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* Introduction to Titanium machining
* Current knowledge/practices

* Special topics:

VTW & M-Ratio

Relationships with MRR

Mapping Wear Mechanisms
DOE-HPC Project
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A FEW MINUTES INTO MACHINING TI-6A1L-4V...

UNIVERSITY

Coated carbide milling insert (flank face) Climb milling on Ti-6Al-4V

ey

Solid carbide end mill [5-flute, 0.5” (D)]
» ¥

Uncoated carbide milling insert (flank face)

Burnt
chip

Even with frequent tool wear checks at conservative
conditions = CATASTROPHIC TOOL FAILURES!

Continuous Ti-6¢

Tool Wear Evolution in Titanium Machining
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MACHINING TITANIUM ALLOYS

* Unpredictable & catastrophic tool wear/failure
when machining titanium alloys

Tool Wear Evolution in Titanium Machining
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MILLING TI-6AL-4V

UNIVERSITY
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THE PROBLEM K} | TEXAS ASM

Unpredictable & catastrophic tool wear/failure
when machining titanium alloys

* Tool considerations:

- Substrates, Coatings, Geometries, etc.

* Workpiece considerations:

- pstructures, Alternate grades, etc.

performance end mill, a few
* Process conditions: minutes into milling Ti-6A1-4V

[5-flute, TIAIN coated, 0.5"(®)]

- Optimum cutting parameters, MOL,
HPC, etc. Cost: $ 63.70 (mavers

* Non-conventional approaches:
- D/S-P Rotary tools, USM, EAM, etc.

Tool Wear Evolution in Titanium Machining



HOWEVER, EACH APPROACH HAS DRAWBACKS
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High reactivity with common
substrate additives (Ta/TiC) + $$$

High reactivity with common
coatings (TiN, TiCN) + $$5$

Specialized tool geometries =)
Limited success + $$$

Machinability focused ustructure
modification is not mature + $$$

Aerospace dominated market has
hindered development of ‘lower’
alternate grades

Even with recommended process
variables = Catastrophic failure

Advanced coolant delivery =) Is
promising, but high setup $$%

Still in developmental stages

Additional setup & equipment
requirements =) $$$

Tool Wear Evolution in Titanium Machining
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MOTIVATION

High performance tool substrates exist (CBN/PCD)

Straight uncoated WC ‘throwaway’ inserts = Still most economical!
WC-Co =) Traditionally ‘accepted’ tooling solution for industry
Aerospace tooling frequently avoids coatings to prevent contamination

Ti-6Al1-4V is the workhorse alloy (~ 50% of production)
Automotive OEMs use material suppliers over new grade development

Unpredictable tool wear/failure Prediction of wear/failure in the
when machining Ti-alloys WC-Co / Ti-6Al-4V tribosystem

Tool Wear Evolution in Titanium Machining
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Ti-6Al1-4V

Cutting speed
For Ti-6Al-4V, heat
into tool ~ 80%

WORKMECGE

MICROSTRUCTURE & PROPERTIES

TI1-64 /| WC
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TOOL WEAR/FAILURE: MECHANISMS &

ASSESSMENT
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* Tool deterioration: Wear, brittle failure, plastic deformation
* Wear mechanisms: Adhesion, abrasion, chemical wear, diffusion

Excessive flank and notch wear a.

Rapld flank wear causing
poor surface finish or out
of tolerance.

/€. Notch wear causing poor

surface finish and risk of
edge breakage.

Crater wear

Excassive crater wear causing
a weakenead ecge. Cuttng ecge
preakthrough on the training
adge causes poor surface
finish.

Plastic deformation

Plasti¢c daformation

Edge depression or flank
impression

Leading 1o poor ¢hip control
ang poor surface finish,
Risk of excesive flank wear
leading 10 Ingert breakage

Tool Wear Evolution in Titanium Machining
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TOOL WEAR MODELING: TRADITIONAL/RATE X[« | TEXAS AsM
MODELS

UNIVERSITY

Empirical tool life models: Taylor/extensions =) f (empirical constants)

General set of recommendations for machining Ti-alloys: Sharp tools,
High positive rake, HPC, Arc of engagement, etc.

