
Chapter 2
Metallurgy of Steels

Barıs Çetin and Halim Meço

Abstract In hot stamping, typically, C-Mn-B alloyed steels are used and the pro-
cess involves phase transformations. Thus, a clear understanding of the effects of
alloying elements, different phases of steels, and their kinematics are critical for
comprehensive understanding of the process.

2.1 Phases of Steels and Their Properties

Hot stamping involves a number of phase changes during the process. The as-received
material contains a “Ferritic-Pearlitic” microstructure, and then during processing, it
is heated over its “Austenitization” temperature (aboveA3). For the required ultra high
strength, it is then quenched to form “Martensite”. As discussed in the next sections,
there is also a recent trend to tailor the properties of the part by slowly quenching “soft
zones” to have “Bainitic” structure which may have better elongation properties.

Basedon this discussion, the properties of thefivemicrostructures/phases involved
in hot stamping process are explained in the following sections (Fig. 2.1).

Austenite

Austenite, also known as γ -iron, is the face-centered cubic (fcc) phase of steel, see
Fig. 2.3a. This phase is typically not stable at low temperatures, although special
alloying elements may stabilize austenite as in TWIP (Twinning-Induced Plastic-
ity) steels and austenitic stainless steels. Most heat treatment operations start with
austenite phase [2, 3].
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Fig. 2.1 Fe-C phase diagram [1]
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Fig. 2.2 Possible transformations of austenite: solid lines show transformation with diffusion,
dashed line shows diffusionless transformation (re-created after [2])

Bainite

As shown in Fig. 2.2, if austenite is cooled at a moderate rate, bainite is produced.
Bainite is not a phase, but a microstructure composed of cementite (Fe3C) and ferrite
[1, 2], which is explained in the next section.

Ferrite

Ferrite, also known as α-iron, is the body-centered cubic phase of steel, Fig. 2.3b.
Low-carbon steels aremostly ferrite, whereasmedium-carbon and high-carbon steels
are mostly ferrite with some pearlite [2, 4].
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(a) (b)
(c)

Fig. 2.3 aAustenite is face-centered cubic, b Ferrite is body-centered cubic (bcc) and cMartensite
is body-centered tetragonal [1]

Martensite

Martensite is the hardest form of steel. This microstructure is formed by rapid cool-
ing of Austenite, so rapid that carbon diffusion cannot take place. Because of carbon
supersaturation, martensite has a larger and slightly expanded crystal structure com-
pared to bcc (body-centered cubic) ferrite. The resultant martensite crystal structure
is bct (body-centered tetragonal) as shown in Fig. 2.3c. The martensitic transforma-
tion is a diffusionless solid-state shear deformation. In steels, martensite is formed
from austenite containing relatively higher amounts of carbon atoms and in view
of the diffusionless nature of its formation, martensite ideally inherits the carbon
atoms of the parent austenite. The carbon atoms are trapped in octahedral interstitial
sites between iron atoms. In addition to the fact that the chemical composition of the
austenite is directly inherited by the martensite, the martensitic shear deformation
is accomplished by a plane strain shape change parallel to a set of crystallographic
planes of the parent austenite. Therefore, when the martensite is formed, the vol-
ume of metal is increased, and the transformation plasticity is also produced, which
directly affects the distortion and residual stress state of the final part [5, 6].

Pearlite

Pearlite microstructure is a lamellar mixture of ferrite and cementite (Fe3C). These
exist as grains, called as “pearlite colonies”. In each colony, the layers of Cementite
points in the same direction, as shown in Fig. 2.4 [2].

2.2 The Effect of Alloying Elements

In plain carbon steels, the nose of the TTT (Time-Temperature- Transformation) and
CCT (Continuous Cooling Transformation) curves are located at very short times;
hence, very fast cooling rates are required to produce an all-martensitemicrostructure.
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Fig. 2.4 SEM image of
pearlite: white areas show
ferrite and black areas show
cementite [7]

In the thin sections of steel, the rapidquenchproduces distortion andcracking. In thick
sections, it is not possible to produce fully martensitic microstructures. All common
alloying elements in steel shift the TTT andCCTdiagrams to longer times, permitting
us to obtain all-martensite even in thick sections at slow cooling rates [8]. As alloying
elements influenceCCTandTTTcurves, theymay also alter theMartensite-start (Ms)
and Martensite-finish temperatures (Mf ). All alloying elements apart from Cobalt
and Aluminum lower the Ms and Mf temperature [9]. For high- carbon steels, the
Mf temperature generally lies below the room temperature, which means that there
always exists some amount of retained austenite in the final product.

In hot stamping, typically manganese-boron alloyed steels are used. Typical hot
stamping steel (22MnB5) has about 0.22% C, 1.18% Mn and 0.002% B [10].The
alloying is designed in such a way that:

(1) the parts have high yield and ultimate tensile strength after quenching [11],
(2) martensitic transformation can be completed in a water cooled die [11],
(3) phase transformations are avoided during blank transfer from the furnace to the

press [12],
(4) the final parts are weldable in automotive body shops (which requires low C and

Mn) [13].

