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Abstract

Zn and ZnFe coated 22MnB5 and 34MnB5 steels were subjected to the direct press hardening
process in order to investigate the influence of steel composition on the resulting phase structures.
Microstructures were characterized using advanced methods of microscopy. In addition, X-ray
diffraction, glow discharge optical emission spectroscopy and thermodynamic calculations with
Thermo-Calc® were carried out to support the analysis. The results indicate that the steel
composition has a clear effect on the phase development within coating and interface regions.
Whereas the behavior of the 22MnB5 was comparable to earlier investigations, a clearly nonconventional behavior of the 34MnB5 was observed: the formation of martensitic micro
constituents, designated here as α’-Fe(Zn), were identified after die-quenching. The regions of
the α’-Fe(Zn) formed mainly in vicinity of steel/coating interface and were emerged into the steel
by sharing martensitic morphology with the base steel. The thermodynamic calculations suggest
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that carbon is effective in stabilizing the γ-Fe(Zn) phase, which enables the formation of the α’Fe(Zn) in fast cooling. Therefore, the higher initial C content of the 34MnB5 may result in the
kinetic stabilization of the γ-Fe(Zn) as the inter-diffusion between Zn and Fe occurs during
annealing. Simultaneously occurring carbon partitioning from α-Fe(Zn) to γ-Fe(Zn) could explain
a clearly increased C content of the coating/steel interface as well as higher Zn contents in the α’Fe(Zn) phase compared to 22MnB5. Actually, the present study shows that the same
phenomenon occurs also in 22MnB5 steels, but in a much smaller scale. In Zn and ZnFe coated
34MnB5, the thickness of the α’-Fe(Zn) layer was increased with longer annealing times and at
higher temperatures. The morphology of the α’-Fe(Zn) layer resembled plate-like martensite and
can be assumed to be brittle. Regarding this, the formation of α’-Fe(Zn) interface layer needs to
be taken into account in press hardening of 34MnB5 steels.

Keywords: Press hardening; Hot-dip galvanizing; Phase transformations; Electron backscatter
diffraction; Focused ion beam; Transmission electron microscopy
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1. Introduction

Hot-dip galvanized press hardening steels (PHS) have turned out to be appealing materials for car
body components by providing unique combination of ultra-high strength and galvanic corrosion
resistance [1]. Consequently, automotive manufacturers aim to increase the use of zinc-coated
steels in the press-hardened components [2]. In general, continuous galvanizing is used to
produce two types of zinc-based coatings for PHS: conventional zinc coating (Zn) and zinc-iron
alloy coating (ZnFe), i.e., galvannealed coating containing initially 8-12 % of iron. The ZnFe
coating is obtained by using a lower Al content of the zinc bath, and by applying a post dip
annealing treatment [3]. Both zinc-based coatings are applicable in press hardening technology,
but ZnFe coating has higher thermal stability resulting in a broader processing window [4]. In
addition, a suitability of electroplated ZnNi coatings have been investigated [5-7]. However,
currently there are not any commercial solutions available utilizing the ZnNi coating [8].

The direct press hardening process combines three distinct steps: heating/austenitization of the
blank, transferring from furnace to die, and a final step of hot forming and quenching performed
in a water-cooled die. During these stages, zinc-based coatings undergo significant changes in
their phase structure and composition. The coating reacts with the steel and becomes gradually
more and more enriched with Fe through inter-diffusion, occurring between Zn from the coating
and Fe from the steel [3,9]. The Fe-Zn phase diagram has been typically applied to understand
the high temperature phase development of zinc-coated PHS. According to the diagram proposed
by Burton and Perrot [10], the Fe-Zn system covers several phases as a function of Zn content
when heated up to the typical annealing temperature of around 900 ˚C: pure zinc η, intermetallic
Zn-Fe compounds ζ, δ, Γ1, and Γ2 as well as solid solution α-Fe(Zn). The intermetallic Zn rich
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phases melt during heating/annealing stage, but re-solidification of the coating occurs by the
increasing Fe content and resulting formation of α-Fe(Zn). In the pure Fe-Zn system, the
austenitic solid solution γ-Fe(Zn) phase may exist only above 900 ˚C.

PHS components are austenitized prior to hot forming, and thus high temperature phase
development of hot-dip galvanized 22MnB5 has been extensively addressed in previous studies
[4,11-15]. When conventionally heated up to the minimum austenitization temperatures of around
850 ˚C, the coating attains a structure consisting of a mixture of liquid and solid phases, i.e., Zn
rich liquid phase and ferritic solid solution of Fe and Zn, i.e., α-Fe(Zn) [16,17]. The fraction of
solid α-Fe(Zn) phase increases as a function of annealing time and temperature as the coating is
enriched more and more with Fe, and some Zn is also oxidized in the surface to form ZnO [16].
The formation of ferritic α-Fe(Zn) is generally faster in ZnFe coating than in conventional Zn
coating [4,13]. During the subsequent die-quenching step, liquid (if still present) and some of the
α-Fe(Zn) phase transforms to the Zn rich Γ-Fe3Zn10 phase (hereafter referred to as Γ-ZnFe), and
the remaining α-Fe(Zn) is stabilized when the material is quickly cooled into room temperature
[18]. Thus, a short annealing tends to result in the layered phase structure: ZnO (oxide) on the
top, some intermetallic Γ-ZnFe phase in the middle, and solid solution of α-Fe(Zn) on the bottom.
Regardless of the oxide layer, a coating consisting only of a solid α-Fe(Zn) phase can be attained
with prolonged soaking times [12,19,20]. At typical annealing temperatures of 900 ˚C, the
maximum Zn content of α-Fe(Zn) is around 35 %, which is retained when the steel is quenched
[18]. It has been observed that the Zn content of the α-Fe(Zn) phase decreases only slightly
towards the coating/steel interface [9]. More interestingly, there is a sharp drop of the Zn content
after reaching the α-Fe(Zn)/steel interface [9].
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According to earlier studies [9,12,19-21] the final Zn content and galvanic capacity of the presshardened coating is determined by the coating type, initial coating thickness and annealing
parameters. When it comes to the influence of annealing parameters, a constant decrease in the
Zn content of the coating occurs as a function of annealing time [9,19]. It has been also widely
noted [9,12,19-22] that the coating thickness increases significantly during the thermal cycle of
the direct press hardening process. Janik et al. [9] pointed out that the coating growth occurs by
means of inter-diffusion as the grain boundaries of the α-Fe(Zn) phase move towards steel.
Regarding this, the coating layer gets thicker at the expense of steel. The contribution of steel
alloying elements has not been paid much attention, but is obviously worth considering due to
nature of the inter-diffusion layer. Accordingly, Janik et al. [22] used a FactSage software to
calculate a phase diagram for 22MnB5-Zn system instead of the conventionally used Fe-Zn. It
was noticed that the phase region of austenitic γ-Fe(Zn) phase is significantly larger compared to
the pure Fe-Zn system. Therefore, the γ-Fe(Zn) phase may be theoretically present at typical
austenitization temperatures around 900 ˚C [22]. If this is the case, the austenitic phase
constituents of the coating might transform into martensite during subsequent quenching.
However, none of the previous studies has addressed the formation of martensitic micro
constituents α’-Fe(Zn) in Zn or ZnFe coated 22MnB5.

Currently, there is a demand for novel PHS providing tensile strength reaching 2000 MPa [8]. In
order to attain the desired strength, steels of 34MnB5 type with the C content around 0.35 %,
have been recently investigated [23-25]. None of the previous studies has addressed the high
temperature phase development of zinc-coated 34MnB5 steels at least known to the authors.
Based on the previous study of Janik et al. [22], the steel composition may have a significant
effect on the high temperature phase equilibrium of the Fe-Zn system. In the present study, Zn
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and ZnFe coated boron steels are subjected to the direct press hardening process and phase
structures of the die-quenched samples are comprehensively analyzed and compared. The results
will show significant differences between 22MnB5 and 34MnB5 grades. Finally, the behavior of
both grades and the role of steel composition will be discussed in detail.

