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Abstract 
 
This study deals with the laser beam assisted milling to improve the machinability of a consolidated structure formed 

by layered manufacturing processes. The laser beam used is a continuous CO2 laser with a maximum output power of 
100 W. The metal powder for layered manufacturing is a ferrous-based mixture. In order to investigate the influence of 
laser conditions on the machinability, specific cutting force, tool wear and tool temperature of the flank face are meas-
ured. The results showed that the specific cutting force of the consolidated structure decreased by the effect of energy 
input on the structure surface. The progress of wear on the flank face assisted by the laser beam was 20% slower due to 
the softening of the consolidated structure and the melting of the powder which remained on the structure surface. The 
dimensional accuracy and surface finishing of the consolidated structure were influenced by the rise of the tool tem-
perature on the flank face. 

 
Keywords: Carbon dioxide laser beam, Cutting temperature, End milling, Ferrous based metal powder, Rapid prototyping, Specific 

cutting force, Tool wear, Two-color pyrometer
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1. Introduction 

Recently, a multifunction machine, in which a fer-
rous based powder bed is selectively heated and fused 
by a laser beam irradiation and the edge of consoli-
dated structure obtained is cut with end mill, has been 
developed to produce an injection molding die [1]. In 
this device, a small ball end mill is generally used to 
gain a precision dimension and high quality surface. 
However, the surface of a consolidated structure is 
difficult to cut due to its hardness and the insufficient 

melting of metal powder.  
In this study, laser beam assisted milling is pro-

posed for the improvement of the machinability of a 
consolidated structure formed by layered manufactur-
ing processes. In order to investigate the influence of 
the laser conditions on the machinability of a consoli-
dated structure, specific cutting force, tool wear and 
tool temperature of the flank face are measured ex-
perimentally. 

 
2. Characteristics of work material  

  The procedure for consolidating work material is 
schematically illustrated in Fig. 1. This system is 
composed of a Yb:fiber laser and a consolidation unit 
of a metal powder. Since a recoating blade is attached 
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Table 1   Specification of metal powder Table 2   Property of the consolidated structure 

  Material   SCM, Cu, Ni
  Shape   Irregular
  Particle mean diameter d   25 μm
  Bulk density ρ   4190 kg/m3

  Absorption ratio A r   25%
  Thermal conductivity K   0.14 W/(m·K)  

  Hardness HV   330
  Bulk density ρ   7680 kg/m3

  Thermal conductivity K   8.0 W/(m·K)
  Meting point M   1300 °C  
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Fig.2  SEM image of the consolidated surface 
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Fig.3  Experimental set up for laser assisted milling 
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in the consolidation unit, it is possible to deposit met-
al powder at a thickness of t =50 μm. The laser beam 
is irradiated to the powdered surface through a galva-
nometer mirror at the focus spot, and scanned on it 
with programmed NC data. After forming a layer of 
consolidation, these processes are repeatedly per-
formed as the scan direction of laser beam is varied 
by 90°. The vessel for consolidation is filled with 
nitrogen so as to prevent the oxidization of the metal 
powder during laser irradiation. 
  The specification of the metal powder used is 
shown in Table 1. The metal powder is a mixture of 
70% chromium molybdenum steel powder, 20% cop-
per alloy powder and 10% nickel powder. The mean 
diameter of powder mixture is d =25 μm. Since the 
powder layer is loaded under gravity action only, its 
bulk density is 4190 kg/m3 [2].   
  The SEM image of the consolidated surface is 
shown in Fig. 2, and its property is summarized in 
Table 2. Partially molten powder and pores are clear-
ly seen on the consolidated surface. The hardness of 
the consolidated surface is not uniform, and the hard-
ness of partially molten powder is higher than that of 
fully molten powder. In a multifunction machine, 
such an area of instability can be cut with an end mill.  
3. Experimental method  

  The experimental set up for laser assisted milling is 
schematically illustrated in Fig. 3. The laser beam 
used is a continuous CO2 laser with a maximum pow-

er of P =100 W. The laser beam is irradiated to the 
consolidated surface without focusing by the con-
denser; therefore, the beam diameter at the consoli-
dated surface is φ =4.6 mm. The laser beam is irradi-
ated to the position of d against the cutting point. 
Hence, the work material is cut by the ball end mill 
after the surface is heated by laser beam irradiation. 
  The experimental conditions are summarized in 
Table 3. The work material used is a consolidated 
structure by the layered manufacturing equipment. A 
milling machine is used to perform the cutting test. 
Three components of cutting force are measured by 
piezo type dynamometer, on which the work material 
is mounted. The specific cutting force is calculated 
with the cutting force in feed direction Fy. The ex-
periment is performed under a tool revolution of N 
=6000 rpm due to the response of the dynamometer. 
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Fig.6  Effect of the laser assisted on tool flank wear 

