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a  b  s  t  r  a  c  t

This  paper  presents  a new  method  of  surface  texturing  for  the  cold  mill  roller  called  laser-guided  discharge
texturing  to  acquire  the  high  surface  roughness.  In  this  method,  the  pulsed  laser  was  focused  on  the
roller  surface  to  produce  the  metal  plasma,  and  was  then  used  to  guide  the  arc  discharge  in  the  gap
of  electrodes  to  texture  the  roller.  Laser-guided  discharge  texturing  absorb  the  advantages  of  electrical
eywords:
urface texturing
aser-guided discharge Texturing
urface topography
rc pressure

discharge  texturing  and  YAG  laser  texturing  to  form  the  following  properties:  the  quick  processing  speed,
the high  processing  energy,  the  deterministic  distribution  of  the  textured  craters,  and  the  enhanced
surface  shaping  to  the textured  craters.  In  this  paper,  the  control  of the  laser  guiding  in the  randomicity
of the  discharge  craters  was  studied,  the surface  topography  of  the  textured  craters  was  studied  with
different  current  peaks  and  pulse-widths,  and  the  microstructures  of  the  textured  craters  were  analyzed.
. Introduction

Now, the technology of the roller surface texturing has widely
een applied in the cold rolling industry. The surface texturing for
he roller may  increase the frictional coefficient between the roller
nd the steel sheet so as to decrease the surface defects of the steel
heet. On the other hand, the convex rims on the surface of the
extured roller were converted to the concave pits on the surface
f the steel sheet in the cold rolling process. The concave pits on
he surface of the steel sheet may  improve the performances of
tamping and painting; therefore, the cold rolled textured sheets
ad widely been used in the body of the car. Now common methods
f roller surface texturing include, a shot blast texturing (SBT), an
lectrical discharge texturing (EDT), a laser texturing (LT), and an
lectron beam texturing (EBT). The laser texturing can be further
ivided into two types: a CO2 laser texturing (CO2LT) and a YAG

aser texturing (YAGLT). Simão et al. (2002) researched to alloy the
oller surface using the powder metallurgy electrodes and sintered
lectrodes in the process of EDT. Surface roughness assessments
howed that the topographical characteristics of alloyed EDT sam-
les to be similar to those of conventional EDT samples, but the
ardness of the alloyed EDT samples was higher. Elkoca (2008)
tudied the properties of the recast white layer on the surface of
he skin pass mill work roll by EDT. It was found that the elec-

rical discharge texturing led to a dramatic hardness drop in the
hite layer and the heat-affected zone, which was attributed to

he high amount of retained austenite. Additionally, de-ionised
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water was  found to be a promising dielectric liquid to abstain from
retained austenite. Mingjiang (1998) researched the YAGLT method
by the quasi-continuous Nd:YAG laser. The characteristics of this
technology were compared with those of the CO2LT, and the appli-
cation of this technology in the industry was introduced. Du et al.
(2005) studied the YAGLT method by pulsed Nd:YAG laser. The
relationship between the laser processing parameters and the sur-
face topography of the textured crater was studied. Gorbunov et al.
(2009) compared five surface texturing methods for working rollers
including: SBT, EDT, CO2LT, YALT and EBT. These methods are used
to ensure standard surface topography in the production of auto-
industry sheet. The advantages and disadvantages of each method
are outlined.

The distribution and the shape of the textured craters on the
surface of the textured steel sheet by EDT all is random; therefore,
in the stamping process the lubricating oil between the steel sheet
and the mould will flow along the channels between the textured
craters to weaken the lubricating condition. But the processing
speed of EDT is fastest among the existing texturing methods except
the traditional SBT; therefore, EDT has been widely applied in the
cold rolling industry. On the contrary, the distribution of the tex-
tured craters on the surface of the textured steel sheets by YAGLT is
deterministic, and the shape of those is separated so as to store eas-
ily the lubricating oil to improve the lubricating condition between
the steel sheet and the mould; therefore, the stamping performance
of the textured steel sheet by YAGLT is perfect. But the Q-switcher
power in the YAG laser machine is limited; therefore, the process-

ing speed and the surface roughness were not increased at same
time to restrict the application of YAGLT technology in the cold
rolling industry. It is obviously that a new kind of surface texturing
method need to absorb the advantages of the laser processing and
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In order to study how the laser guiding to control in the ran-
domicity of the discharge craters during the processing of arc
discharge, the textured surface by laser guiding was  compared with
Fig. 1. Schematic of LGDT.

he electrical discharge processing. Zhitong et al. (2009) studied a
ethod of surface strengthening to 1045 steel by laser guiding dis-

harge, and compared the properties of the strengthened area by
aser guiding discharge with those by the conventional discharge.
ecently, Zhitong et al. (2010) experimentalized the control of the
aser guiding in the randomicity of the arc discharge. In this paper,
DT and YAGLT was integrated into together to form a new method
f the surface texturing for the roller, called laser-guided discharge
exturing (LGDT), inclined to process the high surface roughness on
he surface of the cold mill roller.

