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1. Introduction

In recent years, the automotive industry has faced an increasing
demand for reducing CO2 emissions without compromising

the safety performance of passenger
cars.[1] These requirements have led to
the increased use of ultrahigh strength
boron steels, enabling reduced wall thick-
nesses of the car body components.[2]

Currently, several car body components
with an appealing combination of ultra-
high strength and complex geometries
are manufactured using the direct press
hardening process. In this process, the
blank is first austenitized, subsequently
hot formed at 800–650 �C, and simulta-
neously quenched in a die. The martens-
itic phase transformation of steel leads
to ultrahigh strength and facilitates the
attainment of excellent dimensional accu-
racy of the components.[3]

Use of coated steel sheets has constantly
increased in the press hardening
technology—a coating provides scaling
protection during the austenitization treat-
ment and improves corrosion resistance in
service. Protective coatings can be econom-
ically applied as a part of steel strip produc-
tion by means of continuous annealing and

integrated hot-dipping processes. For several years, AlSi-coated
22MnB5 steel has dominated the market, but it is only
able to provide barrier protection against corrosion.[4] Zinc-based
coatings, Zn (also known as GI) and ZnFe (also known as GA or
galvannealed), have higher potential against corrosion due to
cathodic protection capability,[4,5] but are instead susceptible to
the undesired cracking in hot deformation.[6] The cracking
phenomena, as described earlier, for example, by Drillet et al.,[7]

can be roughly divided into two groups: liquid metal assisted
cracking (LMAC), or more generally known as liquid metal
embrittlement (LME) and microcracking. Even though a number
of ways have been developed to eliminate liquid phases and so
LMAC, microcracks may occur at severe forming conditions.[7,8]

Regardless of the numerous studies, the root cause of micro-
cracking has stayed partially unknown. Drillet et al.[7] empha-
sized the strong role of high friction forces in the origin of
microcracking of zinc-coated 22MnB5. They also notified the
simultaneously occurring ferrite formation below coating/steel
interface and its possible correlation to the maximum crack
depth. Kim et al.[9] investigated hot deformation of zinc-coated
22MnB5, ferritic–pearlitic 340Y steel, and fully austenitic
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Liquid metal assisted cracking (LMAC) and so-called microcracking are limiting
the application of hot-dip galvanized boron steels in the direct press hardening
process. This study addresses the role of steel hardenability on the microcracking
behavior of ZnFe-coated (galvannealed) boron steels 22MnB5 and 22MnMoB8.
Several soaking times and forming start temperatures in the range of 800–520 �C
are examined using a laboratory press hardening equipment with a hat-profiled
forming tool. The results indicate that the penetration depth of microcracks can
be reduced by improving the hardenability of steel, which enables hot forming in
austenitic state at exceptionally low temperatures even without accelerated
cooling procedures. The austenite decomposition of 22MnB5 leads easily to
heterogeneous microstructure (ferriteþ austenite/martensite) below the coat-
ing/steel interface, which promotes the penetration of microcracks. The crack
depth is generally reduced with a conversion-delayed 22MnMoB8 steel; however,
a crucial reduction is attained only at lowest hot forming temperatures of 550 and
520 �C. The results of 22MnMoB8 uncouple the effect of high-temperature ferrite
formation from the microcracking mechanisms and suggest that the embrittling
effect from zinc or zinc-rich intermetallic phases plays a crucial role at con-
ventional hot forming temperatures of 800–600 �C.
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twinning-induced plasticity (TWIP) steel and concluded that
microcracks with equal penetration depth are formed regard-
less of the substrate microstructure. They also showed that
increasing plastic strain (smaller die radius) increases the
microcrack depth. Also, Köyer et al.[10] pointed out the strong
role of plastic strain and suggested that the microcracks are
formed in the regions which are first subjected to compressive
stress and subsequently to tensile loading. In turn, Hensen
et al.[8] proposed that the role of zinc, acting as an embrittling
agent on steel grain boundaries, is essential contributor to
microcracking. This finding is supported by the results of
Janik et al.[11] who reported that longer annealing time and
simultaneously reducing zinc content of the coating decreased
the microcrack depth. Kang et al.[12] performed hot tensile tests
after annealing at temperatures of 600, 700, 800, and 900 �C and
concluded that the microcracking of zinc-coated 22MnB5 is
facilitated by the presence of fine zinc-rich ferrite on the grain
boundaries of the steel substrate. Based on the aforementioned
literature, it can be outlined that the root cause of microcracking
and resulting penetration depth must be a result of complex
combination of mechanical, chemical, and tribological factors,
which interplay during hot press forming (HPF) process. Still,
uncoupling of the factors contributing to the microcracking of
industrial HPF process has turned out to be challenging and
requires further focus.

Even though the understanding on the microcrack formation
has not been yet fully supplemented, there exists at least one
commercial solution for limiting the microcrack depth below
10 μm, which is acceptance limit set by some car manufac-
turers.[13] Accordingly, Kurz et al.[14] reported that formation
of deep microcracks is avoided when the hot forming of
ZnFe-coated 22MnB5 steel is conducted at temperature range
of 550–500 �C after an accelerated precooling step. To guarantee
the robustness in industrial conditions, also the hardenability of
the steel was later improved with higher Mn content of 2% to be
used in the novel process technique.[15] Naturally, the LMAC is
avoided at low hot deformation temperatures, but exact mecha-
nisms leading to the significantly decreased penetration depth
of microcracks with lower hot forming temperatures were not
clarified. Also, Hensen et al.[16] applied accelerated cooling
procedure for ZnFe-coated 22MnB5 steel, and performed
HPF experiments at different hot forming temperatures. They
estimated that reduced forming temperature below 600 �C
may crucially prevent the embrittling effect of zinc by decreasing
the mobility of zinc atoms to the austenite grain boundaries
according to the proposed solid metal embrittlement (SME)
mechanism. Therefore, hot forming at unconventionally low
temperature may help to minimize both LME and SME, i.e, both
proposed forms of metal-induced embrittlement (MIE) caused
by zinc.

Even though role of zinc seems to be essential in the forma-
tion of deep microcracks, the researchers have faced difficulties
in tracing the zinc at the prior austenite grain boundaries, which
are known to provide favorable paths for propagating cracks.[17]

In addition, the significance of subsurface ferrite formation has
stayed unknown due to conflicting results between the studies
conducted by Drillet et al.[7] and Kim et al.[9] In this study, we
investigate the role of steel hardenability and hot forming tem-
perature in two ZnFe-coated boron steels. The present study

focuses on the effect of forming start temperature which controls
several secondary factors behind microcracking.

