Chapter 8 ®)
Tailored Properties oo

Eren Billur and Vladimir Boskovi¢

Abstract Depending on the performance expectations or to facilitate trimming,
improve weldability, a single component may be required to have different local
properties. The so-called tailored parts can be produced by incoming tailored blanks.
Itis also possible to have a standard blank, and can be processed in a hot stamping line
to have tailored properties. The aim of this chapter is to give a better understanding
to the reader about hot stamped parts having tailored properties in body-in-white
applications.

8.1 The Need for Tailored Parts

For automotive applications, the main objectives of the hot stamped components are
improving crashworthiness and saving weight at the same time. Therefore, the real
performance of these parts should be analyzed in crash conditions (i.e., high-strain
impact events) [1, 2].

Generally, ultra high strength (more than 1400 MPa or 200ksi) is achievable with
hot stamping. However, this high strength causes several problems, especially in the
automotive applications:

1. The elongation usually is reduced as the strength improves, which results in
reduction of the energy absorption,

2. Welding of high strength steels to mild steels creates a heat affected zone, and

3. Required loads for both trimming and piercing processes is high due to the high
strength.
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Fig. 8.1 Methods for hot stamping of the parts with tailored properties

To solve these problems, hot stamping parts can be tailored, such that some areas
can be fully hardened (martensite), while other areas can remain soft (ferrite+pearlite
or bainite). Depending on the role of the structural part (carrying either bending or
axial crash load), the best position for the local regions with lower strength and higher
ductility can be designed [2—4].

There are four main ways to obtain parts with tailored properties in hot stamping
process, Fig.8.1:

1. The incoming blank can be tailored, as in the case of Tailor Welded Blanks
(TWBs), Tailor Rolled Blanks (TRBs), and patchwork blanks,
2. Pre hot stamping process (controlling the blank temperature during heating or the
blank cooling rate during transfer),
. During hot stamping process (controlling the quenching rate),
4. Post hot stamping process (by partially tempering the fully hardened part).

W

The next sections will discuss these methods.

8.2 Tailored Blanks

Tailored blanks have been commonly used in the automotive industry to reduce
the components weight, simply by eliminating the need for reinforcement and/or
reducing the blank thickness in low-load areas. Common applications of the tailored
blanks are given in Fig. 8.2 [5].
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Fig. 8.2 Typical applications of tailored blanks in automobiles [5]

These components either require:

1 A heavy load carrying in some portions, as in the case of a door inner where the
areas close to the hinges have to carry more load or

2 An energy absorbing area such as the B-pillar, in which the bottom part should
have higher energy absorption capacity and in the upper part high intrusion resis-
tance is required.

The history of tailored parts, (in this particular case Tailor Welded Blanks, TWBs),
in the automotive industry began in 1985 at Thyssen Stahl AG, Germany. This devel-
opment was necessary for the floor pan of the Audi 100, which was upgraded to a
fully galvanized body to offer 10 years anti-corrosion warranty [6]. At that time,
there were no galvanizing lines to supply the strip at required width. Thus, Thyssen
Stahl AG came up with the idea of producing two individual blanks of same dimen-
sions, thickness and coating; and then laser weld them to required dimensions [7].
Recently, a similar study was done at Fraunhofer IWU for magnesium sheets, where
the required dimensions were obtained by welded sheets [8].

Tailored blanks have long been used in the automotive industry in cold stamping.
Nevertheless, the use of Tailor Welded Blanks (TWBs) and Tailor Rolled Blanks
(TRBs) in hot stamping is a more recent technology.

In the next three subsections, details of TWBs, TRBs, and patchwork blanks are
given, specifically for hot stamping purposes.

8.2.1 Tailor Welded Blanks

In the case of crash-relevant assemblies, a tailored blank enables a targeted energy
absorption in the event of a side or frontal impact while protecting the passenger
compartment. For example, with a side rail, a thinner and/or softer sheet may be



160 E. Billur and V. Boskovié¢

_

Sub-blank Laser Laser Hot
cutting ablation welding stamping

Fig. 8.3 Tailor welded blanks (TWB) may better utilize material and save cost (re-created after
[12, 13])

used to absorb the energy; while a thicker and/or stronger sheet at the rear of the
component prevents it from entering the passenger compartment [9—11].

Tailor welded blanks (TWBs) are made by butt welding between two or more
sheet blanks, and may have:

1. Different thicknesses: where the load carried in the part is not constant, lower
guage materials can be used to save weight.

2. Different alloys: where energy absorption and intrusion resistance is required
within same part (such as a B-pillar in a vehicle).

3. A combination of (1) and (2).

TWBs help weight reduction and they may also reduce cost by:

1. Reducing the number of parts (i.e., reinforcements) in the subassembly,
2. Reducing the number of required tools,
3. Better utilizing of material by reducing scrap, as seen in Fig. 8.3.

Previous generation Audi A4/AS (SOP 2007) was a good example for hot stamped
TWBs. Tailored blanks were supplied by ThyssenKrupp Tailored Blanks. For rear
rail and B-pillar, in which energy absorption was required in some portions, 22MnB5
was welded to HSLA with the same thickness. For tunnel reinforcement, the material
was 22MnBS5 everywhere, but the thickness was reduced in some areas to save weight,
Fig.8.4 [14].

