values to assess the cracking susceptibility on straightening, the values obtained are only
valid for the base of the trough and low temperature side of the hot ductility curve, not the
high temperature side when DRX is possible [21].

The ductility for un-recrystallised austenite, as can be seen in Figure 6 [17], is very
much lower (~50% RA) for the temperature range 800–900 ◦C than when fully recrystallised,
>950 ◦C, (~80–100% RA). This piece of research work, Figure 6, represents one of the rare
occasions when it has been possible to separate the ductility into the three components as
shown in Figure 6, i.e., (a) ductility of the un-recrystallised austenite when the thin film
of ferrite is present below Ae3 (the transformation temperature below which ferrite first
starts to form under equilibrium conditions) and the Ar3 (the transformation temperature
below which the steel first starts to form ferrite under non equilibrium conditions of
cooling) in Figure 6, (b) ductility of the un-recrystallised fully austenitic structure (above
the Ae3 in Figure 6) and (c) ductility when DRX of the austenite occurs (usually DRX occurs
immediately after stage (1)). Only the first two components—(a) and (b)—are relevant to
the straightening operation. The ductility of un-recrystallised austenite (the temperature
range 800–900 ◦C in Figure 6 in which RA values are ~50%) can be seen to be higher than
when the thin film of ferrite was present (temperature range 700–800 ◦C, ~40% RA) but
only by a relatively small amount, ~10% RA. However, this improvement is often enough
to avoid cracking. Nevertheless, although there is usually uncertainty with regards to the
RA value of the un-recrystallised austenite, using a standardised testing regime for the
tensile test it is found that, as long as the ductility at the base of the trough is ≥35–40% RA,
there should be no cracking on straightening TRIP and HSLA steels, i.e., the ductility of
the un-recrystallised steel above the Ae3 is unlikely to be lower than the 35–40% RA value
criterion that is often taken as the value needed to avoid cracking [21].

Figure 6. Hot ductility curve for a 0.4% C plain C-Mn steel tested at strain rate of 3 × 10−4 s−1 having
no micro-alloying precipitates present showing all the different regions that are possible in the trough
on cooling down through the austenitic temperature range, region (a) Deformation Induced ferrite
(DIF) between Ae3 (the transformation temperature below which ferrite first starts to form under
equilibrium conditions) and the Ar3 (the transformation temperature below which the steel first
starts to form ferrite under non equilibrium conditions of cooling), region (b) Un-recrystallised γ,
region (c) Recrystallised γ [17].
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TWIP steels, in contrast to TRIP, are fully austenitic and so they do not have a hot
ductility trough (i.e., as long as there is no fine dynamic precipitation in the straightening
temperature range 700–1000 ◦C). However, they do, in contrast to TRIP steels, often have a
problem of the ductility deteriorating with increase in temperature in the range 700–1000 ◦C
making it difficult to cast without cracking [21].

3. Influence of Microstructure, Precipitation and Grain Size on the Hot Ductility of
TRIP and TWIP Steels

For TRIP steels as with HSLA steels, the hot ductility is controlled very much by the
presence of a thin film of deformation induced ferrite (DIF) which forms on the austenite
grain surfaces at temperatures below the Ae3. This ferrite film is softer than the austenite
grains it surrounds and on deformation most of the strain is concentrated there, leading
to ductile intergranular failure, this being initiated by the MnS inclusions situated at the
boundary. The DIF film often forms over a wide temperature range from the Ae3 to the Ar3
giving rise to a hot ductility trough, Figure 6. The presence of this film generally prevents
DRX from taking place, DRX being easier when the film is no longer present at above
the Ae3 [21]. Normally, when using the higher strain rate of ~10−3 s−1, DRX occurs at
approximately the Ae3 temperature so one does not have a region where the austenite is
unrecrystallised. However, the very low strain rate used in Figure 6, 3 × 10−4 s−1, causes
DRX to occur at higher temperatures which are above the Ae3.

As well as MnS inclusions initiating ductile failure, precipitation both at the boundaries
and within the matrix is also responsible for the intergranular failures. For steels which
contain precipitation hardeners within the straightening temperature range, the hot ductility
has been shown to depend mainly on the size of the precipitate and to a lesser extent on
their volume fraction and whether they are situated in the boundaries or in the matrix. The
relationship between the average particle size and RA value for Ti containing Nb and low
Al steels is given in Figure 7 [19]. When the average particle size is less than 10–15 nm,
ductility rapidly deteriorates and below 10 nm will not meet that required to avoid cracking.
Above a particle size of 20 nm, further particle coarsening only has a small influence in
improving the hot ductility. Finer particles in the austenite matrix increase the shear stress
acting on the grain boundary and when they are also situated at the grain boundaries,
enable cracks to grow and interlink more easily. This precipitation behaviour seems to
apply equally to TRIP and TWIP steels [22], which perhaps is not surprising as it is the
austenite phase that the precipitation is occurring in, for both steels.

However, the austenite grain size is also very important in controlling ductility.
Coarser grains facilitate easier crack propagation along the boundaries. A typical re-
lationship between grain size and the RA value is shown in Figure 8 for steels in which
precipitation hardeners are absent [19,23]. When the grain size exceeds 400 µm, there is
little further deterioration in the ductility. This again seems to apply equally to TRIP and
TWIP steels, as can be seen from Figure 8 [23].

Increasing the strain rate generally improves ductility, as it reduces the time available
for grain boundary sliding (GBS) [17]. However, there is little that can be done to alter this
in the industrial straightening operation. The strain rate on straightening when thin slab
casting is about 10 times faster than that for thick slab casting, but the better ductility from
this increased strain rate is balanced by the worse ductility from the finer precipitation
size formed by the faster cooling rate. Decreasing the cooling rate will generally improve
ductility because it coarsens the precipitates [19].
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Figure 7. Influence of particle size on the RA value for C-Mn-Al-Ti and C-Mn-Nb-Al steels [19].

Figure 8. Influence of grain size on the RA value of steels, where Do is the original grain size before
deformation for steels having 0.15% C, 1.4% Mn in which precipitation hardening is not contributing
to the RA value [17] and for TWIP steels having 0.6% C [21].