2. Experimental Section

2.1. As-Received Materials

The test materials consisted of two industrially produced hot-dip
galvannealed, hereafter referred to as ZnFe-coated, steels with
initial coating weight of 70 gm�2 per side. The sample materials
were received as 1.5 mm-thick sheets in the coupon size of
110� 100mm. In addition to a standard 22MnB5 grade, a novel
boron alloyed steel referred to as 22MnMoB8 was studied. The
chemical compositions of the investigated steels are shown in
Table 1.

Continuous cooling transformation (CCT) and time–
temperature transformation (TTT) curves of the steels, calculated
using thermodynamic simulation software JMatPro,[18] are
shown in Figure 1. For comparison, the prior austenite grain size
(PAGS) of 10 μmwas used in the CCT calculations of both steels.
Whereas there does not exist single universal method for mea-
suring the grain size, the PAGS used in the calculations was
roughly estimated based on the results presented in an earlier
study.[19]

The CCT curves shown in Figure 1 indicate much greater
hardenability of 22MnMoB8 due to higher amount of Mn and
presence of Mo instead of Cr. In general, the critical cooling rate
of 22MnB5 is typically reported to be around 30 �C s�1.[20] The
higher critical cooling rate of the present CCT diagrams
(Figure 1a) is caused by the choice of smaller PAGS, which is
an essential parameter in the calculation. In comparison, choos-
ing the PAGS of 20 μm would result in the critical cooling rate of
20 �C s�1.

2.2. Experimental Procedures

A laboratory custom-built press hardening equipment was used
to investigate the material behavior in the direct press hardening
process. HPF experiments were conducted using a water-cooled
hat-profiled forming tool with a die geometry, as shown in
Figure 2. Samples were austenitized in an electric chamber fur-
nace at ambient atmosphere. An automatic sample transfer sys-
tem was connected to a servohydraulic material testing machine
MTS TestStar 810 with a load cell capacity of 100 kN. A pneu-
matically operated transfer system was used to move the sam-
ples from the furnace to the pressing tool, after which the
pressing cycle was automatically started. The HPF was con-
ducted without plate holding forces, i.e., the forming mode
was the so-called crush forming instead of draw forming.
These two forming methods have been discriminated and dis-
cussed, for example, in the study of Nakagawa et al.[21] As a

Table 1. Chemical compositions of the investigated steels.

Steel C [%] Si [%] Mn [%] Cr [%] Mo [%] Al [%] Ti [%] B [%]

22MnB5 0.23 0.26 1.26 0.21 0.05 0.031 0.042 0.0021

22MnMoB8 0.22 0.29 1.93 0.07 0.19 0.031 0.039 0.0027
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default, the tests were conducted without lubrication. However,
two tests with selected parameters were performed in lubricated
conditions. In those tests, the MoS2 grease (MOLYKOTE) was
used in the forming die.

Two types of HPF experiments were conducted in the current
study: immediate hot press forming (IHPF) and delayed hot press
forming (DHPF) experiments. In case of IHPF, the transfer time
was �3 s resulting in the forming start temperature of around
850–800 �C. Due to fast cooling rate in the region of 900–800 �C,
the forming temperature is more or less evaluated, hereafter
referred only to as 800 �C. With this method, total annealing times
of 180, 290, 450, 600, and 900 s in a furnace with a preset temper-
ature of 900 �C were examined to attain different phase structures
of the coating prior to hot deformation. The expressed times
are total soaking times including both heating and annealing steps.
The attained temperature after 180 s soaking was around
880 �C, whereas after longer soaking times the target temperature
of 900 �C was reached. Specimen temperature was monitored
throughout the process with spot-welded K-type thermocouples,
which were connected to the materials testing machine through
an external amplifier. The thermocouple was attached to region
corresponding to the other end of the inner wall region of the

hat profile (Figure 2c). With this method, fully synchronized
records of the press displacement (machine actuator), pressing
force, and specimen temperature were obtained. Figure 3a shows
an example of data recorded from HPF experiments.

In the DHPF experiments, the transfer step was intentionally
delayed to decrease the start temperature of the forming by
means of passive air cooling. The studied forming temperatures
were 750, 700, 650, 600, 550, and 520 �C. It needs to be noted that
these temperatures can be understood as targeted start temper-
atures of the hot forming step. In these experiments only two
soaking times, 180 and 450 s, were examined using the following
procedure. First, the complete temperature data of the passive air
cooling were measured for both steels and soaking times from
the middle point of the sheet to target the initial hot forming
temperatures in the actual experiments (Figure 3b). After that,
required air-cooling time to attain desired hot forming tempera-
ture for actual experiments was determined. However, it is worth
noting that due to hardenability differences (Figure 1) the fol-
lowed method resulted in variable microstructures at the time
when the forming step was triggered.

In all experiments, the forming speed was set to a value of
40mm s�1. The maximum pressing force peak of 80–90 kN

Figure 1. CCT and TTT diagram of a) 22MnB5 and b) 22MnMoB8 calculated using JMatPro (version 10.2). In the graphs, the grain size of 10 μm refers to PAGS.
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was recorded as the bottom end was reached after 1 s movement
of the piston. After that the pressing step was continued with
target force of 70 kN for 30 s allowing the samples to cool down
quickly below the room temperature. As shown in Figure 3a,
temperature of around 50 �C was attained after the sample

had spent 10 s in a closed die. As a default, the HPF was con-
ducted in as dry, i.e., without lubricant.

According to the data shown in Figure 3b, the passive air-
cooling rate was 11–13 �C s�1 in the beginning of the air-cooling
step, which corresponds to temperature range of 850–700 �C.

Figure 2. a) Experimental press hardening equipment. b) Die geometry of the hat-profiled forming tool used in the HPF experiments. c) Illustration of the
location of thermocouple and method to attach sample to the automatic transfer system.

Figure 3. a) An example of data recorded from an IHPF experiment; b) air-cooling curves of the DHPF experiments.
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The cooling rate can be, however, slowed down due to latent heat
release resulting from the austenite decomposition into ferrite,
pearlite, or bainite (Figure 3b). This is seen as a clear drop in the
slope of the air-cooling curves of 22MnB5. The longer austeni-
tization time, 450 s, results in a delay of austenite decomposition.
This behavior is connected to the larger grain size of austenite,
which increases the hardenability of steel. In the case of
22MnMoB8 sharp slope change cannot be observed for either
austenitization cycles. This indicates that no ferrite or bainite
transformations occurred in 22MnMoB8 during passive air-
cooling phase in the studied temperature range of 900–520 �C.

