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Abstract Martensitic sheet steel is increasingly being used in advanced car body construction,
especially in areas where high crash loads are expected. Using such steels appropriately the weight
of individual components can be reduced by up to 20 percent. Martensitic steel sheet is
commercially available in the strength range of 1200 to 1900 MPa, either as cold forming or hot
stamping grade. Whereas the strength of such martensitic steels is practically only a function of the
carbon content, other properties such as ductility, toughness, bendability and delayed cracking
resistance are severely influenced by other alloying elements and the particular thermal processing
route. The paper discusses the influence of various key-alloying elements such as Nb, Mo and B on
these properties and suggests routes to optimize the steel’s behavior with respect to the
manufacturing and application related aspects.
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1. Introduction
The continued optimization of car body design with regard to crash resistance and weight reduction
has brought about a significant application of high strength steel in the used body components.
While HSLA and dual phase (DP) steel count for the majority of these applications, some
components require even higher strength. This holds especially for those areas in the body where
deformation or collapse cannot be tolerated such as in the side structure, floor area, or bumper
beam. In the side structure any intrusion into the passenger space should be minimized to reduce the
risk of injuries. The most critical load cases are side crash or rollover. Therefore, structural
components like the A- and B-pillar, the rocker and door reinforcement beams must be very strong.
The floor area has mainly the task to redistribute crash loads in longitudinal and lateral direction
without collapsing. Critical components are the tunnel as well as longitudinal and cross members
(Fig. 1). The bumper beam acts as a stiff barrier distributing the crash load into the longitudinal
members in a controlled way. Thus excessive deformation or buckling of the bumper beam must be
avoided.
The traditional approach of body engineers is to use thicker gages of medium-high strength steels
and or heavily reinforce components in the mentioned areas. As this approach is resulting in
excessive weight and/or packaging problems, ultra-high strength steels allowing the use of thinner
gage and the omission of reinforcements have been introduced over the recent decade.
The amount of martensite in steel has a direct impact on the strength but also on the formability.
Figure 2 indicates that the strength increases with the share of martensite whereas the elongation
decreases. At a tensile strength of 1000 MPa martensite becomes the majority phase. Once the
microstructure fully consists of martensite, further strength increase is possible by raising the
carbon content. The elongation decreases relatively weakly in this case. A recently very popular
method of producing martensitic components is the so-called hot-stamping. The steel is austenitized
(at around 950°C), formed while the material is soft and subsequently quenched when the die is
closed. This technique overcomes the limited cold formability of as-delivered martensitic steel. Hot
stamped steel components currently contribute between 5 to 10% of the total structural weight of
cars.

Figure 1 Areas of ultra-high strength steel application in the body
structure of a recent passenger car (Volkswagen Polo)

Figure 2

One of the concerns with martensitic steels is their sensitivity to cracking particularly under
bending deformation as it occurs in crash situations [1]. Another problem is delayed cracking that
has been observed to occur in ultra-high strength steels [2]. Optimizing the microstructure in an
appropriate way can help reducing the sensitivity for cracking in martensitic steels. This paper gives
guidelines for achieving such improvements.
2. Strength and toughness of martensite
Martensite is the hardest microstructure of steel. The hardness (strength) of fully quenched
martensite increases nearly linearly with the carbon content over the range of up to 0.5%C (Fig. 3)
[3]. Simultaneously, the start temperature of martensite transformation decreases with the carbon
content. At lower carbon content self-tempering can occur under industrial quenching rates.
Martensite is formed from austenite when the cooling speed is fast enough to prevent diffusioncontrolled transformation. Alloying elements (B, Cr, Mo, Ni) reduce the critical cooling speed for
this transformation. Particularly the addition of around 20 ppm boron is very effective for
hardenability. The minimum cooling rate for full martensite formation is then reduced to around
25K/s. Raising the boron content above 20 ppm does not provide a further reduction in critical
cooling speed but can lead to excessive formation of complex Fe23(C,B)6 precipitates on the
austenite grain boundary. Adding Mo in combination with B leads to a synergy further reducing the
critical cooling rate to below 20K/s as shown in Figure 4 [4].
Full hard martensitic steel has relatively low toughness at room temperature that further decreases
at low temperatures due to the appearance of brittle failure characteristics (Fig. 5) [5]. In martensitic
steel just like in conventional high strength steel toughness decreases as the carbon content
increases. This is demonstrated in Figure 6 for several hardeness levels (i.e. carbon contents). Yet,
the carbon content in martensite is practically the only significant variable controlling the strength.
Grain refinement or precipitation hardening has only a very small contribution to strength in
contrast to conventional high strength steel. At a given carbon content toughness of martensite can
still be improved by reducing the level of chemical impurities such as nitrogen, phosphorous and
sulfur (Fig. 6) [6]. Phosphorous segregates to the prior austenite grain boundaries where it weakens
grain boundary cohesion thus facilitating crack propagation. Sulfur forms MnS inclusions being
elongated by rolling. Such inclusions also provide a preferred crack path. Nitrogen combines with
titanium to form very hard TiN particles that can act as crack initiation sites especially when they
are large sized. On the other hand, the addition of a small amount of niobium improves toughness
for reasons that will be explained later.

