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Abstract

The hot stamping of Al-Si-coated high-strength steel (HSS) sheets is an important manufacturing process that has gained
significant attention in recent years. However, the friction and adhesive wear that occur during the process have become
major bottlenecks, limiting the efficiency and effectiveness of the process. To address this problem, a comprehensive
investigation was conducted to evaluate the tribological behavior of the contact interface between Al-Si-coated HSS
sheets and tool steel during hot stamping. Specifically, micro-dimpled laser surface textures (LSTs) with varying densi-
ties were applied to the H13 tool steel surface, followed by an examination of their effectiveness in reducing friction and
wear. The 3D morphology of the wear scratches was assessed using a laser confocal surface roughness system, while
SEM and EDS techniques were utilized to analyze the mechanisms behind friction reduction and wear resistance. The
results demonstrated that laser surface texturing (LST) effectively reduces the friction coefficient between Al-Si-coated
HSS sheets and H13 tool steel under high-temperature and high-pressure conditions. Moreover, it was found that LSTs
exhibiting densities of 30% retained their pitted morphology following friction experiments, indicating a remarkable
capability in reducing adhesive wear and facilitating debris collection. The average coefficient of friction (COF) was
observed to be significantly lower in textured specimens than in untextured specimens by approximately 64.62%, 52.3%,
51.9%, and 67.11% at pressures of 5 MPa, 10 MPa, 15 MPa, and 20 MPa, respectively. This study offers a novel concept
and method that leverages the LST technology to mitigate the friction and wear of Al-Si-coated HSS sheets during the
hot stamping process. The findings also shed light on the anti-wear effect and the mechanism of LST in such conditions.
Overall, this study highlights the potential of LST as a promising method for enhancing the efficiency and effectiveness
of the hot stamping process involving Al-Si-coated HSS sheets.

Keywords Adhesive wear - Laser surface texturing (LST) - Hot stamping process - Al-Si coating - High-strength steel
(HSS) sheet

1 Introduction

High-strength steels (HSS) have been extensively used in
the automotive industry, especially in the production of new
energy vehicles due to their remarkable properties such as
low cost, high toughness, specific strength and yield ratio,
great weldability and formability, excellent machinability,
and recyclability [1]. Among the various manufacturing
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technologies used to form HSS sheets into complex-shaped
components, the hot stamping process has emerged as a
leading technology due to its ability to produce parts with
low spring-back [2]. However, the hot-stamped uncoated
sheet assemblies require an additional shot peening step to
remove the oxide layer formed on their surfaces at high tem-
peratures, which can significantly impact the surface quality
of the component for subsequent treatments such as painting.

To overcome this issue and improve process efficiency,
researchers have developed an Al-Si-coating that can be
applied on HSS sheets. This coating is widely used due
to its excellent weldability, spraying properties, and anti-
depreciation protection, which eliminates the need for
an additional shot peening process to remove the oxide
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coating layer. However, during the hot stamping process
of HSS under extreme operating conditions such as high
temperature and loading pressure, the contact surface of
the tool and sheet exhibit severe wear due to the transfer
and accumulation of the Al-Si coating on the tool sur-
face. This accumulation deteriorates the quality of the
formed parts, leading to frequent tool refurbishment. Guo
et al. [3] studied the high-temperature friction and wear
conditions of the Al-Si coated and uncoated HSS sheets,
and found that the Al-Si coating wore the tool surface
more severely and the coefficient of friction (COF) was
higher due to the hard intermetallic phases formed by
the AI-Si coating interacting with Fe of the tool steel
matrix. Despite these efforts, a comprehensive analysis
to explain the friction and wear mechanism in hot stamp-
ing is yet to be conducted. Friction and wear remain one
of the critical bottlenecks in the hot stamping process of
HSS sheets [4]. Therefore, further studies are required to
better understand the tribological behavior of HSS with
Al-Si coatings during hot stamping and to develop effec-
tive solutions to reduce friction and wear, and improve
the quality of the formed parts.

