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Abstract

This thesis studies the physical phenomena that occur during the deposition of energy
in matter and consists of two parts. In the first part, the nanosecond pulsed laser
irradiation of thin metal films-substrate systems is investigated for thermoelastic,
melting and ablation regimes, using the finite element method (FEM). The numerical
simulations are compared and validated with experimental results, obtained by
dynamic imaging interferometry and white-light tomographic interferometry. In the
second part, the sequential stages of explosion of a Z-pinch copper wire from solid to
plasma formation and its plasma expansion are investigated using multiphysics
coupled numerical simulations, validated by experimental results obtained by
interferometry, shadowgraphy, schlieren and diffraction imaging techniques.

In more details, for the first part coupled thermal-structural, transient models based on
FEM are developed to give a comprehensive spatiotemporal numerical solution of the
physical phenomena occurring in laser matter interactions. Temperature dependent
material properties of metal coatings deposited on glass substrates are used for the
simulations. Initially, a 2D axisymmetric model is developed to study the generation
and propagation of laser generated ultrasounds, for laser fluences below the melting
threshold of metallic film-substrates. Afterwards, a 3D quarter-symmetric FEM model
is developed and used for all regimes of interest. The developed FEM modeling
provides a simultaneous analysis of the thermal and structural parameters, as defined
by the solution of the heat conduction and wave propagation equations. The wave
equation determines the displacements of the target imposed by the laser energy
deposition, while the heat conduction equation predicts the temperature distribution
induced by absorption of the laser pulse in the target. The 3D model computes the
phase changes of matter by taking into account the latent heats of melting and
vaporization, depending on the laser fluence. Ablation is simulated by the “killing” of
the elements that exceed the boiling temperature and are subsequently deactivated.
The attenuation of the laser irradiance at the target surface due to plasma absorption is
also taken into account. With regard to loading conditions, a heat source term is used,
representing the laser energy absorbed by the sample and described by a Gaussian
distribution in time and space. The Lagrangian mesh is locally adaptive, depending on
the simulation needs. Moreover, the elastic and plastic behaviour of thin films is being

investigated by taking into account stress-strains temperature-dependent curves of
vV



different materials until fracture into the 3D model. Furthermore, the finite element
model was further extended to simulate the presence of surface and solid volume
defects (gaps) and their subsequent influence on the generation and propagation of
ultrasonic waves (surface acoustic waves).

For the second part that concerns the matter behaviour dynamics, governed by the
interaction with external strong currents, a 3D coupled mechanical/thermal FEM
model, simulating the initial stages of explosion of a Z-pinch metallic copper wire,
was initially developed. The model conveyed a simultaneous analysis of the thermal
and structural parameters, as defined by the solution of the heat conduction and
mechanical motion equations. The mechanical equation determines the displacements
of the wire imposed by an alternative nanosecond pulsed current while the heat
equation predicts the temperature distribution. The source term of the heat generation
rate is the Joule heating term and is used as loading condition, while the pulsed
imposed current is provided from experiments.

In order to investigate the crucial physical phenomena that take place in the initial
stages of wire explosion, a 3D electromagnetic-thermal-structural hydrodynamic FEM
model is developed. Large volumetric deformation is considered by taking into
account the material’s hydrodynamic behavior via equations of state (Gruneisen and
multiphase tabular) and the elastoplastic behavior is also considered by a flow stress
constitutive model (Johnson-Cook). A Lagrangian transient analysis has been carried
out. The loading condition of the simulation is a nanosecond pulsed alternative
current, which is provided from experiments. The sequential stages of explosion of a
Z-pinch copper wire from solid to plasma formation and its plasma expansion are
investigated. The expansion of the exploded material is being investigated with a
magnetohydrodynamic code that uses as initial condition the density distribution and

radius instabilities from the above aforementioned 3D FEM model.

Keywords: Multiphysics Numerical Simulation, Coupled Physical Fields, Finite Element
Method, Laser Matter Interaction, Exploding Wires, Phase Change, Plasma,

Magnetohydrodynamics
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H mapovca swotpipn peletdel ta puotkd @ovopeva Tov Aapupdvovv ydpo Kot tnv
evamdbeon evépyelag omv VAN Kol omoteleiton omd Ovo pépn ota  omoia
napovctaloviar dvo dpopetikol pnyoviopol evomdbeong. Avagopikd pe T
SUVOIKY  GLUTEPLPOPE NG VANG Otav aAANAemdpd pe moApovg Aéwlep, 1
OKTIVOBOANGY] AEMTOV HETOAAMKOV  QIAU-VTOCTPOUATOV amd ToAukd Aélep
OLAPKELOG VAVOOEVTEPOLETTMV EPELVATOL Y10 TNV OEPLOEANGTIKN TTEPLOYT], TNV TEPLOYN
™MENG KoL TNV TEPLOYN  (POTOOTOSOUNCNG  YPNOUOTOIOVTOS TN HEB0dO TV
nemepocpévav ototyeiov (MIIX). Ot aplBuntikéc TPOGOUOUDGES GUYKPIvovTaLl Kot
EMKVPAOVOVTOL UE TO TEPOUATIKO ATOTEAECUATO TOV TPOKVTATOLY OO TNV TEYVIKN
OLVOUIKNG GVUPOAOUETPIOG OTEIKOVIONG. AVAQOPIKA HE TN SUVOAUIKY] GLUUTEPIPOPA
™G VANG O6tav aAANAemdpa pe e&mTepikd 1oyvpd pedpota, To dSadoyKd 6Tddlo TG
éxpnéng evog yoAkivov cvpuatog Z-pinch and oteped Katdotoon g tn onpovpyio
TAdopatog Kabdg Kot 1 eEATAMOTN TOL TAACUOTOS OlEPELVAOVTAL OVOTTVGCOVTOG
multiphysics  aplOuntikég MTPOCOUOIDOEL OLLEVYUEVOV  TEOIDV Ol  OTOIEG
EMKVPAOVOVTIOL OO TEPANATIKG OTOTEAEGHOTA 7OV  AauBdvovtor omd OmTIKEG
TEYVIKEG  amelkoviong  (ocvpPolopetpia, okwuypdenon, Schlieren, ameikdvion
nepibAaong Fraunhofer).