When two 22MnB5 with different thicknesses are welded to form a TWB
(Fig. 8.4a), the properties of weld seam are crucial. Since both base metals have
very high strength after hot stamping (in the order of 1500 MPa (215ksi) UTS), the
weld seam also has to have a similar strength. In other words, the weld seam should
not be the weakest point of the assembly. Several researchers have shown that a
hardness drop occurs in the weld seam area if the contact between the blank and
dies cannot be sustained. In this particular case, the location of the weld seam in
the tailored blank must match to the step in the die, i.e., Ax in Fig. 8.5 should be as
closed as possible to zero. Any misalignment over 4 mm in Ax (~5/32”) may lower
the hardness around the weld zone to approximately 300 HV. For comparison, the
base metal is around 500 HV in the areas contacting the upper and lower dies. [9,
10, 15-17].
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When 22MnBS5 is welded to a low-strength high-ductility steel such as HSLA
340 or materials explained in Sect.4.3 in Chap.4, the main goal is to improve the
energy absorbing of the component. A typical example for such a TWB is B-pillar
(see Fig. 8.4c). The ductile bottom part should absorb the crash energy during a side
impact, at the same time the upper part must be strong enough to prevent penetration
to the passenger compartment. Hardness distribution of such a tailor welded B-pillar
before and after hot stamping process is given in Fig. 8.6 [10, 11, 18].

While designing such a B-pillar. It is important to have a material that can undergo
the same process window with 22MnBS5. So that, furnace temperature, heating time
and cooling rate does not need to be adjusted. HSLA 340 and materials listed in
Sect.4.3 can be used without additional effort. Different properties can be reliably
achieved by hot stamping process and the transition zone can be as narrow as the
width of the weld seam, 1...2mm (0.04...0.08”) [19].

As discussed in Chap. 4, hot stamping blanks could be uncoated, AlSi coated, or
Zn coated. For sheets with AlSi coating, an additional ablation process is done before
welding to remove the coating (Fig. 8.3). If AlSi coated is not removed, aluminum
would dissolve in weld seam and create an intermetallic precipitation, Fig. 8.7. This
would weaken the weldment [9, 11, 15, 20, 21].

Before welding the sub-blanks, the coating (typically AlSi) has to be removed on
both sides so that the weld area is free from aluminum [22]. The width of ablation
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Fig. 8.6 Hardness measurements of a tailor welded B-pillar, before and after hot stamping (re-
created after [10, 17])
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Fig. 8.7 Comparison of direct welded (left) and laser ablated and then welded blanks (right)

is selected such that even with a very wide weld, the weld pool would be safe. The
typical process is “laser ablation”, as shown in Fig. 8.8 [23].

There are two similar but distinct methods of ablation, developed at approximately
same times, one by ArcelorMittal and one by ThyssenKrupp [9, 24]. The “partial
ablation” process is protected by ArcelorMittal patent. In this process, the AlSi layer
is removed from the blank while the intermetallic layer remains, Fig. 8.9a. According
to several studies, the remaining layer would provide protection against corrosion
and decarburization of the steel substrate. In “complete ablation” method, both the
AlSi coating and the intermetallic layer are removed, Fig. 8.9b. The ablation depth
can be adjusted by adjusting laser energy [22, 24-26].

Another possible ablation method is thermal ablation by induction. In this case,
only the near-surface areas of the steel substrate are heated via a high-frequency
electromagnetic field, thereby heating the surface coating and ultimately driving
away the coating by means of Lorentz forces produced by the electromagnetic field
[27]. Experimental studies have shown that only “partial ablation” is possible with
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Fig. 8.9 Schematic diagrams for: a partial ablation, b complete ablation (re-created after [26])

induction method. Since the intermetallic layer cannot be removed, and this layer
would even grow by the thermal influence.

Zn coated blanks may not require an additional ablation process before laser
welding process [28].

According to a study, for energy absorption in a B-pillar, the best method may be
TWB’s. The study showed that hot stamped 22MnB5 would absorb 1, 800J energy
(Fig.8.10a) in a component level testing. On the other hand, a multi-strength (i.e.,
tailor hot stamped with soft zones) hot stamped B-pillar can absorb 2,3007J of energy
(as shown in Fig. 8.10c). The base portion of this B-pillar has a lower tensile strength
(about 600 MPa) than the upper portion (about 1500 MPa). This is achieved by
using a differential heating temperature (for further information about this technique
please see Sect. 8.3.1). The tests showed, however, that the highest energy absorption
could be achieved with a Tailor Welded Blank (TWB), where the base material is
340MPa (Yield Stress) grade HSLA. In this case, the total energy absorbed was
3,3007J (Fig.8.10b) [29]. This is very similar to what Audi was using in the previous
generation A4 (SOP 2008) [30].

