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Abstract

Hybrid machining combining laser and mechanical processes has attracted increasing
attention for improving the machining efficiency of hard-to-cut materials. In this study,
a sequential hybrid machining concept is proposed in which nanosecond-pulsed laser
milling is used for rough material removal before mechanical machining. First, the effects
of laser-processing conditions on material removal and surface morphology were investi-
gated to identify suitable rough-machining conditions. Based on these results, the proposed
sequence, in which laser milling removes bulk material followed by mechanical machining
for dimensional correction and surface finishing, was evaluated using computer-aided
manufacturing (CAM)-based machining-time estimation. The proposed hybrid strategy
was compared with conventional machining using mechanical cutting alone. The CAM
analysis estimated machining-time reductions of approximately 44% for an idealized case
without laser-induced taper and 36% when the experimentally observed taper was incor-
porated into the model. These results indicate the potential of nanosecond-pulsed laser
milling as a rough-machining process for cemented-carbide die and mold manufactur-
ing, while subsequent mechanical machining is required to compensate for surface and
geometric limitations.

Keywords: nanosecond-pulsed laser; laser milling; hybrid machining; cemented carbide;
die/mold; machining efficiency

1. Introduction

Cemented carbides are widely used for precision dies, molds, cutting tools, and wear-
resistant components because of their high hardness, wear resistance, and dimensional
stability. They consist primarily of hard tungsten carbide (WC) grains bonded by a metallic
binder, typically cobalt (Co) [1,2]. However, these properties also make cemented carbides
difficult to machine by conventional mechanical processes, particularly when using small-
diameter tools, which are susceptible to severe wear and reduced machining efficiency [3-7].
Although polycrystalline diamond (PCD) and diamond-coated tools have been employed
for precision machining, tool wear and other machining limitations remain significant
challenges [3-7]. Therefore, an efficient rough-machining process capable of removing a
large volume of cemented carbide before subsequent precision machining is desirable.

Laser processing is promising for machining hard materials because material can
be removed without direct mechanical contact. Laser processing of cemented carbide
has been investigated using various pulse durations and wavelengths [8-11]. Pulsed UV
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lasers have been used to investigate WC-Co ablation and selective removal of the Co
binder [9,10], whereas ultrashort-pulse lasers have been studied for precision processing
with reduced thermal effects [11]. In contrast, nanosecond laser processing can induce
melting, evaporation, and resolidification, leading to surface irregularities, oxidation, and
cracking [8,12-15]. See et al. reported crack formation during nanosecond UV laser ab-
lation of WC—Co [13], while Chu et al. demonstrated melting, evaporation, and phase
explosion during nanosecond UV laser processing of WC-8Co [14]. Zhang et al. further
showed that thermal stress during nanosecond laser processing can cause severe crack-
ing and subsurface damage [15]. These thermal effects and the resulting damage must
therefore be considered when applying nanosecond laser processing to cemented carbide.
The choice of pulse duration involves a trade-off between material-removal efficiency and
thermal damage. Millisecond- and microsecond-duration lasers generally provide high
thermal input but tend to produce larger heat-affected regions and resolidified material,
whereas picosecond- and femtosecond-pulse lasers can suppress thermal effects and im-
prove processing precision at the expense of higher system cost and potentially lower
material-removal throughput. Nanosecond lasers provide an intermediate regime in which
relatively high material-removal rates can be achieved with commercially available and
comparatively robust laser systems, although thermal effects such as melting, resolidifica-
tion, oxidation, and cracking remain significant. For the present study, nanosecond laser
processing was therefore selected because the objective was not precision finishing but
efficient bulk material removal prior to mechanical finishing.

The laser response of cemented carbide also depends on its composition and mi-
crostructure. Under certain pulsed-UV-laser conditions, the Co binder can be preferentially
removed [9,10], and differences among WC-Co grades have been reported to affect laser-
ablation behavior [13]. Fang et al. investigated the effects of cemented-carbide composition
on surface and mechanical integrity following nanosecond laser ablation [16]. In addi-
tion, laser surface texturing and subsequent surface treatments of cemented carbide have
been investigated [17-19]. However, the effects of Co content and WC grain size on mate-
rial removal during nanosecond laser milling, particularly for rough machining, remain
insufficiently understood.