Figure 3 Relationship between carbon content and
strength of martensitic steels (typical commercial
grades are indicated)

Figure 4 Effect of boron microalloying on critical cooling
rate and cross-effect of molybdenum

Figure 5 Toughness of martensitic steel (non-tempered)

Figure 6 Influence of hardness (carbon content) on toughness
of martensite (non-tempered) and effect of impurity level as
well as Nb addition

3. Tempering treatments
As-quenched martensite has limited ductility and toughness. A tempering treatment can improve
these characteristics, however on the expense of strength and only at higher tempering
temperatures. During tempering a number of metallurgical effects take place as indicated in Figure
7. Already at temperatures in the range of 150-200°C effects are noticeable [3]. Medium carbon
steels (C > 0.2%) show strength decrease as precipitation of ε-carbides occurs. The elongation
slightly improves. Low carbon steels (C < 0.2%) are less sensitive with regard to strength loss.
They actually can even exhibit a bake hardening effect. Tempering at temperatures above 200°C
leads to a further rapid decrease in strength (Fig. 8). Precipitation of needle shaped cementite causes
additionally a loss of elongation and toughness (Fig. 9-10) [7]. The effect is known as one-step
temper embrittlement [1]. At higher tempering temperatures cementite is spheroidized and ductility
as well as toughness recover. Of particular interest with regard to the crash behavior is the
minimum-bending radius that can be sustained without splitting. This important property
deteriorates quickly with a tempering treatment reaching the highest value at around 300°C (Fig.
10). Therefore, tempering of martensitic steel for crash relevant automotive components should be
avoided. On the other hand, a typical paint-baking treatment (180°C / 20 minutes) is not critical
regarding the property profile required for good crash performance.

Figure 7 Principal metallurgical effects during tempering
of martensitic steel

Figure 8 Effect of tempering treatments on stress-strain
curve of 22MnB5 grade

Figure 9 Effect of tempering treatments on strength and
elongation of 22MnB5 grade

Figure 10 Effect of tempering treatments on toughness and
minimum bending radius of 22MnB5 grade

4. Microstructural optimization
It is well established that the mechanical properties of steels improve, as the grain size is refined.
This principle is the basis for many of the thermal and thermomechanical processes used in the
making of steel, and is the specific principle used in current research toward advanced high strength
steels that combine excellent strength, toughness and hydrogen resistance at low cost. In martensite
a prior austenite grain contains a very large number of discrete laths of dislocated structure. These
are organized into packets, in which the laths share the same habit plane, and packets are often
subdivided into blocks in which the parallel laths are the same crystallographic variant of the
martensitic transformation. The lath boundaries are low-angle boundaries that do not impose
significant crystallographic discontinuities (Fig. 11). With regard to mechanical properties the
relevant “effective” grain size has to be considered in Hall-Petch type relationships as described in
Figure 12 [8]. Cell boundaries (low-angle) are effective barriers to dislocation movement, thus
determining the yield strength. Intragranular cleavage fracture in lath martensitic steel occurs along
{100} planes that cross many laths within a packet. The crack branches at high-angle packet
boundaries where the orientation of the {100} planes changes. The effective grain size is
accordingly the packet size. Hydrogen embrittlement appears to be a boundary phenomenon in
martensitic steels. During intergranular propagation, hydrogen-induced fracture separates prior
austenite grain boundaries. Given that hydrogen embrittlement is essentially a boundary
phenomenon, it is best overcome by refining to small prior austenite grain size (PAGS).
Intragranular hydrogen induced fracture propagates primarily interfacially along martensite lath

