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Nickel superalloys
v' High creep resistance
v" High corrosion resistance
v" High oxidation resistance
v High mechanical strength
v Good surface stability

Low Pressure Turbine

Combustor Superalloys
Superalloys

Low Pressure
BSSOr

But also...

v Low productivity
v’ Poor surface quality
v’ Short tool life

v" High cost

High Pressure Turbine
Superalloys/Powder Alloys

High Pressure Compressor
Titanium/Superalloys

" = ‘ —_— X P Engine Shaft
% k&/ ; _.I%é @%} — ﬁ @ ﬁ &% Fan High-strength steels
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Surface integrity
v Surface topography

v' Surface metallurgy
v’ Mechanical characteristic

Secondary
Deformation Zone

Primary Chip
Deformation Zone

Elasto-Plastic deformation lool

Heat generation

Plastic deformation
Friction
Heat Generation

Tertiary
Jeformation Zone
s Deformation Zone

Workpiece Elastic deformation
Friction
Heat generation
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Coolant and Lubricants (CLs)

Water miscible fluids

Base oils: -

Emulsions
(concentrate: base
oil + emulsifier)
Solution (organic or
inorganic; e.g.
polymer, glycerol)

Mineral base oil
Hydrocrack oil
Polyalphaolefines -
Synthetic ester
(vegetable oil,
animal fat, etc.)

Wear protection additives (anti-wear-additives,
extreme-pressure-additives, polar-additives)
Other additives (anti-corrosion additives, anti-
oxidant additives, anti-mist additives, anti-foam
additives, etc.)

h 4 b A

Production phase

Cutting fluid

A

4 Impurities \ [Addin’ves \ / Base fluid

Products of chemical reactions
Contaminant (dirt, dust, particle from tool,
work piece, machine, tramp oil)

Drag-out looses

Bacteria and fungal attack

Use phase > <
-/

A NANEA NN

Cool cutting area

Reduce force

Extend cutting edge life
Transport the chips away from
cutting area
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Coolant and Lubricants (CLs)

/ .
/ |Non~water miscible fluids Water miscible fluids '\ Cool Cuttmg arca
: : v" Reduce force
Base oils: - Emulsions v . .
- Mineral base oil (concentrate: base Extend cutting edge life
- Hydrocrack oil oil + emulsifier) o v Transport the chips away from
- Polyalphaolefines - Solution (organic or 9 ti
- Synthetic ester inorganic; e.g. s cutling arca
(vegetable oil, polymer, glycerol) 5 &
animal fat, etc.) §
I 3
4
Q.

- Wear protection additives (anti-wear-additives,
extreme-pressure-additives, polar-additives)

- Other additives (anti-corrosion additives, anti-
oxidant additives, anti-mist additives, anti-foam
additives, etc.)

h 4 A 4
Cutting fluid

A
- Products of chemical reactions
- Contaminant (dirt, dust, particle from tool,
work piece, machine, tramp oil)
- Drag-out looses
- Bacteria and fungal attack
||

Use phase > <
|

4 Impurities \ [Addin’ves \ ( Base fluid
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Environmentally Conscious Machining

Gas-based

Dry Cutting Coolants

Cutting Tool Cutting Tool Cutting Tool Cutting Chilled Air Cryogenic
Materials Geometries Materials Parameters Machining

Cutting Bio-degradeable
Parameters Cls

4 di 4
Department of Engineering for Innovation — TSL Group



€ 5)° UNIVERSITA

R0 State of art FE model setup and Dry vs cryogenic Conclusions and
Wgp6. DEL SALENTO Sl Pustprocessing )\ machining e e

Environmentally Conscious Machining

Gas-based

Dry Cutting Coolants

Cutting Tool Cutting Tool Cutting Tool Cutting Chilled Air Cryogenic
Materials Geometries Materials Parameters Machining

Cutting Bio-degradeable
Parameters ClLs

v’ Temperature lower than 120K
v LN, absorb heat and evaporate
v LN, is an inert gas

v LN, is lighter than air

v’ Safe for workers' health
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v'Finite Element Model AdvantEdge "