For die and mold fabrication, cavity geometry is another important consideration.
Previous studies have mainly focused on laser ablation of spots, grooves, and surface
textures [11,13,17-19]. However, in relatively deep three-dimensional cavities, changes
in beam diameter and power-density distribution with increasing distance from the focal
plane can result in nonuniform material removal and deviations from the intended geome-
try. Consequently, nanosecond laser milling may be more suitable for rough machining
than for replacing mechanical machining. Laser-based hybrid machining has therefore been
investigated to combine the high material-removal capability of laser processing with the di-
mensional accuracy and surface quality achievable by conventional machining [20]. Recent
studies have examined laser-assisted and other energy-assisted machining approaches for
difficult-to-cut materials, focusing on improved machinability, reduced cutting forces, and
enhanced tool life [21-23]. In particular, laser-assisted milling has been investigated with
respect to the optimization of laser-tool distance and laser power [22], while laser-assisted
hybrid machining of cemented carbide has also been studied to improve machining per-
formance [23]. These studies demonstrate the potential of laser-based hybrid machining;
however, most employ the laser primarily to assist the mechanical cutting process rather
than to remove a substantial volume of material before subsequent machining. In the
present study, laser milling is used for bulk material removal, followed by mechanical
machining for dimensional correction and surface finishing.
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However, the applicability of nanosecond laser milling as a rough-machining process
for cemented-carbide die cavities, including the effects of material grade, cavity geometry,
and the machining allowance required for subsequent mechanical finishing, has not been
sufficiently investigated. In particular, the relationships among laser-milling efficiency,
material-dependent removal behavior, cavity taper, and subsequent machining strategy
remain unclear. The necessity of the present study arises from the mismatch between the
advantages and limitations of laser milling for cemented-carbide die machining. Laser
processing can remove material without tool-workpiece contact and can therefore reduce
the mechanical cutting load, whereas its thermal effects and depth-dependent geometric
deviations make it unsuitable for final precision machining. The originality of this study
lies not in applying a laser to cemented carbide itself, but in systematically evaluating
nanosecond laser milling from the viewpoint of its function as a rough-machining step and
in linking laser-material interaction, material-dependent removal behavior, cavity taper,
and the machining requirements of the subsequent mechanical process.

The effects of average laser power and overlap ratio on material removal and surface
characteristics are first investigated. The morphology and composition of the resolidified
material are then examined, followed by evaluation of the effects of Co content and WC
grain size on material removal. The cross-sectional geometry of laser-milled cavities is also
evaluated. Finally, a sequential hybrid machining concept is assessed using computer-aided
manufacturing (CAM)-based machining-time estimation and compared with conventional
mechanical machining.

2. Experimental Methods
2.1. Workpiece Material

The workpieces were WC—-Co cemented carbides used for precision die and mold
applications. The cemented-carbide grades were supplied by Kyoritsu Gokin Co., Ltd.
(Nishinomiya, Japan). As shown in Table 1, three commercially available WC-Co cemented-
carbide grades with different Co contents and WC grain sizes were used to investigate the
effects of material composition and microstructure on laser milling. The material properties
listed in Table 1, including Co content, WC grain size, hardness, density, and thermal
conductivity, were obtained from the manufacturer’s catalog data. VF-10 was primarily
used to evaluate the laser-milling characteristics of cemented carbide. The workpiece
dimensions were 50 mm X 50 mm X 5 mm, and 50 x 50 mm? surfaces were ground and
finished. The initial arithmetic mean surface roughness, Ra, of the ground surface was
approximately 0.3 um.

Table 1. Properties of the cemented-carbide grades used in this study. The listed properties were
obtained from the manufacturer’s catalog data.

Material Co Content WC Grain Size Hardness Density Thermal Conductivity
[%] [um] [HRA] [g/cm®] [W/(m-K)]
VE-10 8 0.5-0.8 94 14.5 71
VE-40 18 0.5-0.8 90 13.6 59
VM-40 8 1.0-3.0 90 14.8 75

2.2. Laser-Processing Experiment

The laser milling experiments were performed using a nanosecond-pulsed fiber laser
system equipped with a galvanometer scanner, as shown in Figure 1. The laser source was
a YLP-HP-10-A30-20-200 (IPG Photonics Corp., Marlborough, MA, USA). The laser beam
was transmitted through an optical fiber and focused onto the workpiece using an F-theta
lens and a galvanometer-scanner optical system (ARGES GmbH, Wackersdorf, Germany).
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(a) Experimental laser-processing system

The laser-processing conditions are listed in Table 2. The laser wavelength A, pulse fre-
quency F, pulse duration T4, and spot diameter D were fixed at 1064 nm, 20 kHz, 60 ns,
and approximately 77 um, respectively. The spot diameter was theoretically estimated from
D = 4fAM? /(7tDy,), where f is the focal length, A is the laser wavelength, M? is the beam
quality factor, and Dy, is the incident beam diameter at the focusing lens. Using f = 99.3 mm,
A =1064 nm, M? = 2, and D;, = 3.5 mm, the calculated spot diameter was approximately
77 um. The corresponding Rayleigh length was estimated as zg = 77(D/2)?/(M?)), giving
approximately 2.2 mm. Since the maximum nominal laser-milling depth considered in this
study was approximately 0.2 mm, the entire machined depth was within the calculated
Rayleigh length. The laser beam was repeatedly raster-scanned over a 3 x 3 mm? area
to form a series of spots, as shown in Figure 1. The overlap ratio, Or, was defined as
Or =(D — P;)/D x 100, where D is the laser spot diameter and P; is the distance between
adjacent laser spots. The same overlap ratio was applied in both the x- and y-scanning
directions, as shown in Figure 1, with linear scanning performed in the x direction. The
defocusing distance at the start of irradiation was set to zero, and the initial focal position
was fixed throughout the experiments. The average laser power, Paye, corresponding pulse
energy, Ep, overlap ratio, Or, and number of raster-scanning cycles, N, were varied. The
pulse energy was calculated from Ep = Paye/f, where f is the pulse repetition frequency. The
average-power range was selected to include conditions below and above the experimen-
tally observed onset of measurable material removal. The three overlap ratios represented
low, intermediate, and high pulse superposition, enabling comparison of spot-dominated
removal, relatively stable milling, and heat-accumulation-dominated surface formation.

m—p Laser: ON
Optical fiber =====> Laser: OFF | Movement of laser spot

by Galvanometer scanner

Laser spot

(3 mm)

~
~~e
~,

S

(3 mm)

D-P
Overlap rate Or = TL X100 (P, =P,=Py)
(b) Raster scanning and overlap definition

Figure 1. Schematics of experimental equipment and raster scanning laser irradiation.

