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Femtosecond Laser Processing of Ultrahard Materials
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School of Mechanical and Electrical Engineering, Anhui Jianzhw University, Hefei, Anhui 230601, China

Abstract Compared with the conventional laser processing, femtosecond laser processing exhibits a smaller melting zone

and a negligible heat-affected zone. In addition, the shock waves and cracks caused by femtosecond laser processing are

almost invisible under normal conditions. Therefore, the usage of femtosecond laser has already been extensively adopted in

precision manufacturing, organism processing, special material processing, and other fields and exhibits promising

prospects for future development. Herein, the processing of ultrahard material using the femtosecond laser technology is

reviewed with respect to its mechanisms, methods, and applications at home and aboard in recent years. Machining and

processing methods for ultrahard material tools are also introduced and evaluated using the recently developed femtosecond

laser techniques. Finally, the potential problems and future prospects associated with the femtosecond laser technology

applications in ultrahard material machining are discussed.
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Fig. 1 Hardness and atomic structures of two typical ultrahard materials. (a) Hardness of different materials;

(b) cubic crystal structures of diamond and CBN
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Table 1 Properties and applications of diamond and CBN
Property Diamond CBN Application
Structure Fd3m cube F43m cube —
Unit cell /(107 m) 3.567 3.615 —
Interatomic spacing /(10 ' m) 1.54 1.54 —
Atomic density /(10% cm™*) 1.77 1.68 —
Density /(g e+ cm *) 3.51 3.48 —
Graphitization /C 1400 1550 —
Melting point /K 4100 3246 Tools
Hardness /GPa 8§1+18 75 Tools
Elastic modulus /GPa 1140 850 Tools
Thermal conductivity /[W e m ' « K '] 2000-2400 1300 Radiator
Doping element B, Be, B-S B, Be, Mg, Al, Si, S, P Semiconductor
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S
Property Diamond CBN Application
Resistivity /(Q * cm) 10" 10" Semiconductor
Breakdown volt/(10°V « cm™ 1) 100 0.3 Insulating materials
) o Photonics and
Thermal expansion coefficient /(10" ° K1) 0.8 (298 K) 3.5(298 K) )

microwave components
Dielectric constant 5.7 4.5 High-power switches

Photonics and

Refractive index 2.417 2.117

225 nm to far

Transparency

infrared ray
18.4, along

Sound propagation /(km * s ')

microwave components
225 nm to far Photonics and

infrared ray microwave components

— Silencing elements

<C111> direction

Bandgap direct /eV 5.5
Oxidation stability /°C 600
Reactivity with ferrous metals High

Corrosion resistance

Negative electron affinity N
Biocompatibility N
Hole: 3800

Carrier mobility /(cm? « V! e 57 1)

Electron: 4500

Stable in HF

6.2-6.6 Electronic components
1200 Protective coating
Low Tools
Stable in HF Electrochemistry
N/ Electronic emitter
N/ Biomedical

— Anti-radiation detector

— Photoelectric instruments
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Fig. 2 Timescale of physical phenomena

involved in laser-material interaction™"
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Fig. 3 Schematic of difference between long-pulse laser processing and short-pulse laser processing!"
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Fig. 4 Schematics of evolution of maximum temperature
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of maximum temperature of target; (b) pulse
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Fig. 9 SEM photographs of polycrystalline diamond side profiles processed at different pulse energies,

scanning numbers, and focusing objective magnification
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Fig. 10 Common femtosecond laser processing methods for ultrahard materials. (a) Laser direct writing

[59] .

(b) accelerated beam ; (c¢) dry etching assistant processing

[48] .

