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Laser-induced tension to measure the ultimate strength
of metals related to the equation of state
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Abstract

The approach to the ultimate strength of metals is determined experimentally. The strength of the materials and the strain
rate were determined from the free surface velocity time history, which was measured with an optically recording
velocity interferometer system. The dynamic strength was measured at strain rates in the donfdfitof 5108 s~ 1.

The necessary tension to break the metphl) and the very high strain rates were achieved using high-powered lasers

in nanosecond and picosecond regimes. The measurements at strain rates largérg¢hawé@ achieved for the first

time. The ultimate strength of metals was calculated using a realistic wide-range equation of state. Our experiments
indicate that under very fast tension processes, the dynamic strength of materials is determined not by the macroscopic
defects but by atomic quantum mechanical processes described by the equation of state of the material. The rate of the
process is described by the strain rate, and at strain rates higher-t@{ns5*, the atomic forces are dominating the
dynamic strength of materials.
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1. INTRODUCTION position of these two rarefaction waves induces a dynamic
tensile stressFig. 2b).

A spall is a dynamic fracture in the material caused by an If the magnitude and duration of this tensile stress ex-

intense impulsive load. It is characterized by a planar sepaceeds the material’'s strength, spallation occurs in a plane

ration of the sample, parallel to a stress wave fi(@ig. 1). parallel to the rear surfadgrady, 1988; Bushmaat al.,

The strain which has been formed at the spall area i4993a, 199%; Grady & Kipp, 1993. The spall thickness is
defined bye = Al/I whereAl is the difference between the the distance between the spall plane and the rear surface.
final and the original lengths of the target in one dimensionThe spall strength of the material is determined from the
andl is the original length. The strain rate is given &y measurement of the free surface velocity time history.
de/dt.

To create high strain rates, high-power short-pulse lasers
have to be used. The high-power laser—target interactiod:- EXPERIMENTS

produced a propagating §hockwave|nthe materig. 29. he experiments were performed at the high-power laser
When the shock wave is reflected from the rear surface o . : . . L
aboratory in Soreq. Figure 3 is a schematic description of

a metallic sample, the compressed material expands free e experimental setup

and a rarefaction wave returns toward the front surface. The )

expansion leads to tension in the material and to a decele{i'call ; - .

ation of the rear surface. Meanwhile, at the end of the laser 2. record_mg velocity interferometer SyStem’ Bloom-
' uist & Sheffield, 1983; Moshet al,, 1996 consists on a

pulse, a second rarefaction wave propagates from the fromt . .
. [aser focused on the rear surface aligned accurately against
surface as the pressure loading starts to fall off. The supe

the spot of the main laser beam. The light reflected from the
moving free surface undergoes a Doppler shift proportional
. __ to the velocity of the free surface. The light is collected,
Address correspondence and reprint requests to: Shalom Eliezer li d drefl di Michel . f A
Plasma Physics Department, Soreq NRC, Yavne 81800, Israel. E—maif.:0 'mate. an _“_3 ectedintoa .'C elsoninterierometer.
eliezer@soreq.gov.il beam splitter divides the beam into two nonequal legs. An
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The diagnostic interferometric system called ORVG$-
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The velocity of the moving surface is related to the vertical
positiony(t) of the interference pattern as a function of time
(Barker & Schuler, 1974; Bloomquist & Sheffield, 1983;
Baumung & Singer, 1995

y(t)
u(t) = uo o (1)
whered is the perpendicular distance between two adjacent
lines before movement ang is the fringe constant and is

given by

A 2
21 (1+6)

Uo )
Aois the diagnostic laser wavelengths a correction of the
Etalon index of refraction due to change of wavelength
Main laser during the experimenty is the index of refraction of the
Etalon material forAy and c is the light velocity.7 is a
function of the Etalon length:

2h, 1
’T__<n0__>. (3)

c No

Fig. 1. Crossection in an Al 6061 target after the spall creation. The thick-
ness of the target is 100m.