Table 2. Laser-processing conditions.

Parameter Experimental Conditions
Wavelength A [nm] 1064
Pulse duration T4 [ns] 60
Pulse frequency F [kHz] 20

15, 30, 45, 60, 90
0.75,1.5,2.3,3.0,4.5

Average output power P,ye [W]
Pulse energy Ep [m]]

https://doi.org/10.3390/met16101102


https://doi.org/10.3390/met16101102

Metals 2026, 16, 1102

50f19

Table 2. Cont.

Parameter Experimental Conditions

Spot diameter D [pum] 77

Incident beam diameter Dj, [mm] 35
Polarization Random

M? <2

Focal length [mm] 99.3
Overlap ratio Oy [%] 30, 60, 90

Number of raster-scanning cycles N [cycles] 10-40

2.3. Evaluation

The depth removal rate, v, was defined as the machined depth, dh, divided by the
laser irradiation time, T. The machined depth, dh, was measured using a digital indicator.
The laser irradiation time, T, was defined as the elapsed processing time required to
complete the specified number of raster-scanning cycles. The surface morphology of the
laser-irradiated area was examined using an optical microscope and a scanning electron
microscope (SEM; JSM-6010LA, JEOL, Akishima, Japan). SEM observations were performed
at an accelerating voltage of 20.0 kV, a working distance of approximately 10 mm, and
a magnification of 1000x. The arithmetic surface roughness at the center of the laser-
irradiated area was measured using a tactile computer numerical control surface-roughness
and contour-measuring machine (CS-H5000CNC, Mitutoyo, Kawasaki, Japan). The cross-
sectional profile of the laser-irradiated area was also measured using the same machine. The
elemental composition of the resolidified deposits formed was analyzed using an energy-
dispersive X-ray spectroscopy (EDS) system (JED-2300F, JEOL, Akishima, Japan) equipped
with a silicon drift detector (SDD; JED-2300F, JEOL, Akishima, Japan). EDS spectra were
acquired using a live time of approximately 3096 s. The SEM and EDS operating conditions
were specified above based on the available measurement records.

3. Results and Discussion

3.1. Selection of Laser-Milling Conditions
3.1.1. Effect of Average Laser Power

Figure 2 shows the effect of average laser power on the machining characteristics of
the cemented carbide. At 15 and 30 W, no measurable material removal was observed
even after 20 irradiation cycles. Under these conditions, the measured surface was slightly
higher than the initial surface, resulting in negative v; values. This apparent increase in
surface height is attributed primarily to thermal expansion of the cemented carbide during
laser irradiation, although contributions from surface modification and redeposition cannot
be completely excluded [8,12-15]. In contrast, material removal was observed at 45 W
and above, and the machining depth increased with increasing average laser power. After
20 irradiation cycles, the machining depths at 45, 60, and 90 W were approximately 72, 111,
and 156 um, respectively. The v; value also increased with average laser power over this
range. Higher laser power, however, did not necessarily result in greater surface roughness
under the present conditions. At sufficiently high power, increased material removal
can be accompanied by enhanced melting and redeposition, which may increase surface
irregularity; however, this effect was not sufficiently systematic over the investigated
power range to produce a monotonic increase in Ra. As shown in Figure 2, the surface
roughness did not increase systematically with average laser power under conditions where
effective material removal occurred. In particular, the surface roughness remained within a
comparable range at 45-90 W, despite the increase in v; with increasing power. Although
90 W provided the highest v;, 60 W was selected as a representative moderate-power
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condition because it provided effective material removal while maintaining relatively
low surface roughness. Therefore, 60 W was used as the reference average laser power
for subsequent experiments. The relatively high surface roughness observed at higher
laser power can be attributed to the increased energy input per pulse, which promotes
more extensive melting and subsequent resolidification of the irradiated material. The
formation and redeposition of molten material can increase local surface irregularities,
particularly under conditions where the supplied energy exceeds that required for stable
material removal.

N N

(e

o
o)

Depth removal rate v [pm/s]

20 40 60 80 100
Average output power P, [W]

(=]

(a) Depth removal rate v,

30 E 200 —
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qé g 20 OPick feed directioh %D 150 [ OPick feed direction—
ez g
2515 = 100
£ 2 =
= o =
T E10 £
P g 50
EEs 2 £ °
S oo .o 2 ©, oe¢ O
0 20 40 60 80 100 0 20 40 60 80 100
Average output power P, [W] Average output power P, [W]
(b) Surface roughness Ra (c) Surface roughness Rz

Figure 2. Effect of average laser power on machining characteristics after 20 raster-scanning cycles at
an overlap ratio of 60% for VF-10 cemented carbide material.