One of the earliest studies with DUCTIBOR 500 tailor welded blanks was a
rear rail part, laser welded to USIBOR 1500 (22MnBS5), Fig. 8.11. In this particular
example, the reference part had a monolithic thickness of 2.0 mm, but failed due to
plastic collapse. The proposed part saves 4.1kg (9.0 1bs.) per vehicle, while having
equivalent crash performance [31, 32].
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Fig. 8.10 Component level testing of several B-pillars: a Monolithic (single piece) hot stamped,
b Tailor Welded Blank (TWB) with an HSLA 340 and c tailor tempered (with soft zones) (re-created
after [29])
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Fig. 8.11 Proposed use of tailor welded DUCTIBOR and USIBOR [31, 32]
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Fig. 8.12 Hot stamped tailor welded blanks in 2014 Volvo XC90 (re-created after [33, 34])

Tailor welded blanks with “high elongation hot stamping steels” are increasingly
used in the last years. One such example is second- generation Volvo XC90. As seen
in Fig. 8.12, the car has a total of six TWB components, made by joining AlSi-coated
MBWS500 and MBW 1500 steels. This vehicle’s B-pillars are also tailor rolled (see
Sect.8.2.2) [33, 34].

Utilizing large hot stamped TWB components such as door rings was planned
since 2010. ArcelorMittal had shown its S-in-Motion concept car in EuroCarBody
2010, and introduced the idea of door ring similar to the one as shown in Fig.8.13a
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[35]. Since then, many Tier 1’s and equipment suppliers have prepared their pro-
duction to handle larger components, like door rings and even body sides for trucks
and SUV’s. For example, press makers started offering much larger bolster area
(press bed dimensions) to accommodate larger dies for such panels. Similarly larger
laser trimming machines have been built and offered to accommodate these types of
components [36, 37].

In May 2013, Honda rolled out its Acura MDX model with a hot stamped door
ring for the first time in automotive industry. In this vehicle, blanks with two different
thicknesses (1.2 and 1.6 mm) were welded and hot formed to a final shape as seen in
Fig. 8.13b. By sub-blank nesting optimization, the material utilization was improved
from 53-63% (Fig. 8.13c). This design has improved the crash energy management,
by eliminating spot welds between components and having an uninterrupted load
path. It also saved about 3.1kg (6.8 Ibs.) per vehicle [23]. In July 2014, Acura TLX
was rolled out, which also had hot stamped door ring. However, in Acura TLX, the
door ring was not a TWB, but a single piece with 1.4 mm uniform thickness. This
design saved 4.1kg (91bs.) per vehicle compared to the predecessor model [38, 39].

In 2014, ArcelorMittal introduced S-in motion pickup truck. In this study, inner
and outer reinforcements were designed with laser welded Usibor 1500 steel and were
compared to cold stamped steel versions. Figure 8.14 shows the inner reinforcements.
The hot stamped TWB design had saved 6.60kg (14.61bs.) per vehicle, compared to
cold stamped multi-part design [35].

In the same vehicle, the outer body side reinforcement was also designed with
several different TWB options. Figure 8.15 shows only three of these designs. The
cold-formed solution weighed 17.3 kg, whereas 3 sub-blank version was 15.9kg. The
5 sub-blank weighed 15.6kg. Material utilization in the cold-formed version was
56%, which was improved to 62% in three sub-blanks version and to 70% in five
sub-blanks version [35]. In 2017, the new Chrysler Pacifica was introduced, which
had a five-pieces TWB door ring and a two-pieces TWB B-pillar reinforcement. This
design had saved 8.6kg (19 Ibs.) per vehicle [41, 42].

In 2018, Acura RDX became the first car to have hot stamped inner and outer door
rings. In this design, both rings involve the side sill as well. By using two hot stamped
rings, it was possible to further downgage both layers and save more weight. Another
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Fig. 8.14 “T-bone”, inner reinforcement design: a cold stamped and spot welded four pieces,
b tailor welded (laser welded) blank for hot stamping (re-created after [35])
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Fig. 8.15 Body side reinforcement concepts: a cold-formed four pieces, b two sub-blanks TWB,
¢ five sub-blanks TWB (re-created after [35])

Fig. 8.16 Acura RDX: a schematic of inner and outer door rings, b sub-blanks of inner door ring,
¢ sub-blanks of outer door ring (re-created after [43])

advantage was material utilization, as the inner ring was a TWB of five sub-blanks
and the outer was of 4, as seen in Fig. 8.16 [43].

Recently, studies have been shown that in these TWB designs, 1500 MPa ten-
sile strength steel can be replaced with 1900-2000MPa tensile strength steel;
450-500MPa tensile strength steel can be replaced with 1000-1200 MPa tensile
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Fig. 8.17 Process principle of tailor rolling (courtesy of Mubea TRB GmbH)

strength steel to further downgage the steels [22]. It was estimated an additional
10% weight savings could be realized by this replacement [44].

8.2.2 Tailor Rolled Blanks

Tailor Rolled Blanks (TRB®) are produced by a strip rolling process known as
“flexible” rolling. In tailor rolling process, the roll gap (so, the blank thickness) is
adjustable during production, Fig. 8.17. Thus, a single blank with variable local thick-
nesses can be obtained. TRBs can be an alternative to Tailor Welded Blanks with
different thicknesses. In contrast to a tailor welded blank, the thickness transition
does not occur abruptly, but continuously over an adjustable length [45, 46]. The
achievable transition slope is a function of the rolling speed. Today, the most eco-
nomic transition slope is stated with 1:100, which means 1 mm thickness difference
over a length of 100mm [47].

