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Abstract

The milling of hard materials with a complex shape using conventional methods causes
many tool based problems. However, a laser assisted milling process eliminates the tool-based
problem because of the small, high intensity beam used. Laser engraving, which is one of
milling methods, is an effective process for the machining of difficult to machine geometries and
materials like hot work tool steels. This study focuses on recast layer formation and subsurface
hardness as a function of distance. Power, scan speed and frequency were employed for the

investigation. The highest hardness was detected at 201 HV, which measured at 800 mm s™

1

for scan speed and 40 kHz for frequency. XRD analysis showed that two different phases, Fe
and Fes 96Si0.0504, existed on the machined surfaces.
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1. Introduction

The parts with small or micro scale features [1]
or a mold parts require precision machining tech-
niques. Due to tool-based problems, the fabrication of
micro-scale features by conventional methods is diffi-
cult in certain aspects. The dimensional accuracy of
machined surface and the amount of removed mater-
ial are the critical issues. Especially, the machining
of hard metals with low flexural stiffness is limited
by the machine-tool system [2]. The laser based ma-
chining techniques are the effective techniques for dif-
ficult to machine material by classical chip-removal
techniques [3]. Laser-assisted precise machining meth-
ods such as milling, engraving, cutting and drilling
provide a material removal without contact, and have
no tool wear or cutting force [4]. In these processes,
the material removal mechanism is performed by a
high intensity laser beam regardless of the material
hardness. This mechanism occurs in two stages: local-
ized melting and then rapid vaporization [5]. During
these stages, a heat affected zone and a re-solidified
region occur very quickly. The laser transformation
hardening, laser surface melting, or laser surface al-

loying are performed by solid-state laser in pulsed or
CW modes [6]. In the laser surface hardening, the pro-
cess is performed at rapid heating and cooling cycles
without affecting the bulk of samples [7]. The con-
tinuous wave (CW) Nd:YAG laser has some advant-
ages such as small spot size, higher energy density,
and higher energy absorption rate in comparison to
the CO4 laser [8]. However, the pulsed lasers produce
smaller heat affected zone and recast layer at ma-
chined surface [9]. Additionally, the interaction time is
smaller than with the other lasers. Another essential
factor in the material processing with pulsed lasers
is the overlap ratio, which determines the uniform-
ity and continuity properties of the laser treated area
[6].

In the literature, there are many studies related to
laser surface hardening of steel. Singh et al. [1] stud-
ied the characterization and prediction of the heat af-
fected zone (HAZ) caused by laser heating in the laser-
-assisted micro-milling process of AISI H13. In addi-
tion, in order to correlate hardness with the workpiece
temperature, a 3D transient finite element model for a
moving Gaussian laser heat source was developed and
used to calculate the temperatures produced in the
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workpiece by laser heating. Melkote et al. [2] studied
the micro-milling of A2 tool steel. They carried out
experiments to evaluate the effect of laser heating and
cutting speed on the dimensional accuracy and sur-
face finish of the grooves micro-milled in hardened A2
tool steel. In a study by Mahmoudi et al. [6], pulsed
Nd:YAG laser with a maximum mean laser power of
400 W was used as the laser source for experiments
on laser transformation hardening of AISI 420. The
effect of the laser process parameters on the hard-
ness and depth of the hardened area and the effect
of overlap ratio on the pitting corrosion resistance
of the hardened area were investigated. Leone et al.
[10] performed laser marking tests on AISI 304 us-
ing a 20 W Q-switched diode pumped Nd:YAG laser
in order to determine the best working parameters
to obtain a given visibility. Lee et al. [11] investig-
ated the effect of heat treatment on microstructure
characteristics, such as hardness and beam scan rate,
of AISI H13. They used a fiber laser with a max-
imum power of 200 W. Jebbari et al. [12] investigated
the effect of the characteristic laser parameters (ab-
sorbed laser energy and impact diameter of the laser
beam) with the characteristic parameters of the groove
to estimate the energy quantity causing the thermal
effected zone (TAZ). They used XC42 steel as the
workpiece, and the experiments were carried out us-
ing a CO; laser with a maximum output power of
5kW.

These previous experiments showed that three dif-
ferent parameters affected the surface roughness and
depth. They also reached conclusions that the optimal
values of parameters which minimized surface rough-
ness and maximized engraving depth were not similar.
Therefore, in this study, an experimental layout was
constituted using the optimal value of the parameters.
In this context, a series of examinations for engraved
surfaces by fiber laser were performed to investigate
the crater formation, recast layer and hardness as a
function of distance. For this purpose, SEM, optic mi-
croscopy and XRD analyses were performed and the
results discussed.