3.1.2. Effect of Overlap Ratio

Having established a suitable laser power for rough machining, the effect of overlap ra-
tio was subsequently investigated because it controls the degree of spatial overlap between
successive laser pulses within the irradiated area. Figure 3 shows the surface roughness
and v, obtained at overlap ratios of 30%, 60%, and 90%. The v; values did not increase
monotonically with overlap ratio. The highest v; was obtained at an overlap ratio of 60%,
whereas it decreased substantially at 90%. At the same time, the surface roughness was
lowest at 60%, whereas a marked increase in roughness was observed at 90%. These results
suggest that increasing the overlap ratio up to 60% improves material-removal efficiency,
whereas excessive overlap does not necessarily improve rough-machining efficiency be-
cause the removal rate decreases and surface roughness deteriorates. The decrease in v, at
90% overlap may be partly associated with increased plasma and vapor generation under
repeated irradiation, which can shield subsequent laser pulses and reduce the effective
energy delivered to the workpiece. However, plasma shielding was not directly measured
in the present study and is therefore considered a possible contributing mechanism rather
than a demonstrated cause. Therefore, an overlap ratio of 60% was selected as the reference
condition for subsequent experiments because it provided the highest v; and relatively low
surface roughness among the investigated conditions.
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Figure 3. Effect of overlap ratio on machining characteristics after 20 raster-scanning cycles at an
average laser power of 60 W for VF-10 cemented carbide.

3.2. Surface Formation and Material-Removal Behavior
3.2.1. Surface Morphology at Different Overlap Ratios

The surface morphology at different overlap ratios was examined to clarify the charac-
teristics of the laser-milled surfaces. Figure 4 shows optical and SEM images of the laser-
milled surfaces obtained at overlap ratios of 30%, 60%, and 90% after 20 raster-scanning
cycles. At 30% overlap, periodic surface undulations corresponding approximately to the
laser spot spacing were observed. In contrast, the surface obtained at 60% overlap was
comparatively uniform, and the periodic undulations associated with individual laser
spots were less prominent. At 90% overlap, relatively large irregularities and deposits of
resolidified material were observed over the irradiated area. These differences in surface
morphology can be interpreted in terms of the irradiation conditions. At low overlap, the
relatively large spacing between adjacent laser spots resulted in periodic irradiation marks.
As the overlap ratio increased, the crests of adjacent laser-induced dimples increasingly
overlapped, making the individual spot-related undulations less distinguishable and pro-
ducing a comparatively uniform surface. At excessive overlap, however, increased heat
accumulation may have promoted melting and subsequent redeposition, resulting in larger
surface irregularities and resolidified deposits, particularly at 90% overlap. Although the
surface at 60% overlap was comparatively uniform, resolidified material and cracks were
still observed. Resolidified deposits and cracks were identifiable in the SEM images for all
overlap conditions. At 90% overlap, the surface exhibited particularly pronounced irregu-
larities and resolidified deposits. Because the surface topography at 90% overlap was highly
irregular, higher-magnification imaging did not provide additional useful morphological
information for the present comparison. These cracks may be associated with thermal
stresses generated by rapid heating and cooling during nanosecond laser irradiation, po-
tentially coupled with the effects of laser-induced plasma. However, the present study did
not directly characterize the transient thermal stress or plasma behavior, and therefore the
specific crack-formation mechanism cannot be conclusively determined. Therefore, the
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laser-milled surface was not suitable for final finishing and should instead be regarded as
a rough-machined surface requiring subsequent mechanical machining. However, SEM
observations alone cannot determine the composition or origin of the deposited material.

500 um 500 pum 500 pym 500 um

Figure 4. Optical microscopy and SEM observations of laser-milled surfaces of VF-10 cemented
carbide at different overlap ratios (Pave = 60 W, N = 20 raster-scanning cycles, f = 20 kHz, D = 77 um,
T4 =60 ns).

3.2.2. Composition of Resolidified Deposits

Figure 5 shows the EDS results for the resolidified deposits. Oxygen was detected
in the deposits, indicating the presence of oxygen-containing material. Because the laser
processing was performed in air, the detected oxygen may have resulted from thermal
oxidation of the molten or resolidified material during and after laser irradiation. In ad-
dition, the deposited region exhibited relatively lower W and C contents and a higher Co
content than the base material. These results indicate that Co-containing material was
present in the redeposited region and that oxidation occurred during laser processing.
Cemented carbide consists primarily of WC grains and a Co binder, with the melting points
of Co and WC being approximately 1495 and 2870 °C, respectively [24]. The relatively
higher Co content detected in the resolidified deposits suggests that the Co-containing
phase may have contributed to laser-induced melting and subsequent redeposition [24].

https://doi.org/10.3390/met16101102


https://doi.org/10.3390/met16101102

Metals 2026, 16, 1102

90f19

This interpretation is consistent with the higher material-removal rate observed for the
cemented carbide with higher Co content, as discussed in Section 3.3. However, the EDS
results should not be interpreted as direct evidence of preferential Co removal from the
cemented carbide. Because EDS was performed on the redeposited material, the measured
elemental composition represents the analyzed deposit and may have been affected by
melting, redistribution, and redeposition during laser processing. Therefore, the present
results indicate that Co-containing material was involved in the laser-induced melting and
redeposition process, but they do not conclusively establish preferential removal of individ-
ual constituents. These observations suggest that Co content may affect the laser-milling
behavior of cemented carbide. To examine this possibility, the laser-milling characteristics
of cemented carbides with different Co contents were subsequently investigated.