In previous studies, researchers have focused on reduc-
ing friction and wear on HSS with Al-Si coating during hot
stamping. C. Boher [4] studied the wear behavior of USI-
BORI1500P sheets under high-temperature conditions and
identified adhesive wear as the main friction mechanism,
with abrasive wear as the secondary friction mechanism.
Ghiotti, A [5, 6] experimentally studied the tribological
properties of Al-Si and Zn-based coatings on 22MnB5
sheets, and found that the COF of zinc-coated HSS sheet
was low. The friction mechanism of the two coatings was
identified to be a combination of adhesion and abrasive wear
mechanisms. Azushima, A [7] studied the high-temperature
friction behavior between an Al-Si coated 22MnB5 sheet
and tools with different surface roughness, and discovered
that the COF under dry friction conditions had a negligible
relationship with the tool surface roughness. In addition,
the friction force between the interface of the tool and the
sheet was found to be mainly produced by the friction force
between the thick adhesive materials on the tool surface and
the AI-Si coating. Mu Y. H [2] studied the evolution of the
Al-Si coating on the HSS sheet and its tribological proper-
ties at different elevated temperatures. The results showed
that the COF decreased with increasing temperature of HSS
sheets. At low temperatures, adhesive wear was identified to

be the dominant mechanism, while abrasive wear played a
major role at high temperatures. Schwingenschl P [8] ana-
lyzed the friction and wear behavior at different tempera-
tures, relative sliding speeds, and contact pressures. The
results indicated that a higher relative sliding speed led
to friction reduction, while a lower relative sliding speed
resulted in increased wear. During sliding between the tool
and the HSS sheet contact surface, the tool flattened a por-
tion of the roughness peak on the work surface. This caused
the work surface to be slotted, utilizing the worn debris as
an intermediate, ultimately resulting in friction and wear
due to interlocking and adhesion. Venema J [9, 10] reported
that the cumulative wear effects occurred from one stretch
test to the next, in addition to the fact that worn tool materi-
als might be embedded in relatively soft sheet coatings and
caused plow scratches on the tool contact surface. At higher
temperatures, the dominant influence on the wear mecha-
nism was attributed to the abrasive wear, while the adhesive
wear exerted a significant impact on the wear mechanism
at lower temperatures. In addition, the particles responsible
for compaction wear mainly came from the fractured Al-Si
coating and wear debris. Pelcastre L [11, 12] described
the process of accumulation and compaction of wear frag-
ments from Al-Si coatings as compaction galling. Mu Y. H
[2] investigated the friction behavior of tool steel H13 and
Al-Si-coated 22MnB5 boron steel under different condi-
tions of temperature, sliding speed, contact pressure, and
lubrication. The results revealed that the COF decreased
significantly with the increase in temperature and contact
pressure, but the sliding speeds had no significant effect on
the COF. By studying the friction and wear mechanisms
of the Al-Si coated HSS at high temperatures, the material
transfers due to the adhesion of Al-Si coating and fragment
compaction wear due to fracture were identified to be the
main reasons for the tool surface wear. Therefore, improv-
ing the friction and wear properties of HSS sheets during
the hot-stamping process can be realized by improving con-
tact conditions and reducing material transfer between the
Al-Si coating and the tool surface.

Laser surface texturing (LST) is a highly promising
surface modification technique to improve the lubrication
properties, friction contact states, and adhesion proper-
ties in friction contact interfaces of aluminum alloys,
titanium alloys, and stainless steel. Podgornik B [13]
studied the effects of surface roughness and LST on the
friction and wear properties of tool steel, and found that

Table 1 The chemical

o Material C Si
composition (wt%) of the H13

Cr Mo W S P Fe

H13 0.32~045 0.8~1.2 02~0.5 4.75~55 1.10~1.75 0.8~1.2 <0.03 <0.03 89.34~92.03
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Table 2 The chemical composition (wt%) of the Usibor 1500P