boundaries. The effective grain size in this case is the length of semi-planar boundary segments. In
lath martensitic steels the boundaries extend across the packet, so the effective grain size is the
packet size. Refining the PAGS does not necessarily result in a smaller packet size [9]. On the other
hand, the packet size can never become larger than the PAGS. That means aiming for a particularly
small PAGS is beneficial in terms of structural refinement of the martensite structure. Another
advantage of refining the PAGS is the enhancement of the grain boundary area. In that way
impurities segregating to the grain boundary such as phosphorous are distributed over a larger area
and hence their specific concentration is reduced.

Figure 11 Definition of martensitic microstructure

Figure 12 Influence of effective grain size (deff) on mechanical
properties of martensitic steel

Figure 13 Effect of Nb microalloying on prior
austenite grain size at different austenitizing
temperatures before quenching

Figure 14 Prior austenite grain size in 22MnB5 after
austenitizing at 950°C; left: without Nb microalloying,
right: with Nb microalloying

5. Hydrogen trapping
Diffusible hydrogen is considered to be responsible for hydrogen embrittlement of high strength
steels. The relation between fracture stress and diffusible hydrogen content can be expressed by a
power law [10]. Delayed cracking is markedly accelerated when pre-damage, residual and applied
stress as well as diffusible hydrogen are present in the steel as indicated in Figure 3. Hydrogen
diffuses into the fracture process zone at the tip of an existing defect. Localized concentration of
hydrogen reduces the cohesive lattice strength in the vicinity of the defect. Thereby the local
diffusible hydrogen concentration can be significantly higher than the average content that is often
measured by thermal desorption spectroscopy. The peak value of locally accumulated hydrogen
concentration is related to the difference in hydrostatic stress at a defect site compared to the region
away from the defect. The presence of diffusible hydrogen can manifest itself as an effect on a local
stress or strain criterion for fracture. In the former case, local brittle fracture modes such as
cleavage or intergranular fracture are expected, while for the latter, it will be a more ductile
fracture, requiring large strains manifesting itself most likely by micro-void coalescence. There are

expected to be many common elements of behavior between the two, and further, it is by no means
necessary that the macroscopic fracture modes closely follow in appearance these local events. The
second effect is the accumulation and recombination of hydrogen in the cavity of the defect. The
hydrogen molecule has a low diffusivity and cannot escape from the cavity anymore. Thus internal
pressure is building up adding to the existing stress collective by applied and residual stresses. By
either one or a combination of these hydrogen-induced effects an initially sub-critical stress
collective can thus turn into a super-critical one triggering crack growth. It then depends much on
the microstructure and toughness of the material whether the expanding crack can be arrested.

Figure 15 Initial microstructural defects and mechanism leading to hydrogen induced delayed cracking

The concept of hydrogen trapping bears significant potential with regard to reducing the sensitivity
of steel to hydrogen induced delayed cracking and has been proven useful in a number of
applications. Different microstructures respond differently in presence of hydrogen depending on
the phase constituents and their size, the internal and external stress state, the state of deformation,
the existence of defects as well as the presence, size and shape of precipitates or particles. The traps
themselves are characterized by their binding energy of hydrogen [11, 12-14]. Flat traps with
binding energies of <20 kJ/mol can be discerned from deep traps with binding energies of >50
kJ/mol [9]. Grain boundaries, coherent precipitates, and dislocations form a class of reversible traps,
which can only weakly bind to hydrogen at temperatures of interest. Incoherent precipitates, voids,
etc., are much stronger, irreversible traps. It is the latter type of trap that appears most effective in
modifying susceptibility for delayed cracking in the presence of hydrogen. Both improvement and
degradation are possible depending on the shape, location and specific properties of the irreversible
traps. However, reversible (weak) traps can also play an important role since they may strongly
affect the kinetics of hydrogen transport. In particular, their presence can often reduce susceptibility
by increasing the time necessary to reach some critical local hydrogen concentration [11]. Important
exceptions are mobile dislocations, which carry hydrogen in their core or as Cottrell-type
atmosphere. These mobile traps can transport hydrogen at a much faster rate than by lattice
diffusion, and with a specificity of location that provides an efficient means of rapidly localizing the
hydrogen concentration at strong microstructural traps [15]. If these are local failure centers
embrittlement can be enhanced. There is evidence for the occurrence of this scenario in a number of
alloy systems [16, 17].
Small sized incoherent and homogeneously distributed precipitates are ideal candidates for
irreversible hydrogen trapping. Large, acutely shaped particles located at preferential cracking paths
such as in interlath and prior austenite boundaries not only promote the accumulation of large local

