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Decarburization and oxidation occur during production of press hardening steels (PHS) used in automotive. The-
refore, coatings are applied on the steel surface to prevent this. The most common Zn coatings have not been
processable by available direct hot stamping technology ordinarily used to produce the PHS and have been repla-
ced by Al-Si coatings. However, the Al-Si coatings have a negative impact on joining technologies and further
processing. Recently, the modification of direct hot stamping, which enables process the PHS with Zn coatings,
was introduced. We investigated the microstructure, phase composition and distribution of particular phases
(SEM-EDS, XRD), as well as micro-hardness of the Zn coated PHS prepared by the modified direct hot stamping.
The PHS revealed the coating with 25 £ 3 pm thickness and continuous interface consisting of a-Fe(Zn) solid
solution, I' and I'1 intermetallic phases and zinc oxides enriched with manganese. The thorough description of the
material is important in development of further processing steps such as joining technologies and corrosion re-

sistance.
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1 Introduction

There is a constant effort on safetiness and lowering
fuel consumption in automotive industry due to CO; lim-
its. This leads to the development and utilization of mate-
rials with higher strength enabling sheets thinning at the
same time. The press hardening steels (PHS) make this
goal feasible. They find applications mostly in safety
components such as A-pillar, B-pillar, bumper etc. (Fig.
1). Nevertheless, by introducing the PHS into the indus-
try, the issue of the coatings, which provide stable pro-
cessing and sufficient corrosion protection, is still a big
challenge [1-3].

Two methods of processing, which are ordinarily used
in the industry, were designed: (i) the direct hot stamping
(Fig. 2a) and (ii) the indirect hot stamping (Fig. 2b). Dur-
ing the direct hot stamping (i), the steel sheet is heated up
to the austenitizing temperature (~ 900 °C) and subse-
quently transformed into the water-cooled press, where
the sheet is pressed and quenched in single step. The mar-
tensitic microstructure reaching strength up to 2000 MPa
results from original ferritic/pearlitic steel. However, the
PHS suffer from decarburization and oxidation of the sur-
face during the austenitization. Hence, coatings are ap-
plied on the steel surface to prevent this. The most com-
mon Zn coatings cannot be used due to the high tempera-
tures leading to the liquid metal embrittlement [4, 5].
Therefore, the Zn coatings have been replaced by Al-Si
coatings, which provide sufficient protection against oxi-
dation and decarburization during heating and pressing
[1]. Although, the microstructure and phase composition
of the Al-Si coatings can significantly differ and contain
brittle Al-Fe-Si intermetallics. This is caused by high de-
pendence of phase composition on heating conditions.
They also do not provide such effective cathodic protec-
tion and have worse formability resulting in micro-cracks
formation compared to the Zn coatings [6-8]. The indirect
hot stamping (ii) involves additional step, cold pressing,

which precedes the austenitization. After heating, the
steel sheet is then only subjected to quenching and cali-
bration in the press. Although this method allows pro-
cessing of the PHS with Zn coatings, it is more compli-
cated and expensive [1, 9].

Fig. 1 Press hardening steels in car body marked with
red and orange colour [10].

Hence, considerable efforts have been devoted to the
development of new technologies capable of processing
the Zn coatings by the direct hot stamping. T. Kurz et al.
[12] reported the modified direct hot stamping, which en-
ables process the Zn coated PHS. The modification of the
process eliminates the liquid metal embrittlement leading
to the cracking of the coating and steel substrate during
the hot stamping. The considerable reduction of micro-
cracks due to the decreasing stamping temperature was
also observed in [13]. These findings indicate important
breakthrough in the field of press hardening steels, and
therefore the thorough study of such-prepared PHS is im-
portant both in terms of material and coating description,
and in terms of further processing.
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Fig. 2 The scheme of direct hot stamping a), and indirect hot stamping b) [11].

In this work, we described the microstructure and
phase distribution through the interface between the base
material and Zn coating of the PHS steel prepared by the
modified direct hot stamping process with incorporated
pre-cooling step. We also measured the micro-hardness
profile of the coating. In automotive, resistance spot
welding is still the most widely used method and the coat-
ings on the steel surface strongly influence the welding
parameters [14]. Thus, the characterization of the coating
and the coating/substrate interface could provide im-
portant findings for further processing.