Fe

Al

Mn Cr Mo

Si

Material

0.020~0.060 0.002~0.004 97.263~98.358

<0.008

<0.025

0.020~0.050

<0.35

1.10~1.40 0.15~0.30

0.15~0.35

Usibor1500p 0.20~0.25

the micro-dimpled texture applied with appropriate density
and contact lubrication provided excellent wear resistance.
Kang et al. [14] studied the effects of micro-raised tex-
ture and micro-dimpled texture on the adhesion and wear
properties of tool surface under dry friction conditions,
and found that the high-density micro-raised texture had
obvious anti-adhesion properties. Zheng K [15] proposed
a method to improve the tensile properties of materials
by using tools with surface texture in the process of hot
stamping, and found that the texture parallel to the metal
flow direction significantly improved the tensile properties.
Cao Y [16] studied the influence of spraying deformation
parameters on the friction and wear of HSS sheets under
hot stamping conditions. It was observed that as the texture
density increased, the average COF decreased first and then
increased. Decrozant-Triquenaux J [17] investigated the
synergic effect of high-temperature friction and wear on
surface treatment either with or without lubrication. It was
found that the tribological response strongly depended on
the lubricant retention at the contact surface and the type of
surface modification. Nevertheless, the application of LST
in the hot stamping process of Al-Si-coated HSS is still
understudied. Therefore, this study was conducted to inves-
tigate the influence and mechanism of LST on the friction
reduction and wear resistance properties of the tool during
hot stamping of Al-Si-coated HSS sheets. The findings of
this study provide a theoretical basis and technical support
for the application of LST in the hot stamping process of
Al-Si-coated HSS, which can effectively improve the qual-
ity and efficiency of the process, thereby facilitating its
application in the manufacturing industry.

2 Experimental set-up
2.1 Materials

In this study, H13 tool steel specimens were cut into cubes
having a height of 10 mm and rounded corners having a
diameter of 1 mm (Fig. 1). The specimens were polished
and ultrasonic washed with anhydrous ethanol for 2 min,
and the surface roughness was determined to be approxi-
mately 0.08 pm. The chemical composition (wt%) of the
H13 used in this study (Baosteel Co., Ltd.) is shown in
Table 1. After heat treatment, the hardness of the H13 spec-
imens reached 53.2HRC. The 1.4 mm thick Usibor1500P
Al-Si-coated HSS sheet (Baosteel Co., Ltd.) was cut to 20
mm width and 400 mm height. The chemical composition
(wt%) of the HSS sheet in this study is given in Table 2.

2.2 Test specimens

Before the LST processing, the tool specimens were ultra-
sonic cleaned with anhydrous ethanol for 5 min, and then
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Fig. 1 Schematic diagram of the L
LST dimension design T

Table 3 LST dimension parameters dried for 2 h at 65°C. The LST specimens were prepared
No. L(mm) H(um) D(um) d(um) Density (%) by nanosecond laser. ablat?on. Th.e sc‘hen.latic.diafgram
of the laser texture dimension design is given in Fig. 1.

1 140 140 50 50 10 According to the different LST densities of 10%, 20%,
2 99 99 50 50 20 30%, and 40%, four groups of LST specimens were fab-
3 81 81 50 50 30 ricated, and the LST dimension parameters are shown in
4 70 70 50 50 40 Table 3.

Fig.2 3D model of the high-
temperature strip-draw experi-
ment
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Fig.3 Schematic diagram of the high-temperature strip-draw experiment
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Fig.4 2D morphologies of the LST specimens with different densities

2.3 Tribological test equipment

High-temperature strip-draw tribology experiments [5,
6] were carried out to investigate the friction and wear
behavior of the interface between the tool with LST and
Al-Si-coated HSS sheet under dry friction conditions at
700°C. To achieve the austenitizing temperature condi-
tions of the Al-Si-coated HSS strip, the experimental
process was designed to mimic the stamping process.
The sheet material was first held in a tubular heating fur-
nace at 940°C for 3 min. Within the specified time, the
sheet material was then transferred to the friction testing
machine (Fig. 2), and the friction experiment was con-
ducted at 700°C under the temperature monitoring condi-
tion of the thermocouple (Fig. 3).

