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Machining Characteristic of 3D Milling on
Hard-to-machine Materials by Waterjet

Kim, Dong Hun

Division of Mechanical Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Recently, an attempt to use waterjet as a tool for abrasing of
hard-to-machine materials, such as titanium and composites.

When abrasing those materials with the conventional tools, rapid tool
wear and thermal deformation are generated. Since waterjet process does
not produce such kind of problems, the waterjet process are adopted for
various machining for the hard-to-machine materials.

In principle, water is pressurized with ultra high pressure with up to
3,000 bar or more with a high pressure pump for waterjet process and
abrasive powder materials are mixed before injected to the target materials
through an orifice and a nozzle for manufacturing.

In this study, the influences of the cutting conditions of the abrasive
waterjet such as pump pressure, feed rate, abrasive mass flow rate, SOD,
onto the machining characteristics of the target materials are investigated.
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The cutting depths by the impact angle and by the overlap ratios have
been measured for the materials, Ti6Al4V, SUS 304, and Inconel 600. From
this, it has been verified that Ti6Al4V was the best machinability and
Inconel 600 was the lowest machinability.

It has been found that the cutting depths of AWJ increase the pump
pressure and the amount of abrasive increase. On the contrary, the cutting
depth of AWJ decrease as the feed rate of the mixed waterjet and S.0.D
increases.

It has been confirmed that the cutting depths increased by about 1.78
times as the overlapping ratio of the machining paths increased. It has
been also confirmed that the surface roughness becomes less rough as the
impact angle approaches 90° to the workpiece, since the water and the
abrasive materials injected out from the nozzle become regular spreading.

It has been verified that the waterjet cutting depth error was 10% less
than those results obtained by 3D machining simulation.

It is expected that the experimental results obtained through this study
can be wused as fundamental data for AWJ milling for various
hard-to-machine materials.

KEY WORDS : Abrasive Waterjet, AWJ Milling, Depth Control, 3D Shape,
Hard-to-machine Materials
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Fig. 1 Application of Hard-to-machine Materials
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Fig. 10 Quality level in accordance with SOD Change
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Parameter SUS304 Ti6AL4V Inconel 600
Density(g/cc) 7.87 4.43 8.47
Hardness, Brinell 123 326 205
Tensile Strength, Yield(MPa) 215 790 310
Elastic Modulus(GPa) 190 110 210
Shear Modulus(GPa) 74 44 80
Shear Strength(MPa) 480 550 419
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37HA Aol st AWI 7HEe] A S E!'O]'Eﬂ ¢l Table 29} o]
hExAE AARsn. =E3A4H Zel, Akl dE, <144 G0D= 1A
xHeoE  AASFFI, 4" 1,000bar, 2,000bar, 3,000bar olFEEE
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Table 2 AW]J Cutting Conditions

Parameter Condition
Material SUS 304 Ti6Al4V Inconel 600
Nozzle Diameter (mm) 1.02
Nozzle Length (mm) 101.6
Orifice Diameter (mm) 0.33
Abrasive Material Garnet
Abrasive Grain Size #80
SOD(mm) 5
Pressure(bar) 1,000, 2,000, 3,000
Feed Rate(mm/min) 500, 600, 700
Abrasg:telfge}iirgow 100, 150, 200
- 14 -
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500mm/min, 600mm/min, 700mm/min=Z - W LA 7IFdolE =HsH T

4% A} Fig. 14sh 2ol M &7 BF 0|57} ZNE5E /HEZol
b REFHAL, ol olFEET FNTFE WARAT FEeE AvpAe @
o] %

oA HW A= F AUAe dLHe] "Holx stFAolrt HolAE
Aoz AL, FLxHA Ti6Al4V, SUS 304, Inconel 600 =02 713 %

o|7} F7}tskSi T
6
< N SusS 304
5 W TIGAI4V
= Inconel 600

500 600 f00
Feed rate(mm/min)
Fig. 14 Comparison of Depth of Cut by Feed Rate Change
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323 ArkAl fAFol HE F1ggol B

