Available online at www.sciencedirect.com
Available online at www.sciencedirect.com

ScienceDirect
ScienceDirect
Available
online
atonline
www.sciencedirect.com
Procedia
CIRP
00 (2020)
000–000
Available
at www.sciencedirect.com

ScienceDirect
ScienceDirect

Procedia CIRP 00 (2020) 000–000

www.elsevier.com/locate/procedia
www.elsevier.com/locate/procedia

Procedia CIRP
00 (2017)
000–000
Procedia
CIRP 94
(2020) 942–946
www.elsevier.com/locate/procedia

11th CIRP Conference on Photonic Technologies [LANE 2020] on September 7-10, 2020
11th CIRP Conference on Photonic Technologies [LANE 2020] on September 7-10, 2020

Investigations of surface defects during laser polishing of tool steel
Investigations28th
ofCIRP
surface
during
laserNantes,
polishing
Designdefects
Conference,
May 2018,
France of tool steel
a
b
a
a

Bastian Meylan , Ivan Calderon , Quang Tri Le , Kilian Wasmer *
a
b
a
a
Bastian
Meylan
,andIvan
Calderon
, Quangof advanced
Tri Le
, Kilian
Wasmer
*
Federalmethodology
Laboratories
for Materials
Science
Technology
(Empa),functional
Laboratory
material
processing,
Thun,
CH-3607,
Switzerland of
new
to analyze
the
and
physical
architecture

A
Unitechnologies SA, Head of Laser and Surface Technology, Gals, CH-3238, Switzerland
Federal Laboratories
for Materials
Technology (Empa),
Laboratory of advanced
material processing,
CH-3607, Switzerland
existing
products
forScience
anand
assembly
oriented
product
familyThun,identification
* Corresponding author. Tel.: +41 58Unitechnologies
765 62 71 ; fax:SA,
+41Head
58 765
69 90.and
E-mail
address:
kilian.wasmer@empa.ch
of Laser
Surface
Technology,
Gals, CH-3238, Switzerland
a

b

a

b

* Corresponding author. Tel.: +41 58 765 62 71 ; fax: +41 58 765 69 90. E-mail address: kilian.wasmer@empa.ch

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat

Abstract École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France
Abstract
During laser polishing of tool steel surfaces produced by electric discharge machining with NIR continuous wave laser, small craters were
observed on the polished surface. Their formation was observed in situ with high-speed camera. Post mortem investigation of the composition of
During laser polishing of tool steel surfaces produced by electric discharge machining with NIR continuous wave laser, small craters were
the craters with energy dispersive X-ray spectroscopy (SEM) has shown that they were caused by copper inclusions on the steel surface. The
observed on the polished surface. Their formation was observed in situ with high-speed camera. Post mortem investigation of the composition of
inclusions are probably coming from the electrode employed during the electric discharge machining process. The low absorption of copper in
the craters with energy dispersive X-ray spectroscopy (SEM) has shown that they were caused by copper inclusions on the steel surface. The
NIR signifies that the bigger copper particles do not melt at high speed which leads to the formation of the craters.
Abstract
inclusions are probably coming from the electrode employed during the electric discharge machining process. The low absorption of copper in
NIR signifies that the bigger copper particles do not melt at high speed which leads to the formation of the craters.
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2. Experimental Method
A continuous wave (CW), high power diode laser LDM
1000 (Laserline GmbH, Germany) with a 980nm wavelength
was employed in this work. A fixed focusing head was placed
in focus 297 mm above the sample. This provides a spot size of
900 µm at the focal point. To avoid overheating of the beam
center, a flat top beam was chosen. As a fixed laser head was
employed, the sample was mounted in a chamber located on an
x-y table that allowed movement in both directions. To avoid
oxidation during the process, the chamber was filled with
argon. A schematic drawing as well as a picture of the setup is
shown in Fig. 1.
To observe in situ the experiments, a MotionPro Y4 highspeed camera (Integrated Design Tools Inc., US) was used. The
camera was mounted with a Moritex ML-Z07545 telecentric
objective (Moritex Corp. Japan) as shown in Fig. 1 and allows
observation of the melt pool from the side. The objective was
fitted with an FES0800 shortpass filter (Thorlabs Inc.
Germany). This filter reduces 99.8% of the laser backreflection and, hence, allows observation of the melt pool.
For each experiment, the sample motion was started first in
the x-direction. Once the sample reached constant speed, the
laser and high-speed camera were triggered together. The laser
stayed on for a displacement of 24 mm. After the laser was
stopped, the table was decelerated to a stop. Then, the table was
moved for a defined distance in the y-direction and the process
could start again in the opposite direction along the x-axis.
We also investigated the effect of the speed on the defect
formation. It is important to note that an increase of speed has
to be compensated by an increase of power to compare similar
conditions. The power was calculated to get for each speed, the
same maximum temperature in the melt pool. The calculation
was based on finite element method employing Chernoff
formula [10]. Details of this simulation will be presented in a
future work. The conditions are summarized in Table 1.
Table 1. Experimental conditions
Speed