(a) Optical microscope

——— 30um wm

PR
30um

(c) Co mapping (d) W mapping

——3m oK

i)

C—————30um

(e) O mapping (f) C mapping
x108

1.

o. w

0.1

0.
gc
Oo w

0 . vil Clov?o " "
L dul T

0.0 #

0.00 2.00 4.00 6.00 ke%/,DU 10.00 12.00 14.00
(g) Full EDS spectrum

Figure 5. EDS analysis of the resolidified deposits around the laser-milled area of VF-10 cemented
carbide: (a) optical microscopy image, (b) SEM image, (c) Co elemental mapping, (d) W elemental
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mapping, (e) O elemental mapping, (f) C elemental mapping, and (g) full EDS spectrum , where
the orange trace represents the measured EDS spectrum and the gray regions indicate the identified
elemental peaks. (Pave = 60 W, Or = 60%, N = 20 raster-scanning cycles, f = 20 kHz, D = 77 um,
T4 =60 ns).

3.3. Effect of Cemented-Carbide Composition and Microstructure

The results presented in the previous section suggest that melting and redeposition
of Co-containing material may contribute to material removal during nanosecond laser
milling. Therefore, the laser-milling characteristics may depend on the composition and
microstructure of the cemented carbide. The effects of Co content and WC grain size on the
machining characteristics were consequently investigated.

3.3.1. Effect of Co Content

Figure 6 compares the v; of cemented carbides containing 8% and 18% Co at different
overlap ratios. At all investigated overlap ratios, the WC-18%Co material exhibited a
higher v; than the WC-8%Co material, with the difference being particularly pronounced
at an overlap ratio of 90%. At N =20, v; of WC-18%Co was approximately 1.1-1.4 times that
of WC-8%Co. This trend is qualitatively consistent with the Co-rich redeposited material
observed by EDS. The higher Co content may increase the contribution of the Co-containing
binder phase to laser-induced melting and redeposition, potentially contributing to the
higher v, observed in the present experiments. However, the two cemented carbides differ
not only in Co content but also in other mechanical and thermal properties. Therefore, the
present comparison demonstrates a dependence of laser-milling behavior on cemented-
carbide grade, but the specific contribution of Co content cannot be isolated from the
effects of the associated mechanical and thermal properties. Because each material and
irradiation condition was tested once, statistical error bars or standard deviations could not
be calculated for Figure 6.

g 6 rawc—svco

S 5 ®WC-18%Co

=

S 4

2

£ 3

2]

3 2

5

=]

S

50

s 30 60 90
Overlap ratio Or[%]

Figure 6. Effect of Co content on the depth removal rate at different overlap ratios. The laser milling
test was performed once for each condition (1 = 1). (Pave = 60 W, N = 20 raster-scanning cycles,
f=20kHz, D =77 pm, T4 = 60 ns).

3.3.2. Effect of WC Grain Size

The effect of WC grain size was subsequently examined using cemented carbides with
the same Co content of 8% but different WC grain sizes. Figure 7 shows the v; values of
the two cemented carbides at overlap ratios of 30%, 60%, and 90%. At an overlap ratio of
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30%, the difference in v; between the two materials was small. At 60%, the fine-grained
material exhibited a slightly higher v;. At 90%, the difference became more pronounced,
with the fine-grained material exhibiting a higher v; than the coarse-grained material. The
vy value of the coarse-grained material was approximately 0.9 times that of the fine-grained
material at an overlap ratio of 90%. Thus, the difference between the two materials became
more pronounced at the high overlap ratio. This behavior may be related to differences in
the responses of the two cemented-carbide grades to repeated laser irradiation. As shown
in Table 1, although their Co contents are identical, the two grades differ in WC grain size,
hardness, density, and thermal conductivity. Therefore, the present results indicate that
the difference between the two cemented-carbide grades may affect laser-milling behavior,
particularly under high-overlap conditions. However, the specific contribution of WC grain
size cannot be isolated from the effects of the other differing material properties. Overall,
the laser-milling characteristics depended on the cemented-carbide material grade. The
difference between the grades with different WC grain sizes became more pronounced at
high overlap ratios. These results indicate that laser-milling conditions should be selected
based not only on the laser parameters but also on the material grade of the cemented
carbide. Because each material and irradiation condition was tested once, statistical error
bars or standard deviations could not be calculated for Figure 7.

g 6 B WC grain size 0.5-0.8 um

S 5 | ™ WC grain size 1.0-3.0 pm

5

° 4

=3

E

e

g 2

!

=

20

A 30 60 90
Overlap ratio Or[%]

Figure 7. Effect of WC grain size on the depth removal rate at different overlap ratios. The laser
milling test was performed once for each condition (n = 1). (Payve = 60 W, N = 20 raster-scanning
cycles, f =20 kHz, D =77 um, T4 = 60 ns).