2 Experiment

The steel sheets with the thickness of 1.5 mm were
used in this experiment. The chemical composition of the
as-received steel sheet was measured by the optical emis-
sion spectrometer (OES) Bruker and is shown in Tab. 1.
According to the chemical composition, the steel is man-
ganese-boron steel used for press hardening [15]. The
sheets were cut into the samples for metallography ob-
serving in the direction of rolling and in the direction per-
pendicular to the rolling. The samples for microstructure
observation were prepared by standard metallography
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procedure including grinding at SiC papers and polishing
using diamond suspensions. Two-step etching [16] was
used to reveal the microstructure of the coating and base
steel material. The etchant comprises 1 % solution of
HNO:s; in amyl alcohol and 1 % solution of picric acid in
amyl alcohol with addition of HF. The microstructure was
observed by the optical microscope (Olympus GX71) and
the scanning electron microscope (Tescan Vega 3 LMU,
accelerating voltage 20 kV, detector SE + BSE) equipped
with the energy dispersive spectroscopy detector (Oxford
Instruments INCA 350, 20 mm?). The X-ray diffraction
data were collected at room temperature with a Bruker
AXS D8 0-0 powder diffractometer with parafocusing
Bragg-Brentano geometry using CoK, radiation (A =
1.79021 A, U = 34kV, I = 20 or 30 mA). Data were
scanned with an ultrafast detector LynxEye over the an-
gular range 5-60° (20) with a step size 0 0.0196° (26) and
a counting time of 19.2 s step™!. Data evaluation were per-
formed in the software package HighScore Plus 3.0e. The
micro-hardness was measured by Vickers (Future Tech
FM-700) with the load of 5 g and with the step of 20 um
between the two adjacent indentations.

Tab. 1 The chemical composition of the PHS without Zn coating measured by OES in wt. %.

Element C Si Mn P

S Al Cr Ti B

wt. % 0.18 0.17 1.97 0.011

0.0008 0.039 0.026 0.03 0.002

3 Results and discussion

The modified direct hot stamping for the Zn coated
PHS introduces the material with specific Zn coating
composition and Zn/Fe interface. The X-ray diffraction
analysis (Fig. 3) revealed binary Zn-Fe intermetallic
phases. These intermetallics were determined as I" and I';.
The T" phase is predominantly referred to Fe;Znio, alt-
hough can be also described as FesZng or FeZn; due to the

variable Fe content. It crystallizes by the peritectic reac-
tion between a-Fe and Zn-rich liquid at 782 °C in the
body centred cubic structure with the Fe content in the
range of 23.5-28 wt.%. The I'; is expressed by stoichio-
metric formula FesZn,; or Zn;1Zn4o and it has face centred
cubic crystalline lattice consisting 17-19.5 wt. % Fe. It
forms by the peritectoid reaction between the I" phase and
the o phase at approximately 550 °C [17, 18]. This sug-
gests that the 6 phase is present at higher temperatures,
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but it is consumed by peritectoid reaction. Those two in-
termetallic phases (I, I'1) are the richest in iron content,
which indicates significant diffusion between the base
martensitic steel and Zn coating. The XRD also showed
presence of zinc oxide, which was attributed to the sur-
face oxidation. The XRD pattern was compared with base

martensitic steel without Zn coating. Three peaks corre-
sponding to iron are clearly visible. The peak intensity of
Fe at the Zn coated PHS was relatively weak, because the
X-ray radiation probably did not penetrate into the base
material. The penetration is dependent on the absorption
of the Zn coating phases and was not studied in this ex-
periment.
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Fig. 3 The X-ray diffraction phase analysis of Zn coating and base material without coating. (I'-gamma phase I'; -
gamma; phase, O — oxide, Fe — iron)

The SEM image (Fig. 4) revealed Zn layer with the
average thickness of 25 + 3 um. The etching was per-
formed by two-step etching in 1 % solution of HNO; in
amyl alcohol and 1 % solution of picric acid in amyl al-
cohol with the addition of HF. The amyl alcohol slowly
attacks the microstructure and thus was used instead of
ethanol to better control the etching. The microstructure
of Zn coating and base material is shown in Fig. 4a. The

coating was formed mostly by the relatively large grains
and top-surface layer. The areas with the dark grey colour
corresponded to the Fe-rich regions and the top-surface
(light grey) coating layer to the Zn-rich regions and prob-
ably some oxides. The microstructure of base material
(Fig. 4b) was composed of lath martensite, which forms
during press hardening from originally ferritic/pearlitic
steel.