AvoAvTiKOTEPO YIOL TO TPMOTO WEPOG, AVATTUGOETOL GLLELYUEVO BepUIKO-UnYoviKO
povtéAo duvopkd petaforidpevo oto ypovo mov Pacileton ot MIIZ pe okomd va
OMCEL  U10.  OAOKANPOUEV]  YOPOYPOVIKN opOUNTIKY ETMIAVON TOV  QLGIKOV
Qoawvopévev mov cvufaivouv Kotd ) ddpkela T aAnieniopacn VAng pe Aélep.
[a 11 mpocopoldoelg Aappavovtar vwoyn BepUOKPACIOKA EEQPTMUEVES 1O1OTNTEG
VMK®OV, TOV HETOAMKOV ETIKOADYE®MV TOV EVATOTIOEVTOL GE YVAAVO VTTOGTPOLOTOL.
Apyicd, avarthynke ooddotato 2D a&ovoouppeTpikd HOVIEAO LE OKOTO Vo
peretnOel  dnpovpyia Kot SAS00T VIEPNYMY TOV TAPAYOVTOL Y10 TUKVOTNTES PONG
axtivoBoMag Aélep kdT® amd To Oplo THENG TOV UETOAAIKOD QPIAU-VTOGTPOLLOTOG.
Xm ovvégew 1podldototo 3D TETOPTO-GUUUETPIKO  HOVTEAD TEMEPACUEVOV
otolyelov avantoydnke yioo Oheg TIC TEPLOYES EvOLOPEPOVTOG (BeproghaoTiKn, THENG,
QOToaTodOUNoNS/TAdcpatoc). H avartuybeica pebodoroyia mapéyet o tavtdypovn
avaAvon Tov OepUikdVv Kol UNYOVIKGOV TopapéTtpov Onwg opiletot and v emilvon
TV e£lodoemV NG OepUIKNG ayOyOTNTOG Kot KOUHOTIKNG 01ddoons. H kuvpotiknm
eElowon kabopilel Tig peTatomicelg Tov 6TdXOV OV EMPAALOVTOL OO TV evomdbeon
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evépyewog Aélep, evod m elowon aywyng Beppotnrog TpoPAETEL TNV KATAVOUY TNG
Bepuoxpaciog mov mpokaAeitar omd TNV AmOPPOPNON TNG EVEPYELNS TOL TOAUIKOD
Mlep otov o10x0. To 3D povtého vmoloyiler Tig aAlayég @Aaomg g VANG,
Aappavovtag vroyn tig AavBdvovoeg Bepudtnteg ™ENG Ko e&dtong, avaroyo pe
Vv mTokvoTNTa. pong g aktvoPfolriog Aéwep. H pwtoamoddunon mpocopoidveTot
and v teyxvikn «Killing» tev otoyeinv mov vrepPaivovv ) Beppokpacio fpoacuov
Kot 6T cvvéxeln amevepyomoovvtal. H e§acBévnom g aktivoPolriag Aélep otnv
EMPAVELN-GTOYO AOY® TG amoppOENONS TOL TAACUATOS AAUPAVETOL EMioNG LIOYM.
Oocov apopd Tig cuVONKES POPTIONG, Y¥PNOLHOTOLEITOL MG TTNYY| BeprdtTnTac, 1| EVEPYELN
tov Aélep mov amoppoPdTol amd To deiypa Kot meprypdpetal amd po 'kaovosiovn
katavopny oe  yxpoévo kot yopo. To Aaykpoviiovd mAéypa elvar  TOmIKG
npocappolopevo aviloya pe Tig avdykeg g tpocopoinong. Emmiéov, n elaotikn
KOl TAOGTIKY] GUUTEPLPOPA TOV AETTOV LUEVIMV gpguvdtor AapPdvovtag vadym,
BepuoKkpacloKd £EQPTOUEVEG KOUTUAES TACEMV-TAPOUOPPDOCEMY ATO SLUPOPETIKA
vAd, péxpt ™ Bpavon tovg, oto 3D poviého. EmmAiéov, to povtélo memepacuévav
OTOUEIOV EMEKTEIVETAL TEPAUTEP®, TPOKEUEVOL VA TPOGopolmbel 1 mapovsio Twv
EMPOVEINKOV KOl TOV EAATTOUATOV TOL OYKOL 6T0 0TePEd (KEVE) Ko va, peretnBel n
UETEMELTO. EMPPOT] TOVS OTNV TAPUYMYN] Kol 016000 TOV LIEPNYNTIKOV KLUAT®V
(EMEOVELNKDOV OKOVGTIKAOV KUUATOV).