Power

Spot size

Length

[mm/s]

[W]

[µm]

[mm]

35

415

900

24

50

454

900

24

100

561

900

24

150

651

900

24

Fig. 1. (a) Schematic representation of the setup and (b) Image of the setup.

3. Results and discussion
Fig. 2 is a topography map of LP with 2 passages, one in
each direction, where the laser diameter and the direction of the
sample movements are illustrated with the two black circles.
The first passage (top melt pool) was from left to right whereas
the second passage (bottom melt pool) moved from right to left.
A representative example of a punctual defect is shown on the
topography map in Fig. 2. On this map, a blue disc (blue arrow)
indicating a depression is visible more or less in the center of
the treated region. The crater is approximately 10-15 µm deep
with a diameter of 250 µm. The depth is similar to the EDM
craters visible at the top and bottom of the treated region. The
crater was situated on the border of the first passage and just
off-center of the second passage. Although, the crater was
affected by 2 passages of the laser it could still not be
eliminated. Others results (not shown here) have confirmed that
once the crater is formed, it is almost impossible to correct this
and redistribute the materials in order to fill the crater.
The formation of the crater shown in Fig. 2 was also
observed with the high-speed camera. A sequence of image is
shown in Fig. 3 and the time of each frame is given at the top
left corner. As already explained, the camera and laser are fixed
and the sample is moving from left to right and the melt pool
indicated by a red circle in the first image has an apparent
movement from right to left. In front of the melt pool (left hand

Table 2: Chemical composition in wt% of the X38CrMoV5-1 samples
C

Si

Mn

Cr

Mo

Ni

V

W

0.36

1.1

0.4

5.0

1.3

-

0.4

-

The samples were made of X38CrMoV5-1 tool steel with a
size of 70x70x7 mm3. The elemental composition of this
compound is shown Table 2. On the top surface, a region of
50x50 mm2 was prepared by electric discharge machining
(EDM). The finishing state of the surface was CH30 on the
Charmilles scale for EDM, which corresponds to a roughness
Ra of 3.15 µm. The samples roughness before and after the LP
processes was measured on their topography maps constructed
by using the 3D optical profiler S-neox (Sensofar, Spain).

Fig. 2. Topographical map of a crater (indicated by blue arrow) formed for a
speed of 100 mm/s and 561 W. The crater formed during the return displacement
(bottom) after an offset of 360 µm in the y-direction. The circles and arrow
indicate the position of the melt pool and its displacement.
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Fig. 3. The evolution of the crater formation during a laser polishing experiment with two passages at a speed of 100 mm/s and laser power of 561 W. The blue
arrow indicates the moving direction of the laser beam in the previous passage. The melt pool, marked by the red circle in the first image, is moving from right
to left of the images. The position of the Cu particle is indicated with a green circle.

side of the red circle), reflection of the laser light is too high
and the image is saturated. Also in this image, the previous
treated line is visible between the two blue lines. The second
treated line is visible on the right of the melt pool between the
two yellow lines. On the left and below the melt pool, the
original EDM rough surface is visible. The roughness is
apparent as bright spots on the pictures. The roughness of the
two treated lines appear very similar while being seemingly
lower than the roughness of the EDM treated surface. The
position of the crater is also indicated for each frame with a
green circle. In the first image, the melt pool is in a steady-state
regime and is not yet influenced by the crater that is ahead of
the laser beam.
On the second and third frames, the crater position interacts
with the melt pool. The size of the melt pool decreases as
compared to the first frame. Between the fourth the seventh
frame, the crater is surrounded by the melt pool. The crater,

Fig. 4. (a) Optical micrograph showing a crater after laser processing (b) SEM
micrograph of the same crater and EDX map of the exact same region as b,
showing the distribution of (c) Fe and (d) Cu.