B3 . (d) intensity mask projection processing™™ ;

(e) femtosecond laser dual-mode rapid fabrication system based on SLM!
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Fig. 11 Micro-morphologies of ablated area obtained by femtosecond laser spot etching and line

etching at different laser powers. (a)-(f) Spo tetching; (g)-(i) line etching
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Fig. 12 Graphite channel arrays fabricated by femtosecond laser with energy of 4 pJ. N is number of pulses; Z is

step length; side-view low-power optical micrographs illustrate continuity of graphitization channels through bulk diamond
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Fig. 13 Applications of femtosecond laser direct writing. (a) Processing process of BLPCD micromilling tool, from left to

right: BLPCD blank, FSPL ball forming, finished BLPCD micromilling tool; (b) SEM photograph of SC diamond

plane refractive lens
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Fig. 14 Applications of SLM technologies. (a)(b) Letters processed by 10 pulses on surface of polycrystalline diamond,

with dotted double arrows representing direction of laser polarization; (c) letter “S” processed by 50 pulses on

surface of polycrystalline diamond; (d) SEM photograph of convex SC diamond edges processed by femtosecond

laser acceleration beam
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femtosecond laser spot etching at low power®?
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Fig. 16 nt-CBN tool. (a)(b) Blanks of nt-CBN micro-tool processed by femtosecond laser; (c) finished nt-CBN

micro-tool after focused ion beam grinding
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Fig. 17 Surface micro-morphologies of CBN tool fabricated by femtosecond laser and cutting experimental results of

different tools under different cutting conditions (dry/wet processing).

(a) Surface micro-morphologies;

(b) comparison of friction coefficients of polished surface, parallel, orthogonal, and banded micro-textured tools;

(c) relationship between cutting length and adhension area of different micro-textured tools;

d)

atom

concentration of targets on surface of different micro-textured tools under dry/wet conditions
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Fig. 18 Experimental results of surface adhesion degree of micro-textured tools

B7 . (a) Three-dimensional profile of rake

face of CBN tools after cutting experiment under different parameters, where white arrow indicates cutting adhesion

area of aluminum alloy; (b) changes of cutting chips when cutting length increases to 1800 m under dry friction.

Processing results marked by blue arrow and box attribute to traditional tool, while red arrow and box marked

results are processed by optimum tool

AR CBN J]HAEU)H Bk 55 4 bk 7 T L 42
WA T3 ELTE B3, B CBN 77 H B i 7 1 AR 2 3 5
T A5 42 JTELAY 10 A5 LA L 0 B A LA A SR PR ) 5
CBN JJE 9 Tl i . JE 2 7 s 3 0 1 m T A
S B IS T THPE 5 A B 2 LR U0 W 0 i
Jn TG S BT M b, 1 R E IR 2
N T e 1A ) G5 HRRR O n T AR i sk
Xt ) H 3w AT JE A BEOE AT 2B SO k. LU
100~500 m/min [ Y] Il 3 B =5 DI 718 4% B 2k
B A I SEE 45 R LI 195 L GIE B T AR IO 3 T 0
PE3E R CBN JJ H D)5 RE ol 47k .

4 HERIE

TRANOE AR D0 S R A RO I T4
R T S5 R A T 0 S R i 7 B 35 bk L
ANWTEE T N HTHT )R . AR )T RS E X R
PO T T A8 A R A T 5 R B TR T 5 RR
WE B S5 % I 5L T AR . 55 8k, Bl
AR AN T CE AR B A W R K T LA R
A T A 5 A A A R G il 52 ) A B R R A
PR A FIPEREAR E S B 1 B RS, T R Y g
AE IR 1S A9 A 73 i dL AR 4 9k kb 1 R 1Y 45
e R HOHEA TG R RO I T ROR A & B
FL& v 22 R 3 B T A A R 0 L Tl
o S Ak BRI 2 A E 0 TR R A R L i R A

120

- & - Wet:traditional tool
L - <+ - Dry:traditional tool

2

E3
T

2
T

Flank friction width / pm
5
T

—&— Wet:developed tool
—— Dry:developed tool

w0
S
T

L L L L
0 100 200 300 400
Cutting length / m

K19 i@ CBN JJ A ML 4L CBN J] AT T
PR 00 UG BE S T T E 45 T8 BE Y 06 R K
Fig. 19 Relationship between cutting length and flank
friction width of traditional CBN tools and
micro-textured CBN tools under dry and wet
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