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Study on Characteristics of Cryogenic Machining Process of Titanium
Alloy at a Low Cutting Speed
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Cryogenic machining uses liquid nitrogen (LN2) as a coolant. This machining process can reduce the cutting temperature
and increase tool life. Titanium alloys have been widely used in the aerospace and automobile industries because of their
high strength-to-weight ratio. However, they are difficult to machine because of their poor thermal properties, which reduce
tool life. In this study, we applied cryogenic machining to titanium alloys. Orthogonal cutting experiments were performed at
a low cutting speed (1.2 — 2.1 m/min) in three cooling conditions: dry, cryogenic, and cryogenic plus heat. Cutting force and
friction coefficients were observed to evaluate the machining characteristics for each cooling condition. For the cryogenic
condition, cutting force and friction coefficients increased, but decreased for the cryogenic plus heat condition.
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Fig. 1 Ti-6Al-4V specimen for orthogonal cutting process
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Fig. 2 Configuration of experimental setup for the cryogenic
machining process

Table 1 Experimental conditions

. Cutting Depth Initial
Cooling .
. speed of cut Coolant ~ workpiece
P (m/min) (mm) temp (°C)
Dry - 24
Cryogenic  1.2,1.5, 1.8, LN2 24
R A 21 0.2
Cryogenic :
“+Heat LN2 120
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Fig. 3 Measured cutting force by orthogonal cutting experiments of
Ti-6Al-4V alloy
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Fig. 4 Measured thrust force by orthogonal cutting experiments of
Ti-6Al-4V alloy
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Table 2 Measured cutting forces in various conditions

Cutting Force (N)
speed Force C -
L . ryogenic
(m/min) direction Dry Cryogenic Hoat
12 Fc 429.0 464.3 402.5
’ Ft 228.7 2573 222.6
L Fc 420.7 461.9 392.0
’ Ft 230.6 2573 206.4
13 Fc 425.7 438.0 380.3
’ Ft 233.1 240.3 203.4
1 Fc 431.1 456.0 382.8
’ Ft 235.1 259.9 210.2
Average Fc 426.6 455.1 389.4
Average Ft 231.9 253.7 210.7
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Fig. 5 Serrated chip morphology showing the measured parameters
Ao ArE.
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condition, (c) Cryogenic + Heat condition

Table 3 Calculated friction coefficient for various conditions

()
Fig. 6 Generated chip shape of Ti-6Al1-4V alloy by orthogonal cutting at 1.2 m/min cutting speed in (a) Dry condition, (b) Cryogenic

(b) (©

Cutting Friction coefficient
speed . Cryogenic

(m/min) Dry Cryogenic Heat
1.2 0.42 0.66 0.19
1.5 0.47 0.63 0.07
1.8 0.42 0.66 0.17

Evaporated
2.1 0.41 0.71 0.17 e | Cloud
Average value 0.43 0.67 0.15 *  Tod

0.8

Friction Coefficient

I 1.2 m/min cutting speed
I 1.5 m/min cutting speed
I 1.8 m/min cutting speed

I 2.1 m/min cutting speed

Fig. 8 A schematic diagram of air gap at tool/chip interface in
orthogonal cutting process

N 5 F, A4 23 T A0 g vl BAs S
A8 SO0 M S5 B ] 5L oF A el
o3
=

Z200 A WA w2 HA) Fe) gl op A

2 qCHch o A A4 ol 2a1e] 53 2l
Dry Cryogenic Cryogenic+Heat % 8]-1,]—0]]:]—_ ‘:in_g’_ + A H 7]_01’ 7\7—101]/\1 ]_zl— 7:“_’_ Zj]——/—‘\—% 75___41
e A} Ra} wsjol] F7149l JFS F91e Ao wkdr)
Fig. 7 Friction coefficient by chip morphology analysis in different oulr o g Ly} ke Hayl =0 Hzlo] HEdH= AL,
cooling type A% 2= BgkR Qs F &4 Alelof 37] o] FPH ‘F

55.0% Z7V8F9Th. ‘2AL + AR 7199
shatt. AL 2dellM 249 Aelell 7] o] FE 7hsdol s AR Helnh et
&= o] ot A ST Aol AR Aom weltk  H Aolefl g7 Fol FAEE A, i At ashe 2t
7V Ao A 2713 Qs upa Al Zrket Aow wt ) olck. e BT ZAL + 24 Thel 2 A] up A

ula) whE A4t 64.4%

b7 S + 47 A
2] s} At A

I8l ok AGTF 4 O

372

r Fﬁ
-LJ

s

A]
5, A =230 Y2 7y 37 dEshe S0l g S0l 3t £

AN bR o] 27] £E 7 gashe o G RS A0 DR 9 B4 Ay

om wolth ARj0] A% Paw sl mARE Fig 8o Uit gl

2 HekEh

M Ti-6Al-4V o] thal =42

Ay ¥slo] fhak 3 uhE TAaA]7)E 29l 3 shtolct
b Ti-6AL-4V 4] Haf 7k A 5 =3

AL + A 71 20014 8 34E +sk= Aol el
Ao & PehE)

