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ABSTRACT

A good understanding of failure mechanisms can help us improve the lifetime of the dies.
This paper presents a case study investigating the wear behaviour of a QRO90 die insert
utilized for stamping uncoated boron-alloyed high-strength steel sheets. Topography and
microstructure were characterized by means of scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), hardness measurement and X-ray photo-
electron spectroscopy (XPS). Severe galling due to accumulated layers transferred from the
boron-alloyed steel workpieces occurred on the die surface. Material softening was
detected in the sublayer of the tool steel (up to ~200 pm). In addition, white layers with a in
a thickness of 1-2 pym were frequently observed on the surface of the round corner of the
tool. The main wear mechanisms are discussed. Galling caused by surface softening and
the spallation of white layers are considered to be the primary wear mechanisms for the
tool.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

sustainable development. On the other hand, the increased
strength of the shaped metallic components puts higher re-
quirements on the stamping dies. A key concern for the in-

In recent years, a remarkable development of materials and
manufacturing processes has significantly influenced the
automotive industry. Components made from high-strength
steels can be tailored and shaped by advanced hot stamping
technologies. Consequently, the weight reduction of the
metallic structure body of automobiles will be realized and the
CO, emissions can be reduced [1,2], being beneficial to

* Corresponding author.

dustry is therefore to reduce die wear and increase die
durability.

In real applications, the dies used in hot stamping pro-
cesses are under harsh conditions, including intense thermal
load, high mechanical stress and sliding between die and
components. This can cause severe damage to the die
including adhesive wear, galling, ploughing, softening, and
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Table 1 — Nominal composition (in wt.%) of the steels in this study.

Steel C Si Mn Cr Mo \% B Al Ti Fe
QRO 90* 0.38 0.30 0.75 2.6 2.25 0.9 = = = Bal.
22MnB5° 0.225 0.25 1.25 0.155 — 0.0035 0.02 0.035 Bal.

& Composition of the tool steel for die insert.
> Composition of the workpiece manufactured by tool steel die.

thermal fatigue [3,4], the consequence of which is the
increased cost of die maintenance and reduced production
efficiency. Therefore, high wear resistance is required for dies
used in hot stamping. This will ensure homogeneous me-
chanical properties of the components and to achieve a short
cycle time of the hot stamping process. It will also result in a
smooth contact between the die and the blank sheet during
the hot stamping process, by which efficient heat transfer is
ensured. Furthermore, the stamped parts can obtain desirable
mechanical properties and geometric shapes [3].

22MnBS steel, a type of boron steel, is a commonly used
high strength steel for B-pillar parts in automobiles [5]. Hot
stamping is often applied during the manufacturing pro-
cesses. The initial state of this steel before hot stamping is
usually pearlite and ferrite with a moderate strength [6]. In
order to obtain high strength and desired geometry, the blank
sheet of this steel is first heated to a high temperature above
900 °C and then transferred to the hot stamping die for rapid
hot forming and quenching. After being taken out from the die
set, a martensite structure [3,7] is formed and the boron steel
sheet can obtain a tensile strength up to 1500 MPa and a yield
strength of 1100 MPa. Generally, this boron steel sheet is
covered by an aluminium silicon coating, in order to protect
the steel sheet during its heat treatment and reduce the fric-
tion against the forming die during the hot stamping process
[4,8,9]. The coated workpiece has some disadvantages,
including welding difficulties for future assembly and
increased manufacturing cost. On the other hand, uncoated
22MnB5 steel has equivalent mechanical properties and
obvious economic advantage, and hence still holds a large
share of the market. To the authors’ knowledge, few in-
vestigations have been focused on the uncoated boron steel
sheet interacting with the die in hot stamping.