Avoeopikd pe T SuvapIKn GUUTEPLPOPE TG VANG OTav aAANAETOPA [e eEMTEPIKA
woyupd  peopota, avamtoydnke apywkd €éva 3-D  ovlevypévo  pnyoviko-0eppikod
HOVTEAO TEMEPUGUEVMOV CTOLYEI®V, TOV TPOCOUOLDVEL TO APYIKA OTAdIL TG £KPNENG
evog Z-pinch petaAlikod ydAixivov ovppotog. To povtého Aapupdver vaoyn Tig
Oepurokpoctokd eSopTdpUEVES OeplIKEG Kol UNYOVIKEG TOPAPETPOVS UECH NG
EMAVONG TOV €EI0MCEMV TNG OEPUIKNG AYOYIUOTNTOG Kol TG KAUGGIKNG UNYOVIKTC.
H pnyovikn e&icmon mpocdtopilel T HETATOTIOES TOV GUPUATOC TOL EMPAAAETON
amd eVUALUGOUEVO TOAUKO pedUa OBPKELNG VAVOdELTEPOLETTOV, evd 1 e&lcmon
ayoyng Oepuottoc mpoPAémel v katavoun g Oeppokpacioc. O O6pog mov
Aertovpyel o¢ YN Tov puOUOL ToapaywyNg Beppotrag ivor o dpog g BEpUaVONG
Joule kot ypnoipomoteitar ®¢ cLVOKN POPTIONS, EVO TO TOAMKO EVOAAACCOUEVO
PEVLLOL TOPEXETOL ATTO TTELPALLOLTOL.

Mo vo avtipetoniotodv 1o QUOIKA EOVOUEVO TTOL AQUPAvOLY Y®dPO GTo. apPyLKA

otdol TG £KpNENG TOL CLPUOTOG TIO  PEOMOTIKE  avamtuooetor €va 3D
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NAEKTPOUAYVITIKO-0EP KO- UNYavIKO VOpodVVaUIKO povtédlo Paciiopevo oty MIIE.
Meydlec oykoueTpikés mapopopemcelg e&etdlovion  AapPavovtag vmoyn v
VOPOSVLVOUIKT] GUUTEPIPOPA TOV VAIKOV HEGH KATACTATIKOV elomoemv (Gruneisen
Kol KOTOGTOTIKY G€ Hopen Tivaka Aappdvovtag vedym Tic aAloyég edong), evo
EMOGTOMAOGTIKT] GUUTEPLPOPA TOV VAIKOV HEAETATOL BE®POVTOG EMIONG KOTACTOTIKO
povtédo tacewv  (Johnson-Cook). Ilpaypatomoteiton  Aaykpaviiovy] OLVOUIKTY
avdAvon oto ypovo, eV M TNYN QOPTIONG NG TPOCOUHOIMoNS &ivol TOALKO
EVOALOOOOUEVO PEDO, OLPKELNG VOVOOEVTEPOAETTMOV TO ONOI0 TOPEYETOL OO
nepauoto. Meletdvot o d10d0yKd otddia g EKkpnéNg yoAkivov cvpuatog Z-pinch
amd OTEPEN KATAGTAON MG TN ONUovPYiot TAAGHATOG. TN GLVEXELD 1 OLIGTOAN Kol
O14d001M TOV TAACUOTOS OTO YWOPOXPOVO SlEPELVATOL HE  HOyVNTODIPOSVVOALLIKO
KOSIKA 0 0T010G YPNCLOTOLEL MG OPYIKEG GLVONKES TNV KOTOVOUY] TUKVOTNTOG KO TG

aoTadglEg OTNV TIUN TG OKTiVaG amd To TpoavaeepBey 3D povtéro pe ) MIIE.

AéEaic-kheond:  ApiBuntiky  mpooopoimon, Zvlevyuéva media  Quowng  MéBodog
Ilenepoaocpévov Xtoyeiov, AAIniemidpaon Laser MetodAdikod YAikov, Expnyvodpuevo
Xopuo, AAhaynq @aong, [TAdopa, Moyvntoidpoduvotkn
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Chapter 1

1. Introduction

1.1 Phenomena of solid matter excitation

The deposition of energy in matter is always a cutting edge research field, since it
leads to interesting physical processes with broad scientific interest. Some of these
phenomena are still not well comprehended and establish a significant area for further
research. Deposition of energy onto a solid can produce a series of thermal effects,
such as heating, melting, vaporization and phase explosion as well as mechanical
effects, such as material expansion and thermoelastic stresses. When the stress
exceeds a certain value, the material may fracture and/or deform plastically.
Moreover, effects such as ionization, plasma formation and plasma expansion may
also occur in the materials for even higher energies [1]. Therefore, the study of the
dynamic behaviour of materials due to energy deposition involves different scientific
disciplines.