Bty 2,000bar, ©l$4%E 500mm/mneE wAST, AvkA FYFL

100g/min, 150g/min, 200g/mino.2 g w] LA 2] 7}FZolE ZHsA T

MY Ast Fig 158 2o| Akl 4ol F7F B4 1A 24 wF 7}
o7t AgAoe FHYT o dArkAl fUBe] 2T A4S F o
UAE 71 vkl 4Rl ATt Sl AbERelt FEE sow B
A, sEzdAA TibAl4V, SUS 304, Inconel 600 o2 71&Z o7} F7}st

6
] = SUS 304
5 W TiGAI4V
T * Inconel 600

100 150 200
Abrasive mass flow rate(g/min)

Fig. 15 Comparison of Depth of Cut by Abrasive Mass Flow Rate
Change

_17_

Collection @ kmou



HES}Y, olFSEE, AvkA FAdFel WE JhEdolE ST A Ti6Al4V,
SUS 304, Inconel 600 &A] =S 2 7}FZlol7t S7FetRal, 1 & Ti6Al4Ve] 7}
S4o7F 7HE AA S H A,

374A] &A7F 7hR B9 wiwstE SUS 3049 A9 AEE wou g4
T 2 AR Eo] 7] wEel Aol 2 &A I i Aol A
&A1 yakd o] TibAl4Vel vl £X] 2omw TibAdVE 3714 &4 F 7H
AE7F mou, @As B AT Eo] Yol AEA F40 g4 M ¢

oA JHA WE AZlo| B ko] AAE AA sl Ao= ®ATh Inconel
6002 ¢ d=7F 2 ¥ otdzt @-AT 3 ddgAEC] Fof 7HA LAl

Hw s o 7bd a2do] dojxity. dAvkAl e A AE8AAL wWAUS
gAY 2HY 2 UEYA iAo 24T o Wyl i AJAY =
Ao Aol AA FEFS HFe & F AU

Fig. 169 4] Fig. 18 SUS 304, Ti6Al4V, Inconel 600¢] 7}& Al =

ofy

ot

Fig. 16 Specimen Shape of SUS 304
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Fig. 17 Specimen Shape of Inconel 600

Fig. 18 Specimen Shape of TibAl4V
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oA w23} TatAete] AeE olvlan, Fig 199} o] wZolA B
AdE Aol BAAN g2 x4 oAz mWe w9 (nternal

region)¥ F FHMain region o= Uebd F Jok. WFEFHL Ao] EAE
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T Z& WHA €A &£=7 FAFH= EH4A Foj(Potential core)7} EA)
St 99S Yulsta, F 99 Aol = 7hsd AZE 9r|t =59
YR AAE d, ot & W HAA o7} EAste x0 9 A= 6.2d, ©l
H, F FYAAMEEH FAAY] A S5t A4S mEla Ao 9 HahS
S AHe A oA 9 E&AHo] A HS EZwE
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W4 3o} 49 A e 13
7 =
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A F 9l 7hest= o] 27dn. [6,8]

Expansion Potential
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/
X
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\ (=N :
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Initial Main
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Fig. 19 Structure of Air-jet Flow Expansion
AW A ZHA s0] Jozt 3 o] wrE slFhol Wats 2y 9
3l TibAl4V AAe] HHIME HA¥ES APPSRt 7hE 212 Table 33 2]
[e)

1=
HZby 2,000bar, o4 %= 1,000mm/min, AvkA FYFF 200g/min, %1
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Bmm~9Imm)el] wet 71z olS =AU

Table 3 AW]J Cutting Conditions by SOD Change

Parameter Condition
Material(mm) Ti6Al4V
Nozzle diameter(mm) 1.02
Abrasive(material, mesh) Garnet, #80
SOD(mm) 3/51719
Pressure(bar) 2,000
Feed Rate(mm/min) 1,000
Abrasive Mass'Flow 200
Rate(g/min)
Overlap Ratio(%) 0

A3 AR, oA Srmel AL FAel Base A ¢ & 3
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Fig. 21 Depth of Cut by SOD Change
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33. YB3 712asd OE 13l Wl