The shape of the hot ductility curve for these steels has been explained by a simple
model, Figure 9a in which two curves are proposed, one of the fracture strain, εf against
temperature, covering the temperature range when the thin film of ferrite is present; this
strain being approximately constant over the temperature range of the trough and the other
being the critical strain for dynamic recrystallization, εc against temperature [18]. Where
the two curves intersect, TD is the temperature on cooling when the changeover occurs
from DRX of the
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, Figure 9a. Increasing the strain rate causes both εc and εf to increase
leading to a much narrower trough, Figure 9b. Refining the grain size, Figure 9c leads to an
increase in εf and decrease in εc, again leading to a narrower trough [18] but the effect of
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precipitation is to increase εc and decrease εf resulting in a very wide trough, Figure 9d. The
Ae3 and Ar3 temperatures will always give good guidance as to the width of the trough.

Figure 9. Schematic diagram showing (a) how the width of the ductility trough could be controlled
by the dynamic recrystallization (DRX), (b) how increasing the strain rate reduces the depth and
width of the trough where εc1, εf1 and TD1 refer to the lower strain rate. εc2, εf2 and TD2 refer to the
higher strain rate (c) how refining the grain size reduces the depth and width of the trough, where
εc1, εf1 and TD1 refer to the coarser grain size and εc2, εf2 and TD2 refer to the finer grain size and
(d) the influence of precipitation in increasing depth and width of the trough where εc1, εf1 and TD1

refer to trough without precipitation and εc2, εf2 and TD2, the trough with precipitation. TD is the
temperature on cooling when the changeover occurs from DRX of the
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4. Influence of High Al on the TRIP and TWIP Steels

High Al additions are often needed in both TRIP and TWIP steels for a variety of
reasons. Al additions at the 1–1.5% level will prevent hydrogen cracking for both the steels,
this being a serious problem with high strength steels, Figure 10 [5,24]. One of the original
worries with having a high Al addition was whether the aluminium oxide formed during
casting would tend to clog up the nozzles during pouring but this has fortunately not been
the industrial experience and there is a thermodynamic analysis which confirms that this
should not happen [25].
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Figure 10. Example of delayed fracture in a deep drawn Fe-22% Mn-0.6% C, TWIP steel cup (top, left).
Right, Top row: Suppression of delayed fracture by 1.5% Al addition in deep drawn Fe-xMn-0.6% C,
TWIP steel cups having 15, 16 and 17% Mn. Right, bottom row: Cups showing cracks in the same
steels without an Al addition due to delayed fracture [5].

In the case of TRIP steels, as mentioned a high Al addition prevents carbide pre-
cipitation in ferritic bainite ensuring that the carbon content of the retained austenite is
high (~1% C), so that it is stable at room temperature and will transform to martensite on
deformation but also importantly, it does not cause unsightly blemishes when the strip
steel is galvanised for use in the automotive industry.

For TWIP steels, a high Al content will help balance the SFE so that it falls into the
required range for twinning to occur but also that it strongly depresses the

Metals 2022, 11, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/metals 

Review 

The Influence of Precipitation, High Levels of Al, Si, P and a 

Small B Addition on the Hot Ductility of TWIP and TRIP  

Assisted Steels: A Critical Review 

Barrie Mintz * and Abdullah Qaban * 

Department of Mechanical Engineering and Aeronautics, City University of London, London EC1V 0HB, 

UK.  

* Correspondence: barriejenny9@gmail.com (B.M.); abdullah.qaban@city.ac.uk (A.Q.) 

Abstract: The hot ductility of Transformation Induced Plasticity (TRIP) and Twinning Induced 

Plasticity (TWIP) steels is reviewed, concentrating on the likelihood of cracking occurring on con-

tinuous casting during the straightening operation. In this review, the influence of high levels of Al, 

Si, P, Mn and C on their hot ductility will be discussed as well as the important role B can play in 

improving their hot ductility. Of these elements, Al has the worst influence on ductility but a high 

Al addition is often needed in both TWIP and TRIP steels. AlN precipitates are formed often as thin 

coatings covering the austenite grain surfaces favouring intergranular failure and making them 

difficult to continuous cast without cracks forming. Furthermore, with TWIP steels the 

un-recrystallised austenite, which is the state the austenite is when straightening, suffers from ex-

cessive grain boundary sliding, so that the ductility often decreases with increasing temperature, 

resulting in the RA value being below that needed to avoid cracking on straightening. Fortunately, 

the addition of B can often be used to remedy the deleterious influence of AlN. The influence of 

precipitation hardeners (Nb,V and Ti based) in strengthening the room temperature yield strength 

of these TWIP steels and their influence on hot ductility is also discussed. 

Keywords: TWIP; TRIP; Al; Si; P; Mn; S; C; Nb; V; Ti; B 

1. Introduction

TRIP (transformation induced plasticity) and TWIP (twinning induced plasticity) 

steels have a high strength combined with an excellent ductility [1–5], but their applica-

tion has been disappointing considering their promising properties. In the case of TRIP 

steels, although their properties are better than DP (dual phase) steels, because of the 

easier processing route and the lower CEV (carbon equivalent value), the DP steels have 

been found to be more suitable for most applications, Table 1. 

TRIP steel has higher C contents, (0.2–0.3 %C) than DP steel (0.1–0.15 %C) which 

makes spot welding of TRIP sheet steels more difficult in the automobile industry [6]. 

This is because of the rapid cooling induced after welding, which results in the formation 

of lower transformation products, leading to brittle failure [7]. 

Currently, TRIP-assisted steels are used in automobile structural components, lon-

gitudinal beams and B-pillar reinforcements and because they have higher n (strain 

hardening exponent) values and elongations than DP steels, in complex stampings. TRIP 

steels obtain their good room temperature properties by having present ~10% retained 

austenite ϒ in an essentially ferritic microstructure. This transforms to martensite under 

deformation and helps strengthen the steel and prevents “necking” down to failure, en-

abling very high elongations and strengths to be achieved [8]. For the automotive in-

dustry, high additions of Al and Si are often used to allow this ~10% retained austenite to 

form. This then results in a steel with a high strength combined with good ductility and 

Citation: Mintz, B.; Qaban, A. The 

Influence of Precipitation, High  

Levels of Al, Si, P and a Small B  

Addition on the Hot Ductility of 

TWIP and TRIP Assist-ed Steels: A 

Critical Review. Metals 2022, 11, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor(s): Marcello 

Cabibbo 

Received: 28 January 2022 

Accepted: 24 February 2022 

Published: date 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and insti-

tutional affiliations. 