3.4. Cavity Geometry and Limitations of Laser Roughing
3.4.1. Formation of Tapered Cavity Geometry

Although the laser-milling conditions and material dependence were investigated in
the preceding sections, machining efficiency alone is insufficient to evaluate the applicability
of laser milling to precision die manufacturing. In particular, dimensional accuracy and
cavity geometry must also be considered. Figure 8 shows representative cross-sectional
profiles of the laser-milled cavity. A tapered geometry was observed in the irradiated
region, and the taper became more pronounced with increasing machining depth. At
an overlap ratio of 90%, increasing the number of raster-scanning cycles from N = 10 to
40 increased the cavity depth from approximately 0.35 to 0.70 mm, while the maximum
width of the tapered section increased from approximately 0.25 to 0.55 mm. These results
indicate that dimensional deviations associated with cavity taper become more significant
as the laser milling progresses to greater depths.

https://doi.org/10.3390 /met16101102


https://doi.org/10.3390/met16101102

Metals 2026, 16, 1102 12 of 19

VT e N1 times,
N=20 times =
—Nedotimes| 2
0. -005 -0.1 8 E
= £
2=
0.2 2L
B
0.4 2 4
=
"
T N1 Depth d [mm] ‘ ‘ [
20 times 4[—]
Laser irradiated area)
= 005} ===N=40times s | 0.05 _
E AP = N=20 times £
N U o N=40 times E
~
"2__4—2 0, 016 —}l.. .--'4— Fo—0 4620 U_2-4£
2 farrrwnd e a5 farmafnnr T B
a Joos X X o
: y 4 -0.05 a
NAAAAA L . A
3 ) S
e 4‘% -0.
The tapered section Th d .
width w{mm] - i e t.npere section
H width w[mm]
0:4 S
02 =
=
2 g =
ofi 005 -00s -1 &2
—.24b =——N=10 times. 2
A N=20 times. ﬁ
s N=40) times
o
Depth d [mm]
(a) 0,=30%
-04 e N=10 times,
N=20 times g
— e N=40) times = —_—
0.2 mes g E
o - =
o2 ‘17\-22 S04 2=
2E
0: =3
Sz
0:4 f 2
=
o : "Depth d [mm]
e N=10) times
N e
T = o N=40 times. T
£
< 4 -02 2 H o002 -_z—.4§
= l\”‘"wm —»’. L, o] .'4_ S e =
2 \ +x &
2 - -x o: g
-~ e
The t.:lp:red section The tapered section
width wmm] £ width wmm]
s =
1
‘g
TE
2E
G]
.4: H
=
&=
N0 times
=0
Depth d [mm]
(b) O, =60%
=04 ——=N=10times
e N=20 times. =
g =—N-40tmes S
X € =
op -02 =04 -06 08 g E
i 2 E
0 Tz
2=
02 2 £
' FE
04 27
)05 | F
-
Depth d [mm]
_ +y — z
] ’ 7
£-q4 - 2 0 \ | 6 04 02/ 02«0.45
B ¥ M.
: (=8 o +<— ’,J - g
B . vl X o~ Vad| o 2
g [T 4 < Pal E 2
Q\// T
6 [ N=10 times. U
\/""'/ N=20 times
L e N=40 times 0=
The tapered section g The tapered section
width w[mm] § T width w[mm]
< £
g2
2E
o2 &3
8 =
=

D‘ep(h d [mm]
(c) O, =90%
Figure 8. Cross-sectional profiles of laser-milled cavities at different overlap ratios and numbers of
raster-scanning cycles for VF-10 cemented carbide (Pave = 60 W, N = 10, 20, and 40 raster-scanning
cycles, f =20 kHz, D =77 um, T4 = 60 ns). Solid arrows indicate the correspondence between the
measurement locations and the corresponding profiles, while dashed arrows indicate the orientations
of the coordinate axes used for the profiles.
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3.4.2. Possible Mechanism of Taper Formation

The formation of the taper is considered to be associated with the change in the laser
irradiance distribution as the machining depth increases. As the machined surface moves
away from the initial focal position, the beam diameter increases and the laser power
density decreases. However, the calculated Rayleigh length was substantially larger than
the nominal machining depth. Therefore, the observed taper is unlikely to be explained
solely by geometric beam divergence under the present optical conditions. The spatial
variation in laser irradiance may contribute to narrowing of the effective material-removal
region toward the bottom of the cavity. In addition, the evolving side-wall geometry during
cavity formation may alter the local irradiation conditions. SEM observations of the cavity
edge also revealed the deposition of resolidified material, which may contribute to the
dimensional deviation at the cavity boundary [24]. Therefore, although increasing the
irradiation depth enables efficient bulk material removal, the resulting taper prevents the
laser milling process from being used as a final shaping process for high-precision cavities.

3.5. CAM-Based Evaluation of the Hybrid Machining Concept

The experimental results indicate that laser milling is suitable for bulk material re-
moval, whereas mechanical machining is required for dimensional correction and surface
finishing. To evaluate the potential benefit of assigning these functions to the two processes,
three machining strategies were compared using CAM. Machining times were estimated
using CAM-TOOL V14 (C&G Systems, Inc. Tokyo, Japan), a CAM software package used
for ultra-precision micro-die/mold machining.

3.5.1. Definition of Machining Cases

Three machining strategies, shown in Figure 9, were defined for a representative
3mm x 3mm x 0.3 mm cavity. Case 1 represents conventional mechanical machining.
Case 2 represents the proposed hybrid strategy, in which the laser-generated cavity is
assumed to be geometrically corrected by removing a uniform machining allowance. Case
3 represents a more conservative hybrid strategy that explicitly accounts for the tapered
geometry observed experimentally.