Car body components using tailor rolled blanks have been used in mass production
since 2001 and have been used in over 150 different applications by today. Tailor
rolled blanks have been used in hot stamping industry since 2006. In only one decade,
more than 50 million parts were hot stamped using tailor rolled blanks. By using
tailor rolled blank, it is possible to optimize in terms of functional improvement
(typically improvement of stiffness) and part integration (or eliminating the need for
reinforcements). Some of the hot stamped TRB applications are listed in Table 8.1
[48-50].

According to a study in 2010, tailor rolled blanks is one of the most promising
methods to save weight, while maintaining the crashworthiness, Fig. 8.18 [50]. Since
2011, Ford is using tailor rolled blanks in Focus and since 2013 in Kuga/Escape. In
Focus, tailor rolled blanks saved about 1.4 kg/vehicle, compared to the B-pillar of sim-
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Table 8.1 Hot stamped TRB applications in various vehicles (this may not be the full list)

SOP Make/Model Hot Stamped TRB Application Reference

2006 BMW X5 B-Pillar, five levels: 1.2-2.2 mm, [51]
saved 4kg (9 1bs.).

2006 Dodge Caliber B-Pillar, four levels: 1.0-1.9mm [50]

2006 Jeep Patriot and Compass B-Pillar, four levels: 1.09—1.95mm [50]

2007 Mercedes C-Class Rear bumper, three levels, saved 2kg | [52]
(4.5 1bs.)

2008 BMW X6 B-Pillar, four levels: 1.2-2.2 mm, [53]
saved 4kg (9 1bs.)

2010 Volvo S60 Cantrail, saved 3kg (6.6 Ibs.). [54]

2011 Audi A6 Heelpiece four levels: 1.0-1.75 mm. [55]

2011 Ford Focus B-Pillar, eight levels: 1.35-2.7 mm, [56]
saved 1.4kg (3 1bs.), Fig.8.19

2012 Audi A3 (and most MQB Heel piece, seven levels: 0.95-1.7mm, | [57, 58]

Platform vehicles) saved 1.1kg (2.5 1bs.).

2012 BMW 3 series B-Pillar, three levels: 2.4-2.9 mm, [59]
saved 1.3kg (3 1bs.).

2012 VW Golf B-Pillar, three levels: saved 4 kg (9 [60]
Ibs.).

2013 Ford Escape / Kuga B-pillar, seven levels: 1.55-2.7 mm, [61]
saved 1.2kg (3 1bs.)

2014 Peugeot 308 Two parts, saved 1.6kg [62]

2014 Renault Twingo B-Pillar, saved 1 kg [63]

2014 Volvo XC90 B-pillar, three levels: 1.7-2.8 mm, [33]
Fig.8.12

2015 BMW 7 B-pillar, 6 levels: 1.3-2.2 mm, saved [64]
2.8kg (6 1bs.), hybrid CFRP, Fig. 8.20

2017 Honda Accord Roof bow, three levels: 1.0-1.6 mm [65]

2017 Subaru Impreza (US) B pillar, eight levels: 1.4-2.75mm [66]

2018 Audi A8 B-pillar, four levels: 1.5-2.0 mm; front | [67]

cross member, three levels:
1.3-1.8 mm

ilar sized C-Max (see Fig. 8.19). In Kuga/Escape, this number is around 1.2 kg/vehicle

[56, 61].

Mubea has developed the tailor rolled B-pillar, which can reduce the need for a
patch-reinforcement, as seen in Fig. 8.20. One problem with such a B-pillar was spot
welding. In a B-pillar assembly, the B-pillar and the closing plate should be welded
to the body side panel, which is typically 0.6-0.7 mm thick mild steel. In such a
condition, there would be three layers to be welded. When the thickest portion of the
blank has to be welded, the thickness ratio would be so high that high-quality spot
welding may not be possible [59, 66]. For this reason, Mubea developed a flange
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technology. In this method, the B-pillar’s flanges are trimmed. The part is laser
welded to the closing plate, and the closing plate itself is spot welded to the body
side panel. By removing some of the flanges, further weight savings can be realized
[69]. Lastly, a tailor rolled hot stamped B-pillar with carbon fiber-reinforced polymer
patch was developed as early as 2013 [70]. A very similar design (hot stamped TRB
and a carbon fiber patch) has been in production at BMW 7 series, commercially
known as carbon core [64].

In tailored rolling, the coating thickness cannot be uniform, as the coating is also
being squeezed [71].

A relatively new technique to produce blanks with tailored thicknesses can be
named as tailor forged blanks. Although not in mass production, at lab scale it was
shown that a blank could be forged to be thinner in the areas of interest [71].