2. Laser engraving process

Laser engraving is one of the surface milling meth-
ods that provide material removal as a result of the
interaction between the high intensity laser beam and
the material. During the interaction, a melting and
rapid vaporization mechanism occurs on the work-
piece surface. The material is removed during the ac-
tion of the laser pulses, which heats the material to
melting and vaporization temperatures [13]. At the
end of the vaporization process, a rapid solidification
mechanism begins and, during this stage, a part of
the material re-solidifies in a cavity. As a result of

Fig. 1. The sample for cavity form, recast material and
recast layer.

the vaporization and solidification processes, a recast
layer occurs. Figure 1 shows the cavity, recast mater-
ial and recast layer. In addition, a heat-affected zone,
with possible micro-cracks in the material and sur-
face damage caused by the metal droplets, is gener-
ated [13]. The re-solidification mechanism also affects
the surface roughness as a result of the cavity depth.

The performance characteristics and the response
of the engraving process are the surface quality and
the amount of removed material. Many parameters
such as the laser power, scan speed, frequency, fo-
cal distance and fill spacing affect the response in the
engraving process. Generally, the interaction of more
than one parameter determines the performance char-
acteristics but, sometimes, only one parameter has
this effect. The pulse scan overlap rate occurs as a res-
ult of the interaction of more than one parameter. The
pulse scan overlap rate (Op) shown in Fig. 2 is the dis-
tance between the successive laser pulses at the same
scan line. It is obvious that, when the scan speed and
beam spot diameter remain constant, any increase in
frequency leads to an increase in the pulse scan over-
lap rate (Op). This causes an increase in the number
of pulses per unit area, and thus the number of craters
and cavities increases.

L=SS/F=0,=x/D=[1-SS/(F-D)-100, (1)

P-D

D
=55 155 P

35 Eqg=Py-t; — Eq =
where zis the overlap length at the z-axis, L is the cen-
ter to center distance between two successive beam
spots, SS is the scan speed (mms~!), F is the fre-
quency (kHz), D is the beam spot diameter (pm), ¢ is
the interaction time, P4 is the power density and Fq4
is the energy density [12, 13].



S. Kasman, I. E. Saklakoglu / Kovove Mater. 51 2013 317-325 319

beam

cavity

o,
A

Fig. 2. The pulse scan overlap rate.

Table 1. The chemical compositions of AISI H13 (wt.%)

Element C Si Mn Cr Mo V Fe

Content (%) 0.3 1 0.36% 5.54% 1.33% 0.4 Bal

3. Experimental procedures

The workpiece material used in the engraving
applications is the AISI H13. The chemical ana-
lysis of the workpiece material is given in Table 1.
Samples with dimensions of 20 mm x 20 mm x 20 mm
were used for examination of the subsurface.

The experimental studies were performed by us-
ing a marking machine combined with an ytterbium-
-doped fiber laser with a wavelength of 1064 nm and
an output power of 30 W. The motion of the laser
beam and the process parameters were controlled by
a PC. In the experiments, the engraving test sample
was stationary and mounted on an aluminum plate.
Each machining area (10 x 10 mm?) was scanned 20
times at the 0° direction to achieve a deep cavity res-
ult. All the experiments were performed in standard
atmospheric conditions and no assisting gas was used.
Figure 3 shows the sample of the machined surface
achieved at 30 W, 20 kHz, 200 mm s~ and 0.03 mm.

3.1. Process parameters and test procedure

The process parameters and their values are given
in Table 2. Each level of the parameters was selected
within levels which provide the best and worst Ra and
D value. In all tests, the focal distance and fill spacing
remained constant.

The machined surface was characterized by a
Mitutoyo Surftest SJ301 stylus profilometer. The sub-
surface was characterized by hardness distribution as
a function of distance (25 pm). Before hardness tests,
a cross-section of the machined surface was prepared
using a standard grinding and polishing process. Fi-
nally, the polished surface was etched with 2 % Nital’s

Fig. 3. The sample of machined surface at 30 W, 20 kHz

and 200 mm s~ ': (a) top view and (b) cross section.

Table 2. The experimental design layout of engraving
experiments

No. Power Scan speed Frequency Fill spacing

(W) (mms™h) (kHz) (mm)
1 18 200 20 0.03
2 18 200 40 0.03
3 18 800 20 0.03
4 18 800 40 0.03
5 30 200 20 0.03
6 30 200 40 0.03
7 30 800 20 0.03
8 30 800 40 0.03

reagent. Optical microscopy and scanning electron mi-
croscopy (SEM) were used to show the crater forms
and investigate the recast layer, respectively. In addi-
tion, XRD analysis was used to determine the compos-
ition of the recast layer. The micro-hardness measure-
ments of the recast layer and subsurface were taken
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Fig. 4a—h. The effect of laser parameters on the crater formation.
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using a micro Vickers hardness tester (HMV-2 Shi-
matzu) with a load of 10 g and for 10s.