During the transfer process, the temperature of the
high-strength steel plate decreases, and it rapidly cools
down when it comes into contact with the mold having
a lower temperature. When the upper mold comes into
contact with the plate, plastic deformation and friction
occur, and the temperature ranges from 600 to 730°C.
After investigating sheet metal processing manufactur-
ers (Shanghai Bohui Mould Co., LTD) and reviewing

N

SU3500 15.0kV 11.5mm x500 SE 100um

: a density 10%, b density 20%, ¢ density 30%, d density 40%

relevant literature, the Auto Form simulation analysis
determined that the representative temperature of friction
occurrence was 700°C [18=22]. Therefore, the friction
experiment was conducted after the sheet metal transfer
and cooling to 700°C. The contact pressures of 5, 10, 15,
and 20 MPa were applied respectively on both the LST
and untextured specimens. The COF can be expressed
by Eq. 1.

Fr
M—E 1)

2.4 Analysis technique

To analyze the friction and wear mechanism of LST, detailed
observation and analysis of wear scratches are required. In
this study, the 3D morphologies of the laser surface tex-
tures (LSTs) before and after the friction experiments were
observed by the color 3D laser microscope VK9700K (Japan
Keenshi Co., Ltd.). The wear scratches were analyzed by
using the X-ray Energy Dispersive Spectrometer (EDS) and
Tungsten filament scanning electron microscope (SEM)
SU3500 (Tianmei (China) Scientific Instrument Co., Ltd.).
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Fig.5 3D morphologies of the LST specimens with different densities: a density 10%, b density 20%, ¢ density 30%, d density 40%

3 Results and discussion
3.1 LST characterization

The 2D and 3D images of the LSTs and profile height curves
are shown in Figs. 4, 5, and 6. After the LST process, burrs
and metal oxide particles adhered to the metal’s surface, where
some of the laser-ablated steel materials accumulated at the
edges of the circular dimple, and some of them oxidized and
sputtered on the specimens. More materials accumulated on the
edge of the circular dimples with the increasing density of LST.

3.2 LST characterization
3.2.1 COF analysis

High-temperature friction experiments were conducted at
a temperature of 700°C, with a sliding speed of 10 mm/s

@ Springer

between the tool and the Al-Si-coated HSS sheet. The COF
curves of the untextured and LST specimens are shown in
Fig. 7. It can be seen that the COF of the original specimens
increased with the increasing contact pressure. Meanwhile,
the COF of the LST specimens was lower than that of the
untextured specimens, indicating an excellent friction reduc-
tion effect of LST. The running-in periods for the untextured
specimens exceeded 50 mm (5s) and they extended with the
increase in contact pressures. In contrast, textured specimens
exhibited running-in periods shorter than 10 mm (1s), and
showed minimal change with the increase in contact pressure
and LST density. The average COF values are presented in
Fig. 7c. At the same LST density, the COF increased first
and then decreased with the increasing contact pressure. At
the same contact pressure, the average COF decreased first
and then increased with the increasing surface texture den-
sity. For the LST specimens with 30% density subjected to
the friction experiments, the average COF reached minimum
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Fig. 6 Profile heights of the LST specimens with different densities: a 10% density, b 20% density, ¢ 30% density, d 40% density

values of 0.197, 0.292, 0.319, and 0.242 at pressures of 5
MPa, 10 MPa, 15 MPa, and 20 MPa, respectively. These
values were significantly lower than those of the untextured
specimens by approximately 64.62%, 52.3%, 51.9%, and
67.11%, respectively. These results indicate that the LST
process can significantly reduce the COF of the tool on the
Al-Si-coated HSS strips at high temperatures. With a fixed
contact pressure, the COF decreased and then increased with
the increasing LST density. The smallest COF was consist-
ently observed at a 30% LST density, irrespective of the
varying contact pressures. Therefore, the LST process can
effectively improve the anti-friction and wear resistance per-
formance of the Al-Si-coated HSS sheets at high tempera-
tures and high contact pressures.