In order to extend the lifetime of hot stamping die, many
methods utilized on tool steels have been investigated, such
as laser surface modification technology [10], PVD [11] and
nitriding [12]. Schirdewahn et al. [10] performed a laser
implanting locally on the tool surfaces for hot stamping
application. With a proper implanted spot parameter, the
modified tool showed an increased wear resistance. However,
the protrusion of the hard implanted spots led to increased
removal of the sheet materials. Vilaseca et al. [11] investigated
the wear behaviors of tool steels with PVD coating. It was
illustrated that the surface coating with CrN and AICrN could
effectively reduce the adhesion of the transfer material.
However, the coated layer had a lower thermal fatigue per-
formance under high-frequency thermal cycling. Boher et al.
[3,12] evaluated the failure mechanism between some specific
tool steels with and without surface nitriding treatment and
the coated boron steel at high temperatures. The results

showed that the steel with a hard surface formed by nitriding
had the best wear resistance. Still, a dense and smooth
transferred layer was formed after 5000 cycles [3].

As described above, most of the tribological investigations
of the tool steels were tried to simulate the hot stamping
process under experimental conditions. However, industrial
hot stamping is a dynamic process in terms of the tempera-
tures and the applied load, which is difficult to mimic in a
laboratory environment. The failure mechanisms of hot
forming die from real industrial applications have seldom
been studied. In addition, there are few works related to the
hot stamping of uncoated boron steel sheets. The Al—-Si layer
on the commonly used steel sheets could be transferred to
tool steel and then have a lubricating effect [13]. Hence, the
wear mechanism of hot stamping process for uncoated steel
sheets could be significant and needed to be further studied.

In this paper, an investigation was performed on a worn
die used for the hot forming of uncoated boron steel sheets.
The surface and cross-sections have been studied to focus on
the origins and the evolution of various wear phenomena
during the hot stamping process. An insight into the real wear
situation that the dies undergo and a potential solution for the
failure of hot stamping dies are expected to be provided.

2. Materials and experiments

In this study, a die insert made by Uddeholm QRO 90 Supreme
tool steel was investigated. This was an overworn die insert
for hot stamping and had been served after several thousand
cycles. The chemical composition is given in Table 1 [14]. A
hardness of 51-53 HRC for tool steel was obtained by hard-
ening and tempering when it was delivered to the serving. No
surface treatment was conducted. This die insert was used to
fabricate the B-pillar component of the automotive body using
blank boron alloyed steel sheets (22MnB5, hereafter referred
to as “workpiece”, the composition is also given in Table 1)
without Al-Si coating. The thickness of the workpieces varied
between 1.6 and 1.8 mm.

Before hot forming, the workpiece was first heated in a
furnace to 930 °C for 8 min to form austenite and then trans-
ferred to the die set. At this moment, its temperature dropped
to around ~800 °C. The hot workpiece was then formed within
1-2 s. Simultaneously, the fabricated B-pillar component in
the closed die set was quenched via the internal cooling
channels. The tensile strength of the workpieces increased to
around 1500 MPa.

A failed die insert for hot stamping, as shown in Fig. 1, was
considered for analysis. The main worn areas on the die insert
are displayed in Fig. 1. The area on the round corner is marked
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Fig. 1 — The main worn areas on the die insert.

as “R” and the flat part is marked as “F”. Specimens were
extracted from these two areas for investigation.

The extracted specimens were cleaned ultrasonically using
ethanol and isopropanol for 5 min to remove the dirt, oil and
rust. The microstructure and the wear surface along the
“round corner” and “flat part” were characterized by scanning
electron microscopy (SEM, Zeiss LEO Gemini 1550) and energy
dispersive spectroscopy (EDS), whose acceleration voltage is
set as 15 kV. X-ray photoelectron spectroscopy (XPS) was used
to analyze the chemistry of tool surface by means of a PHI 5000
VersaProbe III equipped with a monochromated Al Ko radia-
tion using X-ray beam size of 100 pm and pass energy of 69 eV.
In order to protect the worn surface from contamination, XPS
examination was performed prior to microstructure inspec-
tion and hardness test on the cross-section. Metallographic
specimens were mounted, ground and polished until 1 pm
suspension fluid. An etchant of 5% picric acid +1% HCI +94%
ethanol was used to reveal the microstructure. Optical images
from the cross-section were recorded by using a Carl Zeiss
Axioscrope 7 instrument. The obtained images were stitched
together to show a large field of view. Micro-hardness was
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measured at the round corner from the surface down to
~0.8 mm using a small load of 0.1 kgf with a dwell time of 15 s
considering the shallow depth of the softened layer.