A state of matter is characterized by phase transitions a feature of major
importance. A phase transition indicates a change in structure and can be recognized
by an abrupt change in matter’s properties. The state or phase of a given set of matter
can change depending on pressure and temperature conditions, transitioning to other
phases as these conditions change to favor their existence. Solid matter transitions to
liquid with an increase in temperature. As heat is added it melts into a liquid at its
melting point, boils into a gas at its boiling point, and if heated at higher temperature
it would enter a plasma state in which the electrons are so energized that they leave
their parent atoms (ionization). Heat absorbed or released as the result of a phase
change is called latent heat. During a phase change, under constant pressure, there is
no temperature change, thus there is no change in the kinetic energy of the particles in
the material. The energy released comes from the potential energy stored in the bonds

between the particles.
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Another important phenomenon of matter excitation is the propensity of a material
to undergo permanent deformation under load, the effect of plasticity. Plasticity is
the deformation of a solid material undergoing non-reversible changes of shape in
response to applied forces. Plasticity is characterized by a nonlinear relationship
between stress and strain. In  general, the relationship  between
the stress and strain that a particular material displays is known as that particular
material's stress—strain curve. It is unique for each material and is found by recording
the amount of deformation (strain) at distinct intervals of tensile or compressive
loading (stress).

In this thesis the behavior of solid matter is investigated, when energy is
transferred by either laser photonic excitation or joule heating, occurring from
external strong currents. Computational models and numerical simulations are
developed and, in parallel with results from optical experimental techniques, establish
the frame of the study. Phase transitions, as well as plasticity effects, are taken into
account for the dynamic behavior of excited matter.

Material excitation including metals, semiconductors and dielectrics, by
nanosecond pulsed lasers has received considerable attention over the past decades
due to its important technological applications, particularly in industry, medicine, and
scientific research related to fusion [2-5]. With regard to fast photonic excitation, the
dynamic behavior on metallic films-substrate systems, using ultrafast lasers with
wavelengths in the visible wavelength region, is studied in this thesis. The study is
based on the development of a finite element numerical model, which is validated by
interferometric experimental results. The generation of secondary ultrasounds on thin-
metal films-substrate systems excited by nanosecond laser pulses is also investigated.
Laser-generated ultrasonic waves have diverse applications ranging from material
characterization to nondestructive evaluation [6-10].

With respect to matter behaviour dynamics, governed by the interaction with
external strong currents, the early time dynamics of the processes involved in the
explosion of the wire may be important for the development of Magneto-
Hydrodynamic (MHD) instabilities [11-16]. In this thesis, the Z-pinch target
configuration [11, 13, 16] is chosen because it offers extensively studied plasma

geometry over the years, with well understood plasma characteristics and dynamics
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and satisfactory defined plasma instabilities. Numerical simulations are developed in
order to investigate the initial stages of the matter’s change from the thermoelastic to
the melting and plasma regimes and are validated by experiments performed using a
Z-pinch pulsed powered plasma device. Improvements in the technology of fast
pulsed electrical power have re-opened interest in the field of fast, dynamic Z-pinches

as X-ray sources for indirect-drive Inertial Confinement Fusion applications [17, 18].

1.2 Basic schemes of the study

From the early 60’s, when the first ruby laser was made functional till nowadays,
the study of laser interaction with solid materials, including laser produced plasmas, is
one of the fastest growing fields of present-day physics. Lasers have the capability to
accurately deliver large amounts of energy into confined regions of a material to
achieve a desired response. The radiative energy delivered per unit area is called
fluence and represents the energy density. However, laser-solid interaction is an
interdisciplinary and complicated subject [19].

In this thesis the transfer of nanosecond pulsed energy to thin metallic film-
substrates is investigated by numerical simulation and validated by experimental
results. A thin film is a layer of material ranging from fractions of a nanometer (down
to a monolayer) to several micrometers in thickness. Deposition process, which is the
controlled synthesis of materials as thin films, is a fundamental step in many
applications. A familiar example is the household mirror, which typically has a thin
metal coating on the back of a sheet of glass to form a reflective interface. Advances
in thin film deposition techniques during the 20th century have enabled a wide range
of technological breakthroughs in areas such as magnetic recording media, electronic
semiconductor devices, LEDs, antireflective optical coatings, hard coatings on cutting
tools, and for energy generation (e.g. thin film solar cells and storage thin-film
batteries). The thermomechanical properties of thin films are also important for
applications in harsh environmental conditions. High energy irradiated chamber
internal walls [20], electronic devices for space industry [21] and nuclear applications,
(i.e. fusion chambers) as well as optical materials supporting high power lasers [22,

23] are typical representative examples of such environments.
3
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r.fx/
7 Metal Film

Figure 1.1 Schematic description of a thin film-substrate

During pulsed laser metallic thin-film interaction, the laser pulse deposits most of
its energy on the film’s surface and absorption occurs. As a consequence of the
resulting heating of the surface, the thermo-mechanical properties of the film will be
dynamically modified. The effectiveness of a thin film coating depends critically on
its chemical properties, as well as its macroscopic mechanical characteristics, such as
thickness and adhesion to the substrate. Moreover, surface acoustic waves (SAWSs)
are generated, and their propagation depends both on the film and substrate elastic
properties, as well as on the laser pulse characteristics. A SAW is an acoustic wave
traveling along the surface of a material exhibiting elasticity, with amplitude that
typically decays exponentially with depth into the substrate. SAWSs provide valuable
elastic information in the vicinity of the surface over which the waves propagate,
because the surface wave phase velocity is directly dependent on the elastic tensor of
the material [24].

Short laser pulse

Heated region J

Material

Figure 1.2 Generation of SAWs from pulsed laser irradiation

More specifically, SAWs behaviour strongly depends on the thermal diffusion,

laser optical penetration, material structure and composition, as well as on parameters
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of the exciting laser beam, such as power, temporal characteristics, and focusing
geometry. SAWSs propagation along the thin film surface is also influenced by the film
thickness, as it is much smaller compared to their wavelength. Consequently, SAWs
are an efficient tool for determining the mechanical and elastic properties of the film
and the substrate [25, 26].