Copyright: ©  2022 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 

to εmartensite
transformation, encouraging twinning [14].

The present review is concerned mainly with the hot ductility and here there is a big
problem with adding a high Al addition. Of all the microalloying additions (taking AlN
here, as a microalloying addition), Al is the worst as it precipitates preferentially at the
austenite grain boundaries as AlN and this weakens the boundary, favouring intergranular
failure as well as stunting DRX. It can often precipitate as a thin coating over the den-
dritic boundaries Figure 11a,b [26,27] or in a very coarse form along the austenite grain
boundaries, Figure 11c and both forms are very detrimental to ductility.

Figure 11. Cont.
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Figure 11. Various forms of AlN precipitation at the boundaries in as-cast high Al, TWIP steels
(0.6% C, 18% Mn). Thin films of AlN on the dendritic surface of a high Al, TWIP steel (a) 1.6% Al,
0.007% N, (b) 1.4% Al, 0.004% N and very low S, 0.002% S (c) Very coarse AlN precipitates situated at
the austenite grain boundaries [26,27].

The detrimental influence of AlN on hot ductility has not always been appreciated
when it precipitates because of the practical difficulty of locating this thin coating of AlN at
the grain surfaces. Generally, for low N (0.005%), steels of peritectic C content up to 0.04%
Al can be present before ductility is adversely affected. Tuling et al. could not find after an
extensive SEM-FDG electron microscope examination, any AlN precipitation in an as-cast
0.15% C, 2.45% Mn, 0.025% Nb TRIP steel tensile specimen having present 0.05% Al and
0.007% N [28]. This probably arises because of the sluggishness of AlN precipitation [29]
and means it either does not precipitate at all in the time of the tensile test or too little is
precipitated out to influence hot ductility. However, certainly when as much as 1% Al is
added to TWIP and TRIP steels, profuse precipitation of AlN occurs at the boundaries
and ductility deteriorates giving “rock candy” type fractures, Figure 12 [28]. Hence, these
steels are very difficult to cast without cracks forming on straightening. This type of failure,
“rock candy” does not occur with low Al (<0.4% Al) containing microalloyed even though
intergranular fracture, not related to AlN precipitation does take place and shows how
detrimental having a waver thin film of AlN can be.

Figure 12. “Rock candy” fracture in a 1.05% Al containing TRIP steel [28]. The composition of the
TRIP steel was 0.15% C, 2.45% Mn, 0.025% Nb, 0.005% S, 0.0065% N.
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The hot ductility of high Al, TWIP steels is found, as might be expected, to be depen-
dent on the product of [Al][N], decreasing as the product increases (Figure 13), inferring
that the higher the product the more AlN is precipitated at the boundaries.

Figure 13. Hot ductility curves for TWIP steels having different products of [Al][N], from 0.61 to
35 × 10−3. Al additions varied from 0.047 to 1.5% and N from 0.004 to 0.0023%. The base composition
of the steels was 0.6% C, 18% Mn and 0.006% S [30,31].

The high Al, as well as the high Mn content of these TWIP steels, prevents DRX
from occurring and encourages grain boundary sliding [32] so that the ductility of un-
recrystallised austenite, which is the ductility relevant to the straightening operation, is
poor and actually decreases with the increase in test temperature, Figures 14–16. The curves
in Figure 14 illustrate very well the difference when and when not TWIP steels show DRX.
When there is no Al present, top curve in Figure 14, DRX can take place giving much
better ductility but this is not relevant to the straightening operation. In contrast, for the
high Al containing TWIP steels—the lower curves in Figure 14—DRX is difficult and often
does not occur in the straightening temperature range, as shown in Figure 14. The overall
ductility given by the hot tensile test can then be used to assess cracking susceptibility for
the straightening operation. It can be seen that the ductility is now poor below the 35–40%
RA, often quoted to avoid cracking, Figures 14–16.

Figure 14. The hot ductility of TWIP steel at different Al content for the base composition: 0.6% C,
0.008% S, 18% Mn and 0.01% N [32]. The top curve is for a TWIP steel free of Al and shows the big
improvement in overall ductility when DRX occurs.
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Figure 15. Influence of Mn content on the ductility of high Al containing TWIP steels. The base
composition of the steels was 0.6% C, 0.007% P, 0.008% S and 1.5% Al [32].

Figure 16. Hot ductility curves for a TWIP steel having the composition 0.45% C, 22% Mn, 1.5% Al
and 1.5% Si with 0.02% Ti for two different cooling rates, the tensile specimens were cast in metallic
and sand molds [33].

Attention has therefore been given to finding ways which will mitigate this effect of a
high Al addition and prevent cracking during straightening. The present most satisfactory
approach has been to use a B addition with these high Al containing steels [22,27,34–40].
B has been found to segregate to the boundaries in both TRIP and TWIP steels and when
there in solution, it strengthens the austenite grain boundary even when the thin film of
AlN is present. In order to achieve this, the B needs to be protected from forming BN by
having a stronger nitride former present. If BN forms in the matrix and at the boundaries,
ductility is often impaired [40–42]. By using Ti, TiN is formed instead of BN. The amount
of Ti generally added is in excess of the stoichiometric composition for TiN, so as to ensure
that there is no N left in solution which might form BN. Provided the average cooling
rate after melting is sufficiently slow (~15 ◦C/min), which is close to that of the secondary
cooling when thick slab casting, the TiN will be sufficiently coarse to have little influence
on the hot ductility [43,44]. There are many explanations accounting for B segregation to
the boundaries improving hot ductility [22,27,34–40] and as it is non-equilibrium [45,46],
the cooling rate is very important and significant segregation only occurs in the range
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10–100 K/min [19]. Moreover, if sufficient Ti is added to combine with all the N only a
small amount of B, 0.003% needs to be added, this being the maximum solubility of B in
ferrite at a temperature even as high as 900 ◦C [47].

