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Introduction Check for

Eren Billur

Abstract Vehicle manufacturers are under pressure of reducing fuel consumption
and greenhouse gas emissions and still improving safety. One method to reduce the
consumption and emissions is to make the vehicles lighter. Several approaches are
employed to make cars lighter and yet stronger to ensure safety standards:

(1) touse high strength-to-weight ratio materials (higher strength steels, Aluminum,
Magnesium, Carbon Fiber Reinforced Polymers, etc.) and
(2) to reduce the material use wherever possible.

This chapter discusses the material requirements in a car body, steel grades used in
automotive industry and introduces the hot stamping process.

1.1 Material Requirements in a Car Body

A car body has to fulfill a number of performance criteria, such as, carrying the
weight of passengers, useful loads, and car parts in a confined space. However, for
material selection purposes, it is possible to reduce it to four different requirements
[1-3]:

(1) High bending and torsional stiffness (Fig.1.1) for better handling as well as
damping “noise, vibration and harshness” (NVH),

(2) Esthetic outer panels with high dent resistance (Fig. 1.2a),

(3) Deformation/intrusion resistant safety cage to protect the passengers in the event
of a crash (Fig. 1.2b),

(4) Crumple zones to absorb the energy of a crash (Fig. 1.2¢),
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Fig. 1.1 Stiffness of a car body: a bending stiffness, b torsional stiffness [3]

Fig. 1.2 In a car body, several different material properties, such as a dent resistance, b intrusion
resistance, ¢ energy absorption are required in different regions [4, 5]

Also, any component, whether crash relevant or not, has to withstand the loads
induced during the component’s lifetime, without fracturing due to fatigue. Several
components, such as shock towers are subjected to repeated loads.

For bending stiffness, the only material parameter required is Young’s modu-
lIus (E). According to [3], bending stiffness of 1.0-mm-thick steel is equivalent to
1.4-mm-thick aluminum as stiffness is proportional to Et*. For bending stiffness
purposes, aluminum could save 50% weight compared to steel. The yield or tensile
strength of material has no effect on its bending stiffness.

For torsional stiffness, shear modulus (G) is critical, which is a function of Young’s
modulus and Poisson’s ratio. Similar to bending stiffness, 1.0-mm-thick steel has
equivalent torsional stiffness of 1.4-mm-thick aluminum. Thus, aluminum could
save 50% weight [3].

Dent resistance is measured by the force required to form a permanent dent on
the sheet metal. Dent resistance is important for outer panels, as hail, stones, or other
objects (another car’s door, shopping cart, etc.) may deform them. For higher dent
resistance, yield strength is critical. A simple equation for equivalent dent resistance is
shown in Fig. 1.3 [2]. A more detailed formula is given by [1], which takes anisotropy
and work/bake hardening effects into account.

For intrusion resistant crash components, higher in-service yield strength is
required (in-service = initial yield strength + work hardening + bake hardening).

For energy absorbing components, larger area under the stress—strain curve is
required. Thus, elongation and strength are equally important.

Next section discusses different steel grades used in automotive industry.
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Fig. 1.3 Empirical relation between thickness and yield strength for constant dent resistance (re-
created after [2]). See Fig. 1.5 for in-service yield stress of BH180

1.2 Steels in Automotive Industry

Higher strength steels may help reducing the weight by down-gaging (i.e., using
thinner sheets), while keeping the crash performance constant or further improving
it [6]. However, there are several problems associated with using thinner and stronger
sheets:

(1) As the strength is increased, the formability is generally lowered (see Fig. 1.4),
making it harder to design a component without splits in press shop;

(2) As the strength is increased, the sheet will tend to springback more and it is a
challenge to make the part within the tolerances;

(3) Die wear problems are more common with higher strength steels, as the form-
ing/cutting forces/stresses and contact pressures are much higher [7].

Figure 1.4 shows several steels used in automotive industry. As of today, automo-
tive steels are classified into five main groups:

Mild Steels (abbreviated as MS, not to be confused with Martensitic Steels)
(Conventional) High-Strength Steels (abbreviated as HSS)
First-generation Advanced High-Strength Steels (abbreviated as AHSS)
Second-generation Advanced High-Strength Steels

Third-generation Advanced High-Strength Steels

In the later subsections, all these classes are explained in detail.