SAWs were first explained in 1885 by Lord Rayleigh, who described the surface
acoustic mode of propagation [27]. Rayleigh waves, named after their discoverer,
have a longitudinal and a vertical shear component that can couple with any media in
contact with the surface. They are a type of surface acoustic waves that travel on
solids. They can be produced in materials in many ways, such as by a localized
impact or by piezo-electric transduction, and are frequently used in non-destructive
testing for detecting defects. When guided in layers they are referred to as Lamb

waves or Rayleigh—Lamb waves.
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Figure 1.3 Rayleigh wave motion [28]

[

During the illumination of the metallic target by nanosecond laser pulses, since the
thermal equilibrium between the electrons and the lattice is a process that last a few
picoseconds, the electron gas is always in thermal equilibrium with the lattice. Three
are the regimes of interest depending on the absorbed laser intensity on target (i.e. the
absorbed laser fluence per unit time). Figure 1.4 schematically presents the regimes of
the interaction, namely the thermoelastic (Figure 1.4a), the melting (Figure 1.4c) and
the plasma (ablation) regime (Figure 1.4d) [10]. For lower intensities, the
thermoelastic regime is dominant, where the metallic film surface driven deformation
does not affect the elastic properties of the lattice and therefore of the film. Due to the
absorption of the laser energy on the film, the temperature of the irradiated volume
increases, which in turn causes a local thermal expansion. The localized thermal
expansion generates a stress field and ultrasonic waves that propagate in the target are
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generated (Figure 1.4b) [7, 29]. The laser-generated ultrasonic waves propagate out of
the interaction region in all directions.

As the laser intensity increases further, the film’s surface temperature reaches its
melting point. As a consequence, the mechanical and thermal as well as the optical
properties of the target’s material change rapidly. The material is melted and
transformed into its liquid phase (Figure 1.4c). For even higher laser intensities on
target, the film’s surface reaches its boiling point and the process of material removal
from the target (ablation) begins [30-32]. This is the ablation regime of the
interaction. At low laser intensities the leading edge of the laser pulse generates a
vapour plume, which behaves like an optically thin medium. As a result, the rest of
the laser pulse passes through the vapour plume nearly unattenuated. At higher laser
intensities the temperature of the vapour plume increases and appreciable atomic
excitation and ionization occurs among with the increase of the vapour density. The
ionized vapour plume partly absorbs the incident laser photons leading to plasma
plume formation [33, 34] (Figure 1.4d). A plasma plume (composed of electrons, ions
and excited neutrals) is generated, which is characterized by the plasma properties
such as the plasma temperature, density, and plasma frequency. Due to the inverse
bremsstrahlung and photoionization absorption mechanisms, an appreciable part of
the laser energy is absorbed in this phase of the interaction and dense plasma is
formed [35, 36].

Absorption Heat conduction

!

Metal Film

Laser
SAWs Beam

Plasma
Melted
/ metal

Plasma
; é ; formation
d@

Figure 1.4 Regimes for ns laser pulse-metal film interaction: (a), (b) thermoelastic, (c) melting, and (d)

plasma regimes
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With respect to the study of matter behaviour dynamics, governed by the
interaction with external strong currents, the simplest possible geometry is that of a
single wire, the so called Z—pinch [11, 13, 37]. This is a vacuum discharge produced
plasma device, which uses an electrical current to heat and convert matter into plasma
state and to generate strong magnetic fields that subsequently compress it. Such
plasma confinement device consists of an energy storage unit (i.e. a MARX bank), a
pulse forming line and a metallic wire attached between two electrodes. Initially, the
wire is heated up until it becomes a column of plasma, which then continues to drive
the current along the axial direction. An azimuthal magnetic field is created along
with a JxB force, which not only confines the plasma but may also be responsible for
the appearance of MHD instabilities, such as m=0 (sausage mode instability) and m=1
(kink instability) [11, 13, 37]. The advantages of the Z-pinch are that larger volumes
of plasma can be produced of very high energy density, and with greater efficiency

than in laser-produced plasmas.

agnetic
field

Current

N
Lorentz
force

Figure 1.5 Z-pinch wire

Nowadays, the pulsed power exploding wire experiments also provide a versatile
arena for studying high-energy density physics (HEDP), with applications in inertial
confinement fusion [38] and laboratory astrophysics [39]. Such research is of high
importance, since large-scale projects, such as NIF at the US, HIPER and LMJ in
Europe, aiming at the production of fusion energy, are progressing fast.

In order to investigate the initial stages of the matter’s change from thermoelastic
to melting and plasma regimes, thick metallic copper wires have been used in this
study. For such wires, electrical charges flow through the skin depth, which plays an

7
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important role for the exploding dynamics. Skin depth effect is the tendency of the
fast-changing current to gradually diffuse through the thickness of the conductor,
resulting in current density being highest near the surface of the conductor [40]. The

skin depth 9 is calculated

1

Jrfuo (1.1)

S=

where f is the frequency of the rising current, x is the permeability of the conductor
and o is the electrical conductivity.