In the next subsections, the effects of common alloying elements are explained indi-
vidually.

Carbon (C)

As carbon content increases, steel’s strength and hardness increases as displayed in
Fig. 2.5, but weldability and ductility decrease. In hot stamping applications, Carbon
content in themost common steel 22MnB5 is 0.22%. Steels with higher strength (i.e.,
1800–2000 MPa) have even higher carbon contents up to 0.37%. Recently, energy
absorbing grades for hot stamping are also introduced with carbon content between
0.10–0.12% and strength levels between 450–1000MPa. Carbon also has an effect in
phase transformations such as lowering the Martensite-start temperature, as shown
in Fig. 2.6 [4, 10, 14–17].
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Fig. 2.5 Dependence of carbon content on hardness and martensite phase fraction (re-created after
[17])

Manganese (Mn)

Manganese is found in almost all steels, at least by ∼0.3%. It is used as a deoxidizer
and also reduces susceptibility to hot shortness during hot working. It also increases
the hardness and hence results in a reduction in ductility as well as weldability. There
is also a concurrent increase in hardenability with Mn addition. Large quantities of
Mn (>2%) cause cracking and distortion problems after quenching. However, after
5 %, a complex microstructure with austenite at room temperature may be present.
The so-called Medium-Mn (typically 5–12% Mn) and High-Mn (TWIP steels,
>15 % Mn) steels have both high strength and elongation for cold stamping appli-
cations. Medium-Mn steels have also been studied for hot stamping as explained in
Sect. 4.4. Mn lowers the austenitization temperature, which could reduce the furnace
temperature in hot stamping and thus save energy and reduce the carbon emissions
during heating [4, 9, 18, 19]. In low-carbon steels, Mn retards bainite formation,
which is useful for hot stamping where the final microstructure is expected to have
∼100%martensite. Mn also reduces martensite-start temperature, but is not as effec-
tive as carbon (Fig. 2.6) [16, 20].

The steels used in hot stamping contain 0.8 to 1.3% Mn, the typical amount is
around 1.2% [10, 14].

Boron (B)

Certain elements such as Ti, Al, V, Zi, andB improve the hardening properties of steel
by forming carbides. Boron is the most effective of these elements. Hardenability
of steels with carbon level up to 0.5 % increases with even a very small amount of
boron (0.001–0.003 %) [1, 4, 17]. According to Zhu et al., this can be explained by
segregation of free B atoms and/or borocarbide (Fe23(CB)6) at the austenite grain
boundaries and delaying the ferrite and pearlite formation [21]. This can be seen
in Fig. 2.6. Naderi et al. studied a total of nine different C-Mn alloys, five with B
addition, and found out that without B-alloying, it was not possible to get 100%
martensitic structure with water-cooled dies [22].

http://dx.doi.org/10.1007/978-3-319-98870-2_4
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Chromium (Cr)

Chromium is used as an alloying element mainly to increase the hardenability and
corrosion resistance, and also to improve the high-temperature properties such as
strength and oxidation resistance. It also provides abrasion resistance in high-carbon
compositions as it is a strong carbide former. Chromium is one of themajor hardening
elements and superior mechanical properties can be attainedwhen used together with
a toughness increasing element such as nickel. It is generally used with molybdenum
when high-temperature strength is required. Hot stamping steels typically contain
up to 0.30 % Cr [23–26].

Niobium (Nb)

Niobium is known to inhibit grain growth during austenitizing [9]. It is well known
that for low-carbon steels “Prior Austenite Grain Size” (PAGS) improves the strength
and toughness [27]. For higher strength hot stamping steels, Nb is recommended
for improved toughness [28]. Another advantage of Nb is reducing the hydrogen
diffusivity. This is important to reduce Hydrogen-Induced Delayed Fracture [29,
30]. The effects of Nb are also investigated in Sects. 4.2 and 6.5.

Silicon (Si)

Silicon is used as a deoxidizer in steelmaking process. Its amount depends on the
steelmaking process employed and can reach to the levels of 0.15–0.30 % in fully
killed steels. Silicon has a slight hardening effect on the ferrite phase and is usually
detrimental to surface quality for low-carbon steels. Typically, hot stamping steels
contain 0.20–0.35 % Si [23–25].

Phosporus (P)

Phosphorus results in increased strength and hardness, however, this comes at a cost
of decreased ductility and toughness. It also causes temper embrittlement inmedium-
carbon steels. It can be used as a deliberate alloying addition in order to increase
the machinability and corrosion resistance. However, its amount should be restricted
typically to 0.030 % in hot stamping steels [23–26].