In the method of LGDT, the pulsed laser was focused on the roller
urface to produce metal plasma, and was then used to guide the
rc discharge in the gap of electrodes to texture the roller surface.
DGT absorb the advantages of EDT and YAGLT in order to (1) uti-
ize the high modulated frequency of quasi-continuous YAG laser to
upply the high processing speed and the big arc discharge energy
o produce the high surface roughness on the surface of the roller,
nd (2) control the randomicity of the arc discharge by laser guid-
ng to design the distribution and the surface topography of the
extured craters as well as to enhance the arc pressure to shape the
urface of the textured craters.

This paper is divided into two sections. The first section presents
he principle experiment of LGDT. The control of the laser guiding
n the randomicity of the discharge craters is studied. The second
ection presents the processing experiment of LGDT. The surface
opography of the textured craters is studied with different pro-
essing parameters, and the microstructures of the textured craters
re also analyzed.

. Experimental equipment and methods

The experimental schematic is shown in Fig. 1, and the photo of
he actual experimental equipment is shown in Fig. 2. A roller with

 diameter of 60 mm and made of 1045 steel was  considered as an
node and grounded. A 160-mm round disk made of copper was
sed as a cathode. The disk edge had a radius of about 0.3 mm.  In
he processing of LGDT, the roller was rotated on the lathe, while
he disk was also rotated and moved along the axis of the roller.
sing the rotated disk, the sequential discharge position on the disk
dge was separated to improve the cooling condition; therefore, the

isk life and the processing stability were increased. The rotational
peed of the roller and the moving speed of the disk were controlled
ogether to design the distribution of the textured craters.
Fig. 2. Photo of actual LGDT equipment.

YAG laser was used to guide the arc discharge with the following
parameters: 10 mJ  pulse energy, 120 ns pulse-width, and 1.06 �m
wavelength. The diameter of the laser focus was  approximately
0.4 mm,  and the gap between the electrodes was 0.4 mm.  The
laser pulse and the discharge pulse were triggered synchronously
through the controlling signal. The transformer oil was  initially
applied on the roller surface to restrict the expansion of the tex-
tured craters. The thickness of the oil film was approximately
0.1 mm.  The waveforms of the discharge voltage and the discharge
current are shown in Fig. 3.

The main subject of this paper consists of the surface topography
of textured craters as a result of laser-guided discharge. Surface 3D
Profiling Micro-XAM was used to measure the three-dimensional
(3D) topography of the textured craters. The height of the con-
vex rims and the depth of the concave pits of the textured craters
were measured. Afterwards, the 3D surface roughness SRa based
on plane measurement was  also computed.

The surface photos of the textured craters were taken using
3D microscope Stemi SV11. The diameter of the textured craters
was  measured. The cross-section samples of the textured craters
were prepared, after which their microstructures were analyzed.
The hardness of the textured craters was  also measured.

3. Principle experiment of LGDT
Fig. 3. Waveforms of current and voltage by LGDT.
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Fig. 5. Control schematic by (b) laser guiding in the (a) common arc discharge.

Table 1
Experimental parameters and results.

Pulse-width (�s) 100
Discharge current (A) 130 150 170 190
Pulsed discharge energy (J) 0.445 0.524 0.608 0.698
ig. 4. Surface 3D microscope photos of textured surfaces by (a) common arc dis-
harge, and (b) laser-guided discharge.

hat by common arc discharge. In this study, the discharge voltage
as maintained at 3000 V. The experimental result (Fig. 4) showed

hat without laser guiding, the distribution of the textured craters
s random, the diameter of the textured craters is irregular, and
ome discharge pulses were not successfully triggered; but with
aser guiding, the characteristics of the textured craters all is on the
ontrary.