An infra-red (IR) thermal camera Telops FAST-IR 2K was used
to evaluate the temperature uniformity of the sample during the
passive air-cooling step. Figure 4 shows IR camera images of a
22MnB8 sample air-cooled from 900 �C down to 520 �C.

Figure 4 shows that the front (right) and back (left) regions of
the samples cooled down faster than the central regions. This
natural effect was accelerated by the presence of support bars
made of aluminum, which were in contact with the samples.
Nevertheless, the central region of the samples, used in micro-
structural studies, shows only small temperature difference.
The faster cooling of the front and back edge of the samples can,

however, affect the flow stresses formed in during HPF. In any
case, it is evaluated that the used procedure allows reliable com-
parison between examined forming temperatures.

2.3. Microstructural Analysis and Characterization of the Cracks

All HPF samples were sectioned for microstructural analysis
conducted with an optical microscope Nikon Eclipse MA 100.
Supplementary evaluation was conducted using scanning
electron microscope (SEM) Philips XL-30. The crack depth
was measured from upper radius and outer wall regions of the
hat-profiled samples (Figure 5). The measured crack depth is the
distance between the coating/steel interface and crack tip. It is
worth considering that some microcracks are halted to the coat-
ing/steel interface, and thus do not penetrate the steel. In case of
the outer wall region, the percentage of the cracks penetrating the
steel was also determined by dividing the penetrated cracks by
the total number of cracks. Measuring of the depth of each pen-
etrated crack allowed to analyze the crack profiles from the outer
wall regions of the hat profiles (Figure 5b). In addition to crack
analysis, the phase fractions of steel down to around 30 μm from

Figure 4. IR camera images of the DHPF samples of a 22MnMoB8 sample captured prior to hot forming target temperatures of 800 �C (3 s),
750 �C (9 s), 700 �C (14 s), 650 �C (19 s), 600 �C (23 s), 550 �C (33 s), and 520 �C (38 s). A thermocouple is attached in the central region of
the sample.
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the coating/interface were evaluated from the optical micro-
graphs. In this study, the expressed phase fractions are only used
to see trends in the material behavior.

2.4. Elemental Analysis

A GDA750 glow discharge optical emission spectroscope
Spectruma Analytik GmbH GDOES analysator was used to mea-
sure elemental depth profiles from surface across the steel/
coating interface and down to a depth of at least 50 μm. Both
as-received and HPF samples were used to analyze the changes
in the chemical compositions occurring as a result of press hard-
ening process. The measuring accuracy of the GDOES, generally
described in ISO 16962:2005, can be divided into two parts: the
accuracy of the depth axis (x-axis) is �10% and the accuracy of
the elemental mass fractions (y-axis) is considered as �5% for
the major elements with contents above 1 wt%. For the minor
elements, the accuracy is lower and typically within �5–20%

3. Results

3.1. As-Received Properties

The elemental depth profiles of as-received samples (Figure 6)
reveal the differences in the C contents, i.e., the C content below
coating/steel interface is higher for 22MnB5. The GDOES profile
shown in Figure 6b suggests that the Mn content of as-received
22MnMoB8 is only 1.5–1.7% below coating/steel interface,
which is lower than the nominal value of 1.93% (Table 1). In con-
trast, the Mo content is higher, i.e., 0.25–0.27% than the nominal

value of 0.19%. The initial coating thickness is around 8–10 μm.
The small difference in the coating thicknesses between 22MnB5
and 22MnMoB8 can be explained with natural local variation. In
22MnMoB8 (Figure. 6b), the elevated Zn content far below the
coating/steel interface can be considered as false signal, meaning
that some Zn signal has been gathered from the edges of the
formed crater after passing the interface.

3.2. Elemental Depth Profiles after Press Hardening

As indicated in the GDOES graphs of the HPF samples
(Figure 7), the coating thickness increases constantly as a func-
tion of annealing time. In turn, the Zn content decreases with
longer soaking time due to interdiffusion between Fe and Zn.
It is worth considering that the B contents of HPF samples below
coating/steel interface are much lower, i.e., only 5–15 ppm com-
pared with the nominal values of around 30 ppm (Table 1). The
depletion of B content must be caused by the enrichment of B in
the upper regions of the coating, which results in decreasing B
content below steel/coating interface as a function of annealing
time. In case of 22MnMoB8 (Figure 7b,d,f ), the aforementioned
trends in Mn and Mo contents are the same for all annealing
times of 180, 290, and 450 s.

To observe the possible effect of the passive air-cooling time
on the development of the coating structure, the GDOES analysis
was performed also to 22MnMoB8 samples formed at the lowest
temperature of 520 �C. Figure 8 shows the GDOES profiles of
selected 22MnMoB8 samples formed at 520 �C.

The comparison between the GDOES profiles of IHPF
(Figure 7b,f ) and DHPF samples of 22MnMoB8 (Figure 8a,b)

Figure 5. a) Characterized areas of the hat-profiled hot press formed samples: upper outer radius and outer wall. b) A schematic drawing showing the
direction of crack analysis conducted for the outer wall region. c) An optical micrograph observed from the outer wall region explaining the principles used
in the crack analysis.
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does not reveal significant differences. The natural local variation
in the coating thickness of the as-received samples can generally
explain the small differences in the GDOES profiles of HPF
samples.

3.3. Crack Characteristics and Microstructures

Table 2 shows the results attained in the crack and phase fraction
analysis of IHPF samples. A dramatic drop in the crack depth can
be observed at the long furnace times starting from 450 s. This
trend is related to the elimination of liquid phases through the
diffusion-controlled solidification of the coating layer. It can also
be summarized that both average and maximum depth of the
cracks are decreased with the prolonged annealing time in gen-
eral. In case of 450, 600, and 900 s, the crack type can be seen
purely as microcracks, whereas the liquid phases contribute to
the penetration depth with the short soaking time of 180 s
and more or less also in case of 290 s. The crack depth of
22MnMoB8 is relatively high with the annealing time of 290 s,
indicating the incomplete elimination of liquid phases. The ele-
mental profiles shown in Figure 7 support this finding by show-
ing higher Zn content in 22MnMoB8 (Figure 7d) compared with
22MnB5 (Figure 7c). The difference can be observed, for exam-
ple, by comparing the Zn contents at the depth of 10 μm.