(Third Wave Systems Inc.) is a
commercial implementation of the finite
element method designed to analyze the

behavior of metals encountered during
machining operations.

v'The code embodies an explicit scheme
capable of modeling coupled, non-linear
thermo-mechanics at large strains and
strain rates incorporating constitutive
deformation behavior, contact, friction,
fracture and adaptive meshing.
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DEI SALENTO ~ post-processing machining  future developments
New Project X
Project/ Job Name: IDSmOSh1ES / NeW PrOJ eCt

Project / Job Description:

Process Type p Workpiece
f -
@ Turning @) Milling ) Drilling A
v

Sawing © Tapping ) Grooving Tool Q
() Boring () Orbital Drilling

(7) 2D Simulation

.............. . r Translating Workpiece

© Nose Turning

(*) Oblique Turning

rRotating Workpiece

v" Turning Options

() Fadng
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UNIVERSITA State of art FE model setup and Dry vs cryogenic
DFI \\ LENTO o A5 post-processing machining

Turning Workpiece

L] .
T v" Turning Workpiece
Workpiece height [h] {mm} 4
Workpiece length  [L] {mm} 15

Precut Boolean Workpiece

[ mitial stress
Specify file name:

Browse

Advanced Options : Meshing Parameters:
Maximum Element Size -

Maximum Element Size 1 (mm)

Minimum Element Size 0,15 (mm)

*Mesh Grading 0,5 Minimum Element Size
*Curvature-safety 2,5 y
*Segments per Edge 2

*Minimum Edge Length 0 (mm)

Adaptive Remeshing Parameters

/ AdVaIlC ed OptiOnS Min. elem. edge length (chip bulk)  |0,03%66 | (mm) *\Warning: Only experienced users should change these

) f— parameters. Modifying these parameters can
g 003035 [ significantly affect the mesh quality and performance.

0K ’ ‘ Cancel ’ ‘ Help ’
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post-processing

v" Custom Materials

Dry vs cryogenic
machining

Conclusions and
future developments

Hest Transfer | Elastic User Defined Parameter | Conductivity | Heat Capacity | State Variable|

,
=) Third Wave AdvantEdge - ID5mO5hle5.twp d User Defined Parameter &
Project View Workpiece Tool Process Simulation B&iEGgEICEES Design o c .
arameter omment Value
'] — LS »
[ & &% %R ] L 4 D> Constitutive Hodel [ ] UMATPARO1 A 7.5€8
— A d Workpiece Material Parameter Table UMATPARO2 B 3,368
roject Information I .
4 o Tool Material... UMATPARO3 n 1.05
5l - Coating 1 ... UMATPAROD4 T_room 20.0
- PROJECT - Coating 2 UMATPAROS T_melt 1300.0
J9) == UMATPARDG m 15
Version =7.1002 Coating 3 ... UMATPARO7 c 0.01
Project/Job Name =ID5m05h1e5 .
Project/ Job Description = -
Units = SI ' — [ Append ][ Delete ]
Process Type =turning
[ OK ][ Cancel ]
]

=) Third Wave AdvantEdge - IDSm0Sh1e5.
Project View Workpiece Tool Process Simulation B&TEGIGRIECHEIER Design  Preferences Help

NS HesED 9L > EEImm rovtam

Workpiece Material »| PowerlLaw-TE

Project Information I N i
> Jo, Tool Material... Power Law-TD
S Coating 1 ... Power Law - TD Table
- PROJECT - X
jo) Coating 2 ... Drucker Prager
Version =7.1002 - Coating 3 ... Drucker Prager-TE
gmjeg’jm’ game f[ ID5m05h1e5 o Shank Materia Power Law Damage Model
roject/Job Description = ’
UnthS — g P B teria Power Law Damage Model - TE
Process Type =turning Power Law Damage Model - TD
Workpiece Type = STANDARD Power Law Damage Model - TD Table
Tool Type = IMPORT_STEP c —
Tool Material Type = CUSTOM [ TILEL R LR
@ Drucker Prager Damage Model - TE
- STANDARD WORKPIECE — f
@ -
Workpiece width = 5,0 mm User Defined Yield Surface
Workpiece height = 4,0 mm v User Define Yield Surface - TD Table
Warkniara lannth — 15 N mm ﬁ

terial Name WASP

[Cmpor. | [ cwor. | [ cenee]