(t - Impactangle
/- Feed direction
B - Slope of the side wal

o0! 6
Forward i

Fig. 22 Characteristic of AWJ Impact angle and
Undercut

Fig. 233 Zo] A3 AAE FAA, JFzd"y 1,500bar, olsH=E
1,200mm/min, <3 ukA-F8F 200g/min, ©]AA S 5SmmE A3k, Ti6Al4Ve] T
3 Ankr] =AZ=(45°, 60°, 75°, 90° ), =HW&(B0%, 60%, 70%)HH 3}l

oA ==

2 zAEAEL AYSA
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Fig. 23 Set up for AWJ Test

A A3 Fig 249 #Zol 7t3zdoles SHA SN At FA4E7 S5
S7Fstdal, dArkAll S44% 90° M FHEE 40%NA= B 7ol
0.563mm, FH¥BIE& 50%NA= H+ 7F&Z o] 0.703mm, Y& 60%ANA=
Bt 7hE4ol7t 0.918mmE S8 FHel THH s S7tel wel ke o]l UM
o] oFL78¥) F7FeFA . ol= 90° oA AW] oo 2 hgHo]l Al o
I, FHHEC] 2557 7] 7t BS AZbEste HEo] S fEoR
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Fig. 26914 Fig. 29% =77} Aldolt).
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Fig. 24 Comparison of Depth of Cut by Impact Angle and Overlap
Ratio
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Fig. 25 Comparison of Depth Deviation by Impact Angle and
Overlap Ratio
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Impactange : 90°
Overap rabo : 409

Fig. 26 Specimen Shape of Ti6Al4V at
Impact angle 90° , Overlap Ratio (40%, 50%, 60%)

——

Impactange : 75° Impactangle : 75° Impactangle : 75°
Overtap ratio : 409% Overap ratio : 50% Oveddap ratio : 60%

Fig. 27 Specimen Shape of Ti6Al4V at
Impact angle 75° , Overlap Ratio (40%, 50%, 60%)
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Impactangle : 60° Impactangle : 60° Impactange : 60°
Overlap ratio : 40% Owveriap ratio : 50% Overap ratio : 60%

Fig. 28 Specimen Shape of Ti6Al4V at
Impact angle 60° , Overlap Ratio (40%, 50%, 60%)

Impactangle : 45° Impactange : 45° Impactange : 45°
Overiap ratio : 40% Overiap ratio : 50% Overiap ratio : 50%

Fig. 29 Specimen Shape of Ti6Al4V at
Impact angle 45° , Overlap Ratio (40%, 50%, 60%)
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Fig. 30 Schematic Diagram of AWJ Cutting Modeling
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Fig. 31 Waterjet Energy Distribution
at Pump Pressure 1,000bar, Feed Rate 1,000mm/min, Abrasive
Mass Flow Rate 100g/min
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Fig. 32 Distribution of Abrasive Particles and Sheet of Abrasive
Particles
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Table 4 #80 Abrasive Particle data

Percentage
Size range Approximated Mass of by mass of each size
particle size | each particle in the whole
(mm) (mm) (mg) garnet abrasive

(%)
0.250-0.315 0.275 0.041 0.17
0.200-0.250 0.225 0.029 0.29
0.180-0.200 0.190 0.014 0.13
0.160-0.180 0.170 0.010 0.16
0.125-0.160 0.140 0.006 0.14
0.09-0.125 0.125 0.004 0.11

Haeoty  1,000bar, olFAE 5Smm, ArkAl FUYF 50g/min, o|FEE
100mm/min 2713} P =<ty 1000bar, oA A= 7mm, AvkA] FL = 150g/min
o4 = 100mm/min XA AF Holelgt AlE#HelA HolEHE HIwsS]
o BANEE vkl dAE THezREe Yl e SAFolA T s 3
o2 NEEI, =& FR A3 Ao ExE= Ay Random)EALS FAF
shel AA F1EBA} fAREA mASHT

A4 Fig. 333 Fig. 349 2ol &3 wloleje} Alg# ol HolEE Hlu
e w AlEEoldolA ¥ FAF AR U AE Qs AA| 7 F
g o] YEtUAINE, AlEdeldY JhaEH zEudo] HdA JhEd AlA
o] EWnch &@_wwl Al bk ole A

o

3} A
20l 97 0%l §AF HEAolE P selstd. Fig 359 Fig
36 AY R ABUolE Ay GHL wme 1y
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Fig. 34 Simulation Result of 3D Profile Shape
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. . . . - - - - Simulation