1.2.1 Mild Steels

Mild steels are generally composed of ferrite only. These steels have a relatively low
tensile strength, typically lower than 280 MPa (40 ksi). Their main advantage is their
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Fig. 1.4 “Banana Curve” shows that higher strength steels have lightweight potential, but limited
formability and hard to control springback

ability to be formed to complex geometries. Total elongation (which is one of the
indicators of formability) of these grades may vary from 25%, all the way up to 50%.
Their r-values (Lankford parameters, an indicator of deep drawability) are over 1.0
and can be as high as 2.5. These steels are sometimes commercially named as Deep
Draw Quality (DDQ) steels, as they can be drawn to deep shapes without fracture.
Mild steels were the dominating material in the car bodies until 1990s [8], but now
their uses are limited to (1) stiffness related components (i.e., floor panels that do not
carry crash loads) and (2) cosmetic parts with complex bending and drawing (outer
panels). This family has two classes:

(1) Mild steels (also called low-carbon or plain carbon steels) have very little alloy-
ing elements.

(2) Interstitial Free (IF) steels have ultra low-carbon resulting with even lower
strength and even higher formability compared to mild steels. They are commer-
cially known as Enhanced Deep Draw Quality (EDDQ). IF steels have r-values
over 1.5, up to 3.0 and total elongation over 40% [9-13].

1.2.2 Conventional High-Strength Steels

Conventional high-strength steels (HSS) use “solid-solution hardening” mechanism
to achieve higher strength levels. Although more types could be listed, in automotive
industry, four classes of HSS are commonly used. These steels are typically named
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. 1.5 Work (strain) and bake hardening of BH180 steel (re-created after [13, 15]). Note that

both work and bake hardening are observed in most other steels as well

with their yield strength values. BH180 for example is a bake hardenable steel with
minimum 180 MPa (26 ksi) yield strength.

(1)

2

3)

Bake Hardenable (BH) steels’ chemistry and processing are designed to take
carbon out of solution during the paint baking cycle. These steels are softer
and more formable in the press shop. Parts with complicated geometry can be
produced with less press force and lower springback. However, once it is welded
to a car body and baked after the painting process (which is a standard process
in car making), the yield strength is increased. BH steels are available from BH
180 level to BH 300 with respect to their yield strength as delivered (180-300
MPa, 2644 ksi). Their tensile strength may be up to 450-480 MPa (65-70 ksi)
level. Once they are formed, they are work hardened just like any other steel.
However, after paint baking cycle, these steels gain an additional 25-45 MPa
(3500-6500 psi) yield strength, as shown in Fig. 1.5. In recent years, BH steels
are used dominantly in doors and closures, as they are very formable and their
dent resistance is improved after paint baking [8, 12—14].

Carbon-Manganese steels (CMn) are simply mild steels solid solution strength-
ened by adding 1.2-1.8% manganese alloying. Although most conventional HSS
are named by their yield strength, CMn steels are named by their ultimate ten-
sile strength. For example, CMn 440 is a carbon-manganese alloyed steel that
has 440 MPa (65 ksi) ultimate tensile strength. These steels could be produced
between 310 and 540 MPa (45-80 ksi) ultimate tensile strength levels. Honda
has been using CMn 440 since 2001 in various body structures [16—19].
High-Strength Low-Alloy (HSLA) steels are CMn steels strengthened by
adding very little amount (micro-alloying) of Titanium, Vanadium or Niobium.
HSLA grades are typically named by their yield strength values. However, some-
times steel makers guarantee the tensile strength value. These steels have yield
strength from 220MPa to 850MPa (32-123), and ultimate tensile strength from
340 MPa to 1000 MPa (50-145 ksi). An HSLA grade with 850 MPa (123 ksi)
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yield and 980 MPa (142 ksi) UTS can still have a total elongation in the order
of 8%. HSLA has been used in automotive industry since 1980s, however they
are being replaced with DP and TRIP grades [10, 13, 20, 21].

High-Strength Interstitial Free (HS-IF) is an ultra low-carbon steel with
C < 30ppm. To increase the strength level, P, Mn, and Si are added. Ti and/or
Nb is also added for grain refinement and stabilizing. These steels are commer-
cially available in Yield Strength levels of 160-300 MPa (23-44 ksi), and UTS
levels of 340-500 MPa (50-73 ksi). r-values of HS-IF steels are between 1.5 and
2.5. Total elongation could be over 35% [9, 13, 19].

1.2.3 Advanced High-Strength Steels: The First Generation

First-generation Advanced High-Strength Steels (AHSS) has martensitic microstruc-
ture with at least one more phase. In automotive industry, five classes of AHSS are
used. AHSS grades are typically named with their tensile strength level.