Etalon is placed in the route of one of the legs. The two
beams are back reflected and than recombined. The recom-The wide range of strain rates and the different mate-
bination of the two beams produces an interference patternals required the development of three different experimen-
of parallel fringes. These fringes are generated from lighttal systems, which were designed for different purposes
which was reflected from the target at two different times.(Table 1.
Therefore when the target is accelerat@ddeceleraterthe The first system is based on a nanosecond laser for caus-
fringes are shifted. The interference pattern is imaged by &ng the shock wave and a 1.5-W continuous wave argon
cylindrical lens to a set of bright points on the entrance slitlaser for the diagnostic system. For this system, we used
of a streak camera. The interference pattern is analyzed wittargets with good reflectance—aluminum, copper, zinc, and
an image processing system, including a cooled chargedin. The strain rate here was in the range of $0%. To check
coupled device camera, a frame grabber, and a PC. the assumption that material dislocations were reducing the
This diagnostic technique provides an accurate, continuspall strength, we used a material that has no dislocations—
ous measurement of the surface velocity, which has théhe amorphous alloy kgB1,Sy. Because this material has
advantage of not interfering with the motion of the shockedvery low reflectivity we had to design a diagnostic source
target. The spall strength, the strain rate, and the pressutbat supplies much more light so that we can follow the
can be inferred from the profile of the velocity in time. The history of the rear surface velocity. This was the second
velocity history of the moving rear surfaag(t), was deter-  system. This diagnostic system supplies 300 W compared to
mined from the displacement of the interference patternl.5 W in the first system.

(a) (b

Time (1)

A = gpall thickness
Laser At~ 1, ( laser pulse

duration )

Shock
wave

Position { x )

Fig. 2. Laser-induced damagéa) Shock wave creatior{b) Spall creation.
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Fig. 3. Schematic description of the experimental setup.

To approach the strength corresponding to the equation of
state, we changed to a picosecond laser to create the pressure (b)) Zn - soreq exp. 24097-1
onthetarget. Thisis the third experimental system. With this ' ' ' ) ' '

system, we actually got to strain rates 0188 s™*. Because 041

the phenomenon is extremely short in this regime, we used sl

the nanosecond laser for diagnostics at a level 600 '
Figure 4a is a typical fringe pattern representing the free 02l

surface velocity history that was obtained with the ORVIS.
Figure 4b shows the experimental data, that is, the rear
surface velocity as a function of time, as derived from
Figure 4a. of

In this experiment, a 7-ns, 36-J laser pulse focused to a
600-um diameter spot hits the front of a Gom-thick zinc
target. Time is increasing from left to right. The full time
scale of this figure is 68 ns and the distance between tweig. 4. (a) Interference pattern in an experiment with zitaser shot no.
fringes(the fringe constantis 0.301 knys. The fringes are  24097-1; horizontal axis: 68 néfull scale); vertical axis: fringe constant:
parallel to the time axis until the rear surface undergoe§'3°1 knys. (b) The free surface velocity as a function of time.
acceleration, where the fringe pattern starts shifting.

In the experiments reported, the spot size of the laser
beam generating the shock wave was more than one order afrarefaction wave is returning into the material, accelerat-
magnitude larger than the foil's thickness, resulting in aing the rear surface to approximately double the velocity of
one-dimensional geometry of the waves propagating withirthe particles behind the shock front. The material is carried
the target. into tension and the rear surface is decelerated. When the
tension(negative pressuyas high enough, spalling occurs
3. DISCUSSION within the material, leading to a second shock wave which

arrives at the rear surface, which starts accelerating.

The first shiftis the arrival of the first shock wave tothe rear The spall strength was determined from the measured
surface. Upon arrival of the shock wave to the rear surfacetime dependence of the free surface velo¢ianelet al,

0.1

Uy, [km/s]

t [nsec]

Table 1. The three different experimental systems

The laser creating the shock wave The diagnostic laser in the ORVIS system
Wavelength Irradiance Pulse length Wavelength Irradiance  Pulse length
A 1.06 um 10%-10" W/cm? 7-2ns 0.5144m (Ar) 1.5W continuous
B 1.06 um 1010 w/en?? 7-2ns 0.53um (SHG Nd:YAG 300 W 100 ns
C 1.06um 10810 W/cm? 20 psor100 ps  0.532m (SHG Nd:YAG) 10°wW 10 ns