However, a word of warning: it should be noted that according to thermodynamic
analysis, under equilibrium conditions, AlN can still form at the boundaries even when
high Ti levels are present and the Ti/N ratio is well above the stoichiometric for TiN
formation, e.g., in Figure 17 for a steel with a Ti:N ratio of 7. This is because of all the
“microalloying” additions in this high Al, TWIP steel, AlN is the first to precipitate out
on solidification under equilibrium conditions (1440 ◦C in Figure 17) and although it can
go back into solution when TiN starts to form (1400 ◦C), it can re-precipitate out again at
lower temperatures, 1100 ◦C in Figure 17. Whether this occurs under the non-equilibrium
conditions existing on continuous casting is not clear, particularly as AlN is so sluggish in
precipitating out [29] and more studies are required to establish the conditions in which
AlN is formed under the non-equilibrium conditions applying in Industry.

Figure 17. Thermo-Calc precipitation predictions for a TWIP steel with a composition of 0.61% C,
18.0% Mn, 0.003% S, 0.062% Ti, 1.54% Al and 0.007% N. Ti:N ratio of 7:1.

The S level has also been shown to be very important for attaining good hot ductility
since AlN precipitates much more readily when MnS inclusions are present as they act as
nuclei for the AlN to precipitate out on, Figure 18a,b.

Steenken et al. [48] have also shown that in high Mn steels, when the Al level is less
than 3%, MnS forms first at higher temperatures and probably act as nuclei by decreasing
the interfacial energy needed for AlN precipitation. They also suggest that when the
Al > 3%, AlN forms first at high temperatures and likely acts in its turn as a nucleus for
MnS precipitation. A low S level is therefore a necessary requirement for good ductility
in these steels. However, it is not a panacea as can be seen from Figure 11b, in which the
TWIP steel had a very low S level (0.002%) yet still gave rise to a thin coating of AlN at
the grain boundaries. Hence, removing MnS, i.e., reducing the S level, will make it more
difficult for AlN to precipitate out at the boundaries, reducing the amount of AlN that is
precipitated there, but this will not eliminate it.

This influence of MnS on hot ductility was shown by Kang et al. [49], who examined
the influence of three S levels, 0.003, 0.010 and 0.023% S on the hot ductility of high Al
containing TWIP steels and found that only at the lowest S level (0.003%) was ductility
notably better, Figure 19. Up to the temperature of 900 ◦C, Figure 19, the hot ductility curves
were similar but at higher test temperatures the hot ductility for the very low S-bearing
steel (0.003% S), significantly improved, the RA value being 35% higher than that for the
higher S steels. Kang et al. [49] showed that independent of the S level, the AlN precipitated
out as a coarse precipitate, but where it precipitated, it depended on the S level. When the
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S levels were >0.01%, the AlN precipitated out in the form of very coarse dendritic rods at
the dendritic and austenite grain boundaries, promoting intergranular fracture, Figure 18a.
At the lower S level, precipitation of AlN was more difficult and was mainly associated
with MnS inclusions that were situated in the matrix, Figure 18b [49].

Figure 18. (a) MnS inclusions acting as a nucleus for AlN precipitation in TWIP steels having S in the
range 0.01–0.023% and (b) a similar steel with a low S, content of 0.003% [49].

Figure 19. Hot ductility curves for three TWIP steels having 0.003, 0.01 and 0.023% S with base
composition: 0.6% C, 18.3% Mn, 1.5% Al and 0.009% N [49].

The MnS inclusions also offer themselves as very suitable sites for B to segregate to and
when present, rather than segregating to the boundaries, where it is required, it segregates
to the MnS inclusions [50]. Ideally, complete removal of S is desired but industrially, the
limit is normally set at ≤0.01%.

5. Influence of P

P like Al and Si can be used in TRIP steels as it is a ferrite former to delay the
precipitation of C in ferritic bainite and hence increase the C in the austenite. In order to
activate the “TRIP effect”, so that ~10% stable retained austenite can be formed at room
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temperature, Chen et al. have shown that ~0.1% P is required, with a minimum of 0.5%
Si [51].

Previous work [18] has shown that P segregation to the boundaries can improve or
worsen the hot ductility of low C steels (<0.25% C) depending on the degree of segregation.
Even at low levels, 0.016% of P [52] if it segregates sufficiently to form the low melting point
iron phosphide phase ductility is impaired. If this is prevented, improvements in ductility
can be obtained, as shown in Figure 20, for a variety of reasons: (1) P segregating to the thin
band of ferrite and strengthening it by interstitial hardening [53], (2) preventing the more
deleterious precipitates from forming by preferentially taking up the vacant sites which
they need for precipitating out on [54,55] and (3) preventing GBS by absorbing the vacant
sites needed for cracks to propagate [53]. It would be expected that the same behaviour as
shown for HSLA steels would apply to TRIP steels. As a high addition, ~0.1% P is required
to delay carbide precipitation when used to form a TRIP steel, control of segregation will
always be very important.

Figure 20. P addition of 0.054% P improving the hot ductility of a low alloy Cr-Mo steel [53].

In high C steels this low melting point phase forms easily and ductility can dramatically
decrease in the temperature range 950–1050 ◦C, Figure 21a, <10% RA, even for low P (0.007%
P) plain C-Mn steels [56].

Figure 21. Cont.
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Figure 21. Influence of P on the hot ductility of high C (0.6%), low alloy steels: (a) hot ductility curves
for as-cast C-Mn-Nb-Al and plain C-Mn steels at two levels of P, 0.007% and 0.045% (b) low melting
point iron phosphide phase at prior austenite grain boundaries in the low P plain C-Mn steel. The
base composition of the steels was 0.6% C, 2% Si, 0.8% Mn and 0.025% Al with and without 0.03%
Nb [56].

This difference between high and low C steels arises because for steels in the higher C
range ≥0.25%, the melt solidifies as the closed packed austenite phase and not the more
open bcc delta ferrite. As a result, the last liquid to solidify will have more P in solution
when it solidifies as austenite than when it solidifies at lower C contents in the delta
ferrite [57]. Yashima et al. [58] calculated that for a steel with 0.25% C and 0.04% P, the last
liquid to solidify as austenite will contain as much as 5% P. In contrast, a steel with 0.1%
C with the same P level would have when solidifying in delta ferrite, 1% P present in the
final interdendritic liquid.