3. Results
3.1.  Adhesive and abrasive wear of the die

It was noticeable that, during hot stamping, severe adhesive
and abrasive wear took place on the die after several thousand
cycles. Hence, frequent maintenance was conducted to
remove the stuck lump by manual grinding, which signifi-
cantly reduced the production efficiency and the tool lifetime
according to the feedback from the manufacturing company.
Also, distinct galling was observed on the die surface after
thousands of stamping strikes. However, most of the galling
lumps had been removed by maintenance and were not
visible by visual inspection. Only some deep scratches were
found at both the round corner and flat part of the die, as
indicated by the red arrow in Fig. 1. The surface morphology of

Fig. 2 — SEM images showing the transferred materials on the flat part. The sliding direction (S.D.) is marked in the figure.
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a scratches was thoroughly examined by SEM, as shown in
Fig. 2. A large area of transferred materials was found on the
top of the scratch. The transferred material showed a glazed
surface. The extremely low concentration of Cr and Mo and
high concentration of O at Site 1 (see Fig. 2b), as revealed by
EDS analysis in Table 2 indicated that this transferred material
was from the workpiece which was oxidized with a remark-
able oxide layer thickness in the micrometer level. The oxide
was mainly iron oxide. A spalling area was found on the top of
the transferred material, implying that the transferred mate-
rial was accumulated during the stamping process. EDS
analysis conducted on the spalling area (Site 2) showed a
relatively lower O concentration compared to the un-spalled
zone (Fig. 2b and Table 2), indicating less oxidation of the
transferred material in this region. In addition, a black/dark
area (upper area indicated in Fig. 2a) was also observed in
front of this big scratch. The EDS (Site 3 in Table 2) result
shows that this area has an even higher O content than that of
Site 1. The material in this area was suspected to be mainly
iron oxides with some contamination.

The adjacent protrusion prevented this black area in Fig. 2a
from being in contact with the hot workpieces, and thereby its
surface was exposed to a high temperature for a relatively
long time and was thus heavily oxidized. Notice a significant
amount of Si was observed in this region. It could be resulted
from the selective oxidation of Si from the steel at high tem-
peratures during processing due to the high affinity of Si with
oxygen or the residue from the coolant. The observation of Mo
here is a surprise. On the other hand, the protrusion can
scrape the hot workpiece, and therefore the transferred layer
could be accumulated on the top, as observed in Fig. 2.

In order to further characterize the chemistry of the oxide,
XPS was conducted on the black area (BA), transferred area
(TA) and substrate (SB), as indicated in Fig. 2a. The surface was
slightly etched by argon ions prior to the measurement to
remove some contamination and the native oxide. As shown
in Fig. 3, the substrate possessed strong peaks of Fe, Cr and Mo
in metallic form. However, Fe was identified to be present as
Fe,03 in both the black area and transferred material area,
indicating significantly thicker oxide compared to the sub-
strate. This was consistent with the EDS results in Table 2.
Molybdenum was not observed at the surface of BA and TA
regions. High silicon content in BA and TA regions is also agree
with the EDS results in Table 2. The area with transferred
material had the strongest oxidized Fe peak, indicating that
Fe,03; was dominant on the surface of this area.

Fig. 4a shows the morphology of the polished longitudinal
cross-section from the flat region (see Fig. 1) with some

Table 2 — The EDS analysis results from the surface of the
flat part in Fig. 2.

Site (¢} Mn Si Cr Mo \% Fe
1 wt.% 25.5 1.7 0.6 0.2 = = 72.0
at. % 54.2 1.1 0.7 0.1 = = 439
2 wt.% 12.8 1.4 0.6 0.2 0.2 = 84.8
at. % 33.7 1.1 0.9 0.2 0.1 = 64.0
3 wt.% 40.3 1.5 14.4 0.6 5.6 — 37.6
at. % 66.3 0.7 13.5 0.3 1.5 = 17.7

transferred materials on the top. EDS analysis was carried out
on different areas, and the results are presented in Fig. 4c.
Here “A” (Site 11in Fig. 4a) represents the tool steel and shows a
typical composition of die material (QRO 90 tool steel). The
regions “B” and “C” should be material that differ from the tool
steel considering their unique morphology. According to the
EDS results shown in Fig. 4c, the “C” layer (Site 3) reveals a
much higher O content, and the composition is similar to that
of Site 1in Fig. 2, indicating that the material in this layer is the
FEQOg.