Fig. 4 The SEM image of Zn coating microstructure (a) and base material (b).
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To more accurate description and distribution of the
phases in the Zn coating, the oblique cut was analysed by
BSE and EDS point analysis of chemical composition
(Fig. 5). The Zn-rich areas (light grey) can be clearly dis-
tinguished and they concentrated in the top-surface layer,
while the Fe-rich regions (dark grey) were located near
the Zn-coating/Fe substrate interface. The isolated dark
grey areas were also observed in the top-surface layer of
the coating (see in detail in Fig. 5b). The EDS analysis
was performed to identify the particular phases and the
results are summarized in Tab. 2. The isolated dark grey
areas in the top-surface layer were connected to the sur-
face oxidation and corresponded to zinc/iron oxides (Fig.
5b, point 1) and to zinc/iron oxides enriched with manga-
nese (Fig. 5b, point 2). Manganese has higher affinity to
oxygen than Fe and probably diffused from the base ma-
terial at elevated temperatures during the austenitization
period to formed mixed oxides with Zn and Fe. The Zn-
rich phases (light grey) had Fe content in the range from
13.3 to 16.5 wt. % and 22.0-27.2 wt. %. These phases
were determined in respect to the literature and binary
phase diagram [17, 18] as Iy (Fig. Sb, point 4) and I" (Fig.

5b, ¢, point 3,6), respectively. The phase near the coat-
ing/substrate interface was rich in Fe (dark grey) and con-
tained 62.5-68.5 wt. % of Fe (Fig. 5c, point 7), where the
Fe content increased into the substrate until 86.2 wt. %
following the diffusion path (Fig. Sa, point 9). This phase
was identified as a-Fe. The maximum solubility of Zn in
a-Fe solid solution is approximately 46 wt. % at 782 °C
[18]. The rapid quenching during press hardening could
lead to the forming of the supersaturated solid solution
and thus increase Zn content. The regions adjacent to the
grain boundaries in the coating depicted in Fig. 5¢ (point
8) had 71-76 wt. % of Fe and were also identified as a-
Fe. During the austenitization at approximately 900 °C,
the strong diffusion and enrichment of Zn coating by Fe
can be expected. At this temperature, only a-Fe is solid
and coexists with Zn-rich liquid. According to the phase
diagram, the I' phase solidifies at ~782 °C by the
peritectic reaction and I'; at ~550 °C the peritectoid reac-
tion, respectively. These two-phase transformations
should occur before press hardening to prevent the pres-
ence of the Zn-rich melt causing the liquid metal embrit-
tlement.

Fig. 5 The SEM-BSE image and EDS chemical point analyses of Zn coating.

Tab. 2 The results from SEM-EDS chemical point analy-
sis of Zn coating in wt. %.

Point O Mn Fe Zn Phase

1 104 03 54 839 Zn, Fe oxide
2 137 25.6 4.3 56.4 Zn, Mn, Fe, oxide
3 254 74.6 r

4 15.8 84.2 I'

5 63.2 36.8 o-Fe

6 25.3 74.7 r

7 66.9 33.1 o-Fe

8 72.8 27.2 o-Fe

9 1.3 86.2 12.5 a-Fe

The micro-hardness profile depending on distance
from the surface into the base material is shown in Fig. 6.
Initially, the micro-hardness decreased from approxi-
mately 300 HV to 275 HV into the coating/substrate in-
terface and then increased again up to 373 HV. The Zn-
Fe intermetallic phases, which develop during hot dip gal-
vanizing, are reported to be hard and brittle [19]. In [18]
stated that the I"y phase had the highest measured micro-
hardness. Hence, the I';, T" phases could contribute to the
relatively high micro-hardness of the top-surface layer.
The decrease of the micro-hardness into the coating/sub-
strate interface could be attributed to the layer of a-Fe
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solid solution supersaturated by Zn forming during aus-
tenitization and rapid quenching by the press hardening.

Further increase related to the exceeding the coating/sub-
strate interface to the base material. The micro-hardness
of the base material was 359 + 14 HV.
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Fig. 6 The micro-hardness profile of the coating measured by Vickers with the load of 5 g.

4 Conclusion

In most cases, the Al-Si coated press hardening steels
produced by direct hot stamping are used in car body
manufacturing. However, the modification of direct hot
stamping method enables to process Zn coated steels and
introduces the important breakthrough in the field of the
press hardening steels. Such Zn coated PHS was investi-
gated in this study in terms of the microstructure and
phase composition. The Zn coating had the thickness of
25 + 3 um and its micro-hardness decreased into to the
coating/substrate interface. Most of the coating was com-
prised of a-Fe solid solution with the top-surface layer
forming by Zn-rich phases I'; and I', respectively, and ox-
ides. The coatings and its phase composition strongly af-
fect further processing steps, especially the joining, and
thus its thorough characterization provide important find-
ings in further research.
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