Similar behaviour to that shown in Figure 21 is noted in the high C TWIP steels,
Figure 22, the ductility decreasing with increase in P level [56]. Even increasing the P level
from 0.007%, curve 1, to 0.019%, curve 2, causes the ductility to deteriorate and the iron
phosphide films are present in the lowest P containing steel but less extensively. Hence, P
levels should be as low as possible in these high C, TWIP steels (<0.01% P) as it performs
no useful function as it does in TRIP steels, delaying carbide precipitation.

Figure 22. Influence of P on hot ductility curves of a TWIP steel. Steels had a base composition of
0.6% C, 0.3% Si, 18.2% Mn, 0.005% S, 1.5% Al, 0.01% Ti, 0.007% N with a B addition of 0.0026% B and
P additions of 0.007, 0.019, 0.037 and 0.074%, steels, 1–4, respectively [59].
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6. Influence of Si

There is little data in the literature on the hot ductility of high Si-containing steels. In
contrast to Al and P, Si appears to have little influence on the depth of the trough in low C
steels but because it raises the Ae3 and Ae1 (the lowest temperature at which austenite can
form on heating. It represents transformation under equilibrium conditions), it moves the
hot ductility curves to higher temperatures, Figures 23 and 24 [60,61].

Figure 23. Influence of Si on the hot ductility curves of plain 0.1% C, 1.2% Mn steels (Al free) having
0.011% N. Curves move to higher temperatures with increasing Si level [60].

Figure 24. Influence of Si on the hot ductility of medium C steels (0.5% C, 0.01% N), again curve
moves to higher temperature with increase in Si content [61].

This means that, if the bending temperature for steels, including TRIP, is based on
the steel being fully austenitic, i.e., just above the Ae3, so as to avoid the film of ferrite
present in the trough, the temperature chosen for the straightening temperature for high
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Si containing steels should be increased appropriately. Examination of Figures 23 and 24
suggests that an addition of 1% Si would involve increasing the bending temperature by
~60 ◦C.

For TWIP steels as there is no ductility trough, Si additions should have little influence
on the ductility.

7. Influence of Precipitation on Increasing the Room Temperature Yield Strength of
TWIP Steels in Relation to Their Hot Ductility

Although the work hardening capacity is very high for TWIP steels, resulting in very
high tensile strengths, the actual room temperature yield point can be low compared to
other AHSS (advanced high strength steels) and this has limited their use [1].

Attention therefore has been directed towards increasing the yield strength by adding
the microalloying elements, Nb, V and Ti to give precipitation hardening and grain refine-
ment [62–64].

The work of Scott et al., Figure 25 and Table 2 [62] shows that for cold worked and
annealed strip, of the micro-alloying additions Ti, Nb and V, Ti gives the highest hardening
for additions up to 0.1% but above this amount there is little further change. This is in
contrast to V, which increases the room temperature yield strength in a linear manner and
above 0.3% exceeds the yield strength of Ti containing steels, Figure 25 [62]. This figure,
Figure 25, does not separate the contribution to the increased yield strength from grain size
and precipitation hardening, but shows from a design perspective, V rather than Ti, is the
best addition for consistently increasing the strength. Nb in contrast seems to have only a
small influence on increasing the room temperature yield strength, although further work
is needed to confirm this (bottom curve in Figure 25).

Hence, to give a worthwhile increase in the yield strength of 100 MPa, one would,
according to the work of Scott et al., need ~0.2% V, 0.55% Nb or 0.075% Ti [62].

Other research investigators [63,64] concentrating on V alone in these TWIP steels
found similar room temperature strengthening by V in a cold rolled and annealed strip [63]
and a smaller but nevertheless substantial increase in hot rolled and annealed strip [64].

Figure 25. A comparison of the room temperature yield strength increases in TWIP steels for cold
rolled and annealed strips as a function of the microalloying additions, Ti, Nb and V [62].
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Table 2. Strengthening coefficients (MPa/wt.%) of various elements after cold rolling and annealing
TWIP steels [62].

Element Strengthening Coefficient of Microalloying
Additions below 0.1 wt.%

Ti ≤ 0.1 1380 MPa/wt.%

Nb 187 MPa/wt.%

V (up to 0.4%) >530 MPa/wt.%

8. Hot Ductility of V Containing High Al, TWIP Steels

Because of the interest in adding V for strengthening the room temperature yield
strength, Kang et al. [22] have examined the influence of V additions on the hot ductility of
high Al, TWIP steels, Figure 26 and found that ductility was generally below that required
to avoid cracking on straightening. The base composition of the steel in Figure 26 was
0.6% C, 18% Mn, 1.5% Al, 0.001% S, 0.0014% P with V additions of 0.05, 0.11, 0.29, 0.5
and 0.75% V, steels 1–5, respectively. An average cooling rate of 60 ◦C/min and strain
rate of 3 × 10−3 s−1 was used to represent thick slab casting conditions. The lower V
containing steels, steel 1 (0.05% V) and 2 (0.1% V) in Figure 26 were found not to show
any precipitation in the straightening temperature range 700–1000 ◦C but ductility was
still poor for test temperatures above 850 ◦C, being <35–40%, the criterion used to avoid
cracking [22]. Thermo-Calc analysis showed that VC would precipitate out on cooling but
at temperatures below the straightening temperature range and so would not influence
cracking susceptibility [22]. At the 0.29% V level, steel 3, fine dynamic precipitation of
VC occurs, Figure 27 making the ductility even worse and at the 0.5%V level with more
precipitation of VC, steel 4, the RA value was <30% RA throughout the whole of the
straightening temperature range, Figure 26.

Figure 26. Hot ductility curves for V containing high Al TWIP steels 1–5 having respectively, 0.05,
0.11, 0.29, 0.5 and 0.75% V [22].
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Figure 27. Fine VC precipitation in a 0.3% V containing TWIP steel both at the grain boundaries and
within the matrix [22]. A Ni grid was used to support the replica.

Examination of the hot ductility curves for steels 3–5 (~0.3–0.7% V) in Figure 26,
suggests V at the levels required to attain a meaningful increase in the room temperature
yield strength, (≥100 MPa), i.e., ~0.2% V would result in poor ductility.