2. Materials and methods

2.1 Test materials

The as-received materials consisted of two commercial 22MnB5 steels along with two
commercial 34MnB5 steels, both coated with Zn and ZnFe coatings. The details and chemical
compositions of the as-received steels are described in Table 1. The expressed Ac3 temperatures
were calculated using the equation presented by Kasatkin et al. [26].

Table 1. Details and chemical compositions (wt-%) of the as-received test materials.
Steel

Sheet
thickness

Coating
weight
(side/side)

C%

Si %

Mn %

Cr %

Al %

B%

Ac3 (˚C)

22MnB5-Zn

1.5 mm

50/50 g/m2

0.24

0.26

1.18

0.20

0.033

0.0029

831

22MnB5-ZnFe

1.5 mm

70/70 g/m2

0.23

0.26

1.24

0.21

0.029

0.0031

830

34MnB5-Zn

1.1 mm

50/50 g/m2

0.35

0.26

1.30

0.15

0.033

0.0026

800

34MnB5-ZnFe

1.5 mm

70/70 g/m2

0.35

0.25

1.32

0.15

0.033

0.0014

803
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As indicated in Table 1, the differences in the chemical compositions are small except to the
difference in C contents between the 22MnB5 and 34MnB5 grades. The received samples of the
34MnB5-Zn had a smaller sheet thickness compared to the samples of other investigated steels.

2.2 Press hardening experiments

Press hardening experiments were carried out using an experimental press hardening equipment
described more in detail in an earlier study [27]. The experiments were conducted for steel sheet
samples of the size of 110 x 100 x (sheet thickness). The annealing parameters, described
specifically in Table 2, were chosen to examine a wide range of annealing cycles. The cycles
were determined based on two methods. Firstly, samples of all steels were subjected to short (180
s) and long (450 s) annealing times at typical austenitization/target temperature of 900 ˚C.
Secondly, additional samples of 34MnB5-Zn were also annealed based on the time required for
reaching the austenite transformation temperature Ac3 at the predefined target temperatures of
880 ˚C and 930 ˚C. These temperatures were chosen in order to examine a wider range of
austenitization temperatures applicable for zinc-coated PHS. With this method, short (Ac3+30 s)
and long (Ac3+330 s) annealing cycles were investigated. After the annealing, a sample was
transferred to the die within 3 s and subsequently quenched between two water-cooled steel
blocks in the size of 120 x 100 x 30 mm. The pressure was maintained for 30 s allowing the
samples to cool down below 100 °C, which is clearly below the Mf temperature of both 22MnB5
and 34MnB5 steels. An adequate cooling rate of samples (at least 80 ˚C/s) was ensured and
predominantly martensitic microstructure of steel was obtained in cases where fully
austenitization of steel was attained. The sample temperature was measured using K-type
thermocouples spot welded onto the samples.
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Table 2. Parameters of the examined annealing cycles. The attained peak temperature of each
cycle is expressed in the parenthesis.

Steel

880 ˚C: Ac3+30 s, Ac3+330 s

900 ˚C: total dwell times

22MnB5-Zn

180 s (820 ˚C), 450 s (900 ˚C)

22MnB5-ZnFe

180 s (890 ˚C), 450 s (900 ˚C)

34MnB5-Zn

170 s (850 ˚C), 470 s (880 ˚C)

34MnB5-ZnFe

180 s (890 ˚C), 450 s (900 ˚C)

930 ˚C: Ac3+330 s

430 s (930 ˚C)

180 s (890 ˚C), 450 s (900 ˚C)

The peak temperature values expressed in Table 2 imply that the differences in the coating
characteristics caused fluctuation in the heating rates between ZnFe and Zn coated samples. It is
known that the matte surface of the ZnFe coated sheets promotes faster heating. The heating rate
affects the resulting phase structure, especially in the case of short annealing cycles, in which the
attained peak temperature did not necessarily reach the target temperature. In addition, the
smaller sheet thickness of the 34MnB5-Zn samples (1.1 mm) accelerated the heating compared to
the 22MnB5-Zn samples (1.5 mm).

2.3 Microstructural characterization

Press hardened samples were sectioned for the microstructural analysis carried out with an optical
microscope and scanning electron microscopes (SEM). The samples were ground using abrasive
SiC papers, polished with 3 and 1 μm diamond suspensions. A need of etching procedure was
determined by the type of analysis to be carried out. The samples observed with an optical
microscope Nikon Eclipse MA 100 were etched for 5 s using 2 % Nital solution. The crosssections were also analyzed by using a Zeiss Ultra Plus field emission gun scanning electron
microscope (FEG-SEM) equipped with energy dispersive X-ray spectrometer (EDS) INCAx-act
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silicon-drift detector, Oxford Instruments. Backscattered electron (BSE) imaging with the
acceleration voltage of 5 kV was utilized to identify different phase regions with compositional
differences from unetched samples. Elemental point analysis and mapping by EDS with the
acceleration voltage of 15 kV were carried out for both unetched and etched samples to support
the visual phase identification. The FEG-SEM was also fitted with an HKL Premium-F Channel
EBSD (Electron Backscatter Diffraction) system with a Nordlys F400 detector that was used in
crystallographic analysis. The samples used in the EBSD measurements were final polished using
colloidal silica suspension (0.04 um). Step size of 0.1µm and acceleration voltage of 20 kV were
used and Channel 5 data analysis package was used to construct EBSD maps. In addition, a
Philips XL30 SEM equipped with Anton Paar μ-Indenter 5 (Vickers) was employed to evaluate
micro mechanical properties of the phase constituents. The weight of 5 g and the dwell time of 15
s was used in indentation.

A high-resolution (scanning) transmission electron microscope (HR-TEM (S)) JEOL 2200FS
operated at 200 kV was used for analyzing phase constituents of the die-quenched samples with
higher spatial accuracy. The microscope is equipped with two aberration correctors (CEOS
GmbH) for high-resolution imaging and an EDS detector (Jeol Si(Li)) for elemental analysis.
Elemental line scans and point analysis by EDS in STEM mode were carried out to analyze
chemical compositions of the phases with high spatial resolution. Acceleration voltage of 200 kV
was used in (S)TEM analysis. Site-specific TEM samples were manufactured by using a FEI
Helios Nanolab 600 DualBeam system using standard focused ion beam (FIB) TEM preparation
techniques.
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2.4. X-ray diffraction (XRD)

XRD analysis with Cu Kα-radiation (20˚- 2θ - 75˚, step size 0.0260˚, 40 kV, 45 mA) using a
Panalytical Empyrean X-ray diffractometer were carried out in the selected cases to support the
phase structure analysis of the press hardened coatings. The measurements were carried out on
the surface plane of the samples with the 2θ scan axis and incident angle of 15˚.

2.5. Elemental analysis with glow discharge optical emission spectroscopy (GDOES)

A GDA750 glow discharge optical emission spectroscope (Spectruma Analytik GmbH) was used
to measure elemental depth profiles of the selected samples in a die-quenched state. The
measurements were performed in DC mode with a voltage of 700 V at a constant current of 20
mA. The sputtering time was determined so that the measuring depth of approximately 40 μm
was attained. The sputtering area was 4 mm in diameter and duplicate measurements per sample
were carried out.

2.6. Thermodynamic calculations

A thermodynamic calculation software Thermo-Calc® was utilized to analyze the effect of C
content on the Fe-Zn phase equilibrium. First, a ternary Fe-Zn-C system were calculated using
the TCFE9 database. Then, isoplethal sections with different C contents were reviewed and
selected. In addition, a graph presenting the maximum solubility of Zn in austenite at typical
annealing/austenitization temperature of 900 ˚C as a function of C content was plotted. Fig. 1
presents the outcomes of the thermodynamic calculations.
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Fig. 1. a) Calculated Fe-Zn phase diagram. b) Maximum solubility of Zn in austenite (FCC_A1)
at 900 ˚C as a function of C content. Isoplethal sections of the Fe-Zn-C system with C contents
of; c) 0.25 wt-%; d) 0.50 wt-%. Designation BCC_A2 refers to the ferritic solid solution αFe(Zn).