3.2.2 Wear scratches analysis
A color 3D laser microscope VK9700K was used in this

study to observe the 3D morphology and surface pro-
file height curves of wear scratches for the untextured

specimens after the friction experiments. It was found that
the layer-by-layer adhesion and flattened adhesion occurred
on the surface of the untextured specimens after the fric-
tion experiments at the contact pressure of 5 MPa (Fig. 8a).
The adhesion materials accumulated during sliding after
the friction experiments at the contact pressure of 10 MPa
(Fig. 8b). Subsequently, the bulk adhesion materials accu-
mulated, flattened, and formed more even tiled adhesion at
the contact pressure of 15 MPa (Fig. 8c). Spalling scratches
and plowing grooves on the flattened adhesion occurred
on the wear scratches at the contact pressure of 20 MPa
(Figs. 8d and 9).

After conducting the friction experiments on LST speci-
mens with different densities at various contact pressures, a
laser confocal roughness measurement system Leica DCM8
was used to obtain the 3D morphologies and surface profile
height curves of the wear scratches.

After the friction experiments at 5 MPa, prominent
adhesion materials were observed filling in the dimples
on the wear scratches of LST specimens with 10% density

@ Springer



4354

The International Journal of Advanced Manufacturing Technology (2024) 133:4347-4364

a)

12

I—I— 0-5MPa—8— 0-10MPa —&— 0-15MPa —v— 0-20MPa|

Coefficient of friction

0.0 ¥ore=emr

0 50

T T T T
100 150 200 250 300

Distance (mm)

<)

1.0

1.2
[F=—10% 5MPa—e— 10% 10MPa—A— 10% 15MPa—v— 10% 20MPa
4 20% 5MPa—<—20%-10MPa —»— 20%-15MPa —8— 20% 20MPa|
1.0  |—+—30%5MPa—#— 30%-10MPa —3— 30%-15MPa —— 30%-20MPa
= < 40%-5MPa—+— 40%-10MPa —— 40%-15MPa —— 40% 20MPa
£
£ 08
Z o
St
=) —
=
ooy
2
£ 1 >
D Bt b N b RS e M 52 A s
> \ 3 5 v <
S 04 *},‘&". S S A I S S SN RSN S
o W i ST
s = ot
; sty
0'0 LT T T T T T
0 50 100 150 200 250 300

Distance (mm)

0.9 -
0.8
0.7 A
064 _rF T
05 -

0.4 -

Average COF

0.3 4

0.2 1

0.1 1

[ JsmMPa[___J10MPa[__ J15MPa[__ |20MPa

0.0
0 10%

o

20% 30% 40%

LST density
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(Figs. 10a and 11). After the friction experiments at 10
MPa, layer-by-layer deposition of adhesion materials was
clearly observed around the dimples along the sliding
direction on the wear scratches of LST specimens with
10% density (Figs. 10b and 11). As the contact pressure
increased from 5 to 15 MPa, the adhesion materials were
flattened, resulting in smoother wear scratches. However,
at the pressure of 20 MPa, the wear scratches exhibited
obvious scratches and spalling of adhesion materials
(Fig. 10c and d). The wear scratches on LST specimens
with 10% density after the friction experiments at 10 MPa
and 15 MPa were smoother compared to those at the pres-
sures of 5 MPa and 20 MPa. This is because the adhesion
materials first accumulated around the dimples at 5 MPa,
and then flattened and spread to the unconnected areas
between the dimples with the increasing contact pressure.
Subsequently, the adhesion materials were crushed to form

@ Springer

fragments adhering to the tool surface. In addition, peel-
ing wear occurred due to the fracturing of adhesion mate-
rial and the plow wear of the hard phase pressed into the
contact surface of the coating at 20 MPa [20] (Fig. 10c
and d). The adhesion material was mainly concentrated
near the dimples, some of which were filled by the debris.
However, in the case of LST specimens with 10% density
at 5 MPa and 10 MPa, the areas between the dimples did
not contact with the wear scratches. The increase in con-
tact area and material adhesion resulted in an increase in
the friction coefficient. At a contact pressure of 20 MPa,
both the contact area and material adhesion reached their
maximums, leading to adhesive material fracture due to
friction. This subsequently led to dominant wear friction
characterized by furrows, resulting in a slight reduction
in the friction coefficient. The depth (d) of all the dim-
ples was lower than 20 pm after the friction experiments
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Fig.8 3D morphologies of the untextured specimens after the friction experiments at different contact pressures of a 5 MPa, b 10 MPa, ¢ 15
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(Fig. 11). This proves that LST has a significant effect
on the accumulation of fractured Al-Si coating and wear
debris during the friction process, as well as on the reduc-
tion of adhesion of the Al-Si coating on the friction con-
tact surface and wear scratches of the tool.