8.2.3 Patchwork Blanks

Patchwork blanks are similar to tailor welded blanks (TWBs). However, in a patch-
work blank, the sub-blanks are not laser butt welded, instead, they are overlapped
and resistance spot welded. As the blank is heated over its austenitizing temperature,
so does the spot welds. Thus the welds are also austenitized and quenched. This
increases the strength of the weld (Fig.8.21a), and can reduce the risk of ruptures
at weld spots (compared to cold stamping). With strong welds, the number of spot
welds can be reduced, resulting in cost savings [50, 72, 73].

Hot stamped patchwork blanks were first used in 2007 Volvo V70’s B-Pillars [75].
In this vehicle (and its derivative XC70), the B-pillar was made of two uncoated sub-
blanks, the main sub-blank being 2.0 mm thick and the patch was 1.4 mm thick. The
sub-blanks were joined with 46 spot welds. [76]. Patchwork hot stamped blanks are
also used in (1) 2007 Fiat 500 B-pillar (2mm main blank + 1 mm patch) [77], (2)
2011 Ford Explorer’s B-pillar (1.3 mm main blank + 1.3 mm patch) [78], (3) A-pillar
of 2014 Subaru WRX [74], (4) rear rail of 2014 Fiat 500X (1.5 mm main blank +
1.5 mm patch, TWB with 1.6 mm ductile boron steel) [79]. A similar rear rail is also
used in Fiat Egea/Tipo and is shown in Fig. 8.21c (courtesy of FCA Turkey).

There are two potential problems with patchwork blanks: (1) corrosion and (2)
weld quality after stamping. Air or moisture may be trapped between the spot welded
blanks and may start corroding both of the blanks from the interior areas, i.e., crevice
corrosion [80, 81]. AlSi-coated steels could be a solution for this problem [50].

Weld quality has to be investigated under two conditions: before and after hot
stamping process. Before hot stamping, the quality control is relatively straightfor-
ward: (1) positions of each spot welds, (2) weld nugget diameter, and (3) presence
of spatters. However, after hot stamping, it is important to make sure that the spot
welds are not: (1) deformed and (2) at the edge of the patch. To avoid such problems,
finite element simulations are typically used to design the patch geometry and weld
spot locations. In some cases, additional spot welds may be applied after hot stamp-
ing [76, 82]. A recent study has found both numerically and experimentally, that by
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Fig. 8.21 Patchwork blanks: a schematic view of a B-pillar, b hardness profile aronud a spot weld,

before and after hot stamping (re-created after [74]), ¢ rear rail of Fiat Egea/Tipo (courtesy of FCA
Turkey)

only four spot welds, it was still possible to have approximately 88% of the peak
force and 82% of the energy absorption [83]. Another relatively recent improvement
in patchwork blanks is to use remote laser spot welding, instead of resistance spot
welding [84]. A patch welded B-pillar assembly with approximately 50 spot welds
can be welded in approximately 23 s, with 2.8 kW laser source [85].

8.3 Tailoring Final Properties

This section explains how uniform blank (having the same thickness and material
composition) can get tailored properties at the end of hot stamping process. The main
idea behind tailoring final properties is to have approximately 100% martensite in
the “hard zones”, and much less martensite in the “soft zones”. According to the
authors, the possibility of “manipulating” the properties of the material can be done
at three different stages:
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Fig. 8.23 Change of final properties of hot stamped blanks, with changing heating temperature
(re-created after [86])

1. Pre process,
2. In-die process, and
3. Post process, as shown in Fig. 8.22.

8.3.1 Tailored Heating (Pre Process)

If a portion of the hot stamping blank is not austenitized, even though it is quenched
very fast, the portion will not transform to martensite. Mechanical characteristics of
a part after hot stamping depends on the heating temperature. To have a fully austen-
itized state, the blank has to be heated to or over approximately 880 °C (1620 °F). If
the partis quenched from this temperature, 22MnB5 steel would have over 1,000 MPa
yield, 1,500 MPa tensile strength (145 and 220ksi, respectively); but approximately
5% total elongation. In contrast, if the blank is heated below austenitization temper-
ature, for example, to 780 °C (1440 °F), the total elongation would be around 10%.
A summary of mechanical properties of a part after quenching from several heating
temperatures is given in Fig. 8.23 [86].

To achieve partial austenitization, local temperature of the blank must be con-
trolled during heating. Producing tailored part by partial austenitization method
saves energy, since less heat energy is applied to the material. There are mainly
two methods to control blank temperature during heating in a roller hearth furnace:
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Fig. 8.25 Using a ceramic insulator, it is possible to control austenitization in the areas of interest
(re-created after [73, 88])

1. By utilizing divided furnaces, typically used by Benteler [50, 87] as shown in
Fig.8.24,

2. By using insulator blocks to reduce the radiation heating in the areas of interest,
used by BMW and Magna [73, 88], Fig.8.25. Currently components with this
method are used in BMW 6 and 4 series Gran Coupe (SOPs 2012 and 2014,
respectively) and BMW 3 Gran Tourer (SOP 2013) [89].

In this technique, the method selected by the hot stampers is not dependent on
the feasibility, but the patents. Heinemann et al., analyzed three relevant patents for
“tailored heating” techniques [91]. A summary is given in Table 8.2.