Table 3 shows the results attained in the crack and phase frac-
tion analysis of DHPF samples that is the test with varying form-
ing start temperature. In case of 22MnB5, the low hot forming
temperatures of 550 and 520 �C were not examined because the
microstructure of the samples formed at 600 �C was already
almost totally free of martensite, which is not desirable for the
final properties and from the application point of view. The pre-
sented results (Table 3) show a generally decreasing trend in the
crack depth of 22MnMoB8 as a function of decreasing forming
start temperature. In turn, the behavior of 22MnB5 is not similar.
22MnB5 exhibited the formation of large amount of ferrite or
ferrite (and pearlite) because of increasing passive air-cooling

time. In addition, the crack depth was decreased in the lubricated
conditions. In particular, the number of cracks penetrating the
steel was significantly reduced when using the lubricated die
instead of nonlubricated die used as a default.

Representative optical micrographs and crack profiles of the
outer wall region of the HPF samples of 22MnB5 and
22MnMoB8 (180 s/900 �C, forming start temperatures of 800,
700, and 600 �C) are shown in Figure 9. The optical micrographs
show significant difference between 22MnB5 (left) and
22MnMoB8 (right): the amount of ferrite (and pearlite Figure 9e)
is significantly higher in 22MnB5 and microcracks penetrating
the steel are deeper. It is worth noting that the crack depth of
22MnMoB8 decreases as a function of forming start temperature
and the subsurface microstructure of the steel stays essentially as
martensitic. It can also be observed that oxidation of the grain
boundaries of the α-Fe(Zn) grain of the coating is stronger after
longer air-cooling time. Figure 9e shows exceptional appearance
of the coating/steel interface and grain boundaries of α-Fe(Zn) in
the coating. As a result of long passive air-cooling time (43 s),
the microstructure of steel is almost completely ferritic–pearlitic.
It is likely that similar phase transformations occur also at the
interface where carbon is present.

Representative optical micrographs and crack profiles of the
outer wall region of the DHPF samples of 22MnMoB8 (180 s/
900 �C, forming start temperatures of 550 and 520 �C) are shown
in Figure 10. The comparison between Figure 10a,b reveals a
notable change in the appearance of the microcracks: the sample
formed in the lubricated die does not reveal any microcracks with
sharp crack tip. Small amount of fragmented ferrite or bainitic
ferrite can be observed below coating/steel interface, even
though the subsurface microstructure of the steel is still essen-
tially martensitic after forming at exceptionally low temperatures
of 550 and 520 �C.

Representative optical micrographs and crack profiles of the
outer wall region of the HPF samples of 22MnB5 and
22MnMoB8 (450 s/900 �C, forming start temperatures of 800,

Figure 6. Elemental depth profiles of the as-received samples of a) 22MnB5 and b) 22MnMoB8. The dashed vertical line indicates the coating/steel
interface. The curves of Al, Ti, and O are omitted for clarity. The legend presented in (a) is the same for both graphs.
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700, and 600 �C) are shown in Figure 11. Significant differences
between studied steels of 22MnB5 (Figure 11a,c,e) and
22MnMoB8 (Figure 11b,d,f ) can be again observed. Whereas

the microcrack depth of 22MnB5 increases with reducing form-
ing temperature, the crack depth of 22MnMoB8 is almost
constant for all forming temperatures of 800, 700, and 600 �C.

Figure 7. Elemental depth profiles of the IHPF samples of a) 22MnB5, 180 s/900 �C; b) 22MnMoB8, 180 s/900 �C; c) 22MnB5, 290 s/900 �C;
d) 22MnMoB8, 290 s/900 �C; e) 22MnB5, 450 s/900 �C; and f ) 22MnMoB8, 450 s/900 �C. The dashed vertical line indicates the coating/steel interface.
The curves of Al, Ti, and O are omitted for clarity. The legend presented in (a) is the same for all graphs.
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Based on the observed images, the increasing crack depth of
22MnB5 seems to be connected with the microstructure of the
steel: the amount of ferrite below coating/steel interface is
strongly increasing as a function of passive air-cooling time.
In turn, the microstructure of 22MnMoB8 is almost purely mar-
tensitic for all forming temperatures.

Representative optical micrographs and crack profiles of the
outer wall region of the HPF samples of 22MnMoB8 (450 s/
900 �C, forming start temperatures of 550 and 520 �C) are shown
in Figure 12. The comparison between Figure 12a,b supports the
observations mentioned earlier: lubricated conditions led to
the absence of sharp V-shaped microcrack tips, indicating that
the surface shear stresses are greatly diminished. Whereas the
22MnMoB8 samples formed in nonlubricated conditions at
550 and 520 �C show still the formation of shallow microcracks,
the lubrication has eliminated the crack penetration into steel.

SEM imaging was used to observe the details of the subsurface
microstructure with higher resolution; Figure 13 shows an exam-
ple of SEMmicrographs of the HPF samples of 22MnB5. As seen
in the SEM micrographs presented in Figure 13b,c, the forma-
tion of fragmented ferrite is stronger in vicinity of the cracks,
which are acting as a strain concentration points during HPF.
The image taken from the undeformed top area of the hat profile
does not show ferritic phase constituents in steel.

4. Discussion

4.1. Role of Furnace Time/Annealing Time

Uncoupling of the LMAC andmicrocracking is required to outline
the relationships between process parameters and penetration

Figure 8. Elemental depth profiles of the DHPF samples of a) 22MnMoB8, 180 s/900 �C, forming start temperature of 520 �C; b) a) 22MnMoB8,
450 s/900 �C, forming start temperature of 520 �C. The dashed vertical line indicates the coating/steel interface. The curves of Al, Ti, and O are omitted
for clarity. The legend presented in (a) is the same for both graphs.

Table 2. Summary of the crack and phase fraction analysis results of IHPF experiments, F¼ ferrite, M¼martensite.