The calculated Zn-Fe system (Fig. 1a) shows that the stability area of austenitic FCC_A1 phase,
i.e., γ-Fe(Zn) is very limited. Accordingly, austenitic γ-Fe(Zn) is not present at typical
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austenitization temperature of 900 ˚C. Overall, the calculated diagram is almost identical to the
diagram presented by Burton and Perrot [10]. The maximum solubility of Zn in γ-Fe(Zn) is 6 %
and is attained at around 1100 ˚C. As can be seen in Fig. 1b, the incorporation of C has a
significant effect on the solubility of Zn in austenite. At 900 ˚C, the solubility is increased as a
function of C content up to 0.67 wt-% after which the solubility of Zn levels off. The presented
isoplethal sections of the Fe-Zn-C system (Figs. 1c and 1d) imply that the increasing C content
extents the stability area of austenitic FCC_A1 phase, i.e., γ-Fe(Zn) moves towards lower
temperatures and higher Zn contents. With the C content of 0.25 wt-%, the maximum amount of
Zn in γ-Fe(Zn) at 900 ˚C is around 8 wt-%. When the C content is doubled up to 0.50 wt-% the
solubility of Zn is increased to around 14 wt-%. It can be also noticed that the C content of 0.25
wt-% extends the stability area of the two-phase region BCC_A2 + FCC_A1, i.e., consisting of αFe(Zn) + γ-Fe(Zn) phases. However, this region is contracted with the increase in C content at the
expense of austenitic phase. This suggests that when the C content of the system is increased
from 0.25 wt-% to 0.50 wt-%, a larger amount of α-Fe(Zn) is transformed into γ-Fe(Zn).

3. Results

3.1. Phase structures

Fig. 2 presents optical and SEM (BSE) micrographs of the die-quenched 22MnB5-Zn (Figs. 2a-d)
and 22MnB5-ZnFe (Figs. 2e-h) samples annealed for 180 and 450 s at 900 ˚C.
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Fig. 2. Optical micrographs of the die-quenched 22MnB5-Zn annealed for; a) 180 s; b) 450 s at
900 ˚C along with SEM (BSE) micrographs corresponding to; c) 180 s; d) 450 s. Optical
micrographs of the die-quenched 22MnB5-ZnFe annealed for; e) 180 s; f) 450 s at 900 ˚C along
with SEM (BSE) micrographs; g) 180 s; h) 450 s.

Fig. 2a indicates that except for the oxide layer (OL), the die-quenched coating of 22MnB5-Zn
(180 s/900 ˚C) consists of two phases. The EDS point analysis confirmed that the dark regions of
the etched sample (Fig. 2a) correspond to the intermetallic Γ-ZnFe phase, which should be ideally
seen as bright in the BSE image (Fig. 2c) due to high Zn content. To clarify, the Γ-ZnFe phase
can be easily dissoluted or partially pulled out during conventional metallographic sample
preparation, despite ignoring the metallographic etching. Thus, also the dark areas below the
oxide layer are Γ-ZnFe. However, those regions emit less electron signal due to lower
topographical position. The other major phase, α-Fe(Zn), appears as light grey in the BSE image
(Fig. 2c). The ferritic α-Fe(Zn) has dissolved significantly less compared to the Γ-ZnFe due to
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smaller Zn content. As expressed in Table 2, the sample annealed for 180 s reached only a
temperature of about 820 ˚C. This has resulted in incomplete austenitization of the steel; the
presence of ferrite islands F among martensite α’ supports this observation. A comparison
between the structures shown in Figs. 2a and 2b imply that the structure of 22MnB5-Zn has
changed significantly as a function of annealing time. The longer annealing time of 450 s has led
to notable increase in the amount of the α-Fe(Zn) at the expense of the Γ-ZnFe. In addition, a
clear increase in the coating thickness can be observed. More interestingly, the BSE image (Fig.
2d) reveals small bright regions designated as A in vicinity of the steel/coating interface. The
obtained contrast between the regions of A, α-Fe(Zn), and martensitic base steel α’ indicates that
also the regions of A contain Zn. It is, however, difficult to verify if the contrast is actually
obtained from distinct micro constituents or simply from the steel/coating interface.

Based on the phase structures shown in Figs. 2e and 2f, the behavior of ZnFe coated 22MnB5 is
comparable to the Zn coated 22MnB5 samples in a general level: the amount of α-Fe(Zn) is
markedly increased as a function of annealing time. However, due to faster heating rate along
with the initial Fe content of the ZnFe coated sheets, larger amount of α-Fe(Zn) phase has been
formed in the 22MnB5-ZnFe after a short annealing time of 180 s (Fig. 2e). The bright regions
seen in the BSE-image (Fig. 2g) imply that small amounts of Γ-ZnFe phase were present in the
upper parts of the coating - even after the longer annealing time of 450 s (Fig. 2h). These BSE
images reveal thin brighter regions designated as A near the steel/coating interface (Figs. 2e and
2h). This observation is similar to the 22MnB5-Zn samples as discussed above (Fig. 2d). The
thickness of these regions exceeds only a thickness of around 0.5 μm, and thus they are not
clearly identifiable in the optical micrographs that were captured by observing etched crosssections.
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Fig. 3 presents optical and SEM (BSE) micrographs of the die-quenched 34MnB5-Zn (Figs. 3a-d)
and 34MnB5-ZnFe samples (Figs. 3e-h) annealed for 180 and 450 s at 900 ˚C.

Fig. 3. Optical micrographs of the die-quenched 34MnB5-Zn annealed for; a) 180 s; b) 450 s at
900 ˚C along with SEM (BSE) micrographs corresponding to; c) 180 s; d) 450 s. Optical
micrographs of the die-quenched 34MnB5-ZnFe annealed for; e) 180 s; f) 450 s at 900 ˚C along
with SEM (BSE) micrographs; g) 180 s; h) 450 s.

Fig. 3a shows that the press hardened coating of 34MnB5-Zn contains two distinct phases after a
short 180 s soak. However, the coating do not seem to contain any regions of the zinc rich ΓZnFe phase. 34MnB5-Zn had a smaller sheet thickness of 1.1 mm, which accelerated the heating
of the sheet, in particular compared to 1.5 mm thick Zn coated sheets. Consequently, the sheet
temperature reached 890 ˚C even in case of the shorter annealing cycle. Regarding this, higher
amount of α-Fe(Zn) can be observed in 34MnB5-Zn by comparing the structures presented in
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Figs. 3a and 2a. Here, the higher peak temperature of 34MnB5-Zn has resulted in the complete
austenitization of the steel, and thus fully martensitic microstructure has been attained after fast
cooling. In the case of 34MnB5-Zn (Fig. 3a), several regions designated as A are present in
vicinity of the steel/coating interface. In addition, islands with the same appearance exist also in
the upper parts of the coating and have been thus correspondingly marked using letter A. It is
clear that the regions of A have not dissoluted in a similar way as Zn rich Γ-ZnFe during the
metallographic etching. As indicated in Fig. 3a, the etching depth is also different from α-Fe(Zn).
In turn, the BSE image (Fig. 3c) of the unetched sample do not reveal strong contrast between the
islands of A and α-Fe(Zn). This suggests that the micro constituents of A must also have
relatively high Zn content. After the prolonged annealing time of 450 s, the regions of A are only
present near the steel/coating interface. Actually, these regions appear in the form of a continuous
layer (Fig. 3b). The thickness of this layer has been clearly increased with the prolonged soak.
Surprisingly, no clear increase in the thickness of the α-Fe(Zn) layer can be observed between the
180 s and 450 s annealed samples (Fig. 3a and 3b). Instead, another notable observation can be
made regarding the position of the steel/coating interface. As indicated in the BSE images (Figs.
3c and 3d), the steel/coating interface, i.e., the threshold between dark and light grey areas, has
clearly settled in the lower position than in the optical micrographs; there the interface is formed
between α-Fe(Zn) and A.