-

v Johnson-Cook model

aﬂiﬁ:ﬁiﬂim [1 +Cln (r—:)lr —(

T—Tm

Viscosi‘t;tam
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-

STEP Tool Import

STEP Tool Import

v STEP Tool Import

Tool Only Import | Tool-Workpiece lmport‘

Side Tool Holder Angle 0 (deq)

Back Tool Holder Angle 0 (deq)

Lead Angle 0 (deg)

Tool Meshing
STEP Tool File ID5mO5h 1e5.5tp Maximum element size \
CheckiOrient Tool || Browse |
(") Heal STEP File
Maximum Tool Element Size 1 (mm)
STEP Healing Tolerance (mm)
Minimum Tool Element Size 0,1 (mm)
*Mesh Grading 0,5
[ OK ] [ Cancel ] [ Advanced Options ] *Curvature-safety 1,5
*Segments per Edge 0,5 4
X T
*Minimum Edge Length 0 (mm) '#';"#‘#":ééﬁ?‘
RN
v" Advanced Options " oo —
Minimum element size
*Warning: Only experienced users should change these
parameters. Modifying these parameters can significanthy
affect the mesh quality and performance.

B o) e b
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UNIVERSITA |
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machining

v" Check/Orient Tool

4
s | Check Geometry | Mesh Refinement | Cutter Definition I Check Orientation

Selective Mesh Refinement
s o e
Entity Type Entity ID Element Size

Edge 212 0,02 -
Edge 332 0,02 ]
Edge 333 0,02 =
Edge 420 0,02
Edge 421 0,02 =
Face 101 0,02
Face 147 0,02
Face 148 0,02
Eaca 140 NN v

Edit Selection Remove All
Redraw All

Use Ctrl + Left Mouse button for individual picking.
Use Shift + Left Mouse button for continuous picking.
After picking the entities, click Edit Selection

to add/remove/edit.

Department of Engineering for Innovation — TSL Group
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FE model setup and Dry vs cryogenic Conclusions and
machining ~ future developments

v" Tool Material

Tool Material

Carbide-Grade-M
Carbide-Grade-P
Carbide-Grade-H10F
Carbide-Grade-H20MN

Ceramics

>

m. |

Ceramic-General

Alumina
leA . Heat Transfer | Strain Hardening | Thermal Softening | Rate Sensitivity | Elastic | Drucker Prager | Damage
Alumina?70-TiC30
Silicon-Mitride

< | 1 (| »
Thermal Conductivity [k] { W/m.degC } 84,7

() Standard @ Custom

Heat Capacity [c] {J/Kg.degC } 185,57

Density [den] {Kgim3 ) 15864

v' Custom Material

Custom Material Name TOOL

OK ‘ Import... ’ ‘ Export... ’ ‘ Cancel ’

7 di 19
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v '
Tool Coating Parameters
No. of coating layers: 3 v
Layer Material Thickness  {mm}

1 SE-4 ] Coatingl Materia X

2 0,002

Heat Transfer l Strain Hardening | Thermal Softening | Rate Sensttivity | Elastic | Drucker Prager | Damage |
< 0,002
() Standard @ Custom Thermal Conductivity [k] { W/m.degC } 25
[ oK ] [ —— ] Heat Capacity [c] { J/Kg.degC } 2290

Density [den] { Kg/m3} 5240

v" Custom Coating Material

Custom Material N\ame C1

‘ OK l [ Import... ’ ‘ Export... ] [ Cancel ’

8 di 19
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machining  future developments

v" Turning Process Parameters

Turning Process Parameters

Feed [f {mm/rev} 0,1
Depth of cut [doc] {mm} 1
Length of cut [loc] {mm} 5
Cutting speed Vi {m/min} 80
Initial temperature [To] {deaC} 20

Note: Length of cut [loc] could be larger or smaller than
workpiece length, but should not exceed twice the
workpiece length.