Steel Furnace
time [s]

Forming temperature [�C]
and air-cooling time [s]

Crack depth max. [μm]
upper radius

Crack depth
max. [μm] outer wall

Crack depth
avg. [μm] outer wall

Cracks in steel [%]
outer wall

Phase fractions below
coating down to 30 μm

depth in steel [%]

22MnB5 180 800–3 169a) 71a) 18a) 82 1 F–99 M

– 290 800–3 2 13 5 78 100 M

– 450 800–3 0 7 4 46 100 M

– 600 800–3 0 7 3 39 100 M

– 900 800–3 0 5 2 42 100 M

22MnMoB8 180 800–3 232a) 63a) 19a) 54 100 M

– 290 800–3 70a) 58a) 19a) 76 100 M

– 450 800–3 0 10 4 44 100 M

– 600 800–3 Not studied

– 900 800–3 Not studied

a)LMAC identified.
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depth of microcracks. For example, Janik et al.[22] identified that
the presence of liquid zinc-rich phases can assist in microcrack
penetration by embrittling the steel and result in deeper cracks
also in the outer wall area of HPF samples. The mechanism of
LMAC was explained by Cho et al.[23] They reported that diffusion
of Zn to austenite grain boundaries promotes the immediate for-
mation of zinc-rich ferritic film, α-Fe(Zn), on austenite grain
boundaries, facilitating the typically observed macroscopic crack-
ing. In the current study, the upper radius of the hat profiles was
first analyzed to identify the contribution of LMAC mechanism
which typically manifests itself in the form of severe deep cracks

in the outer radius of the profiles. The tests where liquid phases
were clearly involved have been identified (marked in Table 2) and
will be ruled out of the scope of further discussions focusing
mainly on the microcracking itself.

The elimination of liquid phases cannot be guaranteed with any
combinations of high hot forming temperatures (above 750 �C)
and short annealing times of 180–290 s. In turn, the longer anneal-
ing times of 450, 600, and 900 s should result in quasi-complete or
complete solidification of the coating layer. In fact, the elimination
of liquid phases can only be justified by means of X-ray diffraction
and absence of intermetallic Ί-phase (Fe3Zn10), which is the

Table 3. Summary of the crack and phase fraction analysis results of DHPF experiments, F¼ ferrite, M¼martensite, p¼ pearlite.

180 [s]/900 �C

Steel Forming temperature [�C]
and air-cooling time [s]

Crack depth max. [μm]
upper radius

Crack depth max. [μm]
outer wall

Crack depth avg. [μm]
outer wall

Cracks in steel [%],
outer wall

Phase fractions below
coating down to 30 μm

depth in steel [%]

22MnB5 750–10 9 34 13 93 2 F–98 M

– 700–14 2 31 12 96 10 F–90 M

– 650–28 3 36 13 93 40 F–60 M

– 600–43 5 30 13 95 98 Fþ P–2 M

– 550 Not studied

– 520 Not studied

22MnMoB8 750–9 2 31 10 78 1 F–99 M

– 700–13 4 25 9 84 1 F–99 M

– 650–18 1 16 7 87 1 F–99 M

– 600–25 0 13 6 89 2 F–98 M

– 550–32 0 6 3 68 4 F–96 M

– 550–32a) 0 3 1 15 4 F–96 M

– 520–37 0 5 2 67 5 F–95 M

450 s/900 �C

Steel Forming temperature [�C]
and air-cooling time [s]

Crack depth max. [μm]
upper radius

Crack depth max. [μm]
outer wall

Crack depth avg. [μm]
outer wall

Cracks in steel [%]
outer wall

Phase fractions below
coating down to 30 μm

depth in steel [%]

22MnB5 800–3 0 7 4 46 1 F–99 M

– 750–10 0 12 6 83 2 F–98 M

– 700–14 0 19 8 82 10 F–90 M

– 650–20 0 26 12 85 15 F–85 M

– 600–30 0 25 12 88 95 Fþ P–5 M

– 550 Not studied

– 520 Not studied

22MnMoB8 800–3 0 10 4 44 100 M

– 750–10 4 23 7 82 2 F–98 M

– 700–14 0 13 5 74 1 F–99 M

– 650–19 0 19 6 77 1 F–99 M

– 600–26 0 13 5 72 1 F–99 M

– 550–33 0 8 4 70 2 F–98 M

– 550–33a) 0 0 0 0 2 F–98 M

– 520–38 0 5 2 77 4 F–96 M

a)Lubricated die.
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solidified product from zinc-rich liquid.[24] The gradual decrease in
Ί-phase by annealing time and temperature was discussed in the
earlier study.[25] Similar results have been reported elsewhere.[24]

As also confirmed by the elemental profiles (Figure 7),
the longer furnace times resulted in the decreased Zn content
of the coating. Considering the results of IHPF experiments
(Table 2), the prolonged annealing time decreased the penetration
depth of microcracks. More interestingly, the combination of the
highest forming temperature of 800 �C and soaking for at least
450 s resulted in the formation of shallow microcracks, maximum

10 μmby depth. Even longer annealing times of 600 and 900 s lead
to further decrease in crack depth. In addition, the smaller percent-
age of cracks penetrating the steel (Table 2) suggests that the
embrittling effect of zinc is decreasing as the average amount
of zinc in the coating is smaller. This result is in line with the
findings of Janik et al.[11] who observed that longer soaking time
at 900 �C reduced the microcrack depth due to lower zinc concen-
tration in the coating. Moreover, the researchers pointed out that
longer annealing time results in the formation of less wavy steel/
coating interface leading to smaller number of zinc-rich pockets.

Figure 9. Optical micrographs and crack profiles of the outer wall regions of the HPF samples annealed for 180 s at 900 �C. a) 22MnB5–800 �C;
b) 22MnMoB8–800 �C; c) 22MnB5–700 �C; d) 22MnMoB8–700 �C; e) 22MnB5–600 �C; and f ) 22MnMoB8–600 �C. Etching with 2% Nital.
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They suggested that these pockets act as an immediate source of
zinc to diffuse toward austenite grain boundaries, which facilitates
the MIE mechanism. Similar trend in crack depth and soaking
time has also been reported by Kim et al.[9] However, they evalu-
ated that the stronger internal oxidation of the coating layer could
also decrease the strain concentration and reduce the penetration
depth of microcracks.

4.2. Effect of Steel Phase Structure Below Coating/Steel
Interface

In the current study, the hot forming temperature was controlled
by means of passive air cooling. This type of forming tempera-
ture control has effect on several factors contributing to the
microcracking. These factors can be listed as follows: the possible
onset of ferrite (pearlite) and bainite formation, changes in the
flow stress of steel affecting the shear stress of the surface,
changes in the friction coefficient between tool and sample,
and temperature-dependent diffusion rate of atoms, which in
this context can be connected to the possible embrittling effect
from zinc or zinc-rich intermetallic phases such as Ί–Fe–Zn.