Sulfur (S)

Transverse ductility and notch impact toughness characteristics suffer with increased
sulfur content. Moreover, weldability also decreases with increased sulfur content.
It is very detrimental to surface quality, particularly in steels containing low-carbon
and low-manganese. Except for free machining steels, sulfur is considered as a detri-
mental element and therefore its amount is restricted typically to 0.015 % in hot
stamping steels. Sulfur also has a great segregation tendency in steels and usually
occurs in the form of sulfides, the most common form of which is MnS (manganese
sulfide) [23–26].

http://dx.doi.org/10.1007/978-3-319-98870-2_4
http://dx.doi.org/10.1007/978-3-319-98870-2_6
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Aluminum (Al)

Aluminum’s main function in steelmaking process is to deoxidize and control the
grain size. It is added to steel mainly to inhibit the growth of austenite grains during
heating prior to quenching. Besides aluminium, other elements such as titanium,
vanadium, and zirconium are used for controlling austenite grain size, however,
aluminum is the most effective element used for this purpose. Conversely, it also
has adverse effects on the hardenability for heat-treatable grades as aluminum form
stable carbides which are difficult to dissolve during heat treatment. Hot stamping
steels contain a restricted amount of aluminum which is typically limited to 0.08%
[23–26].

Nitrogen (N)

Nitrogen additions to steel results in increased strength, hardness and machinability.
However, these come at the expense of decreased ductility and toughness. By forming
aluminum nitrides, it acts as a grain size controlling agent in aluminum-killed steels,
hence increasing both ductility and toughness. Nitrogen can reduce the effect of
boron on the hardenability of steels and therefore its amount is restricted typically
to 0.01 % for hot stamping steels [23–26].

2.3 Phase Transformations

To achieve ultra high strength steel at the end of hot stamping process, the transfor-
mation of austenite to martensite is required. Phase transformations take place either
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Fig. 2.7 Approximation of phase transformation by using Avrami equation (re-created after [2,
32])

during heating the steel (i.e., ferrite and pearlite transforms to austenite) or during
cooling (from austenite to others).

During cooling, austenite transforms to ferrite and pearlite if cooled slowly, bainite
forms at a moderate cooling rate and at high cooling rate martensite forms. As shown
in Fig. 2.6, the final microstructure can be predicted by using CCT curves [2, 4, 25].

In finite element models, Avrami (also known as Johnson–Mehl–Avrami–
Kolmogorov) equation Eq. (2.1) is used to model phase transformations. Coeffi-
cients of Avrami equation are b and n, for each phase, and these can be calculated
by using TTT diagrams, as shown in Fig. 2.7.

P,B,F = 1 − exp

(
−b ∗

(
t

t0

)n)
(2.1)
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Fig. 2.8 Prediction of microstructure evolution in finite element analysis (re-created after [4, 34–
36])

where, P, B, and F stand for pearlite, bainite and ferrite percentages, respectively.
For each phase and at given temperature levels, b and n can be calculated using TTT
curves. For martensite transformation, the equation slightly changes into Eq. (2.2):

M = 1 − exp[−c ∗ (Ms − T )m] (2.2)

In the literature, there are some equations which are specifically dedicated to
determine the martensitic transformation such as Koistinen-Marburger equation. By
this formulation, the volume fraction of transformed martensite as a function of
temperature could also be computed [33].

The main factor that determines the rate in a phase transformation, such as
austenite-to-pearlite transformation, is temperature. The sigmoidal-shaped curve
shown in the upper portion of Fig. 2.7 gives the percentage transformation versus
the logarithm of time at a specific temperature (i.e. 370 ◦C (700 ◦F)) for an iron–
carbon alloy of eutectoid composition. Depending on the temperature relative to the
tip of the TTT curve (approx. 580 C), varying the temperature shifts the sigmoidal
curve, for example increasing temperature shifts it to the right if above the tip of TTT
curve or to the left if below the tip of TTT curve. For each such curve, data is col-
lected after rapidly quenching a specimen composed of 100% austenite to a specific
temperature of interest; after which temperature is maintained constant throughout
the course of the reaction.

The bottom portion of Fig. 2.7 represents another suitable way of depicting time
and temperature dependence of this transformation. In this graph, two solid curves
represent the time required for the start of the transformation and the finish of the
transformation, respectively at a specific temperature of interest. The dashed curve
that is located in the middle of start and finish curves correspond to 50% of trans-
formation completion. These curves are typically generated from a series of plots
of the percentage transformation versus the logarithm of time taken over a range
of temperatures, an example of such curves is the sigmoidal-shaped curve given in
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Fig. 2.7. Upper portion of Fig. 2.7 illustrates how the data transfer ismade at a specific
isothermal hold temperature, in this case 370 ◦C (700 ◦F) [2, 32].

FE model can use the coefficients of Avrami equation to estimate the final
microstructure distribution. For example, for two different cooling conditions a and
b, as shown in Fig. 2.8, it is possible to calculate the expected phase fractions upon
cooling to room temperature using TTT or CCT curves. These phase fractions can
then be taken into account for calculating the expected mechanical properties, in this
case, hardness for cooling conditions a and b.
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