hydrogen concentrations but do so in regions which are often intrinsically more susceptible to
brittleness than their surroundings. Enhanced embrittlement is expected in such cases, and has been
indeed observed, particularly at large non-metallic inclusions [18, 19]. Grabke et al. [12] in detail
investigated the binding energy of various typical carbide and nitride formers as flat traps and deep
traps. The influence of the various carbide and nitride formers on the binding energy is of secondary
importance as can be seen from the data shown in Table 1. However, the compatibility of the
precipitate forming element with the typical thermomechanical and annealing treatments in
automotive sheet production in terms of providing a homogeneous distribution of fine, incoherent
precipitates is a very important consideration.
Table 1 Hydrogen trapping energy of various nitrides and carbides in an iron matrix
Alloy system
Flat traps
(kJ/mol H)
Deep traps
(kJ/mol H)
Alloy system
Flat traps
(kJ/mol H)
Deep traps
(kJ/mol H)

Fe-Zr-N

Fe-Ti-N

Fe-Nb-N

Fe-V-N

Fe-Mo-N

-20.4

-20.7

-18.2

-18.9

-19.3

-56.1

-60.5

-54.9

-56.0

-56.0

Fe-Zr-C

Fe-Ti-C

Fe-Nb-C

Fe-V-C

Fe-Mo-C

-19.9

-20.6

-18.3

-17.2

-13.9

-58.5

-58.5

-56.0

-57.0

-56.5

The specific position where the hydrogen trapping event occurs has been disputed. For a particle
trapping site, the trapping position may be within the particle itself, at the particle–matrix interface
and in the matrix surrounding the particle. For incoherent particles, the trapping position was
reported to be at the matrix–particle interfaces [20]. For coherent particles, the high tensile stress
fields in the matrix surrounding the particle may be more significant in hydrogen trapping
depending on the level of coherency [21]. Hence for both cases the hydrogen trapping capacity is
closely related to the total surface area of particles. Many small particles are favorable above few
large particles. Besides a large particle can attract so much hydrogen that the critical limit may
locally be exceeded.
6. Beneficial effects of Niobium
Obviously there are a large number of possible choices when producing automotive strip, but the
question is whether the microalloying element to be precipitated is compatible to the
rolling/annealing strategy. Titanium tends forming large TiN particles already at very high
temperature, even in the liquid phase, which is detrimental with regard to toughness and HIC. Yet,
super-stoichiometric addition of Ti is necessary to tie up nitrogen and thus to protect boron.
Consequently vanadium can only precipitate as VC. The solubility of VC in austenite is very high
and thus VC particles can only be precipitated after tempering treatment of quenched martensite.
Therefore, from a practical point of view only Nb offers the potential of incoherent particle
precipitation being not too large in size and having a strong hydrogen trapping capability. In
addition, such Nb precipitates are effective in controlling the grain size during rolling and annealing
treatments leading to a refined and homogeneous microstructure.
Depending on the typical carbon content for martensitic steel 0.025 to 0.05% Nb can be brought
into solid solution during reheating at 1250°C (Fig. 16). Most of this solute Nb will precipitate
during hot finish rolling providing austenite conditioning. This one transforms either in a refined
martensite structure upon direct quenching or into a refined ferritic-pearlitic microstructure. The
latter being used in hot stamping processes is reheated to around 950°C and then quenched in the
die. During this treatment the already existing NbC particles do not redissolve (Fig. 16) but provide