The optical micrograph (Fig. 3e) of the 34MnB5-ZnFe annealed for 180 s do not reveal any
regions of A in the upper parts of the coating as observed in the case of 34MnB5-Zn (Fig. 3a).
Instead, some Γ-ZnFe is still present in the 180 s annealed sample (Fig. 3g). However, similar to
the 34MnB5-Zn, the ZnFe coated 34MnB5 samples show a layer of A near the steel/coating
interface (Figs. 3f and 3e). This layer is much better distinguishable in the BSE images presented
17

in Figs. 3g and 3h. Similar to the 34MnB5-Zn, the thickness of the A is somewhat larger in the
samples that were annealed for 450 s (Fig. 3d). It can be concluded that the formation of the
micro constituents of A has clearly occurred in both 34MnB5 grades, but has been the most
multidimensional in the case of 34MnB5-Zn samples.

Fig. 4 presents the XRD results for the 34MnB5-Zn annealed for 180 and 450 s at 900 ˚C.

Fig. 4. Results of the X-ray diffraction measurements for; a) 34MnB5-Zn annealed for 180 s; b)
450 s. The main intensity peaks of ZnO and α-Fe(Zn) are marked with asterisk.

As can be seen in Fig. 4 the same phases were identified in both cases. There do not exist
individual peaks for the islands of A (Fig. 3a). The intensities of the Γ-Fe3Zn10 phase, i.e., ΓZnFe are very low in both cases. Actually, the main intensity peak of the Γ-Fe3Zn10 that should
appear at around 42.5˚, were not observed. However, the Γ-Fe3Zn10 peaks of smaller intensities
were found as superimposed with ZnO peaks indicating that the amount of Γ-ZnFe is very small.
Hence, the XRD results are in line with the phase structures shown in Fig. 3. However, the
amount of ZnO is clearly higher after the longer annealing time of 450 s, which is also supported
by the microscopy analysis (Fig. 3).
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Micro indentation was combined with SEM imaging in order to evaluate micro-mechanical
properties of the formed phase constituents. A die-quenched 34MnB5-Zn sample annealed for
430 s at 930 ˚C was selected for the hardness measurements. The analysed sample was etched for
1 s using Nital 2 %. Fig. 4 shows an SEM image together with the Vickers hardness indentation
marks.

Fig. 5. SEM image showing Vickers indentation marks (HV 0.5 g) in identified layers of a
34MnB5-Zn sample annealed for 430 s at 930 ˚C.

The results of micro indentation (Fig. 5) indicate that ferritic α-Fe(Zn) phase is softer compared
to the regions of A and martensitic base steel α’. The hardness values measured from the regions
of A showed slightly lower values than the martensite of the base steel α’. This result suggests
that micro constituents of A are also martensitic.

3.2. Chemical compositions

In order to emphasize the observed phenomenon regarding the formation of the aforementioned
micro constituents of A, additional samples of 34MnB5-Zn were subjected to a wider range of
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austenitization parameters prior to die quenching (Table 2). Accordingly, selected samples were
analyzed with SEM-EDS. Fig. 6 presents BSE-images of the unetched samples, secondary
electron (SE) images of the etched samples together with superimposed EDS point analysis
results (Zn wt-%), and EDS maps (ZnKα) of the corresponding areas.

Fig. 6. BSE-images (left column), SE-images together with superimposed EDS point analysis
results (Zn wt-%) (middle column), and EDS maps (ZnKα) (right column) for 34MnB5-Zn
annealed for; a) 170 s at 880 ˚C; b) 470 s at 880 ˚C; c) 430 s at 930 ˚C.
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According to the EDS point analysis, the islands of A contain surprisingly high amount of Zn, but
slightly less than the surrounding α-Fe(Zn) phase (Fig. 6a, left). Considering the typical
interaction volume of SEM-EDS, it is possible that ZnKα signal has been gathered from α-Fe(Zn)
possibly existing behind the islands of A. Both EDS point analysis (Fig. 6a, middle) and mapping
(Fig. 6a, right) indicate that the corresponding regions give only a little less ZnKα signal than the
regions of α-Fe(Zn). As can be seen in the SE image of the etched sample (Fig. 6a, middle), the
regions of A are in a higher position compared to the α-Fe(Zn) phase. Since there is only a small
difference in the measured Zn contents, it can be thought that the amount of some other elements
is markedly different compared to the α-Fe(Zn). However, the only difference observed with the
EDS was the Mn content: the islands of A gave values of around 1 wt % Mn, whereas the amount
of Mn was clearly lower in α-Fe(Zn).

A comparison of the BSE images (Fig. 6, left column) shows a pronounced formation of A as a
function of annealing temperature and time: the layer of A is as thickest for the sample that was
annealed for 430 s at 930 ˚C (Fig. 6c, left). In this respect, the formation of A is connected to the
annealing parameters and is progressed due to propagation of the high temperature diffusion.
According to presented EDS maps, it is evident that the layer A formed in the vicinity of the
steel/coating interface contains a significant amount of Zn, e.g., between 23 and 25 wt-% as
indicated in the SE image (Fig. 6c, middle). It can be also confirmed the interface seen in the SEimages (etched samples) is vertically in a lower position than in the Zn-EDS maps (Fig. 6, left
column).

Elemental GDOES depth profiles for the selected die-quenched samples are presented in Fig. 7.
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Fig. 7. Elemental GDOES profiles for; a) 22MnB5-Zn (450 s/900 ˚C); b) 22MnB5-ZnFe (450
s/900 ˚C); c) 34MnB5-Zn (170 s/880 ˚C); d) 34MnB5-Zn (430 s/930 ˚C). The curves of other
alloying elements are omitted for clarity. The steel/coating interface, originally defined according
to the derivative curve of the Fe content, is marked with a dashed vertical line. The legend
presented in a) is the same for all graphs. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article).

The measured GDOES profiles (Fig. 7) show the amount of elements as a function of distance
from the surface. The graphs indicate that the C contents, measured from the depths
corresponding to the regions of the steel/coating interface, are different from the values that were
obtained from the chemical analysis of the steels (Table 1). In the case of 22MnB5 samples (Figs.
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7a and 7b), the measured C content beneath the steel/coating interface is only 0.10-0.15 wt-%.
However, in the analysed 22MnB5-Zn sample (Fig. 7a), the values are 0.30 wt-% only some
micrometers deeper, which exceeds the chemical composition of the steel. It needs to be noted
that the measured values are largely averaged due to a relatively large region analyzed with a 4
mm sputtering diameter. As a consequence, the wavy interface of the corresponding diequenched sample (Fig. 2f) inevitably results in the averaging of the C contents between the
regions of ferritic α-Fe(Zn) and martensite of the base steel within the depth of approximately 5
μm. Considering the nature of the GDOES method, the average C content can be evaluated to be
around 0.25 wt-% near the steel/coating interface, since the small amount of C signal from the αFe(Zn) phase decreases the values around the determined interface marked with a dashed line. In
the case of 34MnB5-Zn samples, the measured C content reaches significantly higher values
compared to the steel compositions, i.e., about 0.50 wt-% near steel/coating interface (Figs. 7c
and 7d). This result suggests that the layer designated as A in the previous Figs. 2-4, contains
significant amount of C. Furthermore, it is evident that the region of the steel/coating interface is
enriched with C. The enrichment can be seen in particular in the curves of the 34MnB5 samples.
Regarding this, the measured difference in C contents between the investigated 22MnB5 and
34MnB5 steels is clearly larger, i.e., approximately 0.25 wt-% on average, than the difference in
chemical compositions being about 0.12 wt-%.

As shown earlier in Fig. 6c (left), the upper layer of the coating in the 34MnB5 (430 s/930 ˚C)
sample consists only of the α-Fe(Zn) phase. Accordingly, the GDOES profile (Fig. 7d) suggests
that the C content of the α-Fe(Zn) phase is low, around 0.05 %. The result is reasonable since the
solubility of C in ferrite is known to be very limited. In turn, the 34MnB5-Zn (170 s at 880 ˚C)
contained the islands of A, and for the most part, α-Fe(Zn) phase (Fig. 6a). In this case, the
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corresponding GDOES profile (Fig. 7c) reveals that especially the C content is at higher level,
i.e., around 0.20 wt-%. The comparison of Figs. 7c and 7d suggests that also the Mn content is
higher in the sample annealed for 170 s at 880 ˚C. The previously presented EDS analysis (Fig.
6a, middle), support this results. Therefore, it seems evident that the islands of A present in the
upper parts of the coating, contain significantly higher amount of C, and probably also Mn, than
the ferritic α-Fe(Zn) phase. The comparison of the chemical composition of steels (Table 1) and
GDOES profiles (Fig. 7) suggests that the measured Mn contents in the vicinity of the
steel/coating interface are slightly higher in 34MnB5 grades. For 34MnB5, the measured Mn
content is around 0.9-1.0 wt-% near the interface, whereas for 22MnB5 the amount is
approximately 0.7-0.8 wt-%. This result suggests that Mn does not certainly enrich towards
steel/coating interface. However, the GDOES profiles imply that Mn tends to enrich in the oxide
layer, which can be clearly seen in particular in Figs. 7a and 7d. The curves of Cr and Si do not
show significant differences between 22MnB5 and 34MnB5 or either similar type of enrichment
as C. The curves of Zn, Cr and Si show more fluctuation in 22MnB5-ZnFe sample (Fig. 7b), but
this is believed to be caused by the presence of small amount of Γ-ZnFe phase in the coatings.

