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ABSTRACT

This article presents results from laser-driven shock compression experiments
performed on pre-heated pure aluminum films at temperatures ranging from 23 -
400 °C. The samples were vapor deposited on the surface of a 500 um thick
sapphire substrate and mounted onto a custom holder with an integrated ring-
heater to enable variable initial temperature conditions. A chirped pulse amplified
laser was used to generate a pulse for both shocking the films and for probing the
free surface velocity using Ultrafast Dynamic Ellipsometry. The particle velocity
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traces measured at the free surface clearly show elastic and plastic wave
separation, which was used to estimate the decay of the elastic precursor
amplitude over propagation distances ranging from 0.278 — 4.595 um. Elastic
precursors (which also correspond to dynamic material strength under uniaxial
strain) of increasing amplitudes were observed with increasing initial sample
temperatures for all propagation distances, which is consistent with expectations
for aluminum in a deformation regime where phonon drag limits the mobility of
dislocations. The experimental results show peak elastic amplitudes corresponding
to axial stresses of over 7.5 GPa; estimates for plastic strain-rates in the samples
are of the order 10°/s. The measured elastic amplitudes at the micron length scales
are compared with those at the millimeter length-scales using a two-parameter
model and used to correlate the rate sensitivity of the dynamic strength at strain-
rates ranging from 10° — 10°/s and elevated temperatures conditions. The overall
trend, as inferred from the experimental data, indicates that the temperature-

strengthening effect decreases with increasing plastic strain-rates.
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[.  INTRODUCTION

Investigations aimed towards the exploration of dynamic material behavior (i.e.
plasticity, strength, failure) of metals has been a subject of sustained interest. One

example is normal shock compression experiments, where under uniaxial strain
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loading, one-dimensional wave propagation theory can be used to examine the
dynamic response of a sample through measurement and interpretation of the
arrival-times, amplitude, and profile of elastic and plastic waves transmitted
through the sample. For materials under weak-shock loading, an elastic wave with
a strain-rate dependent amplitude precedes a slower moving plastic shock wave,
and the measurement of elastic precursor decay over precise sample thicknesses
provides information regarding the rate-sensitivity of the dynamic strength of the

material of interest.’?

The shock-induced elastic-plastic response of aluminum, and aluminum alloys,
under ambient temperatures, has been studied extensively using the former
method.>” Measurements of elastic precursor decay in aluminum over
propagation distances ranging from centimeters down to microns have provided
data on the Hugoniot elastic Limit (HEL) (dynamic strength under uniaxial strain)
corresponding to a wide range of strain-rates between 10% to 10%/s. It is well
accepted that below this range (< 103/s) the dynamic strength of aluminum is
mostly controlled by the stress-temperature assisted motion of dislocations past
localized barriers and lattice friction (Peierls Stress).®® However, at higher strain-
rates, such as those achieved during shock-loading, in a stress-temperature regime
where dislocations should easily overcome the strength of barriers, a stronger than
linear growth in the dynamic strength versus applied plastic strain-rates has been
interpreted as a transition in the primary plastic flow mechanism.1%1 In this
regime, it is postulated that the motion of dislocations is no longer controlled
primarily by a dislocation-obstacle structure, but by an inherent resistance to the
motion provided by the perfect lattice.®®'? Dislocations moving at speeds
approaching the transverse sound wave velocity, interact with elastic waves in the

lattice (phonons) causing phonon scattering and radiation, which results in a
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viscous drag force proportional to the dislocation velocity.!? The theory suggests
that the viscous drag coefficient is linearly proportional to temperature,*3> which
has been confirmed by molecular dynamics simulations.® Hence, at sufficiently
high temperatures and dislocation speeds, the mobility of dislocations is believed
to be controlled by viscous drag, and the temperature is expected to play a positive
role on the dynamic strength of the material by hindering the mobility of
dislocations. In support of this, experimental observations revealing growth in the
HEL of aluminum and several other metals with increasing temperatures have
been made.'®'® Zaretsky et al.*® observed increasing HEL with initial sample
temperature over 2.0-0.1 mm propagation distances in pure aluminum under
normal shock compression, corresponding to plastic strain-rates (defined behind
the precursor front) in the range of 10* to 10%/s. More recently, Gurrutxaga-lerma
et al.?’ observed a similar increase in the HEL with initial sample temperature in
125 pum thick aluminum films under laser-induced shock, corresponding to plastic
strain-rates on the order of 10— 107/s. In both these investigations, the increase
in HEL was attributed to viscous drag, and allude to roles of dislocation nucleation
multiplication, and changes in transverse sound wave velocity in the observed
precursor decay behavior, even though some of these processes may or may not

be temperature-assisted.

Although these findings provide good evidence as to the processes that are active
at the onset of plasticity in aluminum, significant questions still remain unclear. A
few of the important questions are: What is the origin of enhanced strain-rate
sensitivity at higher strain-rates than is observed at lower strain-rates in these
metals? Will the evolution of dislocation structures continue to play a major role
in controlling the shearing resistance of metals near their melting temperature?
How can existing dynamic plasticity models be updated in order to fully correlate

the observed mechanical response of metals over large strain-rate, pressure, and
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temperature ranges? The objective of the current research is to address several
of these important questions, and the need for experimental data in previously
unexplored but important thermomechanical regimes, such as at elevated

temperatures and plastic strain rates on the order of 108 — 10%/s.