Wear rate models: [volumetric wear per unit contact area per unit time]
Adhesive wear [Usuil: WAd =Ko Ve (a/T)
Abrasive wear [Rabinowicz]: WAb =C,o VL
Diffusive wear [Arrhenius typel: V\'/Df —C 2e‘(AE’ k)
Chemical dissolution wear [Kramer]

Conflicting approaches regarding dominant wear modes in Ti-6-4
Single wear mode models & other time/rate models do not predict well

Tool Wear Evolution in Titanium Machining
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TRADITIONAL ASSESSMENT OF TOOL WEAR K | TEXAS A&M

Wear profiles characterized as crater wear, flank wear, notching, etc.
Tool life ~ limiting measures of VB/KT (in minutes of cutting time)
Tool life ~ limiting values of:

Surface finish | SECTION A-A

Cutting forces

| Zone

L] L] L] e VBCl—-
Vibration amplitude | |
y—Flank wear

' land
|

i
Dimensional accuracy, etc. |
Standard measure for carbide life: |

VB ~ 0.3 mm (or) VB, ,, ~ 0.6 mm (o
KT ~ 0.06 + 0.3f

|

; VBBmax.

Tool Wear Evolution in Titanium Machining
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TOOL DETERIORATION PHENOMENA X[« | TEXAS AsM
(MILLING): ISO 8688-1/2

UNIVERSITY

ISO coding system for tool life calculation in milling:

Face milling: 16 distinct tool deterioration phenomena

VB: VB1, VB2, VB3; KT: KT1, KT2; CH: CH1, CH2, CH3, CH4; BF; CR: CR1,
CR2, CR3; FL; PD; CF

End milling: 13 distinct tool deterioration phenomena

VB: VB1, VB2, VB3; KT: KT1, KT2; CH: CH1, CH2, CH3; FL; CR: CR1, CR2,
CR3; CF

Tool wear status ® A diverse combination of these parameters

Tool Wear Evolution in Titanium Machining
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o
5 =]
s ~=VBgi~-
~N | =3 5
i 1 1 o \
l ; —|,—Flank wear . \

=) land .- VB is same

f: VBgmax. |:>
= [ \

But wear isn’t!

This is just one among the many inconsistent scenarios

G.E. Dieter = Describes machining tool wear as “difficult to define
without ambiguity”

Issues very pronounced for low machinability alloys, e.g., Ti-6Al-4V

Tool Wear Evolution in Titanium Machining
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1. VITW: NEED, CHARACTERIZATION & K[« | TEXAS AeM
VALIDATION '

Wear is a 3D phenomenon => Measure wear in 3D!

VTW: Tool insert wear in terms of the actual tool volume worn away
Absolute volumetric wear in mm? of flank, crater, notch, or other portions
Can be catered to insert type & on the fly to wear status, dominant mode, etc.
Methodology: Identify retained reference entities & cordon off a volume
Calculate progressive wear by subtracting calculated retained tool volumes

 l.o00 X

83 @ Z.19 pm
O% = 1.40 = 1.05 mm

Tough grade inserts with
positive, helical cutting
edges & polished rake for
heavy milling of high
temperature alloys
Inserts: ISCAR HM90
APCR 100304PDFR-P
1C928

Tool Wear Evolution in Titanium Machining
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1. VITW: NEED, CHARACTERIZATION & K[+ | TEXAS AsM
VALIDATION '

UNIVERSITY

(A)

Reference entities l

/{ Tvpical wear area ‘

Tool Wear Evolution in Titanium Machining



18

3
Z
=
T
<
™
~
-
T
Q
=
R
<
s
O

4

NEED

1. VTW
VALIDATION

Tool Wear Evolution in Titanium Machining



19

}(]Ii‘., [ TEXAS A&M

UNIVERSITY

1. QUANTIFICATION OF VI'W

Tool Wear Evolution in Titanium Machining
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1. VI'W: MULTIPLE SCANS FOR LARGE SCAN K[+ | TEXAS AsM
HEIGHTS '