Considering the steels’ susceptibility to microcracking, the
microstructure below coating/steel interface should be pointed

out. HPF samples of 22MnB5 show typically a small amount
of ferrite below coating/steel interface,[7] which is also observed
in the current study (Figure 9–12). In conventional HPF
temperatures and transfer times, the formation of ferritic phase
constituents can be explained with deformation-induced ferrite
formation (DIF) mechanism, meaning that the hot deformation
of austenite increases the critical cooling rate of steel.[26] The sur-
face region is susceptible to ferrite formation due to high friction
forces, which create shear stress to the surface. In addition, the
measured elemental profiles (Figure 7) show that the amount of
boron is interestingly very low below steel/coating interface, only
5–15 ppm, compared with the reported ladle analysis values of
20–30 ppm (Table 1). As the boron has a crucial role in prevent-
ing the nucleation of ferrite,[27] the depletion of boron below coat-
ing/steel interface can be connected to increased driving force for
ferrite formation. Moreover, a recent study of Arndt et al.[28] sug-
gests that the presence of α-Fe(Zn) in the coating may also facili-
tate the subsequent formation of zinc-free ferrite. Also, this
mechanism may contribute to the typically occurring ferrite
formation below coating/steel interface.

Drillet et al.[7] pointed out that in the conditions of their study,
a typical microcrack depth observed from the outer wall of HPF
components was 10–12 μm. On the contrary, microcracks as
deep as 20–50 μm have been met in case of bad contact

Figure 10. Optical micrographs and crack profiles of the outer wall regions of the DHPF samples of 22MnMoB8 annealed for 180 s at 900 �C. a) 550 �C
(dry); b) 550 �C (lubricated); and c) 520 �C (dry). Etching with 2% Nital.
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conditions. The mentioned crack depths are roughly in line with
the results of the current study (Table 2 and 3). Drillet et al.[7]

suggested that microcrack depth correlates with the thickness
of the heterogeneous subsurface layer consisting of fragmented
ferrite and martensite. In turn, Kim et al.[9] noted that the micro-
crack depth is independent of the substrate microstructure when
conventional, i.e., high forming temperatures are applied. To
analyze the role of ferrite or heterogeneous subsurface layer
more in details, Figure 14 shows the correlation between ferrite

fraction (in some ultimate cases ferriteþ pearlite) and maximum
crack depth in HPF samples. The distinction between DIF and
conventional forms of ferrite is challenging and would require
comprehensive studies with advanced methods of microscopy.
Therefore, only the evaluative values of ferrite fractions are pre-
sented here to see the trends.

In case of 22MnB5, the longer air-cooling time resulted in
the larger amount of ferrite below the coating/steel interface
(Table 3). In case of short annealing time of 180 s (Figure 14a),

Figure 11. Optical micrographs and crack profiles of the outer wall regions of the HPF samples annealed for 450 s at 900 �C. a) 22MnB5–800 �C;
b) 22MnMoB8–800 �C; c) 22MnB5–700 �C; d) 22MnMoB8–700 �C; e) 22MnB5–600 �C; and f ) 22MnMoB8–600 �C. Etching with 2% Nital.
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Figure 12. Optical micrographs and crack profiles of the outer wall regions of the DHPF samples of 22MnMoB8 annealed for 450 s at 900 �C. a) 550 �C
(dry); b) 550 �C (lubricated); and c) 520 �C (dry). Etching with 2% Nital.

Figure 13. a) A SEM micrograph from top region of the HPF hat profile (no deformation) sample showing 100% martensitic phase structure below
coating/steel interface; b) lower region of the HPF sample showing fragmented ferrite in vicinity of tip of a microcrack penetrating the steel. Etching with
2% Nital.
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there is no correlation between ferrite fraction and maximum
crack depth of 22MnB5 samples. However, in the case 450 s, the
larger amount of ferrite correlates well with the microcrack
depth all the way down to forming start temperature of
650 �C after which there is a plateau at 600 �C (Figure 14b).
The linear trend of longer annealing time could be explained
with the weakening of MIE mechanism as the zinc concentra-
tion of the coating is constantly reducing as a function of soak-
ing time. Despite this, the promoting role of subsurface ferrite
can be questioned because lower forming temperature is also
increasing the flow stress of 22MnB5 steel,[29] which itself could
explain the deeper microcracks observed at lower forming
temperatures.

However, the overall results of the current study strongly sug-
gest that the presence of ferrite promotes the microcrack pene-
tration. As the first evidence, the outer radius of 22MnB5
samples with higher ferrite contents shows greater tendency
to microcracking than 22MnMoB8 after annealing at 180 s
(Table 3). The area of outer radius is not subjected to friction
forces, and thus the formed microcracks are relatively shallow.
Second, the microcrack depth of the outer wall of 22MnMoB8
samples with very small ferrite fractions is generally much
smaller compared with the 22MnB5 samples with higher ferrite
fractions (Table 3). In addition, as overall the percentage of cracks
penetrating the steel is higher in 22MnB5, indicating that the
heterogeneous subsurface microstructure consisting of ferrite
and austenite is increasing steel susceptibility to more severe
microcracking. The only exceptions are the results obtained at
high forming temperatures of 800 and 750 �C: for those the
amount of ferrite is very limited also in 22MnB5. In the case
of 750 �C, 22MnMoB8 shows higher number of cracks penetrat-
ing the steel and deeper cracks compared with 22MnB5. It can be

evaluated that the hot strength of 22MnMoB8 is higher due to
Mo alloying,[30] resulting in larger flow stress and consequently
larger shear stress of the surface. The larger stress level can be
assumed to lead to the deeper cracks. In case of high forming
temperatures of 800 and 750 �C, the formed ferrite must be
mainly DIF by type because the onset of ferrite transformation
is far at these temperatures (Figure 1). The contribution of film-
like DIF, presence of MIE from zinc, and larger flow stress of
22MnMoB8 could explain deeper microcracks compared with
22MnB5.