0.0 0.2 0.4 0.6 0.8 1.0
Width (mm)

Fig. 35 Comparison between Experiment and Simulation
at Pressure 1,000bar, SOD 5mm, Abrasive Mass Flow Rate
50g/min, Feed Rate 1,000mm/min
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Fig. 36 Comparison between Experiment and Simulation

at Pressure 1,000bar, SOD 7mm, Abrasive Mass Flow Rate
150g/min, Feed Rate 1,000mm/min
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Fig. 373 Zo] A3 A& FAsIAT 71 =272 Table 59 #Zo] HF=HH
1,500bar, AvkA 4% 200g/min, ©1AA 2 Smmz TSP, EX| o]FHL
T WgE o83t TiFAIAV 2AE 7Fx3 3D YEA LY 712 AP 53
st

3D 4 FdE& 98l Fig 3837 o] 5mm HH oz shEzo] WIE ALtst
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Fig. 37 Set up for Robot based 3D Shape Cutting System
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Table 5 AW]J Cutting Conditions of 3D Shape Machining

Parameter Condition
Material(mm) Ti6Al4V
Nozzle Diameter(mm) 1.02
Abrasive(material, mesh) Garnet, #80
SOD(mm) 5
Pressure(bar) 1,500
Feed Rate(mm/min) Omm/min~75mm/min
Abrasive Mass Flow 900
Rate(g/min)
Overlap Ratio(%) 30, 50, 70
120 = NS :
TR B N W overlap ratio_ 0%
g overlap ratio_30%
109 ] overlap ratio_50%
90 -

overlap | ratio 7Q%

Feed rate(mm/s)

———T——T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Distance(mm)
Fig. 38 3D Shape Profile Design in according to Feed Rate
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432 Y812 3D 4 A3 49 7tE 2 Hu

FTHEE e} 7HFZHolE 543 A Table 63 #2o] FHMIEo] 30%Y
= Max. 0.27mm, Min. 0.039mm <227} ¥HASE 1, SHYE 50%Y 35
Max. 0.487mm, Min. 0.096mm, ZH4Hl& 70%¥ 4% Max. 0.219mm, Min.
0.022mm 227} FAsIA T o= FHH SOl EeFF JHEAolvt A1, TF
Hl&o] E&F5 7ol a7 &2 A & F dflen, SHuES o=

=

EZE Ui¥] 0.5mm ol e 71E L HYE 323ty

o

o

Fig. 39+ S3HH & & 7I3Zo] 255 yehd Iz o|H, Fig. 402 T
Hat1A sb= HE 3D 7bg =wWo|t}. Fig 413 Fig 42% Fdue 30%Y o
71E Ao 7}E RS Yeh%la, Fig 439 Fig. 44 23ve 50%Y
713 Azl 7}E Awoln, Fig 459} Fig. 46 ZAn e 70%% o 715 A3
o} 7bF AlE-E YER AT

Table 6 AWJ 3D Shape Cutting Test Result

Pressure | SOD | Mass Flow Rate | Overlap Ratio | Machining Error
(bar) (mm) (g/min) (%) (mm)

Max. 0.27

30
Min. 0.039
Max. 0.487

1,500 5 200 50
Min. 0.096
Max. 0.219

70
Min. 0.022

- 4'] -

Collection @ kmou



—a— Overlap ratio 30%
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2.0+ —a— QOverlap ratio 70%
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Fig. 39 Comparison of Depth of Cut in according Overlap Ratio

Fig. 40 Final 3D Shape Design
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Fig. 41 Result of AWJ 3D Cutting at Overlap Ratio 30%

Fig. 42 3D Shape of Ti6VI4V Cutting at Overlap Ratio 30%
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' 0.306 0404

Fig. 43 Result of AWJ 3D Cutting at Overlap Ratio 50%

Fig. 44 3D Shape of Ti6Al4V Cutting at Overlap Ratio 50%
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Fig. 45 Result of AWJ 3D Cutting at Overlap Ratio 70%

fsdlidny §

Fig. 46 3D Shape of Ti6Al4V Cutting at Overlap Ratio 70%
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