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Introduction

Micromachining is used in micro mechanical component,
micro mold production, medical transplants, MEMS etc.

Commercially pure titanium has applications in many industry.

Size affect is well known physical phenomenon in
microscale cutting conditions.
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Introduction

Micro cutting Macro cutting

Shear by itself unable to explain size effect in
micro machining conditions.

plastically
deformed
zone

Ploughing, fracture and friction must be
considered.

edge

<1um . .
7 1,1 (oundness ; Tool edge radius and effective rake angle also
% " dislocation : ~0.1 mm 7 ——__“ertiary have important role.
, : elastic pnmary shear zone
crystal interactions springback shear zone
orientation z
e conventional
ultraprecision machining
machining
*RTS<1 *RTS >1
» Negative rake angle occurs and + Material separated
material compressed while cutting
* Size effect become important lllustration: M.A. Rahman et al. *. Relative tool sharpness (h/re)
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Orthogonal Cutting Tests

Specimen Holderf@Specimen

The Cutting tool used in tests:
In as-received condition 7, is 2um

" Tool M8 Tool Holder

Y

Ultra Precision CNC Turning =

Dynamomet 2 LSM profile measurement
t
Moore Nanotech FG350 e

Cutting tool side view
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Orthogonal Cutting Tests

turning direction

specimen holder Kistler Mini 9256C1
‘ dynamometer

Parameters Values
Material CP Ti Grade 2 (As received)
Cutting Speed [m/min] 40
Uncut chip thickness [um] 0.25.05.1,2.3,.4.5.6
Width of cut [pum] 280 -
Tool Tungaloy JXPGO6R10F SH725 S
Tool rake angle [7] 20 §
Tool clearance angle [°] 7 &
Tool edge radius [um] 5
Tool width [pum] 980 MEASURED \ test webs
Tool usage [—] Up-sharp tool edge used per test

Cutting Force

Deformed Chip Thickness
Width of cut
Cutting Tool Edges
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Orthogonal Cutting Tests

Force data filtered by using Butterworth Low Pass Filter

10 Spindle revolution frequency is used
8 as the threshold for low pass filter.
Z 6
‘E 4

Unfiltered FL_ Data
Filtered FL_ Data

Force [N]

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Samples «10°
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Orthogonal Cutting Tests

SEM measurements of chip width and thickness

b ~ 250 um o Vo, . h = 0.25 um

HV [spot/mag O| det | WD [
500kV|3.0| 258x |[ETD(11.0mm|1°]

£
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Orthogonal Cutting Tests

20 pm

118.96 deg

60.29deg / £

Tool profile measurements of
cutting tool via Keyence LSM

100 pm

Tool measurement and images used in as-received specimen.

Bilkent University Investigating Size Effect in Orthogonal Micro Cutting of CP Titanium



10 7 November 19

Orthogonal Cutting Tests

_ _ Normalization
Chip Widths Force measurements

280 T T T T T T 5 . . . . .
E 260 Al R — {':'utlmf.rt l—'m'u.".: tl—'Ll- |
— — —5— Feed Force(F )
A z :
; 240 23t D
£ ks
To220F - —#— Mean Values 4 5|
= il — — — 95% Confidence Interval

200 : : : : : : 1 : - ' ' :

0.25 0.5 1 2 3 4 5 6 0 1 2 3 4 5 B
Uncut Chip Thickness [um] Uncut Chip Thickness [um]
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Orthogonal Cutting Tests

Cut chip thickness measurement results Chip ratio
8 T

—
w

—%— Mean Values | )
— — = 95% Confidence Interval » _ . .,
- I ' Close to edge radius threshold

Cut Chip Thickness [um]

3 4 . 5
l'nL'!_I,I.Jf."hIﬂ'l'l'lli.'klll.'w\ |1|‘u1‘]

5 u m':...
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Slip Line Field Model

The modified Atkins metal cutting model

The model includes tool edge radius effect. [11]

* Assumes a dead metal zone (DMZ) in front of the
tool edge

* Rake angle of the tool can actively change
according to uncut chip thickness

Energy equation

Tyhw cos(a )V

LV rsin(¢)V i F,sin(& — A)F

sin(¢) cos(¢ — o) sl — o) £

shearing friction fracture
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Slip Line Field Model

Minimum energy principle dF /d¢

0= Snld) l ¢ 2l o) vy .2.'1 o

cos( J. — o) heos(A — o)

Q cos(2¢ — a)  mr (1 + sin(a))sin(F, + A) sin( /4, )
- + — -
sin”( ) heos(A — a)sin(3,) cos( 5, — o)