4. Results and discussions

In order to evaluate the effect of the laser engrav-
ing parameters on the hardness of the subsurface and
crater formation on the machined surface, an experi-
mental layout, shown in Table 2, was constituted. The
results of the analyses are discussed in the following
sections.

4.1. Microstructure examinations

To evaluate the crater formation, two different ex-
aminations were performed. The first examination was
performed by optical microscopy. Figure 4 shows the
crater depth and surface form. As seen in Fig. 4, the
crater depth and surface damage increase with a de-
crease in laser power at the constant scan speed. This
is due to heat density per unit area. It is known that
the heat density per unit area increases with increas-
ing power and, hence, the amount of removed mater-
ial increases. If the heat input is insufficient to va-
porize the material, an amount of melted material
re-solidifies in the cavity formed by the interaction
between the material and the laser beam. Due to this
re-solidification mechanism, a large recast layer oc-
curs in the cavity formed by high power. This large
recast layer causes a decrease in crater depth. Figure
4 shows that an increase in the frequency causes an
increase in the crater depth and width when the laser
power and scan speed are at fixed values. This is one
of the reasons for the increase in the number of craters
in the present study. Frequency determines the pulse
scan overlap rate. Equation (1) and Fig. 2 show the
effect of the pulse scan overlap ratio. At 800 mms—!
for two different frequencies, no significant change was
observed in the crater formation.

The effect of scan speed on crater formation is
shown in Fig. 4. It is observed that the increase in
scan speed decreases the crater depth at a constant
frequency and laser power. The reason for this reduc-
tion can be explained by the interaction time and pulse
scan overlap ratio. Laser scan speed affects the pulse
overlap rate and the interaction time between laser
beam and material. The effect of the interaction time
and the amount of heat input is expressed by Eq. (2).
The interaction time plays an important role in the
amount of heat input transferred to the material from
the laser beam. It is clearly seen that the interaction
time varies inversely with the scan speed. Accordingly,
an increase in scan speed reduces the interaction time,
and thus the heat input transferred to the material re-
duction. When examining Fig. 4, it is clear that the
recast layer thickness at 200 mm s~ is higher than at

800 mm s~ !, and the conclusion can be drawn that the
scan speed significantly affects the recast layer thick-
ness, and consequently also affects the depth of cavity.

Figure 4 also shows the recast layer formation cre-
ated by the solidification process. The recast layer can
clearly be seen at the lower scan speed for all frequen-
cies. Moreover, the recast layer depth shows linearity
when laser power is at 30 W. Therefore, examination
of the recast layer was performed on samples machined
at high power.

When the crater form shown in Fig. 5 is examined,
it is seen that the crater depth at the 200 mms™—! is
bigger than at the 800 mm s~ for two frequencies. The
surface roughness (Ra) profiles and results support
this. Therefore, it can be concluded that an increase
in scan speed at a constant frequency, or an decrease
in frequency at constant scan speed, cause a decrease
in the crater depth. Both the SEM and optical micro-
scopy studies showed that a layer distinguishable from
the bulk structure was detectable on the subsurface.
According to Singh et al. [1], this layer is a re-melted
zone, which is a hard brittle layer formed by solidific-
ation of the molten metal pool.

Figure 6 shows the recast layer thickness as a func-
tion of scan speed and frequency. It can clearly be seen
that the recast layer thickness decreases with increas-
ing scan speed and frequency; however, there is suffi-
ciently detectable change that makes a difference when
frequency is altered but the scan speed and laser power
are fixed. A similar result for the effect of scan speed
on recast thickness was reported by Singh et al. [1]. It
is reported that this is because the faster the scan, the
less time there is for the heat to be conducted into the
workpiece and, consequently, it is confined to a smal-
ler region. As reported in a study by Bandyopadhyay
et al. [14], the recast layer thickness decreases with
increasing pulse frequency, arguing the case that the
increased output power at higher pulse frequency en-
hances the contribution of vaporization to the mater-
ial removal process and, therefore, reduces the recast
layer formation. According to the Wendland et al. [15],
a larger overlap will create a higher surface temper-
ature because there will be more pulses hitting each
unit area of the target. Moreover, it should be noted
that this process is not linear, as heat flux is higher at
a higher temperature difference. Effectively, the ma-
terial removal rate will rise with the overlap, but only
to a point where the laser beam creates a grove so
deep that molten material cannot escape, so it is re-
-deposited back onto the substrate. The examination
of the recast layer thicknesses showed that they were
not uniform, and that they varied between 5-22 pum
when the scan speed was 200 mm s~—! for all frequen-
cies. Figure 6 also shows that the cavity of craters at
40 kHz is bigger than at 20kHz for all scan speeds.
This affects the recast layer thickness.