Fig. 7 shows that the curve profile of Al is somewhat different in 22MnB5-ZnFe (Fig. 7b)
compared to the others. In general, Al tends to migrate towards surface to oxidize as reported for
example by Autengruber et al. [16]. This behavior can be clearly seen in the curves of the
34MnB5-Zn samples (Figs. 7a, 7c, and 7d). In 22MnB5-ZnFe (Fig. 7b), the measured Al profile
is different due to two reasons. Firstly, the initial Al content is naturally lower in ZnFe coatings
due to lower Al content of the zinc bath. Secondly, the thickness of the oxide layer in the longer
annealed 22MnB5-ZnFe sample (450 s/900 ˚C), can reach some microns. When the thicker oxide
layer is combined with typical fluctuations in the surface topography, the signal of Al is collected
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from a relatively broad range with respect to the measuring depth. That has most likely caused
the broadening of the Al peak. It can be assumed that Al originating from the steel (~0.03 wt %)
does not contribute to the surface reactions or measured GDOES profiles, as it is not typically
present in solution.

3.3. Crystal structures and morphology

Crystal structures and morphologies of die-quenched samples were analysed with EBSD. Band
contrast (BC) and inverse pole figure (IPF) maps of representative 22MnB5-ZnFe and 34MnB5Zn samples are presented in Fig. 8.
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Fig. 8. Band contrast (left column) and inverse pole figure maps (right column) for; a) 22MnB5ZnFe annealed for 450 s at 900 ˚C; b) 34MnB5-Zn annealed for 170 s at 880 ˚C; c) 34MnB5-Zn
annealed for 470 s at 880 ˚C; d) 34MnB5-Zn annealed for 430 s at 930 ˚C. In IPF maps, the
crystal structure of the regions of A has been for the most part identified as body centered cubic
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(BCC) Fe similarly to ferritic α-Fe(Zn) and martensitic α’. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article).

As can be seen in Fig. 8, the areas corresponding to the micro constituents of A are body centered
cubic (BCC) Fe by crystal structure. Therefore, the crystal structure is similar to the α-Fe(Zn) and
α’. However, the morphology is clearly different to the ferritic α-Fe(Zn) that is present in the
upper parts of the coating. Instead, the regions of A are seen as emerged into the steel and show
similar type of morphology together with the martensitic base steel. However, the morphology of
A resembles more preferably plate-like morphology than typical morphology of lath martensite
as present little below in the base steel. The EBSD software has not been able to index all the
finest crystals of the A, especially in case of short annealing cycle of 170 s/880 ˚C. Whereas only
few crystals from the islands of A has been successfully indexed (Fig. 8b), the crystals from the
regions of A, formed beneath α-Fe(Zn), have been indexed almost completely (Figs. 8c and 8d).
In the case of 22MnB5-ZnFe (Fig. 8a), the EBSD was not able to distinguish any regions of A
below the α-Fe(Zn) with the used magnification.

Selected samples were further analyzed in detail by means of high resolution (S)TEM. The
typical outcomes of the TEM analysis are presented in Fig. 9.
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Fig. 9. STEM bright field (BF) images observed from the interface regions of the die-quenched
samples of; a) 22MnB5-ZnFe (450 s/900 ˚C); b) 34MnB5-Zn (170 s at 880 ˚C); c) 34MnB5-Zn
(470 s at 880 ˚C). STEM-EDS intensity curves of ZnKα are superimposed on BF images and
EDS point analysis results are marked with numbers (Zn wt-%). Please note slightly larger
magnification in a).

Fig. 9a implies that an extremely narrow layer of A can be identified also in the 22MnB5-ZnFe
sample. This layer was not distinguishable in the EBSD map of the corresponding sample (Fig.
8a). As can be seen in Figs. 9b and 9c, the micro constituents of A are much better identifiable in
the 34MnB5-Zn samples as also noticed with EBSD (Figs. 8b-d). The superimposed intensity
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curves indicate that there exists clear transitions in Zn content when crossing the different
regions. It can be seen that there is a relatively sharp drop in the Zn content when the interface
between A and martensitic base steel α’ is crossed (Figs. 9a and 9b). In the analyzed 22MnB5ZnFe (Fig. 9a), there is also a sharp drop when crossing the interface between α-Fe(Zn) and A.
However, there do not seem to be equally sharp drop in the Zn content when the α-Fe(Zn)/A
interface is crossed in the 34MnB5-Zn samples (Figs. 9b and 9c). Furthermore, there is evidently
an intensity gradient within the layer A, and thus it is difficult to determine the average Zn
content for those regions. The Zn contents measured from the micro constituents of A are at
maximum 9 wt-% in the presented 22MnB5 sample (Fig. 9a) and 28 wt-% in the 34MnB5 sample
(Fig. 9b), respectively. It is worth noting that these results are based on the EDS point analysis
from the selected spatial areas.

Fig. 10 presents more detailed TEM analysis on the regions of A from the 34MnB5-Zn samples.

Fig. 10. a) Selected area diffraction pattern from regions of A showing BCC crystal structure. b)
BF image showing plate-like martensitic morphology within layer A in 34MnB5-Zn (170 s/880
˚C). c) BF image showing plate-like martensitic morphology within layer A in 34MnB5-Zn (470
s/880 ˚C). Please note slightly different magnification between b) and c).

29

Based on the selected area diffraction pattern (Fig. 10a) the regions of A represent BCC structure
as noted also with EBSD (Fig. 8). Clear differences in the calculated atomic spacings were not
observed between the other BCC structures of the samples, i.e., martensite of the steel and ferritic
α-Fe(Zn). As indicated for example in Figs. 9b and 10b, the morphology of A is most preferably
martensitic. In the case of 22MnB5, the morphology of A is not significantly different from the
lath martensite of the steel (Fig. 9a). In turn, in the 34MnB5 samples (Figs. 10b and 10c), the
morphology is not typical to lath martensite, but instead, resembles more plate-like martensite
with extremely sharp crystal boundaries. The results are consistent with the crystal structures
shown earlier in EBSD maps (Figs. 8a-d).

4. Discussion

4.1. Behavior of Zn and ZnFe coated 22MnB5

In general, the observed formation of the phase structures of Zn and ZnFe coated 22MnB5 are in
line with earlier findings reported for example in [5] and [4], respectively. However, the present
results propose a new insight into the phase structure formation as a result of annealing and
subsequent die-quenching typical to the direct press hardening process. An interesting region
designated as A was identified (Figs. 2d, 2g, and 2h). There exists some findings that support our
observations suggesting the presence of a phenomenon that has not been completely discovered
earlier. Kondratiuk et al. [5] analyzed Zn coated 22MnB5, annealed for 300 s at 880 ˚C, and
noticed contrast differences in the lowest parts of the coating. However, the properties or
composition of that layer were not discussed further and have not been addressed either in other
studies. Janik et al. [9,22], in turn, discussed that the lowermost layer of the α-Fe(Zn) can be
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transformed into austenite when annealed at 900 ˚C. Nevertheless, no clear evidence of the
martensitic micro constituents containing Zn were identified from the die-quenched samples.