pinning restricting the austenite grain growth during the heating cycle. The incoherent NbC
particles also act as hydrogen traps.
A combination of Nb and Al can be used to bind nitrogen instead of Ti to protect boron although
the affinity of Nb of forming nitrides is less strong [22]. The precipitation of Nb(C,N) is occurring
at considerably lower temperature than that of TiN and hence these particles are smaller in size and
less detrimental with regard to crack initiation.
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Figure 16 Equilibrium solubitity of NbC at various carbon
contents

Figure 17 Schematic diagram demonstrating the
suppression of Fe23(C,B)6 formation at grain boundaries

7. Beneficial effects of Molybdenum
The addition of Mo to steels susceptible to phosphorous induced embrittlement is beneficial for two
independent reasons, namely that both the segregation of P and its embrittling effect are reduced.
The segregated Mo increases the intrinsic cohesion of the boundaries, independently of the presence
of phosphorus atoms [23]. Dissolved intergranular Mo inhibits the segregation of phosphorus by
scavenging it in the grain interior, where P may be tied up in the form of Mo-rich phosphides or
Mo-Fe-P clusters [24]. It also appears that, in agreement with the co-segregation theory, the
segregation of Mo is enhanced by that of P through the attractive Mo-P interaction. Even though the
segregation of Mo may occur only in association with the detrimental one of P, molybdenum
unambiguously obstructs grain boundary embrittlement as Mo increases the intrinsic grain
boundary cohesion. Experiments have demonstrated, that Mo addition to Q&T steels reduces
temper embrittlement and also increases the resistance of martensitic steel against stress-corrosion
cracking [23, 25].
Boron and carbon also segregate to the austenite grain boundary and compete with phosphorous for
available sites. In high strength (P-alloyed) IF steels, where no free carbon is available, boron is
thus added to avoid secondary cold work embrittlement by P segregation to the boundary. In
martensitic B-alloyed steels carbon is present in the grain boundary and can form Fe23(C,B)6
precipitates when their local concentration is sufficiently high. This leads to a loss of free boron,
which is then not available to reduce the critical cooling rate. The tying-up of B and C in the grain
boundary also provides free sites that can be occupied by P. Both effects are negative in terms of
crack initiation and propagation. Furthermore, Fe23(C,B)6 precipitates can attract hydrogen to the
grain boundary being a preferred crack propagation site and P simultaneously embrittles the
boundary. It is known however that Mo reduces the diffusivity of C and thus grain boundary
segregation of C is retarded. This also delays the precipitation of Fe23(C,B)6 leaving more free B
available for hardenability. The effect manifests itself as a better hardenability for Mo-B co-added
steels as shown in Figure 4. At higher temperature in the austenite range Mo is assumed forming
Mo-C clusters reducing the mobility of C (Figure 17) [26]. At lower temperatures Mo and Nb may
form carbide precipitates definitely tying up free carbon.

8. Conclusions
Ultra-high strength steels tend to be more sensitive to cracking, yet at a given strength level
microstructural features determine the effective risk of failure.
Tempering treatment of martensitic steel significantly reduces the strength but not necessarily
improves elongation, toughness or bendability. Treatments in the temperature range of 250 to
450°C should be clearly avoided as such properties are deteriorated. The typical automotive paint
baking treatment can be considered harmless.
Clean steel practice with a low level of inclusions as well as impurities (P, S, N) is recommended
for improving toughness and resistance against crack propagation.
Refinement of the martensitic structure is beneficial with regard to toughness, ductile-to-brittle
transition temperature and crack propagation resistance. The key for obtaining these benefits lies in
refining the prior austenite grain size.
Hydrogen trapping by homogeneously distributed incoherent precipitates is a means of improving
the resistance against delayed cracking.
Niobium microalloying to martensitic steel is efficient in refining the prior austenite grain size and
provides stable small-sized precipitates for hydrogen trapping.
Molybdenum alloying enhances the efficiency of boron as hardenability agent and has the potential
to reduce grain boundary embrittlement.
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