Figure 7 shows the various subsurface and surface
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Fig. 6a—d. The recast layer thickness as a function of scan speed and frequency.
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Fig. Ta—d. The subsurface and surface layers.

layers produced by the interaction of scan speed and @)
frequency. It is clearly seen that a large number of 2000
micro cracks and voids can be detected on the re-
cast layers of 200 mm s~!. However, the crack and void
concentration on the recast layer of 800 mm s~! is less
than that at a scan speed of 200 mm s~!. This could be
due to the pulse overlap rate. The higher overlap rate
produces many craters per unit area that cause nes-
ted layers. In the pulsed laser, different cooling rates

cause voids and cracks between the recast layers. \ ‘ o
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The phase analysis of the laser machined surface
and bulk surface were examined by X-ray diffraction
(XRD) with copper (Cu) K, radiation. The results are
shown in Fig. 8. According to the result of the XRD
examination, the bulk surface mainly shows that a Fe
peak exists on the surface, and the result for the ma-
chined surface at two different conditions showed that, —1 - —
in addition to the Fe phase, the Fes 965ip.0504 phase 020 30 40 Thcfa"( ace) 60 70 80 90
is detected. The presence of this Fes 965ig.0504 phase
results from oxidation due to the atmospheric condi- Fig. 8. XRD analysis results for (a) unmachined surface,
tions. (b) machined surface.
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Fig. 10. The hardness results as a function of distance.

4.3. Hardness investigations

Figure 9 shows a sample for the hardness measure-
ment map. At least three measurements were taken on
the recast layer where thickness was sufficient to cre-
ate a hardness trace. However, under some conditions,
the recast layer thickness is not large enough to create

a hardness trace. Therefore, for these conditions, the
first measurement was taken below the recast layer.
The hardness distribution as a function of distance
was performed using 25 pm distances. The measured
hardness trace width was almost 10 pm. Table 3 shows
the results of the hardness measurements on the recast
layer and below the recast layer. The results for recast
layer hardness show that, except for condition 2, the
hardness value for all other conditions is similar. This
can be explained by the thickness of the recast layer.
In this condition, a hardness trace can be created on
the recast layer, but the thickness was narrow when
compared to other conditions. Therefore, the hardness
trace can be affected outside of the recast layer border.

The results showed that a significant change in
hardness depending on the distance was not detected
for each condition. However, as can clearly be seen, the
hardness increases with an increasing scan speed at
30 W. The frequency has not created large differences
on the hardness distribution at the constant power
and scan speed. Although no sign of microstructure
change is evident immediately below and around the
laser-scanned region of the workpiece in Fig. 10, the
presence of re-melted material on the surface suggests
that some microstructure change must have occurred
[1]. The hardness results of subsurface as a function
of distance support the above results.

5. Conclusions

Microstructure and hardness were examined in
the present study. Eight experiments based on laser
engraving parameters (laser power, scan speed, fre-
quency) with an optimal value for minimum surface
roughness and depth were performed for the invest-
igation. In the machining of AISI H13, the machined
surface is characterized by crater formation, while the
subsurface is characterized through an optic micro-
scope, SEM, XRD and hardness.

Table 3. The hardness results as a function of distance

Hardness, HV

Parameters Distance from surface (pm)
No.

P SS F 0 pm 25 50 75 100 125 150 175 200

(W) (mms™') (kHz) (recast layer) um Um  um  Um  @m  um  jm  um

1 18 200 20 321 323 321 171 168 172 167 167 168 168 167
2 18 200 40 260 258 - 194 196 182 188 190 184 187 185
3 18 800 20 narrow layer 185 185 187 186 178 176 177 176
4 18 800 40 narrow layer 172 170 175 173 164 176 171 170
5 30 200 20 323 356 337 176 175 174 171 170 171 170 173
6 30 200 40 417 359 350 179 179 174 170 169 171 169 170
7 30 800 20 narrow layer 193 196 198 197 196 194 190 193
8 30 800 40 narrow layer 199 200 201 200 201 193 194 195
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The parameters which significantly affect the re-
cast layer thickness are the power and scan speed.
The scan speed at 200 mm s~! produced a higher re-
cast layer thickness and surface roughness (Ra) value.
Moreover, 30 W of laser power creates a higher re-
cast layer thickness at 40 kHz and 200 mms~!. The
frequency affects the Ra and cavity forming. An in-
crease in frequency causes an increase in cavity depth.
A higher value of frequency leads to a decrease in
the recast layer thickness. The results of XRD ana-
lysis clearly showed that, while the bulk surface had
a mainly Fe peak, after machining, both Fe and
Fes 965100504 phase peaks were detected on the ob-
served surface. The hardness test results indicate that
the hardness distribution as a function of distance at
each condition does not show a significant variation.
However, the recast layer hardness is almost two times
higher than the 200 um distance beneath the recast
layer.
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