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Table 1. The parameters of two temperature model for copper.

C! /Jm3.K2 C/Jm—3.K-1 g/W-m—3.K~1 ko/W-m~—1.K~1 R a/m~!

96.6 3.44 x 106 1.02 x 1017 401 0.61 7.1 x 107
9 25 At, AU B R g S, RN E
5T Ay X BEAL R GEEAT S 3%, 3 IR I N 300 K, 4

X: 1.071x10-10
Y:4.613x10°

/105 K
~

18] /1010 5

B (TR BOEHRES 2.0 x 1014 W/cm? i
AR R TR FEE P P R 25— B [ £ £

Fig. 1. (color online) The evolution of electron and ion
temperature with time in the skin depth under laser
power intensity 2.0 x 1014 W /cm?.
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Fig. 2. (color online) Evolution of pressure profile from

molecular dynamics simulation.
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Fig. 3. (color online) Evolution of free surface velocity

from molecular dynamics simulation.
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Table 2. Shock and spall parameters for copper load-

ing at different laser power intensity.

WOt e T BRI R
J/W-cm™2 KR/ GPa /st /GPa

5.0 x 1013 22.58 7.7 % 109 19.22
8.0 x 1013 29.71 7.9 x 10° 18.52
2.0 x 1014 67.18 8.6 x 109 20.37
3.5 x 1014 130.85 1.76 x 1010 19.50
6.0 x 1014 215.80 1.95 x 1010 14.89

EH 2 ], st D3 % B8 5.0 x 1013
W/em? i, BB A RAEEH. XS EH
1] P T e K JE 50O~ 22.58 GPa, 224 M AR KON
7.7 x 107 s7 ERTREN19.22 GPa. BE & INE
BOCTh R BN, | T MR KRR B
FUN AR A 2 K. (B2 250 E 1R A R
Fe— 2l FE SR R AR i IS G, O ) 3% R
Xf 2 2450 FE IR WA AN K, 2 0 O 9 B 2 1 K
(6.0 x 101 W/em?) i, B S kA I 5,
WIS AE i ) 2 2R R FE A T PR 3 14.89 GPa. AT1R
BI04 2 2455 B AR B Luo 25 POV R 5 8k 75 21
(1) )2 2458 J 15y, X2 RN CRD OB I B 1 13 %
=AY, XN Hixson 25 [V (R 78 45 SRAH TG 4.
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Fig. 4. (color online) Spall process: (a) Initial configuration of the simulated sample; (b) void nucleation;

(c) void growth; (d) void confluence and fracture.
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Fig. 5. (color online) The free surface displacement and velocity evolution profile measured in a central part

of the measured area: (a) Displacement evolution profile; (b) velocity evolution profile.
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Fig. 6. (color online) SEM of the target foil: (a) Loaded area; (b) boundary of loaded area.
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Abstract

The spall behavior of copper at ultra-high strain rate is studied by molecular dynamics simulation combined with
an experimental analysis of laser ablation of a bulk copper target by femtosecond laser pulses. In the molecular dy-
namics simulation, two-temperature model is used, shock wave and spallation characteristics of copper shock-loaded by
femtosecond laser are analyzed in detail. It is concluded that the evolution of pressure indicates a triangular waveform of
the shock wave, and the spall strength of copper is about 19 GPa at strain rates ranging from 10° s! to 10'° s7!, while
higher pressure would melt the sample and the spall strength decreases to 14.89 GPa. Normally, the spallation is char-
acterized by the sample free-surface undergoing alternately acceleration and deceleration, and the spallation mechanism
could be explained by void nucleation, growth, coalescence that leads to the final fracture. An experiment is conducted
to achieve high strain rate load on copper. The driving laser has a pulse width of 25 fs and central wavelength of 800
nm, the thickness values of the shocked copper foils are (502 £ 5) nm, fabricated by electron beam sputtering deposition
onto 180 pm cover slip substrates. The driving laser beam with maximum intensity 5.5 x 10"® W/cm?, is focused on the
front surface of the copper through the transparent substrate. Movements of the free rear surfaces of the copper foils
are detected by chirped pulse spectral interferometry, and the theoretical time resolution is 1.3 ps. As a result, the free
surface displacement and velocity evolution profile of the shocked area are obtained in a single measurement, and the
results directly show that the maximum free surface velocity is 0.43 km/s and no alternately acceleration and decelera-
tion appears. According to the shock wave relations, the maximum pressure near free-surface is 8.18 GPa. Meanwhile,
derived from the velocity evolution profile, the strain rate is 7.3 x 10° s~*. Combining with the above molecular dynamics
simulation results, it is concluded that there is no spallation in the copper foil. Furthermore, we recover the sample
targets and observe the microstructures by using scanning electron microscope. The copper foils are peeled off, but no
spall scab is observed, indicating that the internal stress is between the copper spall strength and the bonding strength
of copper foil with the transparent substrate. Ripple structure on copper surface demonstrates the femtosecond pulsed

laser has ablated the copper film, and the propagation of the shock in fs regime is sensitive to microscopic defects.

Keywords: spall, ultra-high strain rate, molecular simulation, spectral interference
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