The control schematic by laser guiding in the common arc dis-
harge is shown in Fig. 5. Without laser guiding, the discharge
osition was determined by the microtopography of the electrode
ip. The arc discharge spread along the path of the least energy, and
he discharge position was random. With laser guiding, the laser
ulse was focused on the material surface to produce the plasma.
he arc discharge spread along the plasma path to make the dis-
harge position overlap with the laser focus. In addition, the jitter
f the discharge pulse-width was reduced to make the diameter of
he textured craters regular.

. Processing experiment of LGDT

.1. Surface topography of the textured craters with different
urrent peaks

The processing parameters and experimental results are shown

n Table 1. The arranged matrix of the textured craters was
.66 mm  × 0.78 mm.  Surface 3D profile of the textured surfaces is
hown in Fig. 6. The augment in the current peak increased the
ischarge energy, as a result, the diameter of the textured craters

Diameter of textured crater (mm) 0.555 0.587 0.621 0.65
SRa  of textured surface (�m) 6.03 6.26 7.53 8.46
Ratio of arc pressure 1 1.15 1.26 1.57
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Table 2
Experimental parameters and results.

Current peak (A) 150
Pulse-width (�s) 80 130 180 230
Pulsed discharge energy (J) 0.273 0.513 0.744 1.1
Diameter of textured crater (mm) 0.463 0.561 0.647 0.713
SRa  of textured surface (�m) 3.27 6.01 9.25 13.2
Ratio of arc pressure 1.91 1.3 0.98 0.8
ig. 6. Height of the convex rims and the depth of the concave pits in the textured
raters with different currents.

as increased (Table 1). Huanzhong (1988) presented the arc pres-
ure formula in the book. The arc pressure in accordance with the
ischarge current and the current density is presented as:

a ∝ I · j,

here Pa is the arc pressure, I is the discharge current, and j is the
urrent density. Because the discharge energy and the arc pressure
ncreased simultaneously with the augment in the current peak
nd the constant pulse-width, the height of the convex rims in the
extured craters was increased from 38.9 to 51.9 �m,  and the depth
f the concave pits appreciably deceased (Fig. 6). But the augment
f the arc pressure changed the shape of the convex rims in the
extured craters from smooth to sharp (Fig. 7).

.2. Surface topography of the textured craters with different
ulse-widths

The processing parameters and experimental results are shown

n Table 2. The arranged matrix of the textured craters was  the same

ith that stated in Section 4.1.  With the augment in the pulse-width
nd the constant current peak, the discharge energy was  increased,
ut the arc pressure was  decreased; therefore, although the height

Fig. 7. Surface 3D profile of the textured craters with differen
Fig. 8. Height of the convex rims and the depth of the concave pits in the textured
craters with different pulse-widths.

of the convex rims in the textured craters was  increased from 38.1
to 55.3 �m and the depth of the concave pits of the textured craters
increased (Fig. 8), the shape of the convex rims in the textured
craters changed from sharp to smooth (Fig. 9).

4.3. Microstructures of the textured craters

The optical microscope photo of a cross-section of a textured
crater with 150 A current peak and 230 �s pulse-width is shown

in Fig. 10.  As can be seen, the microstructures of the textured
crater can be divided into two sections: the melted section near the
surface and the solid-state phase transition section near the base
material. The hardness of the microstructures of the textured crater

t currents: (a) 130 A, (b) 150 A, (c) 170 A, and (d) 190 A.
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Fig. 9. Surface 3D profile of the textured craters with different pulse-widths: (a) 80 �s, (b) 130 �s, (c) 180 �s, and (d) 230 �s.
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Fig. 10. Optical microscope photo of a cross-section of a textu

as measured. The measuring position started with the highest
onvex peak of the textured crater and ended at the base mate-

ial. The hardness of six textured craters in Fig. 11 is from 800 to
100 HV, about 2.7–3.7 times than that of the base material. With
he augment of the current peak and the constant discharge pulse-
idth, the hardness of the textured craters was increased. But with

ig. 11. Hardness of the textured craters with different discharge parameters.
ater with a current peak of 150 A and a pulse-width of 230 �s.

the augment of the pulse-width and the constant current peak, the
hardness of the textured craters was decreased. The hardness of
the textured craters with short pulse-width and high current peak
is higher than that with the other parameters.