Figure 1.6 Skin depth effect

Numerical simulations, based on the Finite Element Method (FEM) and combined
with Finite Volume Method (FVM) simulations, are developed to provide valuable
insights for important quantitative parameters such as temperature, density and
expansion rate of the exploded material from solid phase to plasma expansion. For
this purpose, hydrodynamic response of the material is also taken into account.
Moreover, laser probing diagnostics, such as schlieren, interferometric, and
diffraction imaging techniques, have been used for the measurement of the wire’s
dynamics at the initial stages of the explosion. Comparison with the experimental
results is performed, for the better understanding of the phenomena. The initiation of
MHD instabilities in plasma and the influence of the thermoelastic regime on their
creation are also investigated. In Figure 1.7 the two main instabilities that occur in a
Z-pinch wire are depicted.
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Figure 1.7 Unperturbed (left), m=0 (sausage), and m=1 (kink) instabilities of a metallic wire

1.3 Outline of the thesis

Chapters 2, 3 and 4 refer to the deposition of energy in matter via pulsed laser
matter interaction, while Chapters 5, 6 and 7 refer to the deposition of energy in
matter via single wire explosion. Chapter 8 refers to concluding remarks for both parts
of the investigation.

More specifically, Chapters 2 and 5 contain the state of the art and literature review
for pulsed laser solid matter interaction, and single wire explosion, respectively.
Chapters 3 and 6 refer to the mathematical and numerical modeling of pulsed ns laser
interaction with matter and of single wire explosion, respectively. The numerical
results and their interpretation, as well as the comparison with experimental data,

including some suggestions for future work, are presented in Chapters 4 and 7.
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Chapter 2

2. State of the art-Literature review of pulsed laser solid
matter interaction

2.1 Light propagation in solid materials and energy
absorption mechanisms

When laser radiation is incident on a solid surface, a part of it gets reflected, while
the rest penetrates into the material within the laser light penetration depth and gets
absorbed. Maxwell’s equations describe the electromagnetic waves (laser photons)
that propagate through material [1]. In the case of a plane wave propagating along the

z-axis, the electric field strength E(z,t) can be written as
E(Z,t) _ Eoe—(wlc)kzei(a)/c)nze—ia)t 2.1)

where Ey is the amplitude of the field strength, n the index of refraction of the solid, k
the extinction coefficient, w the angular frequency of the wave and c is the
propagation velocity of the laser light in the medium. The first exponential term
describes attenuation of the wave, while the characteristics of free propagation are
given by the last two terms. The intensity of an electromagnetic wave decreases over
distance when passing through an absorbing medium, since it is proportional to the
square of the amplitude.

The fraction of the incident power that is reflected from the surface depends on the
polarization and angle of incidence 6; of the light, as well as the index of refraction of
the atmosphere n; and the material n,. The reflection coefficients for the s-polarized

and p-polarized components of the light can be calculated from the Fresnel equations

[2]

R, = [ ] [ncos(e)—n cos(e)]

22)
n, cos(é;) +n, cos(8,)
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n, cos(d,) —n, cos(6,)
R _[ ] [n cos(6,) +n, cos(@)] (2.3)

and are related to the transmission coefficients through Ts=1-Rs and T,=1-R,. For the

case of normally incident light on a flat surface, the above equations reduce to [2]

R=R =R = 2)?
) (n +n) (2.4)

The reflectivity of a given material depends on the frequency of the light source
through the dispersion relation of its index of refraction. In the case of normal
incidence, values for reflectivity of metals in the near UV and visible spectral range
are typically between 0.4 and 0.95 and between 0.9 and 0.99 for the IR, as shown for
some characteristic metals in Figure 2.1 [3]. Moreover, reflectivity of a surface
depends on the material, the nature of surface, the level of oxidation, temperature,
wavelength, and power density of incident radiation. Reflectivity alters dramatically
with the increase of the incident power density, time of exposure, and temperature.
Most real life surfaces are not perfectly flat and have certain degrees of texture and

roughness to them, which influence their optical behaviour [4].
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Figure 2.1 Reflectivity of common metals versus wavelength [3]
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As previously mentioned, a portion (/—R) of the incoming laser radiation
penetrates into the target surface, where R is the reflectivity of the solid target surface.
Once inside the material, absorption causes the intensity of the light to decay with
depth at a rate determined by the material’s absorption coefficient a. According to the

Beer—Lambert law [5, 6] intensity | decays exponentially with depth z

1(z)=(@1-R)I ™ (2.5)

where lo is the intensity just inside the surface after considering reflection loss,
o=47kl Ay is the absorption coefficient, k the extinction coefficient (imaginary part of
the refraction index) and /o is the wavelength. Different methods have been developed
to experimentally determine the optical constants, n and k, with respect to light and
material parameters, such as wavelength and temperature. For these constants
extensive databases exist [7, 8], although they mostly refer to pure materials at room
temperature with clean and smooth surface conditions. The reciprocal of the
absorption coefficient is the characteristic absorption depth o, the depth at which the
intensity of the transmitted light drops to 1/e of its initial value at the interface. Figure
2.2 shows optical absorption depths as a function of wavelength for a variety of
metals and semiconductors [9]. An important aspect to note from Figure 2.2 is that the
absorption depths are short relative to bulk material dimensions, hence the choice of a
wavelength with short absorption depths allows for local modification of surface