Fernandez et al., listed the advantages and disadvantages of tailored heating as
[95]:

Advantages:

1. Simple technique,
2. Size of soft zones can be adjusted.

Disadvantages:

1. Large transition zone (25-50 mm),
2. Large spread of material properties,
3. Non-flexible (in the case of divided furnace).
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Table 8.2 Some patents about partial austenitization [91]

Applicant, Year and Summary Disadvantage Reference
Patent number
Benteler, Defines target Only a brief description, cannot | [92]
2000, DE20014361U1 | strength be applied

properties of a

B-pillar
BMW, Two-sided Limited to indirect process, [93]
2009, covering of a large isolation areas
DE102009023195A1 | preformed blank
Voestalpine Using cooled steel | High additional cost of cooling | [94]
Automotive, 2010,/ heat absorber in the extra mass
WO02010109012A1 the furnace

In addition to these, there could be formability issues in the soft zones, which is
colder and in a less ductile state.

Behrens and Hiibner [96] showed a new way of tailored heating using conduction.
As discussed in Sect. 5.1.4, it is not possible to homogeneously heat up the nonuni-
form cross section parts using only one couple of electrodes, Fig. 8.26. To solve this
problem, a set of electrode couples and welding tongues are used in tandem as shown
inFig. 8.27. In this method, E1, E2, E7, and E8 are electrodes, and the rest are welding
tongues. Voltage in Transformers 1, 2, and 3 are controlled independently and thus,
can achieve a temperature distribution of uniform or tailored heating as shown in
Fig. 8.28. The authors also claimed that a conduction heated boron steel has slightly
better elongation properties. Tensile test showed that a conduction heated blank had
7.6% total elongation compared to 6.5% total elongation with furnace heated blank
[96].

8.3.2 Tailored Cooling (In-Die Process)

In the previous subsection, the part was not fully austenitized. In tailored cooling,
the whole blank is austenitized; hard zones are quenched at a high cooling rate (over
27°C/s (49°F/s)) and soft zones are quenched at a lower cooling rate. This can be
achieved by four methods [3, 81, 97]:

1. Using a heated die segments, Fig. 8.29

2. Adjusting tool contact surfaces (i.e., no contact),

3. Using tool materials with different thermal conductivities,

4. Precooling some portion of the blank after fully austenitizing.
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Fig. 8.26 A B-pillar blank cannot be homogenously heated using three electrode couples [96]
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Fig. 8.27 Transformer circuits and electrode/welding tongue assembly [96]

8.3.2.1 Heated Die Segments

The cooling rate of the blank determines the martensite fraction. The cooling rate is
a function of the contact pressure and the temperature gradient (AT). If a segment
of the die is heated (or in sometimes is not cooled efficiently and forms a hot spot),
sections of the part in contact with this area would not have the critical cooling rate.
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Fig. 8.28 Using the method above, it is possible to control the heating and achieve tailored/partial
austenitization [96]
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Fig. 8.29 Heated die segments for tailored cooling: a thermal camera image of a real die (re-created
after [98]), b simulation mesh showing the segments and cooling channels [99]

This method has been in mass production for many vehicles now, including but
not limited to the 1st generation Audi Q5 [100], 1st generation VW Tiguan [72].
These two were the first vehicles to have such components [101]. In addition to these
cars, 2011 Audi A6 [55], 2016 Honda Civic [102], 2016 Ford Fiesta [103], 2016
Audi Q7 [104], 2017 Honda Accord [65], and 2018 Audi A8 [67] are well known
to have soft zones, produced by heated die segments. Honda rear rails are shown in
detail in Sect.8.4.1.

Typically, heated segments could be between 300-550°C (570-1020°F) [105].
A tool segment of over 400 °C (750 °F) would avoid martensitic transformation to
start if kept at the die for a long time. Due to productivity concerns, blanks are not
left in the press for longer than 15s. In this case, the part would be taken out of the
press and “air cooling” would start. In this phase, some martensite may form [99,
105].

By heated tool segments, very narrow (5-25mm wide) transition zone can be
achieved. The system is flexible, by heating segments in the flange or any area of
interest, complicated parts can be produced with relatively little spread of material
properties. However, the die design must compensate for thermal expansion and
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Fig. 8.30 a Conventional hot stamping tool yielding monolithic (uniform) properties, b soft flanges
by adjusting tool contact areas [110]

contraction, which may be costly to maintain in mass production conditions. Due to
these facts, late changes and modifications may be expensive [95, 101, 102, 105-
107].

8.3.2.2 Adjusting Tool Contact Surface

In this method, an air gap is created between the blank and tool in purpose. As,
the thermal contact conductance (k.) (Sect.10.2.4) between the blank and the die
is a function of pressure and gap (see Fig.10.10 in Chap. 10), an air gap would
significantly reduce the cooling rate. The final properties of the soft zone is a function
of distance between the blank and the tool, dimensions of the groove, initial heating
temperature and blank thickness. The method is also known as “die-relief”” method
[81, 99, 108, 109].

The method has two important advantages: (1) a very narrow transition zone (in
the order of 12—15mm width) is achievable and (2) it can be easily implemented to
already formed “indirect hot stamped” components as well [95, 111].