80
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Fig.9 Surface profile height curves of the untextured specimens after
the friction experiments at different contact pressures

The wear scratches on the LST specimens with 20%
density were smoother than those on the LST specimens
with 10% density at 5 MPa and 10 MPa, while having
no uncontacted areas between dimples, and the dimples
were filled (Fig. 12a and b). These observations prove
that high-density dimples can prevent the concentrated
accumulation of adhesive materials, which also explains
the significant reduction in the COF of the LST speci-
mens with 20% density. Analyzing the increasing average
COF phenomenon (Fig. 7c), the COF of adhesion friction
between adhesion materials and Al-Si coating was found
to be greater than that of the furrow friction, which was
the reason for the increase in COF at the pressure of 20
MPa (Fig. 13).

The wear scratches on LST specimens with 30% den-
sity exhibited more furrows and scratches, with less mate-
rial accumulation compared to the LST specimens with
20% density. Furthermore, observing the average coef-
ficient of friction (COF), it became evident that the fur-
row friction surpassed adhesion friction as the prevailing
mechanism, resulting in a decrease in the coefficient of
friction. Less adhesion material was observed on the wear
scratches of the LST specimens with 30% density com-
pared to the LST specimens with 20% density (Fig. 14).
Meanwhile, a decrease in adhesive wear and an increase
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in furrow wear were observed on the wear scratches of
LST specimens with 30% density compared to those with
20% density. This reduction in adhesive wear was also
consistent with the decrease in the average COF. These
findings highlight the fact that the high-temperature fric-
tion force between the Al-Si-coated HSS sheet and the
H13 tool is mainly because of the coating’s adhesion fric-
tion force [7] (Fig. 15).

The dimple filling level of the LST specimens with 40%
density was observed to be higher compared to those of 30%
density. This is because the actual contact area decreased
due to the higher dimple density, and the actual contact
pressure between the friction contact surfaces increased,
resulting in the increase of the COF (Fig. 7c). Thus, more
scratches appeared on the surface adhesion material of the
LST specimens with 40% density (Figs. 16 and 17) which
is consistent with the results of the average COF (Fig. 7c).
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a) V"g

Fig. 12 3D morphologies of the LST specimens with 20% density after the friction experiments at different contact pressures of a 5 MPa, b 10

MPa, ¢ 15 MPa, and d 20 MPa

3.3 Friction and wear mechanism

To further understand the surface adhesion and scratches
on the wear scratches of the specimens with or without
LST after friction, as well as explain the friction reduc-
tion and wear resistance mechanism, tungsten filament
scanning electron microscopy (SEM) with X-ray Energy
Dispersive Spectrometer (EDS) was used to analyze the
wear scratches of the original specimens at different con-
tact pressures (Fig. 18) and different densities (Figs. 19,
20, 21, and 22).

Figure 18 shows the SEM images and the EDS results
of the untextured specimens after the friction experi-
ments at the pressures of 5, 10, 15, and 20 MPa. When
the contact pressure was 5 MPa (Fig. 18a), the surface

adhesion material accumulated layer-by-layer on the tool
contact surface with the increase in friction, and the wear
debris mainly appeared on the thick adhesion material
area, identified as Al. When the contact pressure was
10 MPa (Fig. 18b), slight furrow wear occurred on the
wear scratches of the untextured specimens. The primary
mechanism of friction was adhesive wear, wherein the
contact pressure induced flattening, peeling, and fractur-
ing of the adhesive material. Consequently, the furrow
wear and peeling wear occurred on the interface between
the mold and its contact surface. As the pressure reached
20 MPa (Fig. 18d), the furrow wear became predominant
while the adhesive wear acted as a supporting factor. The
debris resulting from adhesive damage significantly con-
tributed to the severe furrow wear observed on the wear