9dil9
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=) Third Wave AdvantEdge - IDSmOSh1e5 twp (I

Project View Workpiece Tool

N Eewilo

Project Information ‘

—-PROJECT -

Version =7.1002 .
Project/Job Name =1D5m05h1e5
Project/Job Description =

Coolant

Simulation Custom Mate

Process Parameters...

Friction...
Coolant...

v" Coolant

Process Options...

1B

& Constant Properties
Heat Transfer Coeficient [h]
Coolant Temperature {degC)

O Temperature Dependent Properties

Input Table

{Wim2K)} IES

Coolant Area Focused Location

Heat Flux (q) |

Coolant Area Option

T Immersed

) Exclude Tip Vicinity

Distance from Cutting £dge Tip (R) { mm

0 1
E Workpiece
Kl

S With the Focused Location option, the heat flux BC is apphed only in the
region confined by the window specified by the user.

@ Focused Location {mm}
! X [0 Y |ss
JetRadus (R) {mm}
| oK ‘ l Cancel

Dry vs cryogenic | Conclusions and
machining  future developments

==

_ _
. | Friction Coefficient - .

Define friction coefficient

Default @ User Defined

Friction coefficient: 0,5

x

v’ Friction Coefficient

10di 19
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SALENTO _ post-processing machining  future developments
Simulation Options @

General Workpiece Meshing ‘ Results l Parallel ’

/ S imulation Options Caution  Only experienced users should change the parameters below.,

Modifying these parameters can significantly affect performance
and accuracy

Minimum / maximum element size

Min. elem. edge length (chip bulk) {mm} 0,03966
Min. elem. edge length (cutter edge) {mm} 0,03033
Radius of refined region (cutter edge) {mm} 0,15

Adaptive remeshing

Mesh refinement factor 1 Coarse v
Mesh coarsening factor 5 Default v
Chip refinement factor 1 Coarse v
Grading near cutting edge 6
Grading radius factor 1

Depth of mesh refinement for residual stress analysis

Depth in Y axis {mm} 0,45

Depth in Z axis {mm} 0,45

|

11 di 19
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v'F=0.10 [mm/rev] S=80 [m/min] - Length of cut =1 mm

Third Wave AdvaniEdge
Project Name: ID5u0.5h1ES

Temperature ("C)

665.862
613.34

560.819

508.297

455.775

403.253

350.732

298.21

245688

193.167 -

140,645 9
88.1234 4@
-16.9199
-69.4416
. 121,963

e e
g 3m M L—ﬁ\
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FE model setup and Dry vs cryogenic Conclusions and
post-processing , machining future developments

State of art

v'F=0.10 [mm/rev] S=80 [m/min] - Length of cut =2 mm

Third Wave AdvaniE dge
Project Name: ID5u0.5h1ES

Temperature ("C)

665.862
613.34
560.819
508.297
455.775
403.253
350.732
298.21
245.688
193,167
140.645
88.1234
35.6018
-16.9199
-69.4416
-121.963
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FE model setup and Dry vs cryogenic Conclusions and
post-processing , machining future developments

State of art

v'F=0.10 [mm/rev] S=80 [m/min] - Length of cut =3 mm

Third Wave AdvantEdge ‘
Project Name: ID5p0.5h1ES | a7

Temperature (°C) ‘

665.862 AR
613.34 7
560.819
508.297
455.775
403.253
350.732
298.21
245.688
193.167
140.645
88.1234
35.6018

-16.9199

-69.4416

-121.963 e

ey

o

A

R
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FE model setup and Dry vs cryogenic Conclusions and
post-processing , machining future developments

State of art

v'F=0.10 [mm/rev] S=80 [m/min] - Length of cut =4 mm

Third Wave AdvantEdge A Z
Project Name: IDSp0.5h1ES i1 "'"""i‘* ﬂ, |
: RIS AR RN
Temperature (" C) AR =Y . Ay,
[ | N ﬁavgﬁ%\e’] ‘P\\ ‘Q\ \
By o) RN NN
[ ] 508.297 *';%;}gy 5 D !t\ ﬁ
403.253 d
= 350.732 \
] 298.21
B 245.688
I 193.167
B 140.645
] 88.1234
[ ] 35.6018
-16.9199
-69.4416
-121.963 15 di 19
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FE model setup and Dry vs cryogenic Conclusions and
post-processing , machining future developments