The composition of site 2 in the “B” layer was consistent
with the nominal composition of the boron steel, indicating it
was the transferred material from the boron steel workpiece.
The small content of O (2.9 wt%) in the “B” layer suggests that
the material was slightly oxidized. In another location of the
“B” layer, as shown in Fig. 4b, multi-layers consisting of
alternating denser layers (Site 4) and the ones with some black
pores (Site 5) were observed. EDS (Fig. 4c) conducted on these
different layers shows that the composition of the more
porous layers (e.g., Site 5) was consistent with that from site 2
of the “B” layer, while the denser layers (Site 4) had almost the
same composition as the “C” layer, suggesting the formation
of Fe,03 due to oxidation of the transferred material. However,
Mo was detected in both “B” and “C” layers. It was not ex-
pected because Mo is not present in the workpieces of the
boron steel. One possible reason for this could be that the
smearing of the tool steel might occur, which introduces some
material from the tool steel into the transferred layer. The
mixture of tool steel and transferred materials was also
observed in other sliding wear tests [9]. This occurs at the
surface of the workpiece, which explains why Mo was only
found in the oxide but not the bulk transferred boron steel
bulk in the “B” layer.

During the hot stamping process, transferred material with
a top oxide layer was stacked on the tool steel layer by layer in
an accumulated manner. This type of accumulated and
compacted layer has commonly been observed in other high-
temperature reciprocating sliding systems [9,15]. An inter-
esting phenomenon observed was the varied bonding
strength at different locations. At the head of scratches
(Fig. 4a), there was a strong bonding between the transferred
materials and the slopy surface of tool steel. It was attributed
to the high partial normal load F; on the local surface (the
slopy region) of the tool steel, as schematically drawn in
Fig. 4a. Meanwhile, the transferred material was at high
temperatures with high ductility. Consequently, it could form
a good bonding with the underlying tool steel. On the other
hand, at the tail of scratches (Fig. 4a and b), much lower
normal stress led to a weak bonding between the transferred
materials and the tool steel. As a result, the spalling of
transferred materials could happen in such region, as shown
in Fig. 2b.

The surface of the round corner was an ideal place to
analyze the wear behaviour because the friction mainly
occurred here. Unfortunately, the wear morphology of the
round corner was destructed during daily maintenance by
grinding using sandpaper. Fig. 5a shows some wear scars left
there. Transferred materials were also found on the edge of
the groove. EDS analysis (inserted in Fig. 5a) confirmed that
the transferred material was an oxide with a high content of O


https://doi.org/10.1016/j.jmrt.2022.12.006
https://doi.org/10.1016/j.jmrt.2022.12.006

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;22:1065-1075

1069

30000
25000 -
20000

D 15000

C

10000 -

5000 -

Fe2p,,

Met. Fe

3200 -

2800 -

2400 -

%3 2000+

1600 -

1200 -

800

716 712 708
Binding Energy/eV

720

Mo3d
3d
3 dls/z 572

228

232
Binding Energy/eV

236

224

4000 Cr2p,, "
iy Met. Cr —_TA
— 3500 : — 5B
— B :
7,
3000 |
© .
2500 i
2000 - §
704 700 584 580 576 572 568
Binding Energy/eV
BA : —BA
TA 3600 Si2p A
— SB - SB
3000 |
Oxidized Silicon
G 2400
1800
1200 |
220 108 104 100 96 92

Binding Energy/eV

Fig. 3 — The XPS spectra of the concerned elements on the scratch in Fig. 2. BA: black area, TA: transferred area, SB:

substrate.

e — e — ——

EDS results (wt%) of the sites in above and left images.