To support our conclusion about the promoting role of soft
high-temperature ferrite, the detrimental effect of ferrite on
the hot ductility of low carbon steels has been widely observed
elsewhere. Suzuki et al.[31] reported that the formation of thin
film-like proeutectoid ferrite has an embrittling effect on carbon
steels when formed on austenite grain boundaries during tensile
deformation at high temperatures of 1000–600 �C. The explana-
tion is that the plastic deformation is concentrating on the ferrite
until the failure occurs. Similarly, Calvo et al.[32] observed the hot-
ductility loss in C–Mn steels at two phase region γ ! α in tem-
peratures close to 700 �C due to formation of thin ferritic film on
austenite grain boundaries. Dimatteo et al.[33] noted the same
effect in a press hardening steel of 35MnB5 type by explaining
that ferrite is softer than austenite at elevated temperatures due
to higher dynamic recovery rate. This presence of ferrite results
in strain concentration peaks in ferritic film, leading to microvoid
formation and finally to crack propagation. Coming back to the
results of current study, the mutual differences in the measured
crack penetration depths between 22MnB5 (higher tendency to
ferrite formation) and 22MnMoB8 (low tendency to ferrite for-
mation) are indicating that the formation of high-temperature
ferrite leading to heterogeneous subsurface microstructure

Figure 14. Relationship between sub-surface microstructure (down to 30 μm depth from coating/steel interface) and maximum crack depth as a function
of forming start temperature for a) 22MnB5, furnace time 180 s; b) 22MnB5, furnace time 450 s; c) 22MnMoB8, furnace time 180 s; and d) 22MnMoB8,
furnace time 450 s.
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should be avoided when aiming for minimizing the steel suscep-
tibility to microcracking during press hardening.

The behavior of 22MnMoB8 (Figure 14c,d) points out a strong
correlation between hot forming temperature and microcrack
depth. In this case, there is no linear correlation between the
amount of subsurface ferrite and microcrack depth. The optical
micrographs (Figure 9–12) do not indicate that the cracks would
regularly propagate along the paths formed by the small areas of
fragmented ferrite, which is considering the high hardenability
(Figure 1b) most likely DIF by type. The regions of the crack tips
are, however, typically showing the small amounts of fragmented
ferrite (Figure 13), which supports the DIF mechanism in vicin-
ity of deformed crack tips. To sum up, the results of 22MnMoB8
are suggesting that the ferrite itself is not the primary embrittling
factor in zinc-coated press hardening steels (PHS), but heteroge-
neous microstructure at the time of hot deformation (ferriteþ
austenite) makes steel prone to more severe microcrack penetra-
tion in locations where tensile stresses and/or high friction
forces are simultaneously present.

4.3. Effect of Forming Temperature

As shortly mentioned earlier, the results of 22MnMoB8 show
strong correlation betweenmicrocrack depth and forming temper-
ature (Figure 14c,d). This is an interesting finding, assuming that
the flow stress of steel is increasing as a function of decreasing hot
forming temperature as reported, for example, by Kurz et al.[15] In
the conversion-delayed 22MnMoB8 steel, the austenite decompo-
sition is greatly hindered compared with 22MnB5, resulting prac-
tically in 100% austenitic structure at the timewhen hot forming is
started. The phase fraction of ferrite is only marginally increasing
as a function of decreasing hot forming temperature (Figure 14c,d).
This behavior is most likely related to the increased stored energy
and its promoting effect to DIF formation at lower deformation
temperature.[34] Assuming that the steel substrate is virtually
austenitic at the time of hot forming, it is possible to uncouple
the effect of forming temperature from the potential promoting
effect of ferrite and connect the temperature itself with the
microcrack depth. The hot forming temperature, in turn, is still
connected to two essential factors: flow stress of the steel and
diffusion rate of atoms, which control the SME mechanism.[35]

As the flow stress of the steel is higher at lower deformation tem-
peratures, the significant decrease in the microcrack depth is
emphasizing the strong effect of zinc or zinc-rich phases causing
MIE. According to the MIE theories summarized by Lynch,[36]

the severity of MIE is decreasing as a function of deformation
temperature in relation to the melting temperature of embrittling
metal or phase. It is important to mention that the decreasing
trend in the microcrack depth of 22MnMoB8 is similar in short
and long annealing times (Table 3), indicating that mobility of
zinc atoms seems to be a primary and the amount of zinc atoms
the secondary factor. This is an essential finding keeping in mind
the desired corrosion protection capacity provided by zinc-rich
intermetallic ZnFe phases, i.e, Ί-phase, is still present in the
coating after the short annealing times as the coating solidifies
during intermediate cooling step.[24]

When aiming for minimized penetration depth of cracks, the
important role of low hot forming temperature is supported by

the results of earlier studies conducted by means of accelerated
cooling experiments.[16] The formation of cracks is minimized as
the lower forming temperature can eliminate the presence of liq-
uid phases as well as crucially limit the diffusion rate of zinc
atoms which have been suggested to play key role in embrittling
the steel substrate through SME mechanism proposed by
Hensen et al.[16] Characteristic to SME mechanism, the surface
self-diffusion of zinc atoms is facilitated by high temperature and
can occur along the propagating crack tip. Despite this credible
theory, the scientists have struggled for years to find undisputed
proof of the embrittling effect of zinc or zinc-rich phases in the
absence of liquid phases. Janik et al.[11] observed Zn diffusion
into austenite grain boundaries but were not able to connect dif-
fusion depth with the microcrack depth. Later, Hofer et al.[17]

were not able to find Zn on the prior austenite grain boundaries
of annealed samples. However, a very recent study of Arndt
et al.[28] finally found small amounts of zinc in the tips of micro-
cracks and on some of the prior austenite grain boundaries
with sophisticated characterization methods, including transmis-
sion electron microscopyþ focused ion beam (TEMþ FIB) and
Auger electron spectroscopy (AES). More interestingly, their
study suggests that zinc atoms do not diffuse to all prior austenite
grain boundaries, which can explain the conflicting results in ear-
lier studies. In any case, the presence of zinc on the surface of
microcracks and study shows evidence that MIE is playing a sig-
nificant role in the penetration of microcracks.

However, the aforementioned conclusions on the undisputed
role of MIE do not explain why the crack depth of 22MnB5 sam-
ples is the smallest at the highest forming temperature, namely,
800 �C (Table 3). Recalling that the austenite is very soft at
800 �C, the resulting flow and surface shear stresses stay at
low level. In addition, the formation of soft ferritic phases is prac-
tically eliminated at exceptionally high forming temperature,
excluding the possible other promoting factor as well. Therefore,
this finding supports the earlier observed characteristics of MIE:
the embrittling effect is strongly controlled also by friction and
surface stress.