properties without altering the bulk of the material.
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Figure 2.2 Optical absorption depths for several materials over a range of wavelengths [9]
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The absorption of laser energy in a solid depends on a variety of different
parameters, involving both laser parameters and the physical and chemical properties
of the material. Laser parameters are the wavelength, intensity, pulse duration, spatial
and temporal coherence, polarization, and angle of incidence. The intensity is a
combination of the power and focal spot size of the laser beam, while the polarization
of the beam is related to the orientation of the electric field in the light wave [4, 10].
The material is characterized by its chemical composition and microstructure, that is
the arrangement of atoms or molecules, which determine the type of elementary
excitations and the interactions between them [10], as well as its thermal and
mechanical properties. The composition refers to whether we are dealing with a pure
element (such as copper, iron, aluminum, etc.) or an alloy (such as brass or steel). In
addition, absorption is also heavily dependent upon the surface properties of material.
Regardless of the composition, light always interacts mainly with the electrons inside
the metal or the alloy, since light is an electromagnetic wave and electric and
magnetic fields only interact with charged matter. The atomic nuclei are so heavy that
they cannot absorb light easily, therefore their direct interaction with light is
neglected. Electrons are accelerated by the electric field and through various
collisions among them with the other constituents of the metallic solid, energy is
transferred to the lattice [11].

In a metal, atoms readily lose their valence electrons, forming positive ions. The
free electrons are spread over the entire solid, which is held together firmly by
electrostatic interactions between the ions and the electron cloud. When an ultrashort
laser irradiates a metal free electrons absorb the laser photons through inverse
Bremsstrahlung [12]. Moreover, for laser pulses of nanosecond duration, most of the
absorption is due to single photon interactions.

After the absorption of laser energy into the solid target, thermalization occurs
within the electron subsystem, followed by fast energy transfer to the lattice and
energy losses due to the electron heat transport into the target [11, 13]. When the
laser-induced excitation rate is low in comparison to the thermalization rate (typically
in picosecond range of metals), the dynamics of the transient electronically excited
states are not significant. The absorbed laser energy is considered to be directly

transformed into heat (i.e. the laser energy is considered to absorb directly by lattice).
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Such processes are called photothermal and the material response can be treated in a
purely thermal way. Therefore, laser interaction with metals or semiconductors for
slow laser pulse times (>=ns) is typically characterized by photothermal mechanisms.
In this case electron and lattice is considered always in thermal equilibrium.

For nanosecond laser excitation and from a macroscopic perspective, the
spatiotemporal evolution of the temperature field inside a material is governed by the
heat equation. The heat equation is derived from the conservation of energy and
Fourier’s law of heat conduction, which states that the negative of the gradient of the
temperature is proportional to the local heat flux. The heat equation for a coordinate
system that is fixed with the laser beam, can be written as [12]

oT(r,t)

p(r,T)c,(r,T) —VIk(r T)VT(r, ]+ p(r, T)e, (r, TV VT (r,t) =Q(r,t)

(2.6)
where p is the mass density, r is a vector of location, c, is the specific heat at constant
pressure, k is the thermal conductivity and vs is the velocity of the target relative to the
heat source. The right side incorporates the contribution of heat sources through the
volumetric heating rate Q(r,t). The left hand side describes the evolution of
temperature due to heat conduction and takes also into account the convective term v
to describe the shift in reference frame. Furthermore, the thermal properties of a
uniform and isotropic metallic target are characterized by a single thermal
conductivity, k and a single heat diffusivity D, with the equation D=k/pcp,.

The temperature evolution inside the material is given by the volumetric heating
term Q(r,t) as well as the boundary conditions for the particular problem. Depending
on the special needs of the particular problem, heat exchanges due to convection and
radiation at the surface may also be taken into account for the boundary conditions. In
most cases, the laser volumetric heating term can approximately be separated into a
spatial shape function g(x,y) determining the beam’s profile, an attenuation term f(z),
and a temporal shape function q(t), which describes the temporal evolution of the
laser pulses. Moreover, phase changes can be accounted through the term U(r,t), i.e
latent heat of melting or vaporization and consequently the term of volumetric heating
has the form [12]
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Q(r,t)=g(x,y) f(2)q(t) +U(r,t) @2.7)

An analytical solution for heat equation 2.6 is quite difficult to be found, since it is
a non-linear partial differential equation. The situation gets more complicated in real
material systems, due to dynamic changes in material’s optical, thermal and
mechanical properties as a function of temperature and laser intensity. In the minority
of cases the problem may be simplified and an analytical solution may be found, e.g.
by incorporating laser heating through the boundary conditions for the case of surface
absorption, or by setting the material properties constant, or treating the laser shape
term as a delta function for the case of a tightly focused laser spot [14].

However, numerical methods are more suitable for dealing with complicated
physical processes. Two basic numerical methods for solving the heat equation are the
finite difference and the finite element techniques. These methods solve the equation
for all internal points and have special equations for the boundaries. The numerical
methods have many advantages compared to the analytical methods, due to the fact
that the solution domain is divided into many smaller domains that are allowed to
have different thermal conductivity, density or heat input values. This fact does not
limit the choice and the form that the applied heat source may have. Moreover,
temperature-dependent material thermophysical properties and real boundary
conditions can be included. Consequently, a numerical analysis can include more
detailed physics of the problem and, thus, reveal the effect of different phenomena on
the process [15]. In the literature exists a variety of finite difference [16-18] and finite
element [19-21] models for pulsed laser interaction with a solid target, which describe
the heating on a macroscopic scale by considering the Fourier heat conduction
equation with the laser heat as the source term. These models assume instantaneous
conversion of laser radiation into heat.

