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Abstract: Al-Si-coated boron-alloyed steels are the most widely used press-hardened steels (PHSs),
which offers good oxidation resistance during hot forming due to the presence of the near eutectic
Al-Si coating. In this study, a recently developed novel un-coated oxidation resistant PHS, called
coating-free PHS (CF-PHS), is introduced as an alternative to the commercial Al-Si coated PHSs. With
tailored additions of Cr, Mn, and Si, the new steel demonstrates superior oxidation resistance with
a sub-micron oxide layer after the conventional hot stamping process. Hence, it does not require
shot blasting before the subsequent welding and E-coating process. Two CF-PHS grades have been
developed with ultimate tensile strengths of approximately 1.2 and 1.7 GPa, respectively. Both grades
have a total elongation of 8–9%, exceeding the corresponding Al-Si-coated PHS grades (1.0 GPa/6–7%,
1.5 GPa/6–7%). Furthermore, the bendability of CF-PHS was similar to the corresponding Al-Si PHS
grades. On the other hand, performance evaluations relevant to automotive applications, such as
weldability, the E-coat adhesion, and tailor-welded hot stamp door ring, were also conducted on the
CF-PHS steel to satisfy the requirements of manufacturing.

Keywords: press-hardened steels; mechanical properties; retained austenite; oxidation resistance

1. Introduction

As ultra-high strength structural materials, press-hardened steels (PHSs) are widely
used for automotive body structure components to increase occupant safety and to si-
multaneously reduce mass for improved fuel economy and reduced CO2 emission [1,2].
Currently, commercial PHSs can be mainly divided into bare and Al-Si-coated PHSs ac-
cording to the oxidation problem because their production involves a high-temperature
procedure. When the bared PHSs are exposed to the air at high temperatures, severe oxida-
tion and decarbonization will inevitably occur, which causes a series of problems in the
subsequent processes, such as die wear, extra shot blasting, and difficulty in welding [1,3].
Al-Si coating can be used to prevent the oxidation of bare PHSs at elevated temperatures,
but its production cost is too high due to patent protection, welding difficulties, and re-
ducing the service life of rollers in the furnace [4,5]. Therefore, a new cost-effective way to
improve the oxidation resistance has been explored. In addition, although the final fully
martensite microstructure endows a characteristic ultra-high strength for PHSs, it leads
to poor ductility/toughness. Unfortunately, this combination of mechanical properties
cannot successfully further promote the automobile’s lightweight plan. Based on the above,
a PHS with the combination of good high-temperature oxidation resistance and excellent
mechanical properties has been actively developed.
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The Cr alloying strategy is adopted by some researchers and applied in PHSs with
excellent mechanical properties because Cr is an effective element to improve oxidation
resistance. The first one is directly applying the high Cr stainless steel for the hot stamping
process [6,7]. This not only obtains good oxidation resistance and does not need any
coating, but also has excellent mechanical properties due to the transformation-induced
plasticity (TRIP) effect. The other approach is to add only considerable quantities of Cr
to medium-Mn steel with low austenitization temperature for hot stamping [8]. Utilizing
the low heating temperature, combined with the Cr addition, can effectively reduce the
oxidation rate. Moreover, based on the medium-Mn, steel has a lower martensite start
(Ms) temperature, and C partitioning stabilizes untransformed austenite during the baking
process [9,10]. The new Cr-alloyed medium-Mn steel has better tensile properties and
great oxidation resistance after press hardening compared with the bare 22MnB5 PHS.
Unfortunately, these PHSs are relatively expensive and have poor welding performance
owing to the high alloying of Cr (~12–20 wt.%) or Mn (~5–10 wt.%), these PHSs have
limited progress in industrial practice and commercial applications.

Based on the above research, the alloy content needs to be strictly controlled to improve
welding performance and reduce the production cost of PHS. It has been demonstrated
that adding an appropriate amount of Cr and Si can effectively improve high-temperature
oxidation performance. There are two main reasons, the first one is that Si has stronger O
affinity and higher thermal stability at elevated temperatures, which can form dense SiO2
or SiO2 and Fe2SiO4 [11,12]. The second one is that Si reduces the critical Cr content for the
formation of a protective C2O3 [13–15]. These stable passive layers as diffusion barriers can
be used to effectively inhibit the outward transport of metal ions and the inward transport
of O. Moreover, some researchers [16,17] reported that Mn addition has a positive effect on
high-temperature oxidation resistance compared to Mn-free alloys.