State of art

v'F=0.10 [mm/rev] S=80 [m/min] - Length of cut =5 mm

Third Wave AdvantEdge NN z
Project Name: IDSp0.5h1E5 . %% -,4\\ A\ ‘
v, ;:v)?:i': & K N4
Temperature (°C) ARG AR RS ~(
Ty Y B AN N .
665.862 ».g:\“ "3\' \\"* \ / — Y
' 2R B AN NS AR A

613.34 RN AN

- CRARON V) AN

O g UN\WAY

B 508297 e AR

B 455775 P 15 ’I‘iﬁl N

- 403.253 & W, \

] 350.732 .
298.21

= 245.688

] 193.167

] 140.645

] 88.1234

T 35.6018
-16.9199
-694416
-121.963 W
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v F-0.10 [mm/rev] S=80 [m/min
~Length of cut =5 mm

Temperaturél (°C)

665.862
613.34

560.819
508.297
455.775
403.253
350:732
298.21

245.688
193167
140.645
8841234
356018

L R

i
m
m
.
=
—
—
—
—
2
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v Forces and max temperature

Force-X (N), Force-Y (N), Force-Z (N), Temperature ("C)

800 =
500
400 ~ i
—‘ g
300 [/
- ’,-"' Force-X (IN)
K Force-Y ()
200 ‘_- Force-Z (N)
N Temperature ("C)
100 -
) 1 L | ] ] L | ] ] L1 | 1 ] I L ] ] | L)
0 1 2 3 4 5

Length of Cut (mm)

18 di 19
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Force-X (N), Force-Y (N), Force-Z (N), Temperature ("C)

(&

A

AR
AT
e

3" UNIVERSITA
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600

500

400

300

200

100

ollll—rlllll':}._‘l_llllllIllllllllllllll

State of art ;
post-processing

Write Data File Options

Details to Save
Text
Geometries
Custom Labels
Field Data
Data Sharing Linkage (If Possible]

[] Face Neighbor Information Generated by Tecplot

*)

Zone/Geometry Format:

File Format Yersion: [Cunent [Tecplot 2009)

Save Data File Using:

 FE model setup and J

.. ==

() Binary @ Point
@ ASCII () Block
Precision 3
Zone(s): Variable(s):
1 ZONE 001 PRIl 1 Length of Cut [mm) -
2 ForceX [N]
3 ForceY [N]
4 Force-Z [N
5 Power W)
6 Torque [N-m)
7 Temperature [oC)
Layout Association
Associate Layout with Newly Saved Data File
[ oK ] [ Cancel ] [ Help ]

Conclusions and
future developments

Dry vs cryogenic
machining

Force-X (IN)
———————— Force-Y ()
\ —— Force-Z (N)

Temperature ("C)

19di 19
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'N}, Force-Y (N), Force-Z {N}, Tempera

600
400

200 ¥

FE model setup and Dry vs cryogenic
post-processing machining

State of art

\

\

591.134
538.885
486.636
434.387
382.138
329.89

277.641
225392
173.143
120.894

Force-X (N}
Force-Y (N)
Force-Z (M)
Temperature {°C)

00005 0001 00015 0002 00025 0003 000%
Time (s)

Department of Engineering for Innovation — TSL Group

Conclusions and
future developments

Dry
machining
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FE model setup and Dry vs cryogenic Conclusions and

State of art post-processing machining ~ future developments

Third Wave AdvantEdge

Project Name: ID5m05h1e5dry Dry
[ ] [ ]
machining
Temperature (°C)
; 4 852.379
P 800.13
AR = 747 881
Wi gz’é\ g 695632
A g 643.383
| 591.134
N\S , m 538.885
x{ m 486.636
N B 434387
~ | 382.138
[ 329.89
[ 277.641
L] 225.392
173.143
120.894
68.6445
g Force-X (N)
E Force-Y (N)
P Force-Z (N)
é - i Temperature {°C)
; L
@ I
5 400 |
IR L o — T
z 7
> 200 f
3 I
E L L L 1 1 1 1 1 _
= 0 00005 0001 00015 _ 0002 00025 0003 00035
3 Time (s) 2di8
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FE model setup and Dry vs cryogenic Conclusions and