SHG = Second harmonic generation.
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1993, 1996; Dekeletal., 1998. Psya= poCo(Umax— Umin)/2,  trons, and the effects of melting, evaporation, and ioniza-
Cois the sound velocityyg is the initial density of the target, tion. In the high temperature limit, the equation of state has
Umax 1S the peak velocity of the free surface, amg,is the  the asymptotic behavior of ideal fully ionized plasma con-
first minimum of the free-surface profile. The strain rate sisting of electrons and nuclei.
was calculated by = (Au/At)/(2cy), Au is the velocity Figure 5 displays isothernighe pressure as a function of
difference between the first maximum and the first mini- the ratio of the specific volume to the standard specific
mum in the free surface velocity profile andis the differ- ~ volume for aluminum, calculated using the above EOS.
ence between the corresponding times. The spall strength, for each temperature, is the negative
The shock pressure near the rear surface of the target wasessure as given at the minimum point of the isotherm. The
estimated from the peak velocity of the free surfagg,,.  temperature corresponding to each isotherm is indicated on
The particle velocity in the shocked material is given byeach curve. The temperature upon spalling is the tempera-
U, = Umax/2. The shock velocity and the pressure wereture on the release isentrope, following the shock loading.
determined from Hugoniot relations and the equation ofAccording to the EOS, the spall strength slightly decreases
state(EOS. The EOS yields the known relatiag = ¢, +  with increasing temperature, below the melting pdiat
a-u,, Whereus is the shock velocity andis a constant. The  zero pressungand drops dramatically as the material melts.
pressure is given by the Hugoniot relatiBr= pousup. Such behavior was observed in experiments for several met-
To check the assumption that material dislocations reducals (Kanelet al,, 1993, 1996).
the spall strength at low strain rates and do not affect it at The above theoretical spall strength as calculated from
high strain rate$¢Eliaz et al,, 2000, we used a material that the EOS is expected to place an upper bound on measured
has no dislocations—the amorphous alloydBg,Se. The  spall strengths. Under conditions of dynamic loading, the
dynamic strength of kgB,.Sg was measured in two cases: fracture mode is a time-dependent process, resulting from
first, when it was charged with hydrogen and, second, with-growth of voids, cracks, or other “defects” in metals. This
out hydrogen charging. The morphology of the spall regionprocess includes three steps: nucleation, growth, and coales-
was analyzed using a scanning electron microscope. Micrceence of voids or fractureGrady, 1988; Bushman et al.,
scopically, one sees that the charged material was full 019933, 1993; Grady & Kipp, 1993. As a result, the spall
bubbles and cracks joining the bubbles, while the unchargestrength value is not a material constant but a function of the
material was almost homogeneous and clean of faults. Istrain rate in the unloading part of the incident shock pulse.
addition, we measured the spall strength of pure crystallind he strain rate is related to the duration of the loading. In
iron. We found that at high strain rates, the two amorphougxperiments using plate impact or high explosives, strain
materials(charged and uncharged with hydrogéave the rates up to 18-10° s are reached. With laser-induced
same strength. The strength of the crystalline iron was alsehock loading, it is possible to reach ultrahigh strain rates,
similar at high strain rates. This shows that at high strairdue to the short duration of the laser-induced pressure pulse.
rates, the cracks do not have time to move and coalesce aid strain rates up to 10s™?, the resistance to spall strength
the material strength is not affected by the faults. The statichanges slowly with the strain rate. The spall strength in the
strength of crystalline Fe is much smaller than the dynami@bove strain rate regime is about one order of magnitude
strength, but the static strength of the amorphous alloy is
similar to its dynamic strength. In spite of the fact that the
initial conditions of “damages” in the charged amorphous
alloy are significantly different from the uncharged mate-
rial, the dynamic results are the same. It means that at high
strain rates, the strength is determined mainly by the inter-
atomic forces and not by the initial damages in the material.
The ultimate spall strength, that is, the stress needed to — orK]
separate the material along a plane surface instantaneously, 4004 % | 300 [°K]
is determined theoretically from the EOS. The EOS are a -== 600 [°K]
thermodynamic description of the relation between pres- 501 b o 1900500[E!f<]]
sure, temperature, entropy, and so forth. In principle, these P 3}

. " . [kbar] i
thermodynamic quantities can be calculated from knowing 0
the various interatomic forcéSchrodinger EquationPrac-
tically, phenomenological equations based on “partial” theo-
ries and experiments have been used. We used the wide ;|
range semiempirical EOS for metaBushmaretal.,, 1993,

1993), which describes our experimental conditions prop- -150
erly. This EOS takes into account the elastic interaction of
the crystal lattice, the anharmonic thermal vibration of the
nuclei, the contribution of the thermal excitation of the elec-Fig. 5. Isotherms of Al, calculated with the wide-range semiempirical EOS.

Al

150 1

-50 1
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smaller than the EOS spall strength. This behavior is ex- We found out that the spall strength increased sharply as
plained by initial flaws and cavitigsluctile metalsor cracks  the strain rates increased beyondi® s~ 1. The spall strength
(brittle metalg in the material, which grow and move under values found at strain rates higher tharf 30 match the
tension until the material between them undergoes locatheoretical values calculated from the equation of state
plastic flow and breaks, thus weakening the material. AtMosheet al, 2000. For example, in aluminum we ob-
higher strain rates, or shorter loading times, the initial flawstained a spall strength of 8610 kbar at a strain rate of2