(D

2

3)

“)

Dual Phase (DP) steels contain ferrite in addition to 5-50 vol.% martensite,
thus they are named as “dual phase”. The amount of martensite determines the
strength of the steel. DP steels typically have better formability compared to
HSLA at similar strength levels. These grades are available from 450 MPa (65
ksi) tensile strength, all the way up to 1400 MPa (203 ksi). DP is currently the
most common AHSS type in the automotive industry [7, 13, 22, 23].
Complex Phase (CP) steels usually have higher formability than DP and contain
bainite in addition to martensite and ferrite. Some retained austenite may also
be present. Micro-alloying of Titanium, Vanadium, and/or Niobium is added to
ensure grain refinement. These grades are commercially available between 600
and 1200 MPa (87 and 174 ksi) tensile strength level. CP steels have better hole
expansion ratio compared to DP steels at same strength level [11-13].
Transformation Induced Plasticity (TRIP) steels contain 10-15% retained
austenite phase. Retained austenite transforms to the strong martensite phase
when deformed, which helps distribution of the strain and increases elongation.
This is called TRIP effect. These steels have higher formability than CP, DP, and
HSLA. TRIP steels currently are available in tensile strengths from 590 to 1,180
MPa (85-171 ksi). These grades are sometimes named as “Retained Austenite”
steels [5, 13, 22].

Martensitic (MART) Steels, (also abbreviated as MS, not to be confused with
mild steels) as the name suggests, are mostly martensitic, with trace amounts of
ferrite and bainite. Martensitic steels are the strongest but least formable steel
grades. Their strength levels can be altered by alloying with carbon (C), man-
ganese (Mn), chromium (Cr), molybdenum (Mo), and boron (B). These steels
are available from 900 to 1,900 MPa (130-275 ksi). Although lower strength
versions could be stamped, these steels are typically roll formed [13, 19].
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Fig. 1.6 Engineering stress—strain comparison of several AHSS, HSS, and mild steel grades. Note
that HSLA 340 is named after its yield stress. The rest of this book is about PHS grades (re-created
after [24])

(5) Press hardened steels (PHS) (also known as hot-formed steel or hot stamped
steel) are considered as first-generation AHSS. Section 1.3 and the rest of this
book discusses PHS grades.

A comparison of engineering stress—strain curves of mild steels with conventional
HSS and first-generation AHSS is given in Fig. 1.6.

1.2.4 Second-Generation AHSS

Second-generation AHSS use TRIP (Transformation Induced Plasticity) and TWIP
(Twinning Induced Plasticity) effects for enhanced formability. TRIP steels (which
are classified as first-generation AHSS) have 10-15% retained austenite to increase
formability, whereas second-generation AHSS consist of almost 100% austenitic
microstructure at delivery. Since austenite is not stable at room temperature in
low alloyed steels, to achieve 100% austenite, high alloying elements are required.
Another strengthening mechanism is called Twinning Induced Plasticity (TWIP)
effect which is found in high-Mn steels, commercially known as TWIP steels.
Second-generation AHSS have very high formability and strength, but their use
in the automotive industry is still limited. This can be attributed to two main factors:

(1) High alloying elements increase the cost of steel and makes it harder to weld.
(2) The material has a tendency for delayed cracking—the parts fracture after they
are formed and stored for a while [22, 25].
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There are two types of second-generation AHSS:

(1) Austenitic Stainless Steels have been commercially available since 1912, long
before the introduction of AHSS [26]. However, due to their ~100% austenitic
structure and high elongation, they are also classified as second-generation
AHSS. In automotive industry, stainless steels are not commonly used in the
car bodies. A few exceptions are: 1981-83 DeLorean DMC-12, several Porsche
models and 2005-2012 Audi A6 (known as C6) [22, 27, 28].

(2) TWIP steels also are 100% austenite at room temperature. However, in these
steels, high Mn alloying (typically over than 15%) causes formation of twins
when the steel is deformed. The twin boundaries act like grain boundaries to
strengthen the steel. These steels typically have more than 60% elongation at a
about 1000MPa (145 ksi) tensile strength level [29]. TWIP steels are available at
900-980 MPa (130-142 ksi) levels, but studies published by several steel makers
have shown the feasibility of TWIP 1180-1250 (170-180 ksi). One steel maker
has shown that it may be possible to produce TWIP 1700 (247 ksi) steel. The
density of TWIP steels is typically lower than other steels and thus could save
some extra weight [13, 22, 30-33]. TWIP steels are already in use in several
Fiat vehicles [34]. Renault’s EOLAB prototype also had some TWIP Steels [35].
Although TWIP steels have not been used extensively in the automotive industry,
according to a survey at the Materials in Car Body Engineering 2012 conference
(May 2012, Bad Nauheim, Germany, sponsored by Automotive Circle Intl.), 87%
of the participants from the automotive industry believed that TWIP steels could
be applied in mass production in select applications with further improvements.