Case 1 corresponds to conventional machining using mechanical cutting alone. The
3mm x 3mm x 0.3 mm cavity is entirely rough-machined by mechanical cutting, fol-
lowed by finish machining of the bottom and side surfaces. Case 2 introduces laser milling
to remove most of the cavity depth before mechanical machining. Laser milling is used to
remove approximately 0.2 mm of the cavity depth, followed by mechanical rough machin-
ing of the remaining 0.1 mm. The remaining 3 mm x 3 mm x 0.1 mm region is assumed
to have no taper and is removed by mechanical cutting. The bottom and side surfaces are
then finish-machined by cutting. In Case 1, the 45° tapered-area rough-machining step and
laser-milling step were not performed. In Case 2, laser milling was performed, whereas
no separate rough-cutting operation was assigned to the laser-generated tapered area
because a uniform machining allowance was assumed. Case 3 additionally considers the
tapered geometry generated by laser milling, with the remaining tapered region allocated
to mechanical rough machining. For the CAM analysis, a representative taper angle of 45°
was assumed based on the side-wall deviation observed experimentally in the laser-milled
cavities. This angle was used as a representative condition to evaluate the effect of the
laser-generated taper on the subsequent mechanical machining process. The 45° angle
should not be regarded as a universal value for nanosecond laser milling, because the taper
depends on the laser-processing conditions, material grade, machining depth, and beam
geometry. Rather, it was selected as a representative value for the present CAM-based

2

comparison. In this case, a 3 x 3 mm~ area was first rough-machined by laser milling to
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a nominal depth of 0.2 mm. Assuming that a tapered shape error was generated on the
side surfaces, the remaining 3 mm x 3 mm x 0.1 mm region was then rough-machined by
mechanical cutting. Finally, the bottom and side surfaces were finish-machined by cutting.
Table 3 summarizes the processing conditions for each machining method. In Cases 2
and 3, laser milling was performed at an average power of 60 W and an overlap ratio of
60%. Under these conditions, the laser-milling time was 43 s (0.72 min), corresponding to
40 raster-scanning cycles and a machining depth of approximately 0.2 mm. For mechanical
cutting, a PCD straight tool with a diameter of 0.5 mm was assumed, and the machining
conditions were set based on interviews with a precision micro-die/mold manufacturer.

RN iy R— pesseeeessnend Case 2 Jersesessensy geesessesese

3mm  Workpiece 3mm  Vorkpiece

% )

Laser irradiated area

(Tapered section]}

\ Processing into a cavity /

(3 mm X3 mm X 0.3 mm)

3 mm |

-
(=)

Figure 9. Schematic illustration of the three machining strategies evaluated using CAM. The gray,
red, and yellow regions indicate the machining area, laser-irradiated area, and tapered section,
respectively.

Table 3. Cutting conditions for cavity fabrication.

(a) Case 1
Rough Rough (I;ll?tllsr?g Finish
Cutting (45° Tapered Area) Cutting (Bottom) Cutting (Side)
Tool diameter [mm)] 0.5 0.5 0.5
Spindle speed S [min~'] 40,000 40,000 40,000
Feed rate F; [mm/min] 70 50 100
Radial depth of cut R4 [mm] 0.2 0.05 0.25
Axial depth of cut A4 [mm] 0.0005 0.0005 0.0005
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Table 3. Cont.
(b) Case 2
Finish . .
. Roough Rou‘gh Cutting lfmlsh-
Cutting (45° Tapered Area) Cutting (Bottom) Cutting (Side)

Tool diameter [mm)] 0.5 0.5 0.5

Spindle speed S [min~'] 40,000 40,000 40,000
Feed rate F; [mm/min] 70 50 100
Radial depth of cut R4 [mm)] 0.2 0.05 0.25

Axial depth of cut A4 [mm] 0.0005 0.0005 0.0005

(c) Case 3
Finish . .
. Roough Rough Cutting lfmlsh.
Cutting (45° Tapered Area) Cutting (Bottom) Cutting (Side)

Tool diameter [mm] 0.5 0.5 0.5 0.5

Spindle speed S [min—!] 40,000 40,000 40,000 40,000
Feed rate F, [mm/min] 100 70 50 100
Radjial depth of cut R4 [mm] 0.25 0.2 0.05 0.25

Axial depth of cut A4 [mm] 0.0005 0.0005 0.0005 0.0005

Note: Diagonal lines indicate that the corresponding machining operation was not performed.

3.5.2. Estimated Machining Time

Figure 10 compares the estimated machining times for a single cavity. Introducing laser
milling substantially reduces the amount of material that must be removed by mechanical
rough machining. Consequently, both hybrid strategies require less estimated machining
time than Case 1. The estimated machining times were approximately 599 min for Case 1,
337 min for Case 2, and 384 min for Case 3. Thus, Case 2 yielded the shortest estimated
machining time, whereas Case 3 required additional mechanical machining because the
tapered side-wall region generated by laser milling had to be removed to recover the
intended cavity geometry. Nevertheless, Case 3 retained a substantial time advantage over
conventional machining while explicitly accounting for the dimensional limitation of laser
milling. Importantly, even when a representative taper based on the experimental observa-
tions was incorporated into the CAM model, Case 3 reduced the estimated machining time
from 599 to 384 min, corresponding to an approximately 36% reduction.