Beside oxidation resistance, tailoring Cr and Si addition can also enable the forma-
tion of beneficial retained austenite (RA), which can improve mechanical performance
significantly via its TRIP effect [18,19]. During hot forming, auto-tempering of martensite
takes place during quenching from Ms temperature to room temperature which remarkably
reduces the cooling rate, so carbon can diffuse from martensite into adjacent austenite and
stabilize it. This process is called dynamic carbon partitioning [20–22]. In traditional PHS,
C partitions to austenite are not enough as most of the C will precipitate as cementite. Si
addition can suppress cementite precipitation and promote the C dynamic partition during
hot stamping [23]. As an austenite-stabilizing element, the addition of Cr can further
increase the amount of RA during quenching [21]. Meanwhile, Cr can also reduce the
diffusivity of carbon in austenite, which may slow austenite decomposition kinetics [24].
Furthermore, the synergetic effect of the Si and Cr in promoting greater RA retention is also
reported [25].

Therefore, the synergistic addition of Cr, Si, and Mn should be considered when
designing the composition of PHS. However, this idea has not been widely reported. In
this study, two oxidation resistant coating-free PHSs (CF-PHSs) with tailored addition
of Cr, Si and Mn have been developed with ultimate tensile strengths of approximately
1.2 and 1.7 GPa, respectively. Unlike Al-Si-coated PHS, direct laser welding of the 1.2
and 1.7 GPa CF-PHSs is able to produce tailor-welded blanks with excellent mechanical
properties after hot forming. The oxidation resistance, microstructure, tensile properties,
laser weldability, component three-point bending performances, and the high-temperature
oxidation at component level of CF-PHS are evaluated and compared to existing bare or
Al-Si-coated PHSs.

2. Experimental Procedures
2.1. Materials

The compositions of CF-PHS of 1.2 and 1.7 GPa grades are listed in Table 1, in which
the commercial Al-Si-coated PHS grades of 1.0 GPa (Ductibor 1000) and 1.5 GPa (WA 1500)
are also listed as comparison. The main difference in compositions of CF-PHS grades is
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the C level. B and Ti are not added in the two CF-PHS grades since the hardenability is
remarkably enhanced by the addition of Cr. To enable a global footprint, we collaborated
with two steel makers in China and two steel makers in the US. All four steel makers
successfully completed industry trials (>100 ton for each trial) of CF-PHS with 1.7 GPa
tensile strength by either integrated or mini mill process. Regarding the CF-PHS with
1.2 GPa tensile strength, it was produced at a laboratory scale. The ingot was fabricated by
a vacuum induction melting furnace and it was forged and cut into slabs with sectional
dimensions of 150 × 120 mm. Subsequently, the slab was heated to 1200 ◦C for 6 h, and
hot-rolled to 1.9 mm thickness with 7 passes. Finally, the plates were air-cooled to 650 ◦C
and furnace cooling to room temperature for coiling simulation.

Table 1. Compositions of the designed and reference steels (wt.%).

Steel Grade C Mn Cr Si Nb B Ti Fe

1.2 GPa CF-PHS 0.08 1.5–2.5 ≤2.5 ≤1.5 0.025 - - Bal.
1.7 GPa CF-PHS 0.20 0.8–1.4 ≤2.5 ≤2.5 0.025 - - Bal.

1.0 GPa Al-Si coated PHS 0.10 1.80 - 0.30 0.04 0.003 0.02 Bal.
1.5 GPa Al-Si coated PHS 0.23 1.2 0.16 0.22 - 0.005 0.04 Bal.

2.2. Hot Forming Process

To reasonably design the austenitization temperature for the hot stamping process,
the critical phase transformation temperatures, such as the austenite end transformation
temperature (Ac3), martensite start temperature (Ms), and martensite finish temperature
(Mf), were measured using a DIL805 A/D dilatometer. Specimens with dimensions of
1.4 mm × 10 mm × 4 mm were heated at 10 ◦C/s to 950 ◦C and held for 360 s, then cooled
to room temperature at a cooling rate of 50 ◦C/s. The phase transformation temperatures of
CF-PHSs are shown in Figure 1. The Ac3, Ms, and Mf temperatures of 1.2 GPa CF-PHS were
893, 445, and 260 ◦C, respectively. The Ac3, Ms, and Mf temperatures of 1.7 GPa CF-PHS
were 879, 393, and 218 ◦C, respectively.
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Figure 1. Dilatometric curves of CF-PHSs with (a) 1.2 GPa and (b) 1.7 GPa.