A comparison of engineering stress—strain curves of mild steels with conventional
HSS and first-generation AHSS is given in Fig. 1.7.
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Fig. 1.7 Engineering stress—strain comparison of several second-generation AHSS with DP980.
Note that Nirosta grades are named according to their yield stresses. *DP980 is a first generation
AHSS shown only for comparison (re-created after [8])
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Table 1.1 US/DOE targets for third-generation AHSS [39]

Target # Yield strength Tensile strength | Elongation (%)
Total Uniform
1 >800 MPa >1000 MPa >30 >20
>115ksi >145 ksi
2 >1200 MPa >1500 MPa >25 >8
>175 ksi >215 ksi

1.2.5 Third-Generation AHSS

First-generation Advanced High-Strength Steels (AHSS) have limited formability.
Second-generation AHSS have high strength and are very formable, but they have
high alloying elements. This has increased the cost and reduced the weldability. As
a result, demand has grown for a new generation of steel that has higher formability
compared to first generation, but have less alloying elements than second generation
(see Figs. 1.4 and 1.8). Both EU and US are funding research on these new grades.
US Department of Energy (DOE) had two targets for third-generation AHSS as
summarized in Table 1.1 [36-39]

To achieve these goals, most steelmakers are following one of these three paths
[39-41]:

(1) To improve formability properties of first-generation AHSS. Common ones are:
Enhanced DP, Enhanced TRIP, Modified hot formed (see Chap.4).

(2) To reduce the alloying elements in second-generation AHSS: Medium-Mn or
low-Mn TRIP/TWIP steels, and tensilized stainless steels.

(3) To design a new steel class (chemistry, processing or both). Examples are

Quenching and Partitioning (QP or Q&P) steels, TRIP-aided Bainitic Ferrite
(TBF) steels and NanoSteel (NS).
Several third-generation AHSS have been proposed and developed in the last
few years, but only two classes currently are in series production through several
steelmakers: Q&P and TBF steels. Nanosteel has been only recently produced
in coil-scale [42].

(1) Q&P steels contain carbon, manganese, silicon, nickel, and molybdenum
alloying elements. Depending on the strength level, alloying elements can be as high
as 4%, which is much lower than that of second-generation AHSS, as shown in
Fig. 1.8. During heat treating of Q&P steel, quenching is interrupted before cooling
down martensite finish temperature. Later, the steel is reheated for partitioning. Dur-
ing partitioning, martensite loses its carbon to austenite (see Fig. 1.9) which makes
the austenite stable. After the heat treatment, the steel has 5-12% stable retained
austenite, 20—-40% ferrite, and 50-80% martensite [23, 39].

As of 2017, Q&P steels are commercially available between 980 MPa and 1,180
MPa (142-171 ksi) tensile strength levels. A steelmaker has demonstrated that a
B-pillar reinforcement can be cold-formed using Q&P 1180. Auto/Steel Partnership
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Fig. 1.9 Heat treatment cycle and the microstructural evolution during Q&P process (re-created
after [39, 44])

(A/SP) has also tested Q&P 980 using GM’s B-pillar die, proving that the steel
is more formable and less prone to edge cracking compared to DP 980. Several
automakers in China have adopted Q&P steels in A- and B-pillar reinforcements. At
least one steelmaker is currently working towards commercialization of Q&P 1300
(190 ksi) grade. Researchers have developed steels up to 2,100 MPa (305 ksi) tensile
strength with 9% uniform elongation and about 13% total elongation in lab scale.
The elongation level of this steel is comparable to DP 980, which is a cold-formable
grade [29, 39, 40, 45-48].

(2) TBF steels, alow-alloy steel class similar to Q&P, can be produced by existing
heat treatment facilities. Again, for improved formability, “stable retained austenite”
is its key component. These steels were first developed in Japan in 2000 [49]. These
steels are also named as “Carbide Free Bainitic Steel” (CFB) by other researchers
[50]. Kobe Steel was one of the first to develop and commercialize TBF steels. The
initial studies showed that TBF steels were feasible from 980 MPa to 1,470 MPa
(142-213 ksi) [51]. In 2012, Renault-Nissan group has announced its decision to use
TBF steels in future vehicles [52]. In 2013, Infiniti Q50 was introduced, in which A
and B-pillar reinforcements and cantrail were made of TBF 1180. This was 4% of
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Fig.1.10 Engineering stress—strain curves of several third-generation AHSS. *DP980 and MS1200
are first-generation AHSS shown only for comparison. (re-created after [8, 29, 42])