State of art post-processing machining future developments

Third Wave AdvantEdge

Project Name: ID5m05h1e5dry Dry
[ ] [ ]
machining
Temperature (°C)
852.379
800.13
= 747.881
- 695.632
- 643.383
- 591.134
- 538.885
m 486.636
- 434 .387
- 382.138
. 329.89
- 277.641
L 225.392
173.143
120.894
68.6445
g Force-X (N)
5 Force-Y (N}
it Force-Z (N}
E: 600 I Temperature {°C)
\NI" L
¢ [
5 400 b
8 [ - I
> 200
8 |
E = ! 1 1 1 1 1 L —
ot 0 00005 0001 00015 _ 0002 00025 0003 00035
z Time (s) 3di8
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3 i 'y SALENTO / post-processing machining _ future developments
Third Wave 4dvantEdge
Project Name: ID5m05h1e5dry Dl'y
| A
[ ] [ ]
machining
Temperature ('C)
852.379
800.13
= 747.881
| 695.632
L 643.383
[ 591.134
N 538.885
) 486.636
]| 434.387
| 382.138
N 329.89
N 277 .641
225.392
173.143
120:894
68.6445
=
8 Force-X (N)
3 Force-Y (N)
= Force-Z (N)
é 600 I Temperature (°C)
;II" L
o I
S 400
IR L
s
> 200 f
8 [
E’_ e . . . . . . P
- 0 00005 0001 00015 _ ___QQoz 00025 0003 0003 .
z Time (s) 4di8
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‘N}, Force-Y (N}, Force-Z {N}, Tempera

600

500

400

300

200
100

UNIVERSITA

Dry vs cryogenic
machining

FE model setup and

State of art ;
post-processing

SALENTO

[

L

/

I
|
eyl
H
I
H
|
I
|
]
4

Force-X (I
Force-Y (I
Force-Z (I
Temperatt

— L L I L 1 I 1 L I I L L I L \?\

00005 0007 00015 . 0002 00025 0003 00035
Time (s)
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1 A FE model setup and Dry vs cryogenic Conclusions and
State of art . A
() post-processing | machining  future developments

Third Wave AdvantEdge

Project Name: ID5m05h1e5 C ryogenic
[ ] [ ]
machining
Temperature (°C)
665.862
613.34
= 560.819
N 508.297
| 455775
N 403.253
- 350.732
m 298.21
- 245.688
m 193.167
) 140.645
- 88.1234
L 35.6018
-16.9199
-69.4416
-121.963
Zg’ Force-X (N}
s Force-Y (N}
'0_3 600:- Force-Z (N}
E? 500 b Temperature (°C)
N
8 400 F - o _
£ 300 z-/./
£ o0
> i
g 1wofp )
|_c|_> 5/:.::_—. L N 1 N L L N Il L N L L L L N N L 1 " L N L 1 N L s L 1 s L L s 1 .——\----\
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Conclusions...

With LN,: temperature lower than 120K;

LN, absorb heat and evaporate;
LN, is an inert gas;
LN, is lighter than air Safe for workers' health;

Numerical/experimental errors on the main cutting force below 10%
can be obtained. The main cutting force trend can be correctly
predicted;

Numerical/experimental errors on the feed/radial force obtained vary
in a range of 50-80%;

Numerical/experimental errors on the temperature below 10% can be

obtained. Numerical temperatures that differ from experimental ones
by about 10 °C, in the case of thermocouples, is widely acceptable;
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...and future developments
* Cryogenic fluid affects material thermomechanical behavior (few studies explore this aspect);

* The cooling approach for effectively using cryogenic machining and dispensing method shall
be 1dentified: FE simulation can be a valid support tool for the process understanding;

* In order to improve the prediction of the FE model the research lines suggested include:
Friction and Rheological models

* Experimental characterization of the cryogenic machining of Waspaloy, is still at an early
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