Based on present observations, the regions designated as A showed most preferably martensitic
morphology and contained significant amount of Zn, for example 2-9 wt-% in the area presented
in Fig. 9a. Considering the results of thermodynamic calculations (Fig. 1), it can be suggested
that a small amount of martensitic micro constituents containing Zn, i.e., α’-Fe(Zn) are formed
when Zn and ZnFe coated 22MnB5 are subjected to the direct press hardening process. The
findings presented by Kondratiuk et al. [5] support our conclusion. The scientists analysed ZnNi
coated 22MnB5 steel, annealed for 300 s at 880 ˚C, and identified unknown phase constituents
from the coating after die-quenching. The unknown phase was formed mainly in the vicinity of
steel/coating interface. However, the EDS mapping did not reveal compositional differences
between the unknown phase and α-Fe(Zn) with a chemical composition of 3 wt-% Ni, 26 wt-%
Zn, and 71 wt-%. Kondratiuk et al. [5] suggested that the unknown phase was most likely
martensitic due to high hardness. Furthermore, the presence of Ni being a strong austenite
stabilizer could stabilize austenitic phase with relatively high Zn content, and thus enable
martensite transformation. Since the unknown phase was formed in the lowermost parts of the
coating, the contribution of C and successive martensite formation can be assumed to be very
likely. Thus, we suggest that the only significant difference in the chemical compositions
between the unknown phase and α-Fe(Zn) was the C content that cannot be accurately identified
with conventional SEM-EDS analysis.

According to the presented thermodynamic calculations (Fig. 1), the carbon originating from
steel has a crucial effect in Fe-Zn phase equilibrium: the presence of C enables the stability of
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austenitic solid solution of γ-Fe(Zn) at typical annealing temperatures around 900 ˚C. In 22MnB5
steels, the role of Mn, being also a strong austenite stabilizer, is also worth considering. It can be
evaluated that the measured Mn contents, approximately 1 wt-% (Fig. 6), can also promote the
stabilization of the γ-Fe(Zn) in the vicinity of the steel/coating interface as the Zn of the coating
is mixed with the steel during annealing. The phase diagram of the 22MnB5-Zn system (0.23 wt% C, 1.2 wt-% Mn, 0.2 wt-% Si, 0.2 wt-% Cr, 0.04 wt-% Al) presented by Janik et al. [22] can be
used to evaluate the stabilizing effect of other alloying elements. In the 22MnB5-Zn system
calculated in [22] the maximum solubility of Zn in austenite is 13 wt-% at 900 ˚C. As calculated
in the present study, the maximum solubility of Zn with the corresponding C content of 0.23 wt% is only about 7.5 wt-%. Regarding the difference of 13 wt-% - 7.5 wt-%, the aggregate
stabilizing effect of the other alloying elements of 22MnB5 steel is 5.5 wt-%. Since the measured
amounts of these elements are comparable (Table 1), and do not either show significant
differences near steel/coating interface (Fig. 7), the diagram calculated in [22] can be
satisfactorily used to evaluate the aggregate effect of Mn, Cr, Si, and Al also in the present study.

The aggregate influence of Mn, Cr, Si, and Al, i.e., 5.5 wt-%, can be combined with the
stabilizing effect of the C contents that were measured in the present study. In 22MnB5 steels,
approximately 0.25 wt-% C was present near steel/coating interface. This gives 8 wt-% Zn as
indicated in Fig. 1b. Using the above-discussed method, the maximum solubility of Zn in
austenite at 900 ˚C would be 5.5 wt-% (other elements) + 8 wt-% (carbon), which makes
approximately 14 wt-% in total. This calculation means that γ-Fe(Zn) could be stabilized within
the regions of the inter-diffusion layer containing no more than 14 wt-% of Zn. The estimated
outcome gives a relatively good match with the measured values (Fig. 9a), since the Zn contents
measured immediately above the α’-Fe(Zn)/α-Fe(Zn) interface were 16 wt-%. Only 0.2-0.3 μm
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away, i.e., at slightly higher position, the measured Zn content was around 20 wt-%. Janik et al.
[9] reported very similar results for ZnFe coated 22MnB5 annealed around 900 ˚C for different
times.

The visual analysis of the 22MnB5-ZnFe samples (Fig. 2) showed no clear increase in amount of
α’-Fe(Zn) between the samples that were annealed for different times, i.e., 180 s and 450 s at 900
˚C. This means that in both cases, there has existed only a thin layer in which the thermodynamic
requirements for the stabilization of the γ-Fe(Zn) has been fulfilled. Based on the TEM-EDS
analysis (Fig. 9a) there is a steep Zn gradient from 20 wt-% to zero within a narrow region of
only 1 μm in thickness. Thus, the region having suitably low Zn content and high enough C
content for stabilizing the γ-Fe(Zn) is narrow even in the case of prolonged annealing times at
900 ˚C. To support our results, Janik et al. [22] reported that the Zn content of the lowermost
parts of α-Fe(Zn) is insensitive to annealing time, i.e., the study shows that there do not exist
significant differences in Zn content after annealing for 300 and 600 s at 900 ˚C. Hence, the Zn
content of approximately 20 wt-% can be considered as an equilibrium concentration of the
lowermost parts of the α-Fe(Zn) layer. Also this conclusion explains the negligible effect of the
increased annealing time in the 22MnB5-ZnFe samples. Consequently, also the practical
significance of the observed phenomenon can be seen as low in Zn and ZnFe coated 22MnB5
steels.

4.2. Behavior of Zn and ZnFe coated 34MnB5

The investigated 34MnB5 grades exhibited clearly stronger formation of the regions designated
as A; actually an uniform layer was formed in the vicinity of the steel/coating interface (Fig. 3).
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Based on the observed morphology (Figs. 7-9), XRD results (Fig. 4), micro hardness
measurements (Fig. 5), and conclusions regarding the behavior of 22MnB5 grades (section 4.1),
the regions of A must be martensitic micro constituents of α’-Fe(Zn) also in 34MnB5 steels. The
thermodynamic calculations (Fig. 1) suggested that higher C content stabilizes γ-Fe(Zn) with
higher Zn contents, and thus the stronger formation of α’-Fe(Zn) can be understood.

In the case of 34MnB5-Zn, the Zn contents of α’-Fe(Zn) measured with SEM-EDS were 23-25
wt-% (Fig. 6). TEM-EDS analysis supported these results (Figs. 9b and 9c), but the higher spatial
resolution gave a broader range of 9-28 wt-%. Since there is a compositional gradient within α’Fe(Zn) layer, it is difficult to give a good estimation of the average Zn content. The amount of
other alloying elements (Mn, Cr, Si, and Al) is practically the same in both 22MnB5 and
34MnB5 (Table 1), and their influence on the austenite stability can be assumed to be
comparable. Therefore, the earlier estimated outcome of other alloying elements, i.e., 5.5 wt-%
can be combined with the stabilizing effect resulting from the higher average C contents of 0.50
wt-%. Those values were measured from the regions near the steel/coating interface for 34MnB5
samples (Figs. 7c and 7d). The maximum Zn content with the C content of 0.50 wt-% is 14 wt-%
at 900 ˚C (Fig. 1a). When using the earlier described calculation procedure, the estimated
maximum Zn content of the γ-Fe(Zn) phase would be around 20 wt-% (5.5 wt-% + 14 wt-%).
However, also clearly higher Zn values, e.g. 23-28 wt %, were measured from the regions of α’Fe(Zn) that were present in samples annealed for 170 s and 470 s at 880 ˚C (Figs. 8b and 8c).
Further discussions are needed to understand this discrepancy.

The observed discrepancy between thermodynamic calculations and measured Zn contents can be
caused by several factors. To begin with, the presented GDOES results (Fig. 7) give only
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approximate values from relatively large analyzing areas due to relatively poor spatial resolution
of the method. Most importantly, the diagrams presented in Fig. 1 represent the equilibrium state
of the systems. In particular, short annealing cycles with a relatively fast heating rates result that
the equilibrium state cannot be attained. This is the case for example in the 34MnB5-Zn sample
annealed for 170 s at 880 ˚C (Fig. 9b) for which the maximum temperature of 850 ˚C was
reached. Therefore, the exceptionally high Zn contents of 28 wt-% measured near α-Fe(Zn) layer
may be influenced by the metastability of the system. It can be deduced that the prolonged
annealing time of 470 s is at least closer to the equilibrium state, and thus resulted in the
decreased maximum values of around 23-24 wt-% Zn within α’-Fe(Zn) (Fig. 8c). This value
gives better match with the calculated/evaluated threshold value of 20 wt-%.