8.3.2.3 Die Segments with Different Thermal Properties

The tool’s thermal conductivity also has an effect on the cooling rate. Typically, high
thermal conductivity tool steels are used for hot stamping. Theoretically, an insert
with low thermal conductivity would also reduce the cooling rate.

Kolleck and Veit had used ceramic inlays in the die, as shown in Fig.8.31. The
first few parts had relative uniform 500 HV hardness. However, after a few cycles, the
ceramic insert’s temperature increased over 200 °C (400 °F) while the steel tools were
still at around 60 °C (140 °F) . The areas contacting this portion was approximately
200 HV, as seen in Fig.8.31c [112].

The method may not be feasible for mass production, as the first few parts are
not in the same strength/elongation level until a “steady-state” is achieved. In real
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Fig. 8.31 a Test tool with inserts from ceramic, b hardness distribution of the first part after
quenching, c after a few cycles [112]

production conditions, the production may require to be halted for any maintenance
or safety reason. As an advantage for the process, it can also be applied to indirect
formed parts.

8.3.2.4 Precooling Before Stamping

Tailored properties can also be achieved by fully austenitizing a blank but then letting
some areas to cool. Note that, Fig. 8.24a differs from Fig. 8.32a. In the former, the
soft zones are never austenitized, in the latter the whole part is austenitized first.

The technique has been mass produced since 2013, in Ford Escape/Kuga. The
rear rail of this vehicle is produced by this method. The soft zone had 400 MPa yield,
550 MPa tensile strength and over 20% total elongation (approximately 60 and 80 ksi
respectively), see Fig. 8.36 [61]. The method may cause large transition zones in the
order of 50-150 mm width [113].

Benteler has been developing a new modular furnace design that can accommodate
this process [87]. Schwartz has developed a “thermal printer”, which can precool the
areas of interest, as shown in Fig. 8.33 [113].
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Fully austenitize the part ) Sustain the temperature CoolingRate (‘Cls) 100 30 20 10 6 3 07 02
first ) Controlled cooling Hardness (HV) 475 474 417 278 232 182 163 150

Fig. 8.32 a Schematic view of precooling, b a sample microstructure evolution
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(b)

Fig. 8.34 Post process annealing can be done by: a induction [2] or b laser [101]
8.3.3 Post Process Annealing

The last method for obtaining tailored properties is to temper the soft zones, after
the part is fully hardened in a conventional hot stamping line. This can be done by
induction or laser, Fig.8.34. A study of induction tempering will be explained in
detail in Sect.8.4.2 [2].

Currently, BMW 3 series (SOP 2012) and X5 (SOP 2013) have induction annealed
B-pillar flanges in mass production. The estimated volume of these cars are approx-
imately 350, 000 and 160, 000 vehicles/year, respectively [59, 89]. Gestamp, a Tier
1 hot stamping supplier is also working on laser tempering in prototype scale. It is
expected that Gestamp will put this technique in mass production [101, 114].

The method is relatively simple and flexible to implement, however may cause
geometric instability and spread of material properties [95, 106].

8.4 Uses of Tailored Properties

Parts with tailored properties may be employed to improve the energy absorption
performance, weld quality or to facilitate trimming/piercing. Next subsections will
investigate how these goals are achieved.
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Fig. 8.35 a Side view of a B-pillar after crash [115], b tailored properties for high elongation and
energy absorption in deformation zone and intrusion resistance in passenger zone [3]

8.4.1 Tailored Properties for Improved Energy Absorption

As shown in Fig. 8.35, in the case of a side impact, the B-pillar should not intrude
into passenger zone. To achieve this and yet to still absorb the energy of the impact,
the upper portion of the B-pillar should resist to intrusion while the bottom portion
most deform to absorb the energy [115].

VW group’s solution to this problem in a chronological order was as follows: (1)
the 2006 VW Passat had a fully hardened B-pillar outer and a tailor welded HSS
inner reinforcement, (2) the 2008 Audi A4/AS had a conventional HSS B-pillar inner
reinforcement and a tailor welded hot stamped outer (see Fig. 8.4c), (3) the 2008 VW
Tiguan/Audi Q5 had a conventional HSS inner and a tailored (partly hardened) hot
stamped outer. Since 2008, several VW Group models also have tailored B-pillar
reinforcement, including but not limited to: 2012 Audi A6 [55], both 2010 and 2018
Audi A8 [67, 116], 2017 Audi Q7 [104].

Tailored B-pillars can be found also in 2014 Mercedes C-Class [117], 2016
BMW X1 (F48) and 5 Series (G30) [89], 2017 Ford Fiesta [103], and 2018 Honda
Accord [65].

Similar approach is also required in the front and rear rails. The outer portions of
these components must absorb the crash energy, while at a certain point the deforma-
tion should be stopped. 2008 Audi Q5 was one of the first vehicles to have tailored rear
rails [100]. In 2013, Ford Escape / Kuga had tailored rear rails as well, Fig. 8.36 [61].