Table 3  Experimental conditions 

The data obtained in laser assisted milling are com-
pared to those in non-assisted milling. 
  A schematic illustration of the two-color pyrometer 
is shown in Fig. 4. It has almost the same structure 
shown in the authors’ previous papers. The pyrometer 
is composed of an optical fiber and two types of infra-
red detectors; namely, an InAs detector and an InSb 
detector. The InAs detector was mounted in a sand-
wich configuration over the InSb detector, with each 
detector having a different range of acceptable wave-
length. The laser beam cannot reach these detectors 

through a chalcogenide optical fiber whose transmit-
tance range is 1–6.6 μm. The infrared energy radiated 
from an object is accepted by chalcogenide optical 
fiber and led to a two-color detector. It is converted 
into an electric signal and stored in digital memory. 
By taking the ratio of these two output voltages and 
using a calibration curve, the temperature of the irra-
diation area of the laser beam can be obtained. The 
fiber is horizontally fixed at the point where the cut-
ting edge has finished cutting the work material. The 
distance between the surface of the flank face and the 
incidence face of the fiber tip is 1.5 mm.  

  Tool diameter φ t   2.0 mm
  Helix angle   30 °
  Revolution N   6000 - 40000 rpm
  Cutting speed v   37.7 - 251 m/min
  Feed speed f   0.005 - 0.01 mm/tooth
  Feed speed F   120 - 400 mm/min
  Axial depth of cut A d   1.0 - 1.2 mm
  Radial depth of cut R d   0.2 mm
  Laser power P   70, 80, 95 W
  Dsitance from irradiated
   area to cutting point

d   5, 10, 15 mm
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Fig.4  Schematic illustration of two-color pyrometer 

4. Experimental results and discussion  

4.1 Specific cutting force 

  The influence of the laser power on the specific 
cutting force is shown in Fig. 5. The result obtained 
under the condition of non-assisted milling is also 
shown. As is obvious from the graph, the specific 
cutting force with the laser assisted milling decreased 
with the increase of laser power, and was smaller 
without the laser assisted milling under all conditions. 
The specific cutting force decreased as the distance 
from the cutting point to the laser irradiated area was 
shortened. When the laser power is P =95 W and the 
distance from the cutting point to the laser irradiation 
area is d =5 mm, the specific cutting force is Ksc=1.4 
GPa, and 30% smaller than non-assisted milling. It is 
clear that the specific cutting force is influenced by 
the laser irradiation softening the surface of the work 
material.  
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Fig.5  Influence of laser power on specific cutting force 

4.2 Tool flank wear 

  The effect of the laser assisted milling of the work 
material on the tool flank wear under the condition of 
P =95 W and d =5 mm is shown in Fig. 6. A mini-
mum tool wear of VB =25 μm at Lc=400 m was ob-
tained in both conditions. When the flank wear was 
VB =80 μm, the cutting length in the laser assisted 
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milling is Lc=2860 m and the progress of wear on the 
flank face was 20% slower than that without the laser 
assisted milling. This was due to the fact that the par-
tially melted powder remaining on the surface was 
heated, and the surface of work material was softened.  
4.3 Tool flank temperature 

  The influence of the laser power on tool flank tem-
perature is shown in Fig. 7. The result obtained under 
the condition of non-assisted milling is also shown. 
As is obvious from the graph, the tool flank tempera-
ture increased with the increase of laser power; how-
ever, the temperature with the laser assisted milling 
was higher than that without laser assisted milling 
under almost all conditions. This was due to the fact 
that the energy irradiated to the work material was 
conducted to the tool.  

Fig. 8 shows a three dimensional profile of the 
work surface after processing the end milling. The 

surface with the laser assisted milling is rough com-
pared with that without laser assisted milling. The 
surface roughness was Rz=7.0 μm with laser assisted 
milling and Rz=6.0 μm without laser assisted milling. 
This is due to the fact that the dimensional accuracy 
and surface finishing of the consolidated structure 
were influenced by the temperature rise on the tool 
flank.  
4. Conclusion 

The influence of the laser power and the distance 
from the cutting point to the laser irradiation area on 
machinability was investigated experimentally. The 
results show that the specific cutting force with the 
laser assisted milling decreased with the increase of 
laser power, and was smaller without the laser as-
sisted milling under all conditions. The progress of 
wear on the flank face assisted with the laser beam 
irradiation was slower due to the softening of the 
consolidated structure and the melting of the powder 
which remained on the structure surface. The maxi-
mum temperature on the tool flank increased with the 
increase of laser power, and was larger without laser 
beam irradiation under almost all conditions. 
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Fig.7  Influence of laser power on tool temperature 

 

20

0

10

μm

1 mm 1 m
m

20

0

10

μm
20

0

10

μm

1 mm 1 m
m

 
(a) With laser assisted 

20

0

10

μm

1 mm 1 m
m

20

0

10

μm
20

0

10

μm

1 mm 1 m
m

 
(b) Without laser assisted 

Fig.8 Comparison of the processed surface 
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