Site O Mn Si Cr Mo Y. Fe
1 - 0.8 0.4 29 2.6 09 923
2 29 1.0 0.3 0.3 0.2 - 95.4
3 247 1.6 0.5 0.2 0.1 - 72.8
4 263 1.6 0.6 0.1 0.6 0.1 708
5 - 1.5 0.3 - - - 98.2

Fig. 4 — (a) SEM image from the longitudinal cross-section (parallel to the sliding direction) of the flat part, (b) Magnified
image presenting transferred material in a multilayer form, (c) The corresponding EDS analysis results.
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Fig. 5 — Material transfer observed at the round corner: (a) the micrograph of worn surface, (b) cross-section illustrating the

transferred material.

(31.1 wt%). This meant the oxide layer on the surface was
nearly pure Fe,05 with a remarkable thickness (>1 pm). In the
central area of the round corner surface, transferred materials
were found as well by cross-section observation (Fig. 5b).

In short, material transfer, as one of the main phenomena
during the hot stamping process, was confirmed in the above
investigation. Accumulated transferred material protrusions
could scratch the surface of the workpiece and increase the
friction between the workpiece and the tool, leading to the
observed galling phenomenon. The occurrence of the galling
usually will dramatically increase the friction force and is
detrimental to the surface quality of formed components [16].

During the service of hot stamping, abrasive wear was not
as serious as the galling phenomenon in the current study.
However, ploughing grooves were still found on both round
corner and flat part, as shown in Figs. 5a and 2a. The slanted
scratch in Fig. 5a was caused by the maintenance. The
ploughing grooves on the round corner were relatively deep. It
was reasonable because the round corner experienced higher
shear stress than that of the flat area. The round corner was
the place where abrasive wear most frequently happened.
Therefore, some deep grooves were found in the central area
of the round corner (one of them was shown in Fig. 6). The
groove was parallel to the sliding direction and was filled with
debris (Fig. 6b). The high content of O, Cr and Mo revealed by
EDS point analysis (Fig. 6c) inferred that it came from the
oxidized tool steel. The oxidation and detachment of debris
from the tool steel surface took place during the service.
Notice these oxidized debris were compacted and trapped in
the deep grooves.

3.2.  Microstructure on the cross-section of the die

The investigation above mainly focuses on the wear surfaces.
The changes of the material beneath the surface (e.g., micro-
structure, plastic deformation, microcracks initiation, soft-
ening etc) are also important, which can provide a better
understanding of the failure mechanism of the tool steel and
how these changes impact wear behaviour.

Fig. 7 shows SEM images from the cross-section at the
center of round corner. Delamination was found in some local
areas near the surface of the round corner. The thickness of
these layers is about 1-5 pm. A discontinuous line (Fig. 7b)
appeared between the surface layer and substrate. Above the
line, in the SEM image, the layer was brighter than that of the
substrate and it was thus named as “white layer” in this paper.
EDS analysis conducted on the white layer showed a similar
composition to the substrate. At some places, as revealed in
Fig. 7a, fracture found in the white layer suggested that it had
experienced remarkable tensile stress during the hot stamp-
ing service. In addition, the delamination implied a weak
bonding between this white layer and substrate, which could
probably lead to spallation under a load of shear stress.

Secondary electron imaging SEM having high-resolution
was used to reveal some detailed features. As shown in
Fig. 7c and d, the white layer (above the delamination line) had
an ultra-fine structure, implying that it probably had higher
hardness than the region below the line. As can be seen in
these images, the region below the line had severe plastic
deformation caused by shear stress while no distinct defor-
mation was found in the white layer, although the regions
below and above the line were subjected to similar shear
stress. This suggested that the hardness of the white layer
may be much higher than that of the substrate. The formation
of the white layer will be discussed further in Section 4.2.