Recently, McGrane et al.?! used a spectrally modified (clipped leading spectral
range) chirped femtosecond laser pulse to generate supported shocks in thin
metallic films (microns in thickness) with short rise-times (10 — 20 ps), and
sustained constant pressure regions for hundreds of picoseconds. By coupling this
technique with Ultrafast Dynamic Ellipsometry (UDE)?? to monitor changes in the
material motion with picosecond time-resolution, Whitley et al.> used a chirped
laser pulse to provide a simultaneous single-shot pump and diagnostics for
generating and resolving elastic and plastic waves in aluminum films with
thicknesses ranging from 2 — 8 um. The thin metallic films were observed to
behave similarly to those observed in planar impact experiments and were later
used to demonstrate the ability of this technique in the generation of stress states,
which enabled acquisition of data along the Hugoniot of the material of
interest.?>?3 For these reasons, and because of the simple tunability of the
pressure states that can be achieved using this method, a direct extension of the

approach is used as the primary experimental tool in the current investigation.

In this manuscript, we present measurements of elastic wave amplitudes
generated in pre-heated aluminum films of thickness ranging from 278 nm to 4.595
um under supported laser-induced shocks. The results, which corroborate well
with previous trends of precursor decay reported in the literature,”*® show
increasing dynamic strength with initial sample temperature for all propagation
distances; however, the degree of strengthening is observed to decrease with

decreasing propagation distance, suggesting that this temperature-strengthening
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effect may diminish as the strain-rates are increased to even higher levels. The
elastic precursor amplitudes at the micron length scales are compared with those
at the millimeter and centimeter length-scales via a two-parameter model; the
model is then used to correlate the rate sensitivity of dynamic strength in pure
aluminum at strain-rates in the range 10° - 10°/s and temperatures from 23 to 400

°C.

In the next section, Section Il, we discuss the details of sample preparation and the
experimental scheme. In Section Ill, we present results of the experiments,
followed by a brief discussion on possible mechanisms contributing to the
observed response. In the final section (Section IV), we re-state the main points of

our findings.
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II.  EXPERIMENTAL PROCEDURES

a. Materials Preparation

For the present experiments, five thin aluminum samples were deposited on a 525
um thick sapphire substrate using thermal evaporative vapor deposition. The
source material was a spool of high purity 99.999% aluminum acquired from Alfa
Aesar, that was heated via a coated Tungsten foil dimple boat. The nominal sample
thicknesses measured via a quartz crystal microbalance were 0.1 um, 0.5 um, 1
um, 2 um, and 3 um. A 4-point measurement made about the outer radius of the
film using a white light interferometer optical surface profiler (Zygo NewView
Model: 7300) revealed actual coating thicknesses of 0.278, 1.194, 1.797, 2.701,
4.595 um, with a variance of approximately 3 % of the thickness of the film. The

rate of deposition was approximately 5 nm/s for all of the test samples.

b. Elevated Temperature Laser-Driven Shock Experiments

Laser-driven shock experiments were performed using an experimental platform
at Los Alamos National Lab. A chirped pulse amplified laser was used to generate
a pulse for both shocking the aluminum film samples and for spectroscopic probing
of the sample free surface. A detailed description of the spectrally modified
chirped pulse used to generate sustained shock waves can be found in McGrane et
al.?! The resultant spectrally modified pulse was focused to a ~ 50 um diameter
spot on the front surface of the aluminum film through the sapphire substrate to
provide the shock loading. An Ultrafast Dynamic Ellipsometry (UDE) was used to
monitor motion over approximately 500 um spatial region at the free (rear) surface
of the sample; data from a 5 um diameter spot at the center of the shock was

gathered. Due to the large shock to probe-spot diameter ratio the spatial
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dimension of the film can be considered to be essentially infinite, thus, one-
dimensional wave propagation theory was used in the interpretation of the
experimental results. Further details regarding UDE can be found in Bolme et al.?
In the experiments described in the present manuscript, a low angle UDE probe
oriented 0° to the normal of the sample free surface was used to collect the data.
The low angle probe monitored the phase change due to the motion of the sample
free surface, which was first converted to position and then time-differentiated
over approximately 20 ps to yield the free surface particle velocity history. Though
the free surface position measurements have a temporal resolution of
approximately 5 ps, the differentiated and fully processed signal enables rise-times

and other features longer than 20 ps to be adequately resolved.’

The desired strength of the shock was carefully selected by tuning the laser energy;
after successive iterations, the desired laser energy was found to be in the range
of 0.07 — 0.3 mJ. This range was chosen to maximize the final stress/particle
velocity state without overdriving the elastic precursor in the sample. Figure 1
shows the measured free surface particle velocity trace from a 2.701 um thick
aluminum sample probed with laser energies ranging from 0.07 — 0.3 mJ. Laser
energies above 0.3 mJ resulted in a strong shock, whereas, shots performed with
intermediate laser energies of about 0.15 — 0.20 mJ resulted in a weak shock with
a clearly visible elastic and plastic wave separation (occurring at approximately 600
m/s). For these shots, the maximum free surface particle velocities were
approximately 2 km/s, corresponding to an axial stress state of approximately 18

GPa.
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