the mass of the body-in-white [53]. In 2015, Nissan Murano was introduced. This
vehicle had 3% of its body-in-white, composed of TBF 1180 components. Nissan
plans to increase the use of TBF steels to 25% in the future [54]. In September 2014,
ArcelorMittal has introduced FortiForm steel family. Currently, FortiForm 1050 (152
ksi) is commercially available. ArcelorMittal is currently developing 980 and 1,180
MPa (142 and 171 ksi) versions [55] (Fig. 1.10).

1.3 Hot Stamping

Hot stamping (also known as press hardening or hot press forming) is a relatively
new technology which allows ultra high-strength steels (typically 22MnB5) to be
formed into complex shapes. The part is formed in soft condition. By this way, the
material is more formable and requires less force. Thus, springback is reduced as
well. After forming, the part is quenched to gain high strength. A typical hot stamped
part (22MnBS5 steel) has over 1,000 MPa (145 ksi) yield strength and approximately
1,500 MPa (218 ksi) tensile strength [56]. Recently, new steel grades are introduced
to have strength level from 500MPa to 2,000MPa (73 to 290 ksi), as discussed in
Chap. 4 in detail. There are four different methods of hot stamping [57]:

(1) Indirect Process: the blank is formed, trimmed, and pierced in cold condi-
tion (i.e., state @ in Fig. 1.11). It is later heated over its austenitization temperature
(>880°C, >1615°F) and quenched in a die (Fig. 1.12a) to get high strength prop-
erties.

(2) Direct Process: the unformed blank is heated in a furnace, formed in hot
condition (state ® in Fig. 1.11, and as shown in Fig. 1.12), and quenched in the die
to achieve the required properties. For 22MnBS5 steel, if the quenching rate is over
27°C/s (49 °F/s), the part will transform to almost 100% martensite. Typical cycle
times for a direct process is 10-20s.
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Table 1.2 A comparison of direct and indirect hot stamping processes [61]

Direct process Indirect process
Advantages Cost efficient for simple Very complex components can
geometries be produced
Reduced material usage Undercuts and sharp radii
Simpler furnace Very large components can be
produced
Only one die set is required Trimming/Piercing is done in
soft condition
Disadvantages High die wear Cold forming dies are required
Trimming/Piercing is done in | Furnace carriers are required
hard condition (see Sect.5.2)
Cold Heating of  Hot forming to final
Blanking pre-forming pre-form shape & quenching Final part

Fig. 1.14 Hybrid hot stamping: where the deformation is given in two steps (re-created after [63])

Selection of the process depends on part complexity and blank coating (Zn-based
coatings typically require indirect process) (Fig. 1.13). In either method, the blank is
formed in a much softer and formable state and is later hardened between the dies,
which have integrated cooling channels. Table 1.2 summarizes the advantages and
disadvantages of both methods [60—62].

(3) Although not listed in any publication as a separate hot stamping process, a
“hybrid hot stamping” or “two-stage hot stamping” can be listed as well. In pro-
duction of deep drawn parts, such as transmission tunnels, a two-stage hot stamping
process may be required. The preforming is done at cold state, similar to indirect
hot stamping. However, before quenching and hardening the part, it is deformed
significantly in the second forming process. Figures 1.14 and 1.15 show an example
transmission tunnel hot stamped in a two-stage process [63—65].

(4) Recently, a new hot stamping method is proposed for Zn coated blanks: Multi-
step hot stamping. Here, a slightly modified steel is used (not 22MnBS5 but 20MnB8)
[61, 66]. With higher Mn content, the steel can be formed at lower temperatures, and
thus it was possible to make transfer press dies—similar to cold forming. Dies are
heated using electric heaters or hot liquid and maintained over 200 °C (~400 °F).
This new steel grade can be formed at around 570°C (~ 1060 °F) and hardens at air
cooling rates. Gestamp is expected to commercialize this technique in 2017-18 [67,
68]. Details of this steel grade will be investigated in Chap. 4. A typical line is shown
in Fig. 1.16.


http://dx.doi.org/10.1007/978-3-319-98870-2_4

14 E. Billur

Fig. 1.15 A hybrid hot stamping example: transmission tunnel. a shows the heated preform, b is
the final part [63]
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Fig. 1.16 Multistep hot stamping process (re-created after [57, 66, 67])
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