do not have time to move and coalesce and produce ah-108 s™% The strength calculated from the equation of state
observable spall, and the interatomic forces become moria the temperature domain of our experiments is 101 to 108
important. At these high strain ratés10° s™1), new cavi-  kbar. For comparison the static strength of aluminum is 0.4
ties are formed spontaneously under tension, as a result &bar and the dynamic strength at a strain rate-6Df s * is

the material being in a metastable stdtanelet al.,, 1996q; 12 kbar. In copper, we found a spall strength of H5@0
Dekelet al, 1998. These cavities grow and coalesce until kbar at a strain rate of 2 1.108 s, while the equation of
their total volume is of the order of magnitude of the volumestate predicts 172 to 211 kbar. The results for zinc and tin
of the material at the spall area. The force needed to diswere similar(Mosheet al,, 1999. In other words, we have
locate a single atom is given by the interatomic forces, buapproached the maximum strength of materials and our spall
there is no demand that all the atoms be dislocated simultgressures are the highest attainable. The accuracy of the free
neously. Therefore, at high strain rates, the strength is detesurface velocity is 5%; therefore the spall strengths mea-
mined by both the interatomic forces and by growth andsured in the experiments reported here are very close to the

nucleation of cavities.

ultimate strength given by the EOS. These values are plotted

The results of our measurements are plotted in Figure @& Figure 6 as the EOS spall strength, together with the spall

for aluminum and copper.
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Fig. 6. (2 Spall strength as a function of the strain rate in MIPresent
experiments with 100 ps laser. *Present experiments with 20 ps laser.
v Fortovet al, 1991.0 Mosheet al,, 1998.(b) Spall strength as a function
of the strain rate in Cull Present experiment¥. Kanel et al,, 1996a.

X Paisleyet al,, 1992.00 Mosheet al., 1998.
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pressureqfor aluminum and coppgr as function of the
strain rate. Additional data measured in experiments using
the impact of a projectile on a targétortovet al, 1991;
Kaneletal, 1996) and in experiments of nanosecond laser-
induced shock waveg&Paisleyet al,, 1992; Mosheet al,,
1998 is also shown in Figure 6. Figure 7 shows our exper-
imental data as in Figure 6a, but in a linéaonlogarithmig
scale. It can be seen that the slope changes frebtd 1
kbar-s to 310 7 kbar-s at strain rates of about10® s~ %

4. SUMMARY

A diagnostic systeniORVIS) was developed for continuos
measurement of the free surface velocity of laser-shocked
materials(without disturbing the procegs

This system was used to measure the dynamic pres-
sure for spall as a function of the strain rate in the range
of 5.105-5.10% s 1. Measurements were carried out in
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Fig. 7. The spall strength as a function of the strain rates—aluminum
(nonlogarithmic scale
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aluminum, copper, tin, zinc, and an amorphous materiaEriaz, N., MosHE, E., ELIEZER, S. & ELIEZER, D. (2000. Hy-

(FegoB11Sig). drogen effects on thg spall strength aqd fractulre characteristics
The results show a sharp rise in the spall strength at the of amorphous Fe-Si-B alloy at very high strain ratetetall.

high strain rates when approaching the theoretical value Mater. Trans. A31A, 1085-1093. _

predicted by the EOS of the materials atle® s The Fortov, VE., KosTIN, VV & ELIEZER, S. (199)). Spallation of

results with the amorphous alloy prove that, at high strain. Met@ls under laser iradiatiod. Appl. Phys70, 4524-4531.

. . . . GraDY, D.E. (1988. The spall strength of condensed matter.
rates, the material strength is determined mostly by the in- J. Mech. Phys. Solid36, 353-384.

tergtpmic forces and less by initial_ flaws. .A mode_I de—GRADY’ D.E. & Kipp, M.E. (1993. Dynamic fracture and frag-
scribing the spall development at high strain rate fits the antation. InHigh Pressure Shock Compression of Sqlids
experimental results fairly well. Ch. 8, pp. 265-322. New York: Springer.

This research is unique in the field of dynamic strength ofKaner, G.I., Razorenov, SV., BoGaTcH, A., UTKIN, AV., FOr-
materials due to the measurements and analysis of the tran- rov, V.E. & Grapy, D.E. (1996a). Spall fructure properties of
sition from phenomena dominated by macroscopic defects, aluminum and magnesium at high temperatudesppl. Phys
flaws-governed phenomenon to a microscopic mechanism 79, 8310-8317.
determined by atomic forces. KANEL, G.I., RaAzoreNoOV, SV., UTKIN, AV., ForTOV, VE., BAU-
MUNG, K., KaArow, K.U., RUsH, D. & LicHT, V. (1993. Spall
strength of molybdenum single crystald. Appl. Phys 74,
7162—7165.
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