5. Discussion

In order to compare the properties of three kinds of the textured
craters by LGDT, YAGLT, and EDT, the surface topography of the
textured crater by YAGLT and EDT need to be analyzed. The surface
3D profile of the textured craters by YAGLT was shown in Fig. 12.
The diameter of textured crater by YAGLT is about 150 �m,  and
the height of the convex rims and the depth of the concave pits
of the textured craters all are about 10 �m.  The convex rims of
laser-textured craters are ringy with many burrs. In the work by
Simão et al. (2002),  the roll surface by EDT with many burs is not
clearly distinguished the textured craters. The height of the burs is
about 11.5–34 �m.  It is obviously that the textured craters by LGDT
have combined the advantages of that by YAGLT and that by EDT
to have the properties of the separated deterministic distribution,
the highest convex rim, and the more smooth and regular shape of
the convex rim.
The hardness and the shape of the convex rims in the textured
craters determine the performance and the life of the textured
roller surface together. The hardness of the textured craters is
mainly determined by the cooling speed of the melted metal, which
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Zhitong, W.,  Mingjiang, Y., Mao, S., Yanliang, H., 2009. Surface strengthening of 45
Fig. 12. Surface 3D profile of the laser-textured craters.

s controlled by two sides including the heat exchange between the
elted metal and the air, and that between the melted metal and

he base material. With the augment of the height of the convex
ims in the textured crater the border area between the melted
etal and the air was increased to quicken the heat exchange

etween the melted metal and the air; therefore, the hardness of
he textured crater was increased. On the contrary, with the aug-

ent of the discharge pulse-width the heat exchange between the
elted metal and the base material slower to decrease the hard-

ess of the textured crater. In comparison of the hardness between
he textured crater in Fig. 7d and that in Fig. 9d, it was found that
lthough the border area between the latter and the air is even big-
er than that between the former and the air, the hardness of the
atter is still less than that of the former. Therefore, it is reasonable
hat the hardness of the textured crater is mainly determined by the
eat exchange between the melted metal and the base material, and
amely the discharge pulse-width. The shape of the convex rims in
he textured craters is expected smooth. The arc pressure deter-

ined the shape of the convex rims in the textured craters. The
igh arc pressure produced the sharp convex rims in the textured
raters; on the contrary, the low arc pressure produced the smooth
onvex rims in the textured craters. The height of the convex rims
n the textured craters was mainly determined by the discharge
nergy, and the height of the convex rims in the textured craters
ncreased with the augment in the discharge energy. Obviously, the
arameters of a short discharge pulse-width and a low discharge
urrent peak may  supply the textured crater with a small diame-
er, a low height and a smooth shape of the convex rim adapted
o produce the low roughness textured surface. The parameters of

 long discharge pulse-width and a high discharge current peak
ay  supply the textured crater with a big diameter, a high height

nd a smooth shape of the convex rim adapted to produce the high
oughness textured surface.

. Conclusion

The LGDT method was investigated in this paper, and the fol-
owing conclusions were obtained from this study:
a) The textured craters by LGDT have combined the advantages
of that by YAGLT and that by EDT to have the properties of the
separated deterministic distribution, the highest convex rim,
and the more smooth and regular shape of the convex rim.
cessing Technology 211 (2011) 1678– 1683 1683

b) The arc pressure increased with the augment in the current
peak; thus, when the current peak increased from 130 to 190 A,
the height of the convex rims in the textured craters increased
from 38.9 to 48.7 �m,  and the depth of the concave pits slightly
decreased.

(c) The arc pressure decreased with the augment in the discharge
pulse-width; but the augment in the discharge energy still
increased the height of the convex rims in the textured craters
from 38.1 to 55.3 �m,  and the depth of the concave pits also
increased.

d) The hardness of the textured crater was  about from 800 to
1100 HV, about 2.7–3.7 times than that of the base material.
The hardness of the textured craters is determined by two sides
including the height of the convex rims in the textured crater
and the discharge pulse-width. With the augment of the height
of the convex rims in the textured crater and the constant pulse-
width, the hardness of the textured craters was  increased. With
the augment of the discharge pulse-width the hardness of the
textured craters is always decreased regardless of the height of
the convex rims in the textured crater. The hardness of the tex-
tured craters with short pulse-width and high current peak is
higher than that with the other parameters.

(e) The parameters of the short discharge pulse-width and the low
discharge current peak may  supply some textured craters with
a small diameter, a low height and a smooth shape of convex
rims adapted to produce the low roughness textured surface.
The parameters of a long discharge pulse-width and a high dis-
charge current peak may  supply some textured craters with a
big diameter, a high height and a smooth shape of convex rims
adapted to produce the high roughness textured surface.
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