Q=1-

sin(¢r) sin( ;)
cos(@ — o) cos(F, — o) . o
L : | o The model considers two friction angle £, S,
. sin(&; — A) sin{ 4; ) sini¢) sin( 5, + A) .
N= = —— Depending on tool edge and DMZ.
£ cos( @ — o) cos(J, — a)sin(3,)
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Slip Line Field Model - Sepe Do

sin(g) cos(od — a))

N sin(£; — A) sin( ;) sin(¢) sin(5, + A)
- & ~ cos (o r\}m(j‘ —a)sin(f3,)

Solution strategy

Inclination angle Plowing angle Cutting force data

Friction factor Prow angle h
0=hg— —

sin( o)
Am .Bp» P
¢ by Ty, R

sin(0.57 — &+ «)

Using slip line
Acceptedas  fie|d angles

known - Using slip line field \jinimum Ener
Effective rake ang| and circular edge Principle ay
assumption.
Te, Xtool a
Edgle ridius | Using circular tool
ool rake angle :
edge assumption Cut Chip

thickness Data

*Our method directly uses cut chip thickness data!
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Slip Line Field Model

Round tool edge assumption may not be the case in micro-cutting conditions.

« The change in the rake angle may not be significant.
« Wear and BUE may change active rake angle during cutting.

T @ wagr

T &ef factive

RUE
constant rake angle

variable rake angle
(perfectly circular tool edge)
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Tool wear and build up edge (BUE) formations are observed on tool after cutting.

Before cutting After cutting
Rake angle actively changed during cutting!

Evidence

[T
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ReS u ItS Force simulations Best results for identified
5 : . : : . 5 : : : : = parameters:
~ - \ -
4t F sim. Parameter Value
— — — F_sim.
= f T, (um) 2
‘%‘ ST\ ¥ X p-F T F sim
CS) 5 _[] PO RN F sim Xtool (O) 0
- * /_/‘ ¥ FC exp. m (-) 0.94
1 N7 ec = 2.8% o F_exp
er = 10.9% — 1) 1.5
| | | | | o L T |
0 2 4 6 8 10 0 2 4 6 8 10
h (Uncut Chip Thilikness) Eum] h (Uncu.t Csllip Thi;(:kn;ss) Eum] Simulation results for
Constant Rake Angle Variable Rake Angle variable rake angle over
Ty = 644 MPa Ty = 636 MPa predicts feed forces.
R = 3.18 kJ /m? R = 3.17 kJ /m?
R/ty, = 4.94 x 107° R/t, = 4.98 x 107°
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Comparison of identified and measured parameters

Results val

Measured (stafic) Teffective (M) 2 Identified
-~ ! from model
Jeffective (®) 0 (dynamic)

T'measured (ﬂm) / 6.3 Static
-34.3 measurement

AR
Y S aWEﬂJ"

Sl )")".é!.c tive

Active / identified (dynamic)

Example cutting tool

Some Identified parameters (r, a ) did not perfectly match
profile measurement

with measured values.
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Results

« Importance of fracture increases in lower feeds.

7 November 19

0.6 50
05 40 ﬁr
— 0 /
X2 )
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A \\ ————— Friction < \ ¢
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0.1 - - - = 0 ' ' ' '
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h (Uncut Chip Thickness) [um]

Power proportions for constant rake angle approach

h (Uncut Chip Thickness) [um]

Friction and shear angle values w.r.t. uncut chip thickness
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Conclusion

« Effective rake angle and edge radius parameters have uncertainities,
because of wear and material build up.

 ldentifying effective rake angle correctly has importance on process
outputs in the ploughing dominated region.

* Relative importance of fracture work is shown to be significant at uncut
chip thickness values are comparable to edge radius.
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Appendix

Table 2: Calculated angles, parameter Z and specific cutting pressure for
uncut chip values.

Variable a (changes w.r.t. r.and h) Constant a = 0°

h Z ¢ B, a F./wh VA ¢ B, a F./wh

[um] |[-] [deg] [deg] [deg] [N/m’] |[-] [deg] [deg] [deg] [N/m?*]
0.25 20 5.1 14.3 -61.0 28053 | 19.8 9.5 49.1 0.00 24521
0.50 | 10.0 9.6 15.9 -48.7 14734 99 146 39.3 0.00 13393
1 4.9 16.6 19.5 -29.1 7946 4.8 20.2 33.2 0.00 7601

2 2.4 25.3 28.2 0.00 4735 24 244 304 0.00 4903

4 1.2 27.2 29.1 0.00 3505 1.2 271 29.3 0.00 3548

6 0.8 27.9 29.6 0.00 3078 0.8 28.2 29.0 0.00 3078
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