The schematic of industrial hot stamping and subsequent baking process are shown in
Figure 2. The CF-PHS blanks with a thickness of approximately 1.9 mm were sheared from
either the industry coils (1.7 GPa) or blanks from a laboratory heat (1.2 GPa). Then, they
were subjected to austenitization at 930 ◦C for 6 min in a furnace with N2, followed by die
quenching with 4 MPa contact pressure, and finally baked at 170 ◦C for 20 min to simulate
paint baking process.
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2.3. Microstructural Analyses and Mechanical Test

Oxide layers and microstructures were characterized by a field emission scanning
electron microscope (FEG-SEM, Zeiss, Auriga Compact) with energy dispersive X-ray spec-
troscopy (EDS). SEM samples of microstructural observation were prepared by mechanical
polish and etching with a solution of 4% nitric acid in ethanol. For preparing the oxide
scale samples, the sample surfaces were protected by Al foil. The RA and prior austenite
grain size (PAGS) were examined using electron backscatter diffraction (EBSD, Oxford) at
20 kV with a step size of 0.023 µm. The EBSD samples were prepared by electro-polished
using a solution of 8.5% perchloric acid in ethanol. The PAGS was reconstructed by grain
boundaries (between 15◦ and 60◦) [26,27]. The equivalent PAGS was measured by the
standard linear intercept method. The volume fraction of RA was measured from the
diffraction intensity obtained by the X-ray diffraction (XRD, Bruker) with Co-Kα radiation.
The amount of RA was calculated using the follow equation [28]:

Vγ =
1.4Iγ

Iα + 1.4Iγ
(1)

where Vγ is the volume fraction of RA, Iγ and Iα are the average integral intensity of the
austenite and martensite peaks, respectively. The average integral intensity of the (200)γ,
(220)γ, and (311)γ peaks was used to calculate the RA fraction.

The mechanical properties were assessed by uniaxial tensile tests f based on the ASTM
E8 standard and by the instrumented three-point bending per VDA 238-100 [29]. All
samples were prepared by electrical discharge machining (EDM). To eliminate the effect
of oxide scale and decarburization layer, tensile and bending samples of CF-PHSs are
grounded from 1.9 mm to 1.4 mm in thickness. Meanwhile, 1.4 mm thick samples of
Al-Si-coated PHSs were used for performance comparison. All the tensile samples had the
same dimension of 1.4 mm in thickness, 50 mm in gauge length, and 12.5 mm in width, with
the longitudinal direction parallel to the sheet rolling direction. Tensile tests were carried
out on an Instron 5984 test frame at an initial strain rate of 0.001/s. The bending angle
is calculated by the punch displacement, when the maximum punch load is reached and
unloaded. The experimental tool is mainly composed of two support rollers and indenters,
of which the diameter of the support roller is 30 mm and the radius of the punch is 0.4 mm.
Bending was conducted at a punch speed of 20 mm/min, with sample’s rolling direction
perpendicular to the bending axis to ensure the principal bending stress was along the sheet
rolling direction. Component level quasi-static three-point bending tests were conducted
on hot stamped prototype 1.9 mm thick door impact beams produced in a production line
for 1.7 GPa coating-free PHS (1.86 mm) and 1.5 GPa Al-Si (1.90 mm)-coated PHS. Figure 3
shows the schematic diagram of part bending test. A semi-cylindrical punch with a radius
of 152.4 mm was used to apply load on the top face of the door impact beam at a rate of
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15 mm/min via displacement control. The distance between the two supports was 550 mm.
Both punch force and displacement were digitally recorded at a sampling rate of 100 Hz.
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3. Results and Discussion
3.1. Oxide Scale