UNIVERSITY

ISCAR IC-28 milling insert [New] [Uncoated] [Rake face — crater areal

Tool Wear Evolution in Titanium Machining
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1. APPLICABILITY TO A VARIETY OF COMPLEX KT« | TEXAS AeM
INSERT SHAPES '

& 4

ISCAR IC-28: (3,B) FLANK, (C,D) RAKE FACES

SANDVIK (MILLING): (AB) FLANK, (C,D) RAKE FACES

Tool Wear Evolution in Titanium Machining
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1. VIT'W: MEASUREMENT SYSTEM
VALIDATION (GAUGE R&R)
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ANOVA Gauge R&R: To assess the amount of measurement system
variability (operator, equipment & methodology)

2 operators * 2 repetitions each * 5 tool insert measurements

All 5 milling inserts: Same type [1 new, 3 worn, 1 failed]

Gauge R&R showed <7% total variation due to measurement error
High part-to-part variation is due to different levels of wear =

Components of Variation
160 -

| | | Y 2% Contribution
B %% Stucy Var
[ % Takrznos

a0

Percent

0 PR o | PR o |

Gage Ra&R Fepeat Reprod Part-to-Part

Ongoing work: Wear mass validations

Methodology [
Standardization [z

Tool Wear Evolution in Titanium Machining
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1. CONCEPT OF THE M-RATIO
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Similar concept as G-Ratio in Grinding

Curndemwr Workitrorgy L)
o
\

. Volume of Material Removed
M - Ratio =

Time(sec)
FIGURE 17: CUMULATIVE WORK DONE BY THE CUTTING INSERT

Volume of Tool Insert Worn

Changing efficiency of the insert in each
pass for the same MRR

Tmu IMIO

P FIGERE 16, CUTIING TORUE DURING EACHPASS
100000

30000 @ Pass1
- ‘ ‘ E oo

< 40000 \
Pass 3
0 1000 2000 3000 4000
Cumulative Work Material Removed (mm?)
FIGURE 13: EVOLVING FLANK WEAR () NEW, (B—}') AFTER PASS 1-5 | [FIGURE 135: M-RATIO AT THE END OF EACH PASS (PASS 5 — FAILED)

Tool Wear Evolution in Titanium Machining



2. RELATIONSHIPS WITH WEAR RATE & ENERGY
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Experimental Parameters
Setup Speed Feed
(m/min) | (mm/rev)
1{L1) 200 0.3
2 (L2 70 02
3Ly 200 0.2
4 [L4) 70 0.5

Cumulative| Cumulative Tool Material Worn {m mﬂ'}
Pass| Length of | Stock Volume | Setup 1 | Setup 2 | Setup 3 | Setup 4
Cut (mm) |Removed (mm®)| + +(L1}] --(L2) | +- @3 | -+ (L4
1 1548 505192 129 003 0.06 Tool
oo
2 3096 7863.84 194 012 031 Fail
ure
3 464 4 11793.76 547 027 0.81
MRR (e’ /min) 318 43 127 111

4.00 =4 End of Pass 3 (464.4mm)
250 == End of Pass 2 (309.6mm) MR=11796mm3
) End of Pass 1 (154.8mm)
3.00 -
Increasing
—~ 250 Length of Cutg /
£
£500 y, MR=7864mm?>
E 1.50 / /
MR=3932mm?
1.00 -+ (l.‘“ / A mm
() // / +(L1)
- é..—( , g ,
0 20 30 40

MRR (cm?3/min)

Both VTW & VTW rate are
proportional to MRR

A detrimental wear control factor

High-feed, low-speed process
parameters - Catastrophic

Tool Wear Evolution in Titanium Machining




2. M-RATIO VS. MRR
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A |

Newer tool (in pass 1) is more efficient in removing stock (higher M-
ratio) than in subsequent passes (pass 2-3)

Decreasing M-ratio = Decreasing tool efficiency in removing unit stock
More beneficial to the tool to remove work material at lower MRR

Cumulative M-ratio (Stock removed/Tool worm)
Stock
Pass Volume Setup 1 Setup 2 Setup 3 Setup 4
Removed [ ++@1) | --{@L3) +-@3) | -+
1 305192 305086 8347652 63981.03
2 T863.84 402242 6664271 2378308 |Tool Failure
K] 1179376 339740 4305022 1461680
MER (cm®/min) 318 43 127 11.1
|'.' 1 1"l
- | = i r
CF@®)=f| — [+ L(VTW(@))
“\MRR) "% |