Because the machining time per cavity accumulates over multiple cavities, the differ-
ence between the three strategies becomes increasingly significant as the number of cavities
increases. Figure 11 shows the estimated total machining time as a function of the number
of cavities. The estimated total machining times were Ty, = 9.98n, 5.61n, and 6.40n h for
Cases 1, 2, and 3, respectively, where # is the number of cavities. For 1000 cavities, the
CAM-based estimates indicate machining-time reductions of approximately 44% and 36%
for Cases 2 and 3, respectively, compared with Case 1. These values represent CAM-based
estimates rather than experimentally measured cycle times for continuous hybrid machin-
ing. In addition, the estimates do not include setup, tool-change, workpiece-transfer, or
inter-cavity positioning times. Therefore, the calculated reductions should be regarded
as estimates of the machining-time advantage under the assumed processing conditions
rather than direct predictions of total production time. Although introducing laser milling
requires an initial investment in laser-processing equipment, conventional mechanical
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machining of cemented carbide requires diamond-coated or PCD tools, for which tool wear
and replacement can contribute substantially to operating costs. By removing a large por-
tion of the workpiece material by laser milling before mechanical machining, the proposed
process has the potential to reduce the cutting distance and associated tool consumption.
The present results demonstrate the potential of the proposed process to reduce machining
time and may also reduce machining-related costs; however, further experimental valida-
tion is required to quantify the actual reductions in machining time and tool consumption
and to assess the resulting cost benefits. Energy consumption was not evaluated in the
present study because the electrical power consumption of the laser-processing system
and the mechanical machine tool was not measured. Therefore, the present CAM-based
comparison is limited to machining time and does not establish an energy advantage of the
proposed hybrid strategy. Future work should include direct measurement of the electrical
energy consumed by both processes.

Case 1

Case 2

B Laser milling
B Rough machining (45° tapered area)

| B Rough machining
Case 3 B Finish machining (Bottom part)

Finish machining (Side part)

0 100 200 300 400 500 600 700
Machining time [min]

Figure 10. Estimated machining time for a single cavity for the three machining strategies.

12,000 T T T T
—Case 1 Tt = 9-98n
10,000 — Case 2
| —Case 3
8000 Tiota1 = 6.40n

total

6000 %,
4000 VA Ty =561
F

2000 =
Z

Machining times T, [hr]

0 200 400 600 800 1000 1200
Number of cavities n [pieces]

Figure 11. Estimated total machining time as a function of the number of cavities for the three
machining strategies.

3.6. Applicability and Limitations

The practical applicability of the proposed process is subject to several limitations.
Nanosecond-pulsed laser milling is suitable for bulk material removal from cemented-
carbide dies, but its use as a final shaping process is limited by resolidified deposits, cracks,
and depth-dependent taper. In addition, industrial implementation requires consideration
of laser-system investment, process integration with machine tools, extraction of laser-
generated debris and fumes, dimensional control of the laser-generated cavity, and reliable
control of the machining allowance for subsequent mechanical finishing. The present study
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also did not experimentally validate the complete sequential process or measure its energy
consumption. Therefore, the CAM-based results should be regarded as an initial assessment
of the potential of the proposed hybrid process rather than as a direct demonstration of
industrial production performance.

4. Conclusions

In this study, the applicability of nanosecond-pulsed laser milling as a rough-
machining process for cemented-carbide dies was investigated, with subsequent me-
chanical machining used for dimensional correction and surface finishing. The effects
of laser-processing conditions, material composition and microstructure, and cavity geome-
try were evaluated, and the machining-time reduction potential of the proposed sequential
hybrid machining concept was estimated using CAM. The main conclusions are as follows:

(1) Nanosecond-pulsed laser milling enabled substantial material removal from WC-
Co cemented carbide. The depth removal rate increased with average laser power,
while an overlap ratio of 60% provided the highest depth removal rate among the
investigated conditions with relatively low surface roughness.

(2) Surface morphology strongly depended on the overlap ratio. Low overlap produced
periodic irradiation marks, whereas excessive overlap promoted relatively large
surface irregularities and the formation of resolidified deposits.

(3) EDS analysis of the resolidified deposits detected oxygen, indicating that oxidation
occurred during laser irradiation. The deposits also exhibited a relatively higher
Co content than the base material, suggesting that Co-containing material may be
involved in the melting and redeposition process during nanosecond laser irradiation.

(4) The laser-milling characteristics varied with cemented-carbide material grade. Under
the investigated conditions, the material containing 18% Co exhibited a higher depth
removal rate than the material containing 8% Co, while the difference between the
grades with different WC grain sizes became more pronounced at high overlap ratios.

(5) Increasing machining depth was accompanied by the formation of a tapered cavity
geometry, which was considered to be primarily associated with increasing defocus
and the resulting reduction in effective laser irradiance. These results indicate that
subsequent mechanical machining is required for dimensional correction and surface
finishing when relatively deep cavities are produced by laser roughing. Thus, the
practical role of nanosecond laser milling in the proposed process is bulk material
removal rather than final cavity shaping.

(6) CAM-based estimation indicated that the proposed sequence of laser roughing fol-
lowed by mechanical machining has the potential to substantially reduce machining
time for cemented-carbide dies. For 1000 cavities, the estimated machining-time re-
ductions were approximately 44% and 36% for Cases 2 and 3, respectively, compared
with conventional machining. These results indicate that the proposed process can
reduce the amount of mechanical cutting required for cemented-carbide die cavities
and may consequently reduce machining time and tool consumption. However, the
complete sequential hybrid process, energy consumption, tool wear, and long-term
process stability were not experimentally evaluated in the present study. Experi-
mental validation of these aspects is therefore required before practical industrial
implementation.
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