@ Springer
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Fig. 13 Surface roughness curves of the LST specimens with 20%
density after the friction experiments at different contact pressures
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scratches. It may be caused by the breaking of the Al-Si
coating and large adhesion material during friction [20].
During this period, a part of the debris was ground and
filled into the furrow again, which reduced the wear con-
dition of the surface and the non-uniformity of the sur-
face. This indicated that the adhesion effect of the coating
on the tool surface and wear debris causing furrow wear
was mainly due to the Al element in the Al-Si coating.
Figure 19 presents the SEM and EDS results for wear
scratches of the LST specimens with 10% density after
the friction experiments at pressures of 5, 10, 15, and
20 MPa. The adhesion material on the wear scratches of
LST specimens with 10% density at 5 and 10 MPa first
accumulated around the dimple. Less adhesion occurred
in the void part of the dimples, creating non-contact
depressions, while the rupture of adhesive materials and
accumulation of friction debris resulted in the formation
of new adhesions (Fig. 19a and b). When the contact

pm
e

14

Fig. 14 3D morphologies of the LST specimens with 30% density after the friction experiments at different contact pressures of a 5 MPa, b 10

MPa, ¢ 15 MPa, and d 20 MPa
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Fig. 15 Surface roughness curves of the LST specimens with 30%
density after the friction experiments at different contact pressures
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pressure was higher than 15 MPa (Fig. 19¢), the adhesion
material around the dimple flattened, and the accumula-
tion of adhering material around the dimple extended to
the surface of the dimples. This reduced the opening area
of the dimple and promoted the difficulty of accumulat-
ing the frictional debris from the dimples. More wear
debris, plowing wear, and grooves appeared on the wear
scratches of the LST specimens with 10% density after
the friction experiments at pressures of 15 and 20 MPa
(Fig. 194d).

The adhesion material on the wear scratches of LST
specimens with 20% density, observed after the friction
experiments (Fig. 20), initially accumulated layer-by-
layer around the dimples, similar to the wear scratches
of LST specimens with 10% density after the friction
experiments at 5 MPa (Fig. 20a). The debris and fractured
adhesion material accumulated near the dimples and were
collected by the dimples. When the contact pressure was

b)

d)

Fig. 16 3D morphologies of the LST specimens with 40% density after the friction experiments at different contact pressures of a 5 MPa, b 10

MPa, ¢ 15 MPa, and d 20 MPa
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40 increased to 15 MPa (Fig. 20c), furrow grooves and frac-
304 i:f::‘; - rep— tured adhesion material appeared on the wear scratches.
v After 15 MPa—— After 20 MPa| When the contact pressure was 20 MPa (Fig. 20d), the

debris was flattened under the increased contact pressure
and adhered to the friction contact surface, which could
be collected by the dimples alternatively.

The higher density of 30% in the LST specimens
reduced the adhesion material on the wear scratches after
the friction experiments (Fig. 21) and enhanced the abil-
ity of the dimples to contain debris. At the contact pres-
sure of 10 MPa, slight furrow grooves occurred on the
wear scratches (Fig. 21b). At the contact pressure of 20

MPa (Fig. 21d), an increased presence of Fe elements in
0 0 100 150 200 250 300 3so  the dimple-filling material indicated an elevated amount
of tool surface wear with the increasing contact pressure.
Thus, more wear debris was created and the dimple open-
ing was reduced with the increase in contact pressure.
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-60 T

Measuring distance (pm)

Fig. 17 Surface roughness curves of the LST specimens with 40%
density after the friction experiments at different contact pressures
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Fig. 18 SEM images and EDS elemental analysis of the frictional surfaces for the untextured specimens at the contact pressures of a 5 MPa, b
10 MPa, ¢ 15 MPa, and d 20 MPa
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Fig. 19 SEM images and EDS elemental analysis of wear scratches after friction for the LST specimens with 10% density at the contact pres-
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a) Al Kal