At the die exit of the round corner, severe shear deforma-
tion was also found in the region close to the surface (Fig. 8).
The sites of exit refer to Fig. 9a. In the lower part of Fig. 8a, a
typical tempered martensitic structure was observed. In the
deformation zone having a depth of 10—20 um, this structure
was stretched along the sliding direction. In Fig. 8b, the grain
size reduction was seen in the severe deformed zone. In hot
stamping, the die was repeatedly subjected to the shear and
normal load at high temperatures. High shear stress can lead
to not only the elongation of the grain but also break down the
original grains into extremely fine size. As a consequence, the
deformed zone showed a different microstructure from the
matrix. For other sub-surface regions, the deformation depth
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(c)

Element Fe 0 Cr Mo Si Vv Mn
Site 1 (wt.%) 56.5 29.7 5.8 5.0 1.8 0.7 0.6
Site 2 (wt.%) 933 0.1 2.4 2.3 03 0.8 0.8

Fig. 6 — (a) Deep groove was found on the round corner surface. (b) Trapped debris found in magnified SEM image. (c) EDS
analysis shows the trapped material is the oxidized debris from the tool steel.

Delamination
White layer

Softened and
deformed zone

Fig. 7 — Back scattered SEM images from the cross-section reveal the microstructure of the round corner center, (a) fractured
“white” layer, and (b) delamination below the white layer. Secondary electron SEM images (c) and (d) detailed features near
the surface.
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Fig. 8 — Back scattered SEM images from the cross-section of the round corner exit (refer to Fig. 9a), showing severe plastic
deformation of the sub-surface of die material. Solid arrows in the images indicate the initiation of wear fragments.

was only about 2—3 pm due to lower shear stress (Fig. 7).
Another interesting observation was the initiation of frag-
ments from the uneven surface (marked as red arrows in
Fig. 8), which also contributed to the wear in the current study.
These fragments could be evolved as well into the third body
particles that caused abrasive wear.

3.3. Softening of the tool

Hardness measurements of the sub-surface on the cross sec-
tion of the round corner revealed the softening phenomenon
of QRO 90 tool steel during the hot stamping process, as
shown in Fig. 9. Microhardness test (HVy,) was chosen in
order to reduce the size of indentation and reveal the trend of
hardness variation with the distance to the surface. As we can
see, the hardness of the sub-surface was significantly lower
than that of the bulk (~570 HVy4). The softening of the sub-
surface was believed to be related to the heating effect from
the hot workpieces. The heat transferred from the workpieces
decomposed the martensite into ferrite and carbides. With

600
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Site3 —¥ 450
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] 400
0

time, the carbides were coarsened at high temperatures and
the dislocation density in the material would be decreased
greatly, leading to the softening of tool steel. As shown in
Fig. 9b, the softening phenomenon became weaker and
weaker from the entrance (Site 1) to exit (Site 6) of the round
corner. Moreover, the softening depth of the sub-surface also
decreased from ~250 pm to ~150 pm. This could be explained
by the decrease in temperature when the boron steel work-
pieces travelled from the entrance to the exit of the round
corner.

4, Discussion

4.1.  Mechanism of galling

As described above, galling and delamination are considered
as the major mechanisms of the die failure. Regarding galling,
substrate softening of the die could give a rational interpre-
tation. It should be mentioned that the workpiece is hot and

--¢--Site6 --#--Site5 --#--Sited

Site3 —e—Site2 —e—Sitel

100 200 300 400 500 600 700 800 9S00

Depth from radius surface/um

Fig. 9 — The hardness on the cross-section of the round corner shows the softening of the sub-surface, (a) test sites, and (b)

hardness profiles of various sites.
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Fig. 10 — The schematic diagram of the galling phenomenon. (a) Formation of protrusion, (b) Scratching the hot workpiece,
(c) Transferred material sticked on the tool surface, (d) Accumulated layer (galling) on the tool surface.

soft when it is transferred to the die. After forming, it becomes
very hard due to quenching via the internal cooling channels
in the hot stamping die. This means the tool material expe-
riences alternation soft and hard workpieces during the
services.