3D extension of speed-based cost
optimization between t & VB

90000
80000
70000
60000

Q
+ 50000
40000
30000
20000
10000
0

=
=

=——L1 (++)
MRR=4.5 cm”nﬂ\\ 12(~)
13 (+-)
MRR=12.7 cm?/min ‘-\‘
Increasing \
MRR ~g
Higher Higher
VIW & MRR
Rate
MRR=31.8 cm%"‘ikn 4 ¥ o
0 5000 10000 15000

Cumulative Material Removed (mm?)

Tool Wear Evolution in Titanium Machining



2. SIMILAR FOR TURNING INSERTS
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0.050

H10A

o o
P

8 )4
o o

Specific VTW (mm?/min)
g
o

b
<
—_
o

20000
MRR (mm?*/min)

30000

40000

H13A

o
4
S

MR=10cm?

Specific VTW (mm?®/min)
o = o
= o [
— N w
(=] o S

§

20000
MRR (mm?/min)

30000

40000

60000.000 MR=10cm?

50000.000 -
40000.000
MR=20¢m?

30000.000
MR=30cm?

20000.000

10000.000

Specific M-ratio (cm?/(mm?/min))

0.000
20000

MRR (mm*/min)

H10A

30000

60000.000

H13A

50000.000 -
40000.000 -

30000.000
MR=30cm’

20000.000
MR=20c¢m?

10000.000
MR=10cm?

Specific M-ratio (cm?/{mm?3/min))

0.000
0 10000 20000

MRR (mm?*/min)

30000 40000
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3. PRIMARY MICRO FACTOR — GRAIN SIZE
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* Sandvik CNGP 12 04 08 H10A
* Sandvik CNGP 12 04 08 H13A

d, (H10A) ~ 0.54 um
d, (H13A) ~ 0.61 um

Tool Wear Evolution in Titanium Machining
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3. FINAL DOE OF RUNS K[« | TEXAS A&M

For H10A WC-Co Insert ( d, ~ 0.54 um ) For H13A WC-Co Insert (d; ~ 0.61 um )
Run Info Process Parameters Total Run Info Process Parameters Total
Run DoC f Vv Cut Run DoC f v Cut
Stock Stock
(#) (mm) | (mm/rev) | (m/min) [ yolume (#) (mm) | (mm/rev) | (m/min) [ \olume
2 0.05 30 2 0.05 30
2 0.05 60 2 0.05 60
2 0.05 120 2 0.05 120
2 0.15 30 2 0.15 30
';”_“; 2 0.15 60 10 cm® 1':)”_“15‘8 2 0.15 60 10 cm®
2 0.15 120 2 0.15 120
2 0.30 30 2 0.30 30
2 0.30 60 2 0.30 60
2 0.30 120 2 0.30 120
s Same as above 20 cm® Runs Same as above 20 cm?
19 - 27 28 - 36
3I;u_n:5 Same as above 30 cm® 4I;u_n554 Same as above 30 cm®

Tool Wear Evolution in Titanium Machining
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3. WEAR MECHANISM DOMINANCE

C Kal 2 :

-

O N S AT o A R S
" Adhered Ti - C build-u

Ti Ka1

Tool Wear Evolution in Titanium Machining



3. WEAR MECHANISM DOMINANCE K | TEXAS AdM

S
discoloration

Direction of

Smuﬁthnuface > Sy chip travel
,gtos!lybfWICo ' '

S3400 20.0kV 10.5mm x150 SE 6/11/2012 300um
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3. MAIN OBSERVATIONS FROM SEM/EDS OF X[ | TEXAS AsM
WORN TOOLS
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Adhered Ti at all speeds (prominent at lower V, and decreases with V)

Smooth surface in trough (high V) = Generalized dissolution wear

Predominantly W & C

Chips carry away Co

C build-up (“chemically-pulled”)

C discoloration only at low/medium V

No indications of abrasive wear (with uncoated tool)

Interactions?