Figure 4 shows the cross-section morphology of oxide layers and corresponding to
distribution of elements for coating-free and conventional PHSs under SEM combined
with EDS. The high-temperature oxidation resistance of CF-PHSs and conventional PHSs
exhibit significant differences. The oxide thickness of 1.2 and 1.7 GPa CF-PHSs was only
several hundred of nanometers on the surface, while the commercial bare PHSs have
approximately ten microns in thickness for oxide scale. In addition, the oxide layers of
CF-PHSs were denser than those of commercial bare PHSs. EDS mapping shows that the
oxides of CF-PHSs were enriched with Cr and Mn. Surprisingly, the Si-rich oxide was
not detected, which may be relatively small. However, the enrichment of Si in oxide scale
was found by EDS point, as shown in Figure 4c. In contrast, the oxide layers showed no
enrichment of Cr, Si, and Mn in commercial bare PHS. These results prove that Cr, Si, and
Mn can diffuse to the surface and combine with oxygen to form a very dense and thin
oxide, which prevents the further oxidation of the steel substrate.
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bare PHS, (e) 1.5 GPa bare PHS, (f) EDS point of oxide layers for 1.5 GPa Al-Si bare PHS.
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To get further insight into the composition of the oxide scales, identification of each
oxide type in the scale is required. Here, the 1.7 GPa CF-PHS and 1.5 GPa bare PHS are
taken as the representative for research. Figure 5 shows the diffraction spectrum of surface
oxides formed on 1.7 GPa CF-PHS and 1.5 Gpa bare PHS. The Fe2O3 (JCPDS card no.
16-0653 and 21-0920) and Fe3O4 (JCPDS card no.89-0688 and 77-1545) phases were observed
on both 1.5 GPa bare PHS and 1.7 GPa CF-PHS. However, oxides containing Cr, Mn, and
Si in 1.7 GPa CF-PHS were not detected. which may be caused by the low amount or the
signal being weaker compared to the other oxides. Therefore, further work will use more
refined characterization for detection.
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Figure 5. Diffraction pattern of 1.7 GPa coating-free steel and 1.5 GPa bare steel after oxidizing at
930 ◦C for 340 s.

3.2. Microstructure

Figure 6 shows the microstructural characteristics of CF-PHSs and reference PHSs. The
microstructure of all PHSs is fully martensite, while the 1.7 GPa CF-PHS has some dispersed
Cr-enriched carbide since the addition of Cr and medium C content. In the 1.2 GPa CF-PHS,
the carbides are difficult to detect. This is probably due to: (a) the low carbon level limiting
the amount of carbides formation; (b) the laboratory scale production not being able to
effectively simulate the slow cooling process after the coiling of hot rolled coils, which
allows sufficient time for carbide precipitation. The prior austenite grain structures of all
PHSs are shown in Figure 6a,d,j,g. The average prior austenite grain size (PAGS) of the
1.2 GPa and 1.7 GPa CF-PHS were approximately 15.2 and 5.7 µm, respectively. The large
PAGS of the 1.2 GPa grade is mainly attributed to the insufficient amount of Cr carbides
and Nb carbides which provide grain boundary pinning during austenitization [30–33]. It
has a similar PAGS with the 1.0 GPa Al-Si-coated PHS without carbide (~13 µm) under the
same hot stamping condition. The carbides in 1.7 GPa CF-PHS have a significant effect on
grain refinement. RA was found in both CF-PHS compared with conventional PHSs, as
indicated by Figure 3c,f, due to the tailored addition of Cr and Si. Si addition can prohibit
the formation of cementite during die quench. The addition of Cr increases the local carbon
enrichment in the interface of austenite and martensite. Thus, the dynamic partitioning of
carbon can be effectively improved and RA can be stabilized during die quenching process.
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(i,l) EBSD mappings of the 1.0 and 1.5 GPa Al-Si-coated PHS, respectively. RA and martensite were
marked by green and red color, respectively.

To further confirm the volume fraction of RA in investigated and reference PHSs, XRD
was used for measurement. Figure 7 shows the XRD diffraction pattern for all PHSs. The
austenite content of both CF-PHSs is approximately 4–5 vol.% according to XRD results.
However, there is no austenite peak detected in 1.0 and 1.5 GPa Al-Si-coated PHSs, which
indicates that there is no RA in their microstructure.

