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Abstract

This paper investigates tool wear mechanisms of a ball end mill in cutting laser sintered material. Cutting edge temperature is meas-
ured by using a three-color pyrometer with an optical fiber. Bulk carbon steel JIS S55C is selected as the standard steel. Experimental
results show that tool life in cutting sintered material is shorter than that in cutting JIS S55C. Observations by SEM show that adhesion of
the work material and micro chipping are the main wear mechanisms in cutting sintered material. The corresponding cutting edge tem-
perature shows a continuous increase as wear evolves with cutting time.
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1. Introduction

A milling-combined laser sintering system (MLSS), which is
a rapid tooling machine that combines laser assisted metal
sintering and high speed end mill, has made a complicated
injection mold that allows the creation of a deep rib. With
MLSS, the dimensional accuracy is improved and a cooling
channel can be easily created: for instance, spiral holes along
the mold profile, which is difficult in the conventional ma-
chining process [1]. Therefore, it is important to study cutting
characteristics of sintered materials, if we want to take advan-
tage of MLSS as a new invention in making complicated in-
jection molds in a shorter time. Yassin et al. [2] investigated
the machinability of a sintered material. The results showed
that the machinability of the sintered material is lower com-
pared with JIS S55C. In this paper, tool life and tool wear
mechanisms are investigated. It is crucial to investigate tool
life when cutting sintered materials because tool wear could
greatly influence the dimensional accuracy and surface finish.
Besides that, the flank wear and the corresponding cutting
edge temperature were measured.

2. Milling-combined Laser Sintering System (MLSS)

In MLSS, the apparatus for laser sintering consists of a con-
tinuous wave Yb:Fiber laser (A=1.07 pm) with a maximum
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output power of 200 W, laser spot diameter of 94 um and
maximum laser scanning speed of 1000 mm/s. The apparatus
for high speed milling consists of a spindle with maximum
rotational speed of 50000 rpm and maximum feed speed 1000
mm/min.

Two alternating processes occur in MLSS: forming a layer
profile by laser sintering and surface finishing by high speed
milling. Fig. 1 illustrates the concept of the MLSS. The proc-
ess of MLSS can be summarized as follows. A 3-D model is
designed using CAD and is divided into sliced layers whose
thickness is 50 um. Then, this model is transferred to the
MLSS. Prior to the laser sintering process, a sandblasted steel
base plate is placed on the building platform. Next, a prede-
termined layer thickness of 50 um of loose metallic powder is
spread on the base plate using a recoating blade. Successively,
the laser beam is irradiated to the surface of a layer of loose
metallic powder, and this will produce a layer-wise profile
according to the CAD data of the sliced layer, see Fig. 1(a).
After forming a few layers of sintered material, the milling
process is executed at the periphery surface as shown in Fig.
1(b). The sintering and milling at the periphery surface are
repeated, whereas the top surface is not cut after all layers are
sintered. The laser sintering and cutting processes are per-
formed in a nitrogen atmosphere at room temperature to pre-
vent oxidization.

3. Sintered material

Table 1 gives the properties of the metallic powder used to
sinter a sintered part. The metallic powder mixture consists of
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Table 1. Properties of metallic powder.

Material SCM Ni Cu

Particle diameter ~ pm 30 30 30

Powder density kg/m® 4690 4040 4690
Specific heat J/g K 0.45 0.49 0.38
Thermal

conductivity W/mXK 0.13 0.17 0.17

Table 2. Experimental conditions.
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Fig. 1. Concept of milling-combined laser sintering system(MLSS) (a)
forming layers and (b) high speed milling.

70 wt.% SCM, 20 wt.% Ni and 10 wt.% Cu. The work mate-
rial was made by the MLSS without executing the milling
process and is denoted as Eo in this paper.

To investigate the influence of powder consolidation
mechanisms, two conditions are defined: outer surface, Eyo
(y=0) and inner surface, E, (y=1). The outer surface is a sur-
face in which the unmolten and partially molten powder re-
mained on the surface while inner surface is a surface in
which the metallic powder melted completely. The hardness
and density of the E,y material are 275 HV(0.3), and 7680
kg/m’, respectively [2].

4. Experimental procedures

The experiments were carried out using an air spindle unit
machine. Table 2 gives the cutting parameters for tool wear
measurement. Maximum flank wear width was measured by a
micrometer-equipped microscope. This was plotted against
cutting time and cutting was stopped when the flank wear
reached a value of 200 um. Worn out tools were further exam-
ined with a scanning electron microscope (SEM).

Cutting edge temperature was measured by using a three-
color pyrometer with an optical fiber, and it has a flat response
to about 500 kHz. This pyrometer has enough response speed
to measure cutting edge temperature of the tool, which is ro-
tating at high revolution speed [3]. The experimental arrange-
ment is indicated in Fig. 2(a) and the detail of temperature

measurement condition is shown in Fig. 2(b). The distance
between optical fiber and cutting edge was set at /=0.2 mm.
The infrared rays radiated from the cutting edge are caught by
a chalcogenide optical fiber and lead to a three-color detector.
These signals are converted into electric signals and stored in
the digital memory. The three-color detector consists of InAs,
InSb and MCT detectors which are mounted in a sandwich
configuration. By taking the ratio of output voltage from
InAs/InSb and InSb/MCT, the temperature can be obtained.
The angle o indicates the angle in a horizontal plane and 3
indicates the angle in a vertical plane as shown in Fig. 2. The
point where the cutting edge has just finished cutting is indi-
cated by o = 0. The vertical angle 3 and horizontal angle o of
the optical fiber were set at § =0 and a=180° respectively.