The galling process is schematically shown in Fig. 10.
During the initial period, the working condition of the tool is
good due to the unsoftened substrate and smooth surface.
With the ongoing service (few thousands of cycles), the sub-
surface of the tool is softened, as shown in Fig. 9. On the
other hand, the already formed workpieces generally have a
high hardness (around 500 HV) due to quenching in hot
stamping. During the process of unloading, the hardened
workpiece could generate some scratches (the valley in
Fig. 10a) on the softened tool surface, leaving some pro-
trusions at the edge of the scratches. In the next cycle of
forming, these protrusions could scratch the hot and soft
workpiece surface of boron steel (Fig. 10b). Consequently,
some material could be transferred from the boron steel
workpieces to the tool surface (Fig. 10c). Under the forming
force and high temperature from the hot workpiece, the ad-
hesive force between the transfer material and tool steel
would be high. According to Ref. [17], the adhesive force is
largely dependent on the real contact area (atomic level) of
two solid materials. The adhesive force between ductile ma-
terials will be enhanced with the increased contact area by
plastic deformation. In addition, a large adhesive force is often
the case when combining similar materials. In the present
study, the workpiece and tool are both made of steels.
Considering the possible austenitizing at the surface of tool
due to heating from the hot workpieces, both types of steel
would have an fcc structure in the surface region when
forming. This would further enhance the adhesive force.
Hence, the transferred material can easily stick to the tool.
Notably, this process can be repeated in the stamping pro-
cesses, which results in the formation of accumulated layers
(galling, Fig. 10d) until they are removed as part of daily
maintenance. However, the root cause for galling is the soft-
ening of the sub-surface, which could lead to the easy for-
mation of scratches and consequently the initiation of
material transfer. This is consistent with Heinrichs’ work [18].
From the perspective of this investigation, increasing the
softening resistance of tool steel or performing hard facing on

the tool could be potential ways to mitigate the galling that
happens in the hot stamping process.

4.2. Formation of white layer and wear due to its
delamination

The formation of the white layer shown in Fig. 7 is the
consequence of thermal cycles experienced by the tool steel.
During hot stamping, the top surface of the die will be heated
up to a peak temperature above 800 °C by the hot workpiece.
According to Ref. [14], the austenitizing start temperature of
the die material, i.e., QRO 90 tool steel, is about 800 °C.
Therefore, partial austenitizing of tool steel occurs within a
shallow depth (1-3 um). The subsequent rapid cooling caused
by the water-cooling channels in the die results in the hard-
ening of this surface region owing to martensite formation.
During the service, it is expected that the top surface layer of
the tool steel is subjected to a repeated austenitizing and
quenching, leading to the formation of a layer with ultra-fine
grains on the top surface. Hosseini [20] reported a similar
white layer on high carbon 100Cr6 steel after fast turning. This
layer would have a relatively high hardness due to the
quenching process and will not be easily deformed. However,
the substrate material, whose peak temperature was below
the austenitizing temperature, will not experience austeni-
tizing and just be softened. Hence, plastic deformation could
take place easily in these regions, as can be seen in Fig. 7.
Different deformation capability makes the white layer and
substrate incompatible. This could be one of the reasons for
delamination.

Another observation in Fig. 7b is that the black voids near
the delamination line have been elongated. The assumption
proposed by Suh [19] can interpret it properly. During the
deformation, massive dislocations could be accumulated
around the hard particles and voids develop. With the growth
of the voids, they could be elongated and linked together to
form a discontinuous line, as shown in Fig. 7. Further growth
of the voids leads to the delamination.

Tensile stress which causes the fracture of the white layer
can be interpreted by the cyclic heating and cooling of the
martensite. Once martensite is transformed from austenite at
the surface, volume expansion could cause a compressive
stress in this layer because the substrate below opposes the
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expansion. However, as the temperature of the die decreases
by the cooling channels, the surface layer tends to contract,
and the substrate opposes it. The internal stresses change
direction and turn to tensile stress. Beside this, austenitizing
process in the white layer could also be one of the reasons
causing tensile stresses. When the temperature in the white
layer exceeds the austenitizing temperature, there is a volume
contraction, because austenite (y-Fe) with fcc structure has a
higher atomic packing density than that of the martensite/
ferrite phase. Hence, austenitizing will cause a sudden in-
crease in density. The resultant volume contraction will also
produce tensile stress in the white layer. As mentioned pre-
viously, the white layer with a high hardness has limited
ductility. Therefore, fracture could happen in the white layer,
as shown in Fig. 7a.