3.3. Tensile Properties and Bending Performance

The tensile properties of CF-PHSs and Al-Si-coated PHSs are presented in Figure 8a,
and the results of the tensile properties are summarized in Table 2. CF-PHSs have not only
higher ultimate tensile strength (1.73 GPa vs. 1.55 GPa, 1.23 GPa vs. 1.08 GPa) but also
better ductility (8.5% vs. 6.5%, 8.5% vs. 6.2%) than Al-Si-coated PHSs at their corresponding
strength levels. The higher ultimate tensile strength could be mainly attributed to the solid
solution strengthening effect of Si [23] and grain refinement [34], while the higher ductility
is mainly contributed by the presence of RA through the TRIP effect during deformation,
and the fine PAGS only has a slight improvement in ductility [21]. For automotive body-
in-white applications, a tensile property is only one of the required mechanical properties.
Bending performance is also a factor of great importance, since fracture of body structural
components most likely first occurs under deformation modes that are close to bending
during a crash event. The bending performance of the CF-PHSs and Al-Si-coated PHSs
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was evaluated at coupon level per VDA 238-100, and the results are shown in Figure 8b.
Even at a 30.0% higher peak force (11,844 N vs. 9112 N), the bending angle of the 1.7 GPa
CF-PHS (60◦) was still similar to that of the Al-Si-coated PHS (57◦) with a 1.5 GPa tensile
strength. Regarding the 1.2 GPa CF-PHS, its bending angle (79◦) is lower than the (88◦),
but its peak force (9104 N vs. 7015 N) is 29.9% higher than that of the 1.0 GPa Al-Si-coated
PHS. The 1.2 GPa CF-PHS coupons were taken from a laboratory scale hot rolled blanks,
and it is expected that the bending performance will further be improved when this steel
was made by production scale equipment.
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Table 2. Mechanical properties of CF-PHSs and commercial Al-Si PHS.

Steel UTS (MPa) TEL (%) Peak Force (N) Bending Angle (◦)

1.2 GPa CF-PHS 1236 ± 6 8.4 ± 0.5 9104 ± 53 79 ± 1.2
1.7 GPa CF-PHS 1731 ± 8 8.5 ± 0.4 11,844 ± 87 60 ± 0.6

1.0 GPa Al-Si-coated PHS 1086 ± 4 6.5 ± 0.3 7015 ± 68 88 ± 0.5
1.5 GPa Al-Si-coated PHS 1552 ± 6 6.2 ± 0.5 9112 ± 82 57 ± 0.9

3.4. Tailored Laser Welding and E-Coat Adhesion Performance

Without use of a filler wire or laser ablation, direct laser welding was also carried
out for CF-PHS with the combination of 1.7 GPa/1.7 GPa and 1.7 GPa/1.2 GPa. The
1.7 GPa and 1.2 GPa CF-PHS blanks have the same thickness (~1.83 mm). Their tensile
performances after hot forming are shown in Figure 9. After the tensile test, all the samples
were fractured in the base materials, indicating a good weld seam performance.

Metals 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 8. Tensile (a) and bending (b) performances of the investigated PHSs and reference PHSs. 

Table 2. Mechanical properties of CF-PHSs and commercial Al-Si PHS. 

Steel UTS (MPa) TEL (%) Peak Force (N) Bending Angle (°) 
1.2 GPa CF-PHS 1236 ± 6 8.4 ± 0.5 9104 ± 53 79 ± 1.2 
1.7 GPa CF-PHS 1731 ± 8 8.5 ± 0.4 1,1844 ± 87 60 ± 0.6 

1.0 GPa Al-Si-coated PHS 1086 ± 4 6.5 ± 0.3 7015 ± 68 88 ± 0.5 
1.5 GPa Al-Si-coated PHS 1552 ± 6 6.2 ± 0.5 9112 ± 82 57 ± 0.9 

3.4. Tailored Laser Welding and E-Coat Adhesion Performance 
Without use of a filler wire or laser ablation, direct laser welding was also carried out 

for CF-PHS with the combination of 1.7 GPa/1.7 GPa and 1.7 GPa/1.2 GPa. The 1.7 GPa 
and 1.2 GPa CF-PHS blanks have the same thickness (~1.83 mm). Their tensile perfor-
mances after hot forming are shown in Figure 9. After the tensile test, all the samples were 
fractured in the base materials, indicating a good weld seam performance. 

 
Figure 9. Tensile properties of tailor-welded CF-PHS with the combination of 1.7 GPa/1.7 GPa and 
1.7 GPa/1.2 GPa after hot forming. All the samples broke in the base metal after tensile tests. 

To evaluate the E-coat adhesion,1.5 GPa bare PHS after shot blasting, 1.5 GPa Al-Si 
coated PHS, and 1.7 GPa CF-PHS without shot blasting were first phosphated and then 
E-coated. Figure 10 shows the macroscopic morphology of these PHSs subjected to stone 

Figure 9. Tensile properties of tailor-welded CF-PHS with the combination of 1.7 GPa/1.7 GPa and
1.7 GPa/1.2 GPa after hot forming. All the samples broke in the base metal after tensile tests.