To see whether a B addition would improve ductility, Kang et al. added 0.003% B to
the V containing TWIP steel having 0.5% V, curve 4 in Figure 26. As is usual, enough Ti
was added to combine with all the N (0.06% Ti, 0.01% N) and so protects the B and allows
it to segregate to the boundaries, Figure 28 [22]. The ductility was found to improve by
10% in RA over the whole temperature range in which the straightening operation takes
place, Figure 28. This high V addition (0.5%) would probably be good for enhancing the
room temperature yield strength but the ductility for the lower straightening operational
temperature range <900 ◦C would be poor even with a B addition, Figure 26 and likely to
cause cracking on straightening. Thus, from this work, once VC starts precipitating out,
at the 0.3% V level, as shown in Figure 27, the ductility deteriorates too much to ensure
cracking will not occur. However, it is possible a lower V addition, ~0.2% to high Al, Ti-B
treated TWIP steel may increase the room temperature yield strength by ~100 MPa, as well
as just meeting the requirement for avoiding cracking when straightening, but further work
would be needed to confirm this.

Figure 28. The beneficial influence of B on the hot ductility of a high V (0.5% V), TWIP steel [22].
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Again, the differences in hot ductility behaviour between TWIP steels showing DRX
and TWIP steels in their un-recrystallised state is highlighted by comparing the hot ductility
curve of Kang et al. [22] with the curve established by Salas-Reyes et al. [33] for a TWIP
steel with the same V addition of 0.1%, Figure 29.

Salas-Reyes et al. [33] found that ductility was low at the low and high temperature
ends of the straightening temperature range, 700–1000 ◦C, but there was an intermediate
range when ductility was good, 80% RA, Figure 29 (a) (top curve). This they explained in
terms of the competing processes of GBS, recovery and DRX on influencing the ductility.
At the low temperature end, 700 ◦C, there is no DRX and GBS is the dominating process
controlling the ductility. At higher temperatures 800–900 ◦C, DRX occurs and dominates the
ductility realising high RA values. At the high temperature end, DRX will still probably be
taking place but GBS is now the dominating process and before DRX can exert its beneficial
effect, failure occurs and as a result ductility is poor. However, this is very different to
the behaviour noted by Kang et al. [22], in which the composition of the TWIP steel did
not allow DRX to take place, so the competing processes influencing the ductility are only
recovery and GBS, and as the latter dominated, ductility was always poor and became
worse as the test temperature increases, Figure 29 (b) (lower curve). Whereas, Salas-Reyes
work [33] is very relevant to the hot ductility required for hot forming, Kang et al. work [22]
is relevant to the straightening operation where DRX is not possible. It can be seen from
Figure 29 (b), that when the austenite is un-recrystallised, as it is when straightening, the
RA value is <40% for most of the straightening temperature range and cracking is likely.

Figure 29. Hot ductility curves for high Al TWIP steels with the same V content, 0.011% V, (a) recrys-
tallised austenite (b) un-recrystallised austenite. Compositions of TWIP steels were: Recrystallised
top curve –21% Mn, 0.56% C, 1.3% Si, 1.50% Al, 0.011% V and 0.012% N [33]. Unrecrystallised bottom
curve –18% Mn, 0.61% C, 0.2% Si, 1.54% Al, 0.011% V and 0.007% N [22].

9. The Beneficial Influence of a Ti-B Addition on the Hot Ductility of High Al,
TWIP Steels

In the pursuit of a composition which will avoid cracking in these high Al steels,
Kang et al. [22,26,27,30,65] and Qaban et al. [66] have examined the hot ductility of a series
of 0.6% C, 18% Mn, 1.5% Al TWIP steels having a variety of micro-alloying additions, B,
Ti, Nb, V and various combinations of Nb-V, Nb-Ti-V, V-B, V-Ti-B, Ti-B. The cooling rate
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chosen was 60 K/min with a strain rate of 3 × 10−3 s−1. A selection of these hot ductility
curves is given in Figure 30 and their compositions are given in Table 3. Moreover, given in
Table 3 is the RA value for the test temperature of 900 ◦C.

Figure 30. Hot ductility curves for high Al TWIP steels having a variety of microalloying elements,
Nb, Nb-V, Ti, V, Ti-B and Ti-B-V. Steels had the base composition 0.6% C, 18% Mn, 1.5% Al and the
cooling rate and strain rate were 60 K/min and 3 × 10−3 s−1, respectively [22,26,27,65,66].

Table 3. Composition of steels in Figure 30, with their % wt.per.cent and %RA at 900 ◦C.

No Steel C Mn S Al Nb Ti V N B %RA
900 ◦C Ref.

(A) Low Ti-B 0.60 18.0 0.003 1.48 - 0.041 - 0.009 0.0026 68 [27]

(B) High Ti-B 0.55 17.6 0.004 1.44 - 0.098 - 0.009 0.0017 61 [27]

(C) Ti-B-V 0.61 18.0 0.001 1.54 - 0.062 0.50 0.012 0.0026 42 [22]

(D) V 0.61 18.0 0.001 1.52 - - 0.052 0.006 - 39 [22]

(E) Ti 0.62 17.9 0.004 1.53 - 0.041 - 0.009 - 37 [27]

(F) Nb-V 0.61 18.3 0.005 1.55 0.03 - .11 0.006 - 30 [65]

(G) Nb 0.55 18.3 0.002 1.2 0.02 - - 0.006 - 14 [65]

Ductility can be seen to vary substantially in Figure 30 from 10–15% (curve G, 0.02% Nb
and low N) to 40–70% (curve A, Ti-B) for the straightening temperature range, 700–1000 ◦C.
For the B free steels, D, E, F and G, Figure 30 and Table 3, a V addition of ~0.05% (curve
D) was found to give the best ductility. However, even this small addition of 0.05% V,
curve D, gave RA values of <40% at temperatures ≥900 ◦C [22], Table 3. An addition of B,
(curves A, B and C), significantly improved the ductility of these microalloyed TWIP steels.
Of these B treated TWIP steels, protected by Ti, curves A and B gave the best ductility
and Mintz et al. [21] have suggested this alloying combination with its likely, higher room
temperature yield strength (0.05 to 0.1% Ti), may, presently be the best choice [27].

Salas-Reyes et al. [33], as already discussed, have similarly examined the influence of
Ti and V additions on the hot ductility of these TWIP steels and Meija et al. have extended
the range of their microalloying additions to Ti, B [34] and Nb, Mo [67]. The main difference
between these investigations and those of Kang et al. [22,26,27,30,65] and Qaban et al. [66]
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is in the compositions of the TWIP steels, in having different Mn and C contents as well as
the presence or absence of Si. This will influence the SFE and the ease of DRX and hence
the hot ductility performance.