In 2015, Honda and Gestamp together co-developed a new rear rail design. As
shown in Fig. 8.37, the rear rail assembly (composed of a 1.1 mm hot stamped rail
and a 0.8 mm hot stamped cap) would deform and crush as planned by the designers
[118]. The design has been already implemented in 2016 Honda Civic [102] and
2017 Honda Accord [65] and replaces a four-piece assembly which would be at
around 25% heavier [118]. The design eliminated the patches, and thus may save
the initial cost of building four different dies and spot welding all these components.
Gestamp has also shown the feasibility studies of such designed front rails [101].
Currently, front rails produced by hot stamping are tailor welded blanks, where the
energy absorbing areas are stamped from more ductile steel grades [119].
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Fig. 8.36 Rear rails of Ford Escape / Kuga (re-created after [61])

Fig. 8.37 Three-point bend rear rail assembly: a the rear rail and the cap geometry, and the die that
hot stamps the rail, b tempered soft zones are used for deformation control and energy absorbing
[118])

8.4.2 Reduction of Metallurgical Notch Sensitivity

After hot stamping, 22MnB5 steel would have a martensitic microstructure and
hardness in the order of 470-500HV [120, 121]. These parts are often welded to:
(1) other reinforcement pieces and/or (2) the body assembly. In the event of a crash,
the energy absorbed and intrusion resistance are both affected by sheet strength.
Several studies have shown that when fully hardened 22MnBS is spot welded to
another sheet, the heat affected zone may be as soft as 280-350 HV, Fig. 8.38. In the
event of a crash, deformation concentrates around the weld zones, initiate the cracks
and therefore the overall strength of the structure is reduced. Several studies have
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proven that softening the weld flanges to around 300-350 HV range reduces the risk
of crack initiation at the weld nugget. As a result, the total assembly may absorb
more energy [2, 72, 106, 122].

When a fully hardened 22MnBS steel is subjected to tensile test, typically over
950 MPa yield, around 1400-1500 MPa tensile strength and over 5% total elongation
is expected, Fig.8.39a. When a spot weld is introduced to a tensile specimen, the
strength level drops to 1300 MPa level and the total elongation would be around
1.5-2%. The early fracture is observed, because deformation localizes in the heat
affected zone around 1100 MPa stress, and around 1300 MPa fracture is observed
always around the weld nugget, Fig.8.39. It is also important to notice that spot
welding did not change the UTS and elongation values of the tempered specimens
[2, 122].

In a study in Sweden, hot stamped B-pillar reinforcements were drop tower tested
with and without flange tempering before spot welding. When the flanges were at fully
hardened condition, cracks always initiate at the spot welds, Fig. 8.40a. The study
concluded that if the flanges were tempered before spot welding, approximately 30%
more energy could be absorbed [2].
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Fig. 8.40 Three-point drop test results at same energy level: a fully hardened B-pillar, spot welded
along the flanges, b B-pillar with tempered and spot welded flanges [2]

Fig. 8.41 A-pillar assembly A-pillar inner upper

of Volvo XC90 where soft o s
zones are used to improve _— _

the weld quality (re-created

after [33, 34]) Soft zones

A-pillar reinforcement

Soft zones are used in weld areas to increase the welding quality in automotive
industry. A study by BMW has shown that when the upper flange of the B-pillar is
softened, the performance in a pole test is improved significantly [89]. As discussed
earlier, since 2012, at least two different BMW models (F30 3-series and F15 X5)
have soft flanges in their B-pillars for welding purposes [59, 89]. Volvo has shown
that the spot weld strength would be increased by 30% if the weld was applied after
tempering. If the tempering is done after welding, peel load would be increased by
almost 60% [123]. Since 2010, most Volvo models have a soft zone in the A-pillar for
welding quality improvement (including S60, V40, XC90, and S90) [33, 106, 123,
124]. XC90’s A-pillar assembly is shown in Fig.8.41. The soft zone width of the
A-pillar reinforcement is as narrow as 16 mm, whereas the transition zone is 30 mm
wid [101].

In Audi Q7 and Bentley Bentayga, B-pillar has soft flanges and lower piece—the
latter is only for energy absorption. In both vehicles, the body outer side panel is
aluminum, and B-pillar is not spot welded. The soft flanges are used for riveting
[101, 104, 125].
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Fig. 8.42 Soft flange trimming versus full hard trimming: a punch force—stroke comparison, trim-
ming edge tool after b 50 soft flange trimming, ¢ 25 full hard trimming (re-created after [110])

8.4.3 Tailored Properties to Facilitate Trimming and Piercing

As discussed in Sect.7.2 in Chap. 7, trimming and piercing of hot stamped parts are
challenging due to their very high hardness. Currently, using soft zones for trimming
and piercing purposes is still in R&D phase. A numerical study showed that during
trimming of 1.9 mm thick hardened 22MnBS5 steel, the die stresses were in the order
of 2,900 MPa (420ksi). When the flanges were softened using less conductive tool
steels, the die stresses were reduced to 1,700 MPa (245ksi) [126].

In another study, researchers used die relief method to obtain soft flanges,
Fig.8.30. CPM-M4 tools with TiCN coating were used to trim a 15 mm long blank.
Although, the trimming force was only reduced by approximately 18%, the tool sur-
faces were worn/damaged much less with the soft zone trimming. Trimming forces
and the die surface SEM images after 50 trimmings are shown in Fig. 8.42 [110].
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