100um

Accumulated debris Collected debris — o
Flattened adhesion n— Alkad

o
e

Accumulated debris

Layer by layer adhesion  Collected detritus

=
N2

Flattened adhesion

Accumulated debris

500 15.0KV 7.8mm x500 SE 100um

Layer by layer adhesion Collected detritus

Accumulated debris

d) Flattened adhesion

Accumulated debris

Fig.20 SEM images and EDS elemental analysis of wear scratches after friction for the LST specimens with 20% density at the contact pres-

sures of a5 MPa, b 10 MPa, ¢ 15 MPa, and d 20 MPa

@ Springer



4362 The International Journal of Advanced Manufacturing Technology (2024) 133:4347-4364

Flattened adhesion b) Grooves Flattened adhesion

-
=
=
3
(=)
=1
@
]
=
=
|
=
>
<«
<

Layer by layer adhesion

100pm

Accumulated debris  Collected debris

©) v Alkal d) Flattened adhesive

=
2
w
=
=
<
S
@
>
£
=
>
2
o
@
>
£
-

Layer by layer adhesion

Accumulated debris  Collected debris o Accumulated debris  Collected debris

Fig.21 SEM images and EDS elemental analysis of wear scratches after friction for the LST specimens with 30% density at the contact pres-
sures of a 5 MPa, b 10 MPa, ¢ 15 MPa, and d 20 MPa

a) Flattened adhesion P b) FeAlSi intermetallic
. ' ' Flattened adhesive

Unconnected area
Layer by layer adhesion

Debris Collected debris

Accumulated debris Collected debris

AlKal Flattened adhesion

(=2
-~

Flattened adhesive

)
~~—

Al Kal

«f

Layer by layer adhesion
Layer by layer adhesion

Accumulated debris Collected debris

om Collected debris

Fig.22 SEM images and EDS elemental analysis of wear scratches after friction for the LST specimens with 40% density at the contact pres-
sures of a5 MPa, b 10 MPa, ¢ 15 MPa, and d 20 MPa

@ Springer



The International Journal of Advanced Manufacturing Technology (2024) 133:4347-4364 4363

More debris accumulated in the dimples on wear
scratches of LST specimens with 40% density after the fric-
tion experiments (Fig. 22). The dimple opening decreased,
and a higher amount of debris was observed in the case of
LST specimens with 40% density compared to the low-
density LST specimens, indicating a reduction in the wear
resistance effect of LST with 40% density. This can be
attributed to the fact that the real contact pressure increased
with the increase in the LST specimen density.

4 Conclusions

This study presents an investigation on the friction and
wear behavior of H13 tool steel and Al-Si-coated HSS
sheets with or without Laser Surface Texturing (LST)
at high temperatures utilizing strip-draw friction experi-
mental equipment. The study primarily focused on ana-
lyzing the influence and mechanisms of different densi-
ties of LST on the friction reduction and wear resistance
of Al-Si-coated HSS sheets during high-temperature
friction by analyzing the COF curves and wear scratches.
The key findings of this study are as follows:

(1) The LST significantly reduces friction between the Al-
Si-coated HSS sheet and the H13 tool contact inter-
face under high temperature and high contact pressure
conditions. Additionally, the running-in period of the
LST specimens is shorter than that of the untextured
specimens. Moreover, the average COF demonstrates
significant reductions than those in the untextured
specimens, particularly at an LST density of 30%

(2) The wear mechanism between the Al-Si coating and
the tool at high temperatures is primarily dominated
by adhesive wear, with minor three-body wear. The
adhesion of the material to the friction contact surface
of the tool occurs layer by layer during the friction
process, while the source of the three-body wear is a
hard phase combined with the adhesion material and
fragmentation from the tool.

(3) The LST effectively reduces friction and wear by min-
imizing the adhesion of the AI-Si coating to the tool
surface and the wear debris entering into the friction
contact interface under high-temperature conditions
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