10. Relationship of Overall Hot Ductility to the Hot Ductility Needed for the
Straightening Operation

Mintz and Qaban [21] have proposed a model which can give some indication of the
cracking susceptibility based on Salas-Reyes et al. [33] and Meija et al. observations [67] and
can explain the difference in hot ductility behaviour shown by these high Mn TWIP steels,
Figure 29 (a) and (b). When there is no evidence for DRX in the straightening temperature
range, 700–1000 ◦C, GBS dominates over recovery processes and the ductility decreases
with increasing temperature as shown in Figure 29, curve (b) and in the model Figure 31a.

However, Salas –Reyes et al. [33] and Meija et al. [34,67] found in their steels that GBS
often dominated at the low and high temperature ends of the straightening temperature
range, 700–1000 ◦C but there was an intermediate range when DRX occurred leading to
another type of curve Figure 29, curve (a) and Figure 31b in the model.

Mintz and Qaban [21] have suggested that the best way to treat these hot ductility
curves for assessing cracking susceptibility is to assume that one can approximate the
relationship of grain boundary sliding with temperature as a linear relationship and draw
a line (solid line in Figure 31c) joining up the two regions of grain boundary sliding
and use this solid line to give an approximate measure of the hot ductility for the un-
recrystallised austenite.

On this basis in the model, if for example the RA value was 40% at 700 ◦C and 20% at
1000 ◦C, Figure 31c, then the value of RA for the un-recrystallised state is likely to be lower
than 40% in the temperature range 800–1000 ◦C and importantly cracking may occur even
though, when DRX takes place the RA value may be as high as 80%, Figure 29 (a).

Although the model seems to be useful for giving some indication of the cracking
susceptibility on straightening there is evidence from the hot ductility curves, Figure 30
that in the lower temperature range, 700–800 ◦C recovery keeps pace or slightly outstrips
GBS even though the general effect on increasing the test temperature is for GBS to be
dominant. Moreover, when fine dynamic precipitation is present in the lower temperature
range <900 ◦C ductility decreases so much in Figure 27 that ductility is better at the higher
temperature even though GBS is outstripping recovery, Figures 26 and 28.

There is an obvious need to put this model on a more rigorous mathematical basis,
relating the RA value to the degree of GBS and recovery that occurs with the increase in
test temperature, but presently this is the best alternative.

Figure 31. Cont.
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Figure 31. Schematic types of hot ductility curves for high Mn TWIP steels (a) No DRX, no fine matrix
precipitation, the curve is relevant to straightening (b) GBS at the low and high temperature ends of
the straightening temperature range but DRX in intermediate temperature range, curve relevant to
hot forming (c) Separation of curve in (b) into regions of GBS and DRX and drawing a straight line
relationship for continued GBS in the temperature range in which DRX is occurring [21].

Hence, as it is the ductility of the un-recrystallised austenite that is important for
assessing cracking susceptibility, it is not surprising that these TWIP steels are difficult to
continuous cast without cracks forming.

11. Influence of Nb on Hot Ductility of TWIP Steels and Importance of Having a High
N Content to Give Good Ductility

Although Nb does not appear a good microalloying element to add for strengthening
the room temperature yield strength compared to V, Qaban et al. [62] have also explored
the ductility of Nb containing TWIP steels and this has revealed some important findings
with regards to improving the ductility generally in these steels, Figure 32. A series of
Nb (0.032% Nb) and Nb free, B containing TWIP steels were examined with Ti additions
varying from 0.019 to 0.1% and N contents from 0.007 to 0.011%, Table 4. What is very clear
from the curves in Figure 32, is that at a high level of N, ~0.1%, curves 1, 2 and 3, ductility
is very good in the Nb-containing steels, and remains high as the Ti level increases. Even
when the Ti level is as high as 0.075%, ductility is good, curve 1.

Without Nb, when only Ti is there and the N level is low, steel 6 in Table 4 and curve 6
in Figure 32, the ductility is poor, even with a B addition but improves when the N level
is increased to 0.009%, curve 4, achieving RA values > 40% throughout the temperature
range 700–1100 ◦C, Figure 32 [66]. Qaban et al. [66] have suggested that a high [Ti][N] in
the Nb free steels, 4, 5 and 6 in Table 4 will cause the TiN precipitation to occur at higher
temperatures and so will be coarser and give improved ductility, curves 4, 5 and 6 in
Figure 32. Surprisingly, a 0.03% Nb addition improved the ductility even more, the RA
values being >55% through-out this temperature range, curves 1, 2 and 3, Figure 32 [66].
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Figure 32. Influence of Nb on the hot ductility of high Al, Ti-B containing TWIP steels. The com-
position of the steels (1–6) is given in Table 4. Cooling rate and strain rate were 60 K/min and
3 × 10−3 s−1, respectively [66].

Table 4. Compositions wt.per.cent of steels in Figure 32 together with the Product of [Ti][N] and RA
value at 900 ◦C [66].

Steel Nb Ti B N [Ti][N]
×10−4

RA%
900 ◦C

1 0.033 0.075 0.0028 0.011 8.25 72

2 0.032 0.030 0.0028 0.010 3.00 76

3 0.031 0.019 0.0027 0.009 1.71 70

4 - 0.098 0.0017 0.009 8.82 62

5 - 0.105 0.0026 0.0073 7.67 53

6 - 0.100 0.0027 0.0068 6.8 35

Turkdogan [68] previously has suggested in HSLA steels, that the coarse TiN particles
formed after solidification act as nucleation sites for Nb(CN) precipitation and therefore
encourage the Nb to precipitate at high temperature leaving less available to precipitate
dynamically on deformation, in the very fine form that is so detrimental to hot ductility [19].
From this aspect there seems to be a very positive use in having the Ti as a microalloying
addition and having high N in the steel so that the [Ti][N] product is high, Table 4, encour-
aging precipitation of Ti(CN) at high temperature so that they are coarse and subsequently
serve as a suitable nucleation site for the precipitation of Nb(CN).