however, gives the impression of being still solid material and
reflects the light as in the region in front of the melt pool.
Between the eighth and the tenth frames, the crater is getting
out of the melt pool again leading to a decrease of its size. In
the last two frames, the crater is visible at the back of the melt
pool. It is surrounded by re-solidified material that is much less
rough than the initial EDM surface. On the other hand, the
crater is looking exactly as its initial state on the EDM surface.
This confirms the impression that it was not melted and it
appears as if it was not affected by the laser treatment.
To further investigate the reasons why the crater not
melting, chemical analyses of the crater were performed using
energy dispersive X-ray spectroscopy (EDX). The results are
shown for the same crater as Fig. 2 and 3 in Fig. 4. In Fig. 4a,
an optical image shows the crater with a distinctive copper tint
and Fig. 4b is the same region observed with scanning electron
microscope (SEM). The chemical analysis was made on this
same region. The two mains elements found were iron and
copper. The distribution maps of these two elements are shown
in Figs 4c and 4d, respectively. The maps confirm that the
inclusion is mostly composed of copper whereas, as expected,
the iron is the main element around the inclusion. The presence
of copper came first as a surprise since it is not an alloying
element of X38CrMoV5-1 tool steel. The only probable source
of the copper contamination is the copper electrode employed
during EDM. Contamination by the electrode material is a
well-known phenomenon in EDM processes [11–13].
Massarelli and Marchionni [13] reported on some samples, a
percentage as high as 80% Cu in the EDM heat affected zone
(HAZ) and explained this by the deposition of liquid copper
droplets on the surface.
The copper has a melting temperature (1085°C) well below
the liquidus temperature of X38CrMoV5-1 steel (≈1505°C).
However, the reflectivity of copper in the NIR spectral range is
very high (≈97%) [14] as compared to a reflectivity of ≈65%
for the rough steel surface. Thus, the absorption in copper is
more than ten times inferior to steel. In other words, when the
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Fig. 6. Optical micrograph showing copper trace on a line with 454 W and 50
mm/s. In this case, the copper particles were melted during the laser process.

for the bigger ones and (ii) the amount of energy needed to melt
a smaller volume is reduced significantly.
4. Conclusions
Fig. 5. Topographical maps of 17x17mm realized on the same sample for (a)
415 W, 35 mm/s, (b) 454 W, 50 mm/s, (c) 561 W, 100 mm/s and (d) 651 W, 150
mm/s with a spacing between the lines of 90 µm.
2

laser spot reaches the copper particle, less energy is transferred
from the laser to the material. Hence, less material can be
melted and this corresponds well with the observations in Fig.
3, frames 2 and 3. As less energy is available, the size of the
melt pool decreases. This decrease comes with a diminution of
the melt pool temperature. This is not evident from Fig. 3, but
evidence of this is in Fig. 2. Indeed, on the right hand side of
the crater, a small hill (orange) is visible. This can be explained
by the fact that as the temperature of the melt pool decreases,
more material solidifies on the spot instead of following the
melt pool.
As the thermal conduction in copper is very high, it could be
expected that the copper heats up and melt due to conduction
of the heat from the surrounding molten steel. However, this is
not the case for the experiment at 100 mm/s. Actually, the
formation of the crater is not observed for velocities of 35 mm/s
and 50 mm/s as shown in Fig. 5. In this image, topographical
maps are presented for a sample where each quarter of the
EDM surface was treated with a different speed. The process
conditions are shown in Table 1 and the spacing in the ydirection is 90 µm. In contrast, the number of crater increases
as the sample speed increases. There are 6 craters for 100 mm/s
and 10 craters are visible for 150 mm/s. The distribution of the
copper particles is expected to be similar for all speeds.
Nevertheless, the reason why no crater is observed at low
speeds is certainly due to the fact that the dwelling time of the
copper particles at high temperature is sufficiently high to
allow their melting as shown in Fig. 6.
Microscopic observations of the EDM surfaces before LP
have shown a lot of Cu particles on the surfaces with various
shapes and sizes (data not shown). The number of craters
present on the laser polished surface is relatively low. This
confirms that for high process speeds, the melting of the small
copper particles is also possible for two reasons:(i) the decrease
of the energy absorbed in the small particle is much less than

The formation of craters during laser polishing (LP) of tool
steel was characterized. The craters are expected to originate
from copper particles embedded on the surfaces by the EDM
process. The combination of high reflectivity in the NIR
spectral range of copper and fast machining speed (100 or 150
mm/s) does not allow the melting of the copper particles despite
their lower melting temperature than the steel. At lower speed
(35 mm/s or 50 mm/s), the copper particles melt and the craters
do not form, leading to a better surface topography after LP.
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