4.4. Role of Stress/Strain and Friction

Choi et al.[37] showed that the microcrack depth of zinc-coated
22MnB5 increases as a function of effective strain. Therefore,
larger die radius decreases the microcrack depth as noted earlier
by Kim et al.[9]. The researchers found out that larger radius
enlarges the contact area which decreases the shear stresses
of the surface. In addition to analyzing the penetration depth
of cracks, some researchers have focused on the form or appear-
ance of crack tips. The so-called V-shaped microcracks have been
connected to the presence of SME mechanism[11] and large fric-
tion forces and shear stresses of the surface.[7] Therefore,
decreasing the amount of surface shear stress plays a key role
in controlling the microcracking.

The beneficial role of lubrication has been reported in earlier
studies.[7,10] In the current study, the V-shaped cracks were
hardly met at the highest forming start temperatures of 800 �C
but were generally the main crack type when formed at lower
temperatures. This finding suggests that the high forming tem-
perature results in the desired flow behavior of the steel, whereas

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2021, 2100112 2100112 (16 of 18) © 2021 The Authors. Steel Research International published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.steel-research.de


the increasing flow stress at low forming temperatures increases
the surface shear stress. Likewise, lubrication decreases the mag-
nitude of surface shear stress, and thus aids in reducing the
microcrack penetration depth. However, the shallow cracks
in 22MnMoB8, attained at low forming start temperatures of
550 and 520 ºC (Figure 10a and 12a), are mainly V-shaped by
type. This can be explained with the high flow stress of the steel
resulting in high surface shear stress. In the current study, the
use of lubrication eliminated the presence of V-shaped cracks
(Figure 10b and 12b). Simultaneously, the percentage of cracks
penetrating the steel dropped dramatically or was eliminated,
indicating that MIE mechanism is not active with the combina-
tion of low surface shear stress and low mobility of diffusion zinc
atoms.

The role of coating thickness and phase structure on the fric-
tion coefficients and magnitude of shear stresses has also
received limited attention in the literature. The friction coeffi-
cient measurement results reported by Kurz et al.[15] suggest that
the friction coefficient of thicker 90/90 gm�2 ZnFe coating is
smaller compared with 70/70 gm�2. Whereas the researchers
do not discuss any details, it can be speculated that differences
in the friction coefficient are caused by dissimilar phase struc-
tures and oxide layer thicknesses which are inherited from the
initial coating thickness and used annealing parameters.
However, these effects and further discussion will be left the
scope of the current study.

4.5. Beneficial Role of Steel Hardenability

Increased hardenability of steel enables the formation of almost
purely martensitic microstructure even after relatively long
passive air cooling or transfer times between furnace and HPF.
In the current study, the passive air cooling down to temperature
of 520 �C was successfully attained for conversion-delayed
22MnMoB8 steel: martensitic microstructure with marginal
amount of subsurface ferrite was attained (Figure 10 and 12).
In case of 22MnB5, the natural air cooling resulted in the forma-
tion of undesired heterogeneous phase structure of the steel,
which promoted the formation of deeper microcracks as well
as low hardness. Therefore, improved hardenability of steel ena-
bles using more arbitrary cooling paths prior to hot forming and
finally to increase the robustness of the production by means of
limiting the microcrack depth with the simultaneous hardness
and strength guarantee.

Kurz et al.[15] found out that accelerated precooling step (cool-
ing rate at least 50 �C s�1) and conversion-delayed steel 20MnB8
help to minimize microcrack depth in ZnFe-coated PHS. The
current study implies that also the passive air-cooling step can
be successfully applied in direct press hardening process as
far as the chemical composition of the steel is optimized. The
obtained results suggest that the elimination of ferrite (in prac-
tice minor amounts of ferrite may always be formed) will not lead
to microcrack-free components if the HPF step is conducted at
temperatures above 600 �C. In turn, the role of forming temper-
ature seems to be the most dominant factor in microcracking.
At low hot forming temperatures below 600 �C, the flow stress
of steel is relatively high, and thus the decreasing trend in
microcracking emphasizes the significance of MIE mechanism

facilitated by zinc from the coating. As noted by Lynch,[36] the
MIE mechanism is stress and temperature sensitive. Even
though it has been shown that the improved hardenability of
steel and optimal forming temperature are essential ways to min-
imize the microcracking, totally crack-free parts can be guaran-
teed only by optimizing the tribological conditions between tool
and steel as well as applying clever geometrical design whenever
possible.

5. Conclusions

The crack depth of ZnFe-coated 22MnB5 and 22MnMoB8 was
constantly reduced as a function of soaking time at 900 �C when
subsequently hot press formed at high temperature of around
800 �C. This behavior, reported earlier also in the literature,
can be connected with the decreased amount of zinc in vicinity
of coating/steel interface and simultaneous weakening of MIE
mechanisms facilitated by the presence of zinc atoms with high
mobility.

The maximum microcrack depths, analyzed from the outer
radius and outer wall regions of hat-profiled HPF samples, sug-
gest that heterogeneous microstructure consisting of ferrite þ
austenite (austenite transforms into martensite during quench-
ing) below coating/steel interface increases steel susceptibility to
deeper microcrack penetration during HPF.

Whereas the minimization of the ferrite formation can be
seen beneficial from the final properties point of view, reduced
hot forming temperature plays the most crucial role in decreas-
ing the materials susceptibility to microcracking. The observed
behavior is most likely connected to the embrittling effect of zinc
or zinc-rich phases via MIE mechanism which has strong tem-
perature dependency.

The microcrack analysis of the current study suggests that the
optimal forming temperature is preferably in the range of 500 �C
than, for example, around 600 �C. Without further optimization
of the hot forming conditions of the 22MnMoB8 steel, depth of
all microcracks stayed under 5 μm when forming was started at
520 �C.

Increasing the hardenability of steel, for example, using
the studied 22MnMoB8 grade instead of standard 22MnB5
grade, enables the application of exceptionally low hot forming
temperatures of around 550–500 �C without special cooling pro-
cedures or equipment, and helps to minimize microcrack pene-
tration depth to the promising levels compared with standard
22MnB5 steel.

The results of the current study suggest that totally crack-free
parts can be only guaranteed in the conditions where stresses from
tribological andmechanical origins are minimized (e.g., by means
of lubricated die and optimized component and tool design) and
combined with the application of low hot forming temperatures.
The importance of surface stress increases from the stress sensi-
tivity of MIE mechanism discussed in the literature.

Lubrication is a reckoned way to decrease shear stress of the
surface and through that avoids the formation of sharp V-shaped
cracks penetrating the steel. It can be evaluated that decreasing
the hot forming temperature below 550 �C can also open new
possibilities for applying lubrication in serial production of
HPF components.
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