Precipitation of Nb(CN) on the TiN particles is favoured because TiN and Nb(CN)
are mutually soluble [69] and so the Nb(CN) can precipitate out on the TiN and provided
the TiN is coarse as in Figures 33 and 34 this will result in even coarser particles and
better ductility. Unfortunately, as already mentioned, Nb has been found to give a low
strengthening coefficient in these steels, Table 2, but further work is needed to confirm this
observation and there is still the possibility that a Nb, Ti-B combination may give a higher
room temperature yield strength as well as being cast satisfactorily.
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Figure 33. Coarse TiN precipitates in 0.1% Ti, containing B steel, TWIP steel free of Nb, tested at a
1000 ◦C, Steel 4 in Table 4 [27].

Figure 34. Nb-Ti carbo-nitrides found in a B containing high Al, TWIP tested at 1000 ◦C, steel 1 in
Table 4. The precipitates varied considerably in size (~80 nm in average size) but always gave similar
composition. Composition of steel was 0.6% C, 18% Mn, 1.51% Al, 0.033% Nb, 0.075% Ti and 0.011%
N. Cooling rate and strain rate were 60 K/min and 3 × 10−3 s−1, respectively [66].

High N levels are therefore beneficial to hot ductility in these B treated TWIP steels,
provided there is enough Ti to combine with all the N and the [Ti][N] product is high
so that the TiN precipitates out at higher temperatures and so is too coarse to influence
ductility [68]. Thus, as can be seen from Figure 30, curve B, the Ti-B TWIP steel, gave the
best ductility of the steels examined. A niobium addition of 0.03% to a Ti-B, high N steel
may also be important for achieving even better ductility in these TWIP steels. It should be
noted that a high Ti addition of 0.1%, which can probably give a significant strengthening
of the room temperature yield strength will give satisfactory ductility with or without the
Nb addition, curve B in Figure 32.

Hence, presently, for these high Al, Ti-B-treated high Mn TWIP steels of the microal-
loying additions, V, Ti and Nb, Ti seems to be the best element to add to give both good
ductility, Figure 30 and a potentially higher strength at the 0.1% level, Figure 26 [62]. Of
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course, there are other requirements that have to be met for the automobile industry, par-
ticularly crash ability and high Ti additions can lead to very coarse acicular TiN eutectics
which can encourage cracks to develop, resulting in the impact behaviour deteriorating [70].
Clearly, there is further work required before any definitive conclusion can be drawn.

12. Summary and Conclusions

1. P and S are generally detrimental to the hot ductility of both TRIP and TWIP steels,
although high P additions have on occasion been found to be beneficial in TRIP steels.
For TRIP steels, which are low C steels, the drawback of having a high P level is
uncertainty in its effect, because controlling the segregation of P is often difficult. If
there is too much segregation, a low melting point iron phosphate type phase forms
at the boundaries causing intergranular failure on straightening. If the segregation
can be controlled, P seems at times to be able to strengthen the boundary region or
remove deleterious precipitates such as NbCN by preferentially taking up vacant sites
which NbCN needs for precipitating out on. TWIP steels, because they are generally
high C, are subject to even more problems with segregation, resulting in the easier
formation of the low melting point iron phosphide type of phase and P levels need
therefore to be as low as possible ≤0.01% P. In the case of S, if the adverse influence
on ductility of having a high Al addition is to be controlled, then it is important to
have the S level as low as possible <0.01 wt.% so that its favoured nucleation site, MnS
inclusions, are scarce. Moreover, for B-treated steels, because B segregates to MnS
inclusions in preference to the grain boundaries, in order to obtain the benefit of B
strengthening the boundaries, a low S level is required so it can segregate freely to the
grain boundaries.

2. Si does not appear to have a marked influence on the hot ductility. In TRIP steels it
tends to move the hot ductility trough to higher temperatures because it increases
the transformation temperatures (Ar3 and Ae3). This may involve increasing the
straightening temperature by about 60 ◦C for a 1%Si addition to avoid the hot ductility
trough. In TRIP steels, Si delays the precipitation of carbides enabling the carbon
content in the austenite to increase so forming a very stable retained austenite at room
temperature which can transform to martensite when deformed.

3. In TWIP steel, Si lowers the SFE and therefore encourages dynamic recrystallization
as well as encouraging twinning. Because TWIP steels have no hot ductility trough, Si
is not likely to influence the hot ductility.

4. Al, by forming AlN, will seriously impair ductility in TRIP and TWIP steels if it forms
at the austenite grain boundaries, which is its common location. However, it is needed
as a high addition in the composition of these steels for a number of reasons (a) high
Al additions can strengthen the room temperature yield strength and so reduce the
weight of steel this having become so important for the automobile industry. (b) Al
has the ability to prevent delayed hydrogen cracking which is a serious problem for
high strength steels. (c) for TWIP steels it encourages twinning, and (d) like Si in TRIP
steels, it delays precipitation of carbides but more importantly it can substitute for Si,
which gives unsightly stains on the surface of the steel when hot dip galvanised.

5. In TWIP steels, when a high Al level is present in order to be able to cast them
satisfactory without cracking B needs to be added and protected from combining with
N to form a nitride by a Ti addition.

6. Of the microalloying elements, Nb, Ti and V, which can be used to strengthen high Al,
B treated TWIP steels at room temperature, probably Ti will give the best combination
of hot ductility and room temperature strength but more work is required to confirm
this. This would include impact testing for crashability as a high level of Ti ~0.075–
0.1% combined with a high N content (0.01% N) would be needed and this may cause
problems with the impact performance. Nb appears to give poor room temperature
strength but good ductility as long as there is a high N level, whereas V can achieve a
reasonable increase in room temperature strength at the 0.3–0.5% V level but this is
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likely to give a poor hot ductility. A lower V level of 0.2% may just possibly be suitable
but more work is required to investigate this. A Nb addition of 0.03% combined with
a high N content in a B-Ti treated high Al, TWIP steel may also be suitable. Clearly,
further work is needed to find the most suitable composition to fulfil all the potentials
of these high strength steels.

7. For TRIP steels, it is likely that if the RA value exceeds 35–40% at the base of the hot
ductility trough, i.e., before DRX occurs, cracking is unlikely to occur. For TWIP steels,
because DRX does not occur during straightening, if the RA value is not in excess of
40% at 700 ◦C, the lowest temperature of the straightening temperature range, there is
likely to be cracking at higher temperatures, as in the absence of DRX, GBS dominates
the ductility.
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