To evaluate the E-coat adhesion,1.5 GPa bare PHS after shot blasting, 1.5 GPa Al-Si
coated PHS, and 1.7 GPa CF-PHS without shot blasting were first phosphated and then
E-coated. Figure 10 shows the macroscopic morphology of these PHSs subjected to stone
chip and tap adhesion testing. Coating adhesion was evaluated according to the stone
chip testing standard (GMW14700) and tape adhesion testing standard (GMW14829). The
results showed similar performance between all three materials in both the stone ship and
tap adhesion tests, indicating a good adhesion of CF-PHS can be achieved with an ultrathin
surface oxide.

3.5. Mechanical Properties and High-Temperature Oxidation of Components Level

Component level three-point bending tests were also conducted using a prototype
hot stamped door impact beam of 1.83 mm thickness. The 1.90 mm 1.5 GPa Al-Si coated
PHS was used for comparison. As shown in Figure 11, the 1.7 GPa CF-PHS (31.6 kN @
25.8 mm) has both a higher peak force and a larger displacement at peak load than that
of the regular Al-Si-coated PHS 1.5 GPa (29.3 kN @ 24.3 mm). The excellent component
performance agrees well with coupon-level tensile and bending performances. CF-PHS
even at a lower thickness has a much higher energy absorption capability (represented by
the product of the peak load and displacement at peak load), about 10.9% higher than the



Metals 2023, 13, 489 10 of 13

Al-Si-coated PHS. Therefore, a combination of high strength and good toughness in the
CF-PHS leads to an excellent energy absorption capability at component level. Therefore,
potential light-weighting opportunities exist by replacing the commercial Al-Si coated
PHS with the CF-PHS by down-gaging components while maintaining the same energy
absorption capability.
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Tailor hot stamped laser-welded door ring is one of the most promising methods to
save weight, while maintaining crashworthiness. Therefore, a reduced version (3:4 ratio) of
an automobile integrated welding door ring was designed for hot stamping. The whole
door ring materials were welded for coating-free with a combination of 1.7 GPa/1.7 GPa
and 1.7 GPa/1.2 GPa, while the Al-Si coated PHS with a combination of 1.5 GPa/1.5 GPa
for comparison. Figure 12 shows the macroscopic morphology, the thickness of scale oxide,
and microstructure of laser-welded blank door ring after hot forming for CF-PHSs and
1.5 GPa bare PHS. It can be seen that the macro surfaces of 1.5 GPa bare PHS and CF-PHSs
show significant differences. Compared with 1.5 GPa bare PHS (the thickness of oxide
scale, ~13 µm), the surface quality of the integrated door ring formed by hot forming
without coating was excellent, and the thickness of the oxide scale was only 200–300 nm.
In addition, the ferrite and bainite microstructure were found in CF-PHSs, which indicates
that they have low critical cooling rates.
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Figure 12. Tailor-welded blanks after hot forming of (a) bare PHS with 1.5 GPa/1.5 GPa and CF-PHSs
with (b) 1.7 GPa/1.7 GPa and (c) 1.7 GPa/1.2 GPa.

4. Summary

In this work, the novel oxidation-resistant CF-PHSs with 1.2 and 1.7 GPa tensile strengths
were developed. The tensile properties, bending performance, and high-temperature oxidation
resistance subjected to hot stamping were investigated. In addition, the performance tests of
component level were also conducted, such as laser weldability, E-coat adhesion properties,
mechanical properties, and oxidation resistance. The conclusions are as follows:

1. The tailored Cr, Si, and Mn promote the formation of Cr- and Si-enriched dense
surface oxide, leading to an excellent oxidation resistance at high temperatures.

2. A primarily martensitic with retained austenite is found in both 1.2 and 1.7 GPa
CF-PHS grades after the conventional hot stamping process since the tailored Cr and
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Si addition promotes the carbon partitioning from martensite to austenite during
die quenching. The featured microstructure results in excellent tensile and bending
performances at both coupon and component levels.

3. Initial laser welding results indicated that direct laser welding can be applied for
tailored-welded blank application without using filler wire and/or laser ablation,
both of which are currently adopted for the laser welding of Al-Si-coated PHS.

4. CF-PHS with an ultra-thin surface oxide has sufficient E-coat adhesion compared to
the existing counterparts based on the cross hatch and stone chip testing.
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