5 A} 7

oH



IHAUTEE|X| M4 H45

ro

April 2017 /241

o et Sl viek 2l
(1) “AAP, ‘FAL, ‘FA +
715 Aol Saslsict.
@) A4 270 Hl3) FAL 2olH e WA w3l
uba A7t vk
(3) “AAD 2ol vls) T + 27 74D 2N e A
A 53t 1 ok AT} Ltk
() 78 Swe] Wk W4t 1)
A ekt
5) ‘FAL + 24 71> ZH0| Ti-6Al-4V &R 715 A] AJAL

A 7 2o A BT

p=)

Sl b Aol = vlAl

A HTFP 2|2 279 Aoz grte)

5 ﬂ?‘ YoMz FAL + 24 7FE 27eA 9 57
> 3 ol ] of Tk 7} At Basitt. 114 Fof|Ae] E
2n=7 @‘%‘ 7He AEE 8L, 9] 2719 gy offtof gk
B4 A7t ad) B AYE EGIE 2 BAF 2AS =
=% " ado] ot

ACKNOWLEDGEMENT

B ATE PR EATY FT EERE/CGl 7HES 9l
z Al2E] 7HEk(10048871) 1+

= L. o 7<
o] Yo SYE S
REFERENCES

1. Narutaki, N., Murakoshi, A., Motonishi, S., and Takeyama, H.,
“Study on Machining of Titanium Alloys,” CIRP Annals-
Manufacturing Technology, Vol. 32, No. 1, pp. 65-69, 1983.

2. Hartung, P. D., Kramer, B., and Von Turkovich, B., “Tool Wear
in Titanium Machining,” CIRP Annals-Manufacturing Technology,
Vol. 31, No. 1, pp. 75-80, 1982.

3. Jawaid, A., Che-Haron, C., and Abdullah, A., “Tool Wear
Characteristics in Turning of titanium Alloy Ti-6246,” Journal of
Materials Processing Technology, Vol. 92, pp. 329-334, 1999.

4. Che-Haron, C., “Tool Life and Surface Integrity in Turning
Titanium Alloy,” Journal of Materials Processing Technology,
Vol. 118, No. 1, pp. 231-237, 2001.

5. Venugopal, K., Paul, S., and Chattopadhyay, A., “Growth of Tool
Wear in Turning of Ti-6AL-4V Alloy Under Cryogenic
Cooling,” Wear, Vol. 262, No. 9, pp. 1071-1078, 2007.

6. Johnson, G. R. and Cook, W. H., “A Constitutive Model and

10.

11.

12.

13.

14.

15.

16.

17.

Data for Metals Subjected to Large Strains, High Strain Rates
of the 7th International
Symposium on Ballistics, pp. 541-547, 1983.

and High Temperatures,” Proc.

Westbeook, J., “Temperature Dependence of Hardness of the
Equi-Atomic Iron Group Aluminides,” Journal of the
Electrochemical Society, Vol. 103, No. 1, pp. 54-63, 1956.

Sha, W. and Malinov, S., Modelling of
Microstructure, Properties and Applications,” Elsevier, 2009.

“Titanium Alloys:

Lee, W.-S. and Lin, C.-F., “High-Temperature Deformation
Behaviour of Ti6Al4V Alloy Evaluated by High Strain-Rate
Compression Tests,” Journal of Materials Processing Technology,
Vol. 75, No. 1, pp. 127-136, 1998.

Jovanovi¢, M., Tadi¢, S., Zec, S., Miskovié, Z., and Bobi¢, 1.,
“The Effect of Annealing Temperatures and Cooling Rates on
Microstructure and Mechanical Properties of Investment Cast Ti-
6Al-4V Alloy,” Materials & Design, Vol. 27, No. 3, pp. 192-199,
2006.

Lee, S. C., Jung, W. S., and Paik, I. H., “Evaluation of
Cutting Force and Surface Accuracy on Drilling Process by
Temperature Variation,” Proc. of KSPE Autumn Conference,
pp. 895-898, 2001.

Saglam, H., Yaldiz, S., and Unsacar, F., “The Effect of Tool
Geometry and Cutting Speed on Main Cutting Force and Tool
Tip Temperature,” Materials & Design, Vol. 28, No. 1, pp. 101-
111, 2007.

Oxley, P. L. B., “The Mechanics of Machining: An Analytical
Approach to Assessing Machinability,” Ellis Horwood, pp. 136-
182, 1989.

Sutter, G. and List, G, “Very High Speed Cutting of Ti-6Al-4V
Titanium Alloy-Change in Morphology and Mechanism of Chip
Formation,” International Journal of Machine Tools and

Manufacture, Vol. 66, pp. 37-43, 2013.

Sun, S., Brandt, M., and Dargusch, M., “Characteristics of
Cutting Forces and Chip Formation in Machining of Titanium
Alloys,” International Journal of Machine Tools and Manufacture,

Vol. 49, No. 7, pp. 561-568, 2009.

Vyas, A. and Shaw, M., “Mechanics of Saw-Tooth Chip
Formation in Metal Cutting,” Journal of Manufacturing Science
and Engineering, Vol. 121, No. 2, pp. 163-172, 1999.

Grosjean, A., Rezrazi, M., Takadoum, J., and Bercot, P,
“Hardness, Friction and Wear Characteristics of Nickel-Sic
Electroless Composite Deposits,” Surface and Coatings
Technology, Vol. 137, No. 1, pp. 92-96, 2001.