Difference b/w H13A & H10A: Dissolution was more dominant (high V)

Tool Wear Evolution in Titanium Machining



3. WEAR MECHANISM MAPPING
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A | T

Feed rate (mm/rev) — Mechanical load

Limit of Limit of
Mech. load Temp.
AC l=»BUE | / / /Faﬂure’
!50(21/0 Di '/ {/5’( Di
ed-Diss ' i
0.30 = v } 4
' MAX-Adh /
|‘ Y }5% / /
v/ / P ZUE/
Dlssolutrer
Notch
Discolor
$50% 50%
ed-Diss MAX-Diss
0.15 = X
MAX-Adh Med-Ad Temperature Med-Adh
100% 5000\‘ controlled 50%
8 wear
Mechanica% ......
load controlled .
-Diss
0.05 = X M % , X
min-Adh Med-Adh min-Adh
100% 100% 50%
| | | »
30 60 120

Cutting speed (m/min) — Thermal load

 Mechanical load vs.
temperature controlled
wear

e Chatter & failure
regions

e Adhesion vs.
dissolution dominance

* BUE regions

e Safe regions for higher
MRR (productivity)

Tool Wear Evolution in Titanium Machining
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3. WEAR MECHANISM MAPPING

Feed rate (mm/rev) — Mechanical load

Limit of Limit of
Mech. load Temp.
A\ chager "\ =) Vs 7 Faflue
\ : ! v v 7L 4 7
NN N N :.S/IOZOD' v s 7 M50/§(D /
N - (] -
0304 N N Ny, e ARV 2
v 7 Max-Adh 7 s
P WA 5% /
AR
‘\/ VR . vd
Dlssolu’nein( 0
HNoIE P "~ Notch X
Discolor
50% 75%
Med-Diss MAX-Diss
0.15 = X X
Med'A%h %h Temperature Med'A%h
5% % controlled 25%
wear
Mechanical .~
load controlled .
MAX-Diss
0.05 = D S X
min-Adh Med-Adh min-Adh
100% 100% 50%
| | | -
30 60 120

Cutting speed (m/min) — Thermal load
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3. CHATTER @ HIGHF & LOW V
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Standard
feed lines

0.25 mm/rev

Chatter marks
on workpiece

0.25 mm/rev

Tool Wear Evolution in Titanium Machining
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4. DOE-HPC PROJECT

UNIVERSITY

\ U.S. DEPARTMENT OF 2 M & SimaFore
@ENERGYIERZ..... e

National Center lor

manufacturing Sciences|  STMULIA  THIRD WAVE SYSTEMS

e HPC of Cutting Performance Simulation
e Cost-effectively realize the most profitable MRR

e Simulate the multi-variable multi-level design

space, identify key variables, validate simulations
1) Cutting Simulation Design

2) Variability Integration

3) HPC Integration

4) HPC Runs

5) Bivariate Analysis

6) Physical Experiment Validation
7) Control Integration

Tool Wear Evolution in Titanium Machining
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Force-X [N}
g = Force ¥ (N} - &
Power (W)
Temperatuse {(C}
—— e Force
~d 1=g |8 Tool Substrate Range Peak
8 i Material Temp. (°C
£ ol 1P | (Fx/Fy) (N) p- (°C)
fs = 1 Carbide-general 280/150 ~ 800
[ I X .
ol ST S 20 3 12 Ceramic- 270/140 ~ 950
RALT IS T = general
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4. IDENTIFICATION OF PRIMARY FACTORS | L

Built on peer-reviewed work

Master list of tool/process factors = Subset

Formulated an OLH-DOE of 100 runs

Conducted machining FEA simulations to identify the primary
factors affecting wear mechanics