5. Experimental results and discussion

5.1 Tool life

Fig. 3 shows the comparison of tool life among Ep, (y=0),
Epy (y=1) and JIS S55C. It was observed that non uniform
wear, micro chipping and adhesion were found to dominate in
cutting Eo material; see Fig. 4. In cutting JIS S55C, uniform
flank wear, which was observed at the initial stage, tends to be
suppressed as cutting progresses. The shortest tool life was
obtained in cutting Ep (y=0) and the longest one was obtained
in cutting JIS S55C. This is probably due to the difference of
cutting temperature for each work material. Many research
studies found that cutting temperature has the greatest influ-
ence on tool wear [4]. Yassin et al. [2] found that cutting edge
temperature in milling sintered material is higher compared
with JIS S55C. This is due to the smaller thermal conductivity
of Epy (10 W/mK)[1] as compared to JIS S55C (53 W/mK)
[5]. The cutting edge temperature in cutting Epy (y=0) is
higher than that with Epy(y=1) due to the existence of partially
molten powder on the outer surface of the sintered material [2].

5.2 Progress of the maximum flank wear width and cutting
edge temperature

During the cutting process, the flank wear and the corre-
sponding cutting edge temperature were measured. Fig. 5
shows the progress of the maximum flank wear width and
cutting edge temperature during the tool life in cutting E.o
(y=0). At the initial cutting stage, the Vb, increased at a
slower rate and showed a similar trend to the corresponding
temperature curve as shown in Fig. 5. Adhesion of the Epy
work material was found onto the flank face throughout the
cutting length, demonstrating a strong bond at the work mate-
rial-tool interface. The formations of the adhered Ep, material
onto the flank face were probably due to the high temperature
at the cutting zone. A similar conclusion is reported in [6].
Due to the dynamics of the milling process, the layers of ad-
hered work material were cyclically removed and replaced.
The strong bonding strength between tool materials and the
adhered layers causes the hard particles of the tool material to
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Fig. 2. (a) Schematic illustration of the experimental arrangement and (b) arrangement of optical fiber.
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Fig. 3. Tool life for different work materials.

Fig. 4. SEM of the rake face and flank face of the tool in cutting
E,(y=1) atcutting time (a) 13min and (b) 24min.

be carried away from the tool; hence a severe abrasive action
and micro chipping occur. In addition, the formation of par-
tially molten powder on the outer surface of the sintered mate-
rial intensifies the wear. Partially molten powder is superior to
fully molten powder in showing greater hardness [2]. When a
cutting edge cuts the partially molten powder, the temperature
increases drastically which results in higher thermal stresses.
This accelerates the micro chipping and Vb, increased dras-
tically as shown in Fig. 5. This tendency is compatible with
the corresponding temperature curve as depicted in Fig. 5.
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Fig. 5. Progress of the maximum flank wear width, Vb__ and cutting
edge temperature with cutting time.

6. Conclusions

Experiments are carried out to investigate the tool wear
mechanism and cutting edge temperature progression in cut-
ting laser sintered material at a high cutting speed. The results
show that non-uniform wear, chipping and adhesion are the
dominant wear mechanisms of the tool in cutting laser sintered
material. As for JIS S55C, uniform flank wear is observed at
the initial stage and this uniform flank wear tends to disappear
as cutting progresses. Tool life in cutting sintered material is
lower than that in cutting JIS S55C. The formation of the ad-
hered work material onto the flank face in cutting Epy material
results in chipping of the cutting edges and also accelerates the
flank wear. The formation of partially molten powder on the
outer surface increases the temperature and this accelerates the
wear rate. The wear of cutting tools has a substantial effect on
cutting edge temperature. It shows that as wear evolves with
cutting time, the corresponding cutting edge temperature
shows a continuous increase because of larger contact surfaces
between the work material and the cutting tool.

References

[1] S. Abe, Study on development of milling-combined laser



80

A. Yassin et al. / Journal of Mechanical Science and Technology 24 (2010) 77~80

metal sintering system and production of injection molds,
Doctoral Thesis. 2008, Kanazawa University: Kanazawa,
Ishikawa, Japan. 180.

A. Yassin, et al., Study on cutting characteristics of sintered
material with Yb: Fiber laser. Journal of Advanced Me-
chanical Design, Systems, and Manufacturing, 2008. 2 (5)
833-843.

T. Ueda, A. Hosokawa, and K. Yamada, Effect of oil mist on
tool temperature in cutting. Journal of Manufacturing Sci-
ence and Engineering, 2006. 128 (1) 130.

V. Astakhov, Effects of the cutting feed, depth of cut, and
workpiece (bore) diameter on the tool wear rate. The Inter-
national Journal of Advanced Manufacturing Technology,
2007. 34 (7) 631-640.

S. Kalpakjian and S.R. Schmid, Manufacturing engineering
and technology. 4th ed. 2000: Prentice Hall International.
1148.

[6] A. Jawaid, S. Sharif and S. Koksal, Evaluation of wear

mechanisms of coated carbide tools when face milling tita-
nium alloy. Journal of Materials Processing Technology,
2000. 99 (1-3) 266.

Abdullah Yassin received his B.Eng. in
Mechanical Engineering from National Uni-
versity of Malaysia, Malaysia, in 1997. He
then received his M.Sc. in Computer Inte-
grated  Manufacturing  (CIM)  from
Loughborough University, U.K in 2000. He
is currently a doctoral student at the Gradu-

ate School of Natural Science and Technolgy, Kanazawa Uni-
versity in Japan. His research interests include high speed
machining and finite elements of thermal simulation.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