However, delamination is presumably an accumulative
event and cannot be accomplished by only one cycle. There-
fore, it does not always occur between the white layer and the
matrix, as shown in Fig. 7a. After the local delamination, the
bonding force between the white layer and substrate is sup-
posed to be weak. Considering the substantial shear stress
applied on the tool surface, the white layer should have a high
susceptibility to detaching from the substrate, forming frag-
ments. Furthermore, once the detachment of the white layer
occurs, the soft and severely deformed substrate will be
exposed to the hot workpiece in the subsequent cycles and
will possibly form a new white layer. Notice that the delami-
nation is supposed to only occur on the surfaces without
transferring material and are close to or in touch with the hot
workpiece. The substrate covered by the transfer materials is
less likely to be austenitized and develop into the white layer.

4.3. Abrasive wear

Abrasive wear is considered to be a mild wear mechanism in
this investigation. The main cause of abrasive wear is the
hardened workpieces. As mentioned earlier, the workpiece of
the boron steel after being hardened would have a hardness as
high as 500 HV while the as-delivered tool made by QRO 90
steel prior to the first stamping cycle has a hardness of about
570 HV. After being softened, the hardness of the tool surface
is dropped to ~450 HV (see Fig. 9), which is lower than that of
the hardened workpiece. As a result, the tool surface could be
scratched by the hardened workpiece during the unloading
process, as discussed in 4.1. The deep grooves observed on the
die surface in Figs. 1, 2 and 4 are believed to be caused by the
ploughing from the hardened workpieces. Another possible
reason that may cause abrasive wear on the tool is the debris
from the detachment of the white layer due to its potential
high hardness. Unfortunately, the evidence of this abrasive
wear has not been found yet in this study. One possible reason
is that the delamination layer is probably detached as a whole
layer. Notice it is the small grit particles which are responsible
for abrasive wear. In addition, some wear fragments have
been found in Fig. 8 (red arrows). Considering that these
fragments are originated from the softened regime, they are
less likely to cause abrasive wear to the tool. These fragments

could be easily oxidized due to their relatively high specific
area and develop into debris consisting of a mixture of metal
and oxides. The trapped materials in Fig. 6 are suspected to be
this kind of debris.

5. Conclusion

A failure investigation of a hot stamping die (QRO 90 tool steel)
insert was performed focusing on its frequently worn loca-
tions (the flat site and round corner). During the hot stamping
process for uncoated boron steel sheets, severe galling and
wear were found on the surface of the die insert. The present
investigation aims to improve the understanding of the wear
mechanism of the hot stamping tool steel. The main conclu-
sions based on this work are as follows.

(1) Accumulated and compacted transfer layer was found
on the die surface, leading to severe galling during the
hot stamping process. These accumulated layers are
commonly the mixture of transferred material from the
workpieces and iron oxides. The strong bonding force
between the transfer material and tool steel is attrib-
uted to several aspects: similar materials, high tem-
perature and pressure subjected, latter of which is
related to the local orientation of the tool steel surface.

(2) White layer in a thickness of 1-2 um was observed on
the surface of the round corner of the die. The delami-
nation was frequently found between the white layer
and substrate. The formation of the white layer and
delamination is due to the repeated heating and
quenching during the hot stamping process. The spall-
ation of the white layer is considered to be one of the
major wear mechanisms of the investigated die.
Surface softening of the tool steel was found in a depth
of about 200 um by microhardness profiling. It is
considered as the reason not only for galling but also for
the formation of the ploughing grooves. Hence, the
softening resistance should be considered as an essen-
tial criterion in the selection of tool steel for hot
stamping dies.

—
w
~

In summary, the findings of this investigation indicate that
the galling caused by the surface softening and the spallation
of the white layer are the primary wear mechanisms for the
tool steel investigated. Abrasive wear is observed but is rela-
tively less significant. Hard-facing the tool with the materials
having better softening resistance could be a potential way to
improve the performance of the hot stamping tools in the
future.
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