Bivariate analyses of the results from 100 runs

Doc vs. CER Rake angle vs. Relief angle Cutting speed vs. Feed
1.20 u, ? 0.3
= e ‘3 g .
E 1.00 ? .’ s > § » 0.25 s, ‘. ’. 5 :~
= 080 ? K ¢ 2 5 "‘ o ¥ ot % ¢
é ¢ ¢ 2 » s y - & * 00’0 00’ 0.2 st O A S S
& 060 *9 ®» P Y \ e o Ve ¢ g
2 A YT SR 2 ‘0 b g \,. i 4% % Bo e
< 040 : ! ol = . o" & “. & v, 2
: vl X i o1 A Nk e
N B A P — ORI
: %
S 000 0‘0 * o o o 0.05 @ e Fo
0.00 1.00 2.00 3.00 .00 10 0 10 20 30 g
Depth of Cut (mm) Rake angle (degrees) 0 50 100 150

Tool Wear Evolution in Titanium Machining



4. CHARACTERIZATION OF FACTORS

Scatterplot of Temp vs Alloy

1600

1400

Ti-6Al-4V cluster \

1200 4

CP-Ti cluster

1000

£

800

o D3

600 l

400 4 l '

200

Alloy type is the most important factor

T T
0.6 1.0

Alloy

) T al
0.0 0.2 0.4

Regression analysis

DOE study for characterizing feed-speed dependence
DOE study for characterizing DoC dependence

1600 A

1400 4

1200 -

Temp

800 -

600 -

400

200 -

1000 4

Scatterplot of Temp vs Speed Ti-ibl-4v Scatterplot of Temp vs CER
-a— <lusters™™] it .
; % e . : @
® ' ® ® ®
\ 2 «* . ™ : o3 . °
1200 4 ® L 4 L] ®
® [ J
z 1000 . 0% o : -. R '
2 hd » -
800 | /
®
600 A
< ® : &5 ® @ .
° 400 4 .o'° > o ° °~. > et . @ " : ° = :’ I’
.'. ® \ . .. ] ® b
T T . T T T T (:P-Tl 200 1 / . T T T T T
20 40 60 80 100 \120 /0 0.2 0.4 0.6 0.8 1.0
i clusters gx
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4. CHARACTERIZATION OF FACTORS

= 0,05 mm/frev
200 = 0.15 mmjrev
” 10 {i‘ mny‘n:-:
. . 20 40 60 80 100 120 140
Alloy type is the most important factor V(e
Regression analysis
DOE study for characterizing feed-speed dependence
DOE study for characterizing DoC dependence
Regressicn Analysis: Temp versus 12 Input Variables : T
450 0L mumn/rey
FR == 0.15 mm/frev
The regredsicn eguaticn ia: ' 0.25 mmrev
Temp = - 132 + 5.4 Cool + 17.8 Cool Loc + 0.028 Cool Temp + 159 CER + 4.08 Speed s
+ 14.4 DoC + 771 Feed - 0.00047 Cool HT + 0.293 WP Temp - 0.51 Rake g 0 '\.\_k\.
- 1.02 Relief + 783 Alloy & 200
100 *> “* >r—t
Predictor Coael S5E Coef T P VIF
Constant -131.58 64.67 -2.03 0.045
Cool 5.39 19.70 0.27 0.785 1.21%9 0 0 40 W 8 100 1220 140
Cool Loc 17.78 20.58 0.86 0.390 1.323 V {m/mie)
Cool Temp 0.0259 0.2378 0.11 0.913 1.137 -
CER. 159.47 31.76 5.02 0.000 1.029 04
Speed 4.0781 0.3699 11.03 0.000 1.195 "
DoC 14.41 13.90 1.04 0.303 1.277
Feed 770.5 153.6 4.86 0.000 1.037
Cool HT -0.000472 0.001912 -0.25 0.205 1.148 g 20
WP_Temp 0.2927 0.2421 1.21 0.230 1.177 = 200
Rake -0.514 1.298 -0.40 0.893 1.137 150
Relief -1.022 3.230 -0.32 0.752 1.106 T /iy
Mloy 783.32 19.16 40.39 0.000 1.151 90 mymin
0.0% 01 015 02 075
5 = 88.3300 [EESgi=lE6lE2Y R-Sg{adj) = 95.7% B f {mm/rav)
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RECAP

VTW & M-Ratio
* Relationships with MRR

* Mapping Wear Mechanisms
DOE-HPC Project
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Scrap?
THANK YOU!

QUESTIONS / COMMENTS
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