According to the presented phase structures and EDS maps of 34MnB5 samples (Fig. 6), the
thickness of the α’-Fe(Zn) layer increased significantly at the expense of the α-Fe(Zn) with
increasing annealing time and temperature. Earlier studies [9,19] have pointed out that longer
annealing time leads to the constant decrease in the Zn content of the α-Fe(Zn) phase on average.
This result has been confirmed even though the Zn content of the lowermost parts of the α-Fe(Zn)
layer are negligible with respect to annealing time as discussed in section 4.1. Based on the
present results, the higher annealing temperature increases the solubility of Zn in austenite in the
examined temperature range of 880-930 ˚C (Figs. 1c and 1d). Consequently, a larger amount of
γ-Fe(Zn) is stabilized and finally transformed into α’-Fe(Zn) when longer annealing times and
higher annealing temperatures are applied. In the case of 34MnB5, the maximum solubility of Zn
in γ-Fe(Zn) may exceed the typical equilibrium value of the lowermost parts of α-Fe(Zn) being
around 20 wt-%. This explains why significantly thicker α’-Fe(Zn) layer is formed in 34MnB5
grades as a function of the extended annealing time. Considering the kinetics and earlier
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mentioned metastability, it is very likely that C partitions from α-Fe(Zn) to the austenite during
the inter-diffusion process and allows the Zn content of the γ-Fe(Zn) increase without
destabilizing the γ-Fe(Zn). This type of kinetic stabilization of the γ-Fe(Zn) could actually
explain exceptionally high Zn contents in the γ-Fe(Zn) when annealed for short times.

It was shown (Fig. 3d) that the α’-Fe(Zn) layer can reach a thickness of approximately 5 μm
within the typical annealing parameters. Therefore, it is meaningful to disscuss the practical
significance of this phenomenon in zinc-coated 34MnB5 steels. Simple hardness measurements
of the α’-Fe(Zn) layer (Fig. 5) indicated that martensitic micro constituents α’-Fe(Zn) are harder
than the ferritic α-Fe(Zn) phase of the coating. Regarding the observed morphological differences
(Figs. 9c and 9d) the result is more than reasonable. However, the size of hardness indentation
marks (Fig. 5) imply that the hardness values of the α’-Fe(Zn) are close to the lath martensite of
the base steel. The GDOES measurement of the corresponding 34MnB5 sample (Fig. 7d)
indicated that there is a peak in C content near steel/coating interface. However, due to nature of
the GDOES method, the higher C content of the α’-Fe(Zn) cannot be fully confirmed. Hence, the
different morphology between α’-Fe(Zn) and lath martensite of the base steel (Fig. 8) can be
thought to be caused by high Zn content instead of significant differences in C contents.
Regardless of the hardness values, the observed plate-like morphology of the α’-Fe(Zn) layer is
an indication of the brittleness [29]. Still, more detailed investigations on the role of α’-Fe(Zn)
layer in the mechanical behavior of press hardened 34MnB5 steels would be needed. The present
study suggests that the observed phenomenon needs to be taken into account, but further analysis
are left outside of the scope of this work.
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Another interesting finding mentioned in section 3.1., was the formation of the islands of A in the
upper parts of the coating. That phenomenon was observed only for 34MnB5-Zn samples
annealed for relatively short times, e.g., 170 s at 880 ˚C. The GDOES profile of the
corresponding 34MnB5-Zn sample (Fig. 7c), showed clearly higher C contents in the depths of 310 μm from the surface. The higher Mn content cannot be confirmed on the basis of the GDOES
curve, but EDS point analysis (Fig. 6a, middle) gave Mn contents around 1 wt-% from the islands
of A. These values are higher than typically measured from α-Fe(Zn) phase. Relatively high C
and Mn contents and XRD results (Fig. 4) suggest that the islands are also martensitic micro
constituents of α’-Fe(Zn). The presence of C in solid solution explains different etching depth
between the islands of A and α-Fe(Zn) (Fig. 6a, middle). More interestingly, the islands were not
observed in any 34MnB5-ZnFe samples. In order to explain this behavior, physical properties of
Zn and ZnFe coatings need to be considered. It is known that the conventional Zn coating has
low thermal stability due to low melting point of pure Zn (420 ˚C), whereas the melting point of
the ZnFe coating consisting of intermetallic Zn-Fe phases is higher [3,28]. Accordingly,
Schachinger et al. [30] reported that the coating evolution of ZnFe coated 20MnB8 was more
columnar by nature compared to Zn coated 22MnB5. Regarding this, it is likely that no liquid
phase was present in the lowermost parts of the coating during the annealing phase of the ZnFe
coated 34MnB5. The present results showing dissimilar behavior between Zn and ZnFe coated
34MnB5 support this observation. In addition, the phase structure of 34MnB5-ZnFe (Fig. 3e),
indicates that the α-Fe(Zn) layer is relatively dense and uniform near the steel/coating interface.
Therefore, it is likely that the liquid has not reacted with the steel in a similar way as in the case
of Zn coating.
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It is reasonable to believe that the observed difference in the behavior of 34MnB5-Zn and
34MnB5-ZnFe is caused by larger volume fraction of liquid phases when heating the
conventional Zn coating. As seen in the optical micrograph of the 22MnB5-Zn sample (Fig. 2a),
a majority of the coating has melted temporarily when reaching 820 ˚C. However, resolidification of the coating has occurred through the formation of α-Fe(Zn) as the Fe content of
the coating has increased (Fig. 2c). The amount of the Γ-ZnFe phase was small in the 34MnB5Zn sample (Figs. 3a and Fig. 4), meaning that the re-solidification of the coating had proceeded
quickly until reaching a temperature of 850 ˚C. In a general level, the mass of the Zn coating
(50/50 g/m2) is relatively small, and thus the solidification of the coating could occur rapidly.
Therefore, a valid explanation for the behavior of Zn coated 34MnB5 would be fast but shortterm melting of the Zn coating that has occurred also in the regions touching the surface of the
steel. Another issue to consider is the different Al content of Zn and ZnFe coatings. The higher
Al content of the zinc bath is used when producing Zn coatings, since Al enhances the formation
of so called inhibition layer that prevents the formation of brittle intermetallic Fe-Zn compounds
[3]. Hence, the heating induces the breakdown of the inhibition layer in Zn coated steels, which
occurs in a very uneven manner. This should also promote the melting of the lowermost parts of
the Zn coating, in particular in the regions where Fe-Zn reactions are delayed. In the case of
ZnFe coating, the inhibition layer does not exist in the galvannealed state, i.e., in the initial state
of the ZnFe coated PHS. In that case the direct contact between the liquid phase and the base
steel is most likely prevented.

More explanations are still needed to understand the sequence of phase transformations occurring
during the heating stage of the 34MnB5-Zn samples. Mörtlbauer et al. [17] reported that Γ-ZnFe
transforms very rapidly into the mixture of α-Fe(Zn) and liquid when the temperature of 760-780
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˚C is attained during heating of Zn coated 22MnB5 steel. Simultaneously, a steel consisting
initially of ferrite and cementite transforms into austenite. Based on this, it can be suggested that
the C rich areas of the steel surface (cementite particles) provide the first nucleation sites for the
γ-Fe. The locally high C content could allow the formation of γ-Fe(Zn) as the Zn diffuses towards
steel. This process may result in exceptionally high C content in the γ-Fe(Zn) phase and would
explain higher Zn contents compared to the equilibrium state. After that, the islands of the γFe(Zn) with exceptionally high Zn content are separated from the γ-Fe(Zn) layer, but are still
stabilized for a certain amount of time due to continuing C partitioning from the α-Fe(Zn). As
indicated in the SEM-EDS point analysis results (Fig. 6), the Zn contents of the martensitic
islands of A were as high as 36 wt-%. Hence, it is believed that the kinetic stabilization of γFe(Zn) described above can enhance the observed behavior, since the diffusion rate of C is
significantly higher compared to Zn. Finally, the martensitic islands are vanished as a result of
the prolonged annealing (Figs. 3b and 3d) due to reduction in the local C contents and
partitioning. As a conclusion, it can be suggested that the formation and presence of the α’Fe(Zn) in the upper parts of the coating is insignificant phenomenon in practice. This is because
ZnFe coatings are preferred in the direct press hardening of commercial PHS [31].

5. Conclusions

The following conclusions can be made based on the findings of the presents study:
-

A new insight into the phase formation of Zn and ZnFe coated 22MnB5 steels was found
regarding the typical heat treatment cycle of the direct press hardening process. Small
regions of martensitic phase constituents α’-Fe(Zn) were identified near steel/coating
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interface after die-quenching. However, the practical significance of this phenomenon is
considered as low in 22MnB5 steels.
-

A significantly stronger formation α’-Fe(Zn) was observed after die-quenching in Zn and
ZnFe coated 34MnB5 steels. The α’-Fe(Zn) formed mainly as a continuous layer near
steel/coating interface and was clearly emerged into the martensitic steel. The practical
significance of a relatively thick α’-Fe(Zn) zone needs to be carefully considered.

-

The differences between 22MnB5 and 34MnB5 can be explained with higher the C
content of the 34MnB5. It seems evident that high C content of the 34MnB5 steel and
simultaneous occurring partitioning of C from the α-Fe(Zn) to the γ-Fe(Zn) can
effectively stabilize the γ-Fe(Zn) during the annealing/austenitization stage of the direct
press hardening process.

-

In the case of Zn coated 34MnB5, the presence of martensitic islands of α’-Fe(Zn) was
observed also in the upper parts of the coating. It is suggested that a short term melting of
the Zn coating and simultaneously occurring austenite formation in steel enable the
following reactions: C rich areas of the steel surface (cementite particles) provide
nucleation sites for γ-Fe and locally high C content allows the formation of γ-Fe(Zn) as
the Zn diffuses towards the steel. This process can result in exceptionally high C content
in the γ-Fe(Zn) phase and would explain higher Zn contents compared to the equilibrium
state. After that, the islands of the γ-Fe(Zn) are separated from the steel/coating interface,
but are still stabilized with high Zn contents for a certain amount of time due to
continuing C partitioning from the α-Fe(Zn) phase.

-

The α’-Fe(Zn) layer formed in 34MnB5 showed plate-like morphology, but comparable
micro hardness values with the martensite of the base steel. The formation of α’-Fe(Zn)
with a relatively high Zn content needs to be considered from the mechanical behavior
40

point of view. Therefore, the formation of α’-Fe(Zn) layer needs to be taken into account
in press hardening steels of 34MnB5 type.
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Table 1. Details and chemical compositions (wt-%) of the as-received test materials.
Steel

Sheet
thickness

Coating
weight
(side/side)

C%

Si %

Mn %

Cr %

Al %

22MnB5-Zn

1.5 mm

50/50 g/m2

0.24

0.26

1.18

0.20

0.033

0.0029

831

22MnB5-ZnFe

1.5 mm

70/70 g/m2

0.23

0.26

1.24

0.21

0.029

0.0031

830

34MnB5-Zn

1.1 mm

50/50 g/m2

0.35

0.26

1.30

0.15

0.033

0.0026

800

34MnB5-ZnFe

1.5 mm

70/70 g/m2

0.35

0.25

1.32

0.15

0.033

0.0014

803
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B % Ac3 (˚C)

Table II. Parameters of the examined annealing cycles. The attained peak temperature of each
cycle is expressed in the parenthesis.
Steel

880 ˚C: Ac3+30 s, Ac3+330 s

900 ˚C: total dwell times

22MnB5-Zn

180 s (820 ˚C), 450 s (900 ˚C)

22MnB5-ZnFe

180 s (890 ˚C), 450 s (900 ˚C)

34MnB5-Zn
34MnB5-ZnFe

170 s (850 ˚C), 470 s (880 ˚C)

180 s (890 ˚C), 450 s (900 ˚C)
180 s (890 ˚C), 450 s (900 ˚C)
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930 ˚C: Ac3+330 s

430 s (930 ˚C)

Fig. 1. a) Calculated Fe-Zn phase diagram. b) Maximum solubility of Zn in austenite (FCC_A1)
at 900 ˚C as a function of C content. Isoplethal sections of the Fe-Zn-C system with C contents
of; c) 0.25 wt-%; d) 0.50 wt-%. Designation BCC_A2 refers to the ferritic solid solution αFe(Zn).

Fig. 2. Optical micrographs of the die-quenched 22MnB5-Zn annealed for; a) 180 s; b) 450 s at
900 ˚C along with SEM (BSE) micrographs corresponding to; c) 180 s; d) 450 s. Optical
micrographs of the die-quenched 22MnB5-ZnFe annealed for; e) 180 s; f) 450 s at 900 ˚C along
with SEM (BSE) micrographs; g) 180 s; h) 450 s.

Fig. 3. Optical micrographs of the die-quenched 34MnB5-Zn annealed for; a) 180 s; b) 450 s at
900 ˚C along with SEM (BSE) micrographs corresponding to; c) 180 s; d) 450 s. Optical
micrographs of the die-quenched 34MnB5-ZnFe annealed for; e) 180 s; f) 450 s at 900 ˚C along
with SEM (BSE) micrographs; g) 180 s; h) 450 s.

Fig. 4. Results of the X-ray diffraction measurements for; a) 34MnB5-Zn annealed for 180 s; b)
450 s. The main intensity peaks of ZnO and α-Fe(Zn) are marked with asterisk.

Fig. 5. SEM image showing Vickers indentation marks (HV 0.5 g) in identified layers of a
34MnB5-Zn sample annealed for 430 s at 930 ˚C.

Fig. 6. BSE-images (left column), SE-images together with superimposed EDS point analysis
results (Zn wt-%) (middle column), and EDS maps (ZnKα) (right column) for 34MnB5-Zn
annealed for; a) 170 s at 880 ˚C; b) 470 s at 880 ˚C; c) 430 s at 930 ˚C.
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Fig. 7. Elemental GDOES profiles for; a) 22MnB5-Zn (450 s/900 ˚C); b) 22MnB5-ZnFe (450
s/900 ˚C); c) 34MnB5-Zn (170 s/880 ˚C); d) 34MnB5-Zn (430 s/930 ˚C). The curves of other
alloying elements are omitted for clarity. The steel/coating interface, originally defined according
to the derivative curve of the Fe content, is marked with a dashed vertical line. The legend
presented in a) is the same for all graphs. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article).

Fig. 8. Band contrast (left column) and inverse pole figure maps (right column) for; a) 22MnB5ZnFe annealed for 450 s at 900 ˚C; b) 34MnB5-Zn annealed for 170 s at 880 ˚C; c) 34MnB5-Zn
annealed for 470 s at 880 ˚C; d) 34MnB5-Zn annealed for 430 s at 930 ˚C. In IPF maps, the
crystal structure of the regions of A has been for the most part identified as body centered cubic
(BCC) Fe similarly to ferritic α-Fe(Zn) and martensitic α’. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article

Fig. 9. STEM bright field (BF) images observed from the interface regions of the die-quenched
samples of; a) 22MnB5-ZnFe (450 s/900 ˚C); b) 34MnB5-Zn (170 s at 880 ˚C); c) 34MnB5-Zn
(470 s at 880 ˚C). STEM-EDS intensity curves of ZnKα are superimposed on BF images and
EDS point analysis results are marked with numbers (Zn wt-%). Please note slightly larger
magnification in a).

Fig. 10. a) Selected area diffraction pattern from regions of A showing BCC crystal structure. b)
BF image showing plate-like martensitic morphology within layer A in 34MnB5-Zn (170 s/880
˚C). c) BF image showing plate-like martensitic morphology within layer A in 34MnB5-Zn (470
s/880 ˚C). Please note slightly different magnification between b) and c).

48

1

49

2

50

3

51

4

52

5

53

6

54

7

55

8

56

9

57

10

58