Microscopically, the incident laser radiation can be considered as a source of
photons. When photons impinge on a metal target surface some of them get reflected,
while the rest are absorbed by the electrons in the metal conduction band. Upon
absorption, the electrons get excited in a non-thermal distribution and after electron-

electron interactions finally obey a thermal distribution with higher temperature. This
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process happens very fast. Consequently, the hot thermal electrons interact among
themselves and move inside the metal lattice. In the process, the free electrons collide
with the lattice phonons, transferring energy to them. In addition, the phonons interact
among themselves until equilibrium is established. The heat equation in metals
implies that a complete local thermal equilibrium is reached between the electrons and
phonons and this assumption is correct if the duration of the laser pulse is much
longer than the characteristic time of electron-phonon relaxation time. The required
time for the excited electronic states to transfer energy to phonons and thermalize
depends on the specific material and specific mechanisms within the materials. For
most of metals, this thermalization time is on the order of 10™*2-10™ whereas in non-
metals, there is a significantly higher variation in the absorption mechanisms and the
thermalization time can be as long as 10°® s [10]. For picosecond (ps) and femtosecond
(fs) pulses, however, the electron-phonon equilibrium is not valid and the time
evolution of the lattice and electron temperatures, T, and T, is described by two
coupled non-linear differential equations [11, 22]

Ce(Te)% = v(Kev-l—e) - G(Te _TI ) + Q(r,t)
ot 2.8)

ain

G (T| ot = G(Te _T|)

where C and K are the heat capacities and thermal conductivities of the electrons and
lattice, as denoted by subscripts e and I, while G is the electron-phonon coupling
constant. In pure metals, energy transport by free electrons is much greater than that
by lattice vibrations. Therefore, heat conductivity by the lattice is neglected. For such
instances, modeling is done by considering microscopic interactions of the laser

radiation with the target material (two-temperature model) [23-25].

2.2 Material response

The response of the irradiated material depends on a variety of different
parameters, involving both the laser and the physical and chemical properties of the
material system. For photothermal laser matter interaction and for slow laser induced
excitation rates compared to the thermalization time, as already mentioned, one can
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consider that the absorbed laser energy is being directly transformed into heat. In this
section, focus will be placed on photothermal laser interactions, of nanosecond pulse
duration, with metallic solids or films.

The response of material to the incident laser light can be categorized into thermal
and mechanical effects. Thermal effects refer to melting, vaporization, boiling, and
phase explosion [26], while mechanical response involves deformation and resultant

stress in materials. Different thermal processes induce different mechanical responses.

2.2.1 Dynamic Response of Matter in the Thermoelastic Regime

When the irradiated laser fluences are limited below the melting threshold, a
variety of temperature dependent processes are taking place within matter. The high
generated temperatures can enhance diffusion rates that promote impurity doping, the
reorganization of the crystal structure [27], and sintering of porous materials [28].
Selective Laser Sintering (SLS) is an additive manufacturing technique that uses
pulsed laser as the power source to sinter powdered material (typically metal), aiming
the laser automatically at points in space defined by a 3D model, binding the material
together to create a solid structure. In addition, the localized laser heating can induce
large temperature gradients, which can lead to rapid self-quenching of the material
[29]. Moreover, rapid generation of large temperature gradients can induce thermal
stresses and thermoelastic excitation of acoustic waves. These stresses may contribute
to the mechanical response of the material, inducing secondary phenomena like work
hardening, warping, or cracking [12].

When a solid sample is irradiated by a laser pulse of duration well longer than the
electron—phonon energy cooling time, the absorbed energy by electrons increases the
localized lattice temperature within the laser pulse duration and, consequently, causes
thermal expansion of the sample within the same time interval. The creation of rapid,
localized thermal expansion, releases energy in the form of propagating
thermomechanical ultrasounds away in all directions from the generation area. The
ability of broadband signal generation, the noncontact feature, and the relatively long
propagation, make laser generated ultrasounds a reliable tool for nondestructive
evaluation and materials characterization [30-32]. Moreover, laser generated
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ultrasounds is a reliable tool for defect detection. Various ultrasonic waves excited in
the thermoelastic regime have been studied theoretically and experimentally, i.e.
longitudinal and transverse waves [33, 34], surface waves [35, 36], and Lamb waves
in thin plates [37]. The characteristics of such waves depend on the optical, thermal,
elastic and geometrical features of the material [38, 39], as well as on the parameters

of the exciting laser pulse [39, 40].

Short Pulse Laser

Material

Figure 2.3 Laser generated ultrasounds

2.2.1.1 Review of modeling efforts in thermoelastic regime

The study of the thermoelastically laser-generated ultrasounds using theoretical
models with analytical solutions was initiated in the early 1960s by White [41]. In this
pioneering work that investigated the generation of thermoelastic waves in a material
induced by a surface heat source, a 1-D elastic wave and heat diffusion equation were
solved. Later, was described [42] the calculation of the surface displacement for a
point radial loading of a half space with Heaviside time dependence. Scruby et al.
[43] and Dewhurst et al. [44] used a Green function formalism to obtain the epicentral
displacement due to a thermoelastic source. Similarly, Rose [45] considered the point
source as a surface centre of expansion and obtained a formal solution again using a
Green function formalism. In these theoretical models the thermal diffusion into the
solid is not taken into account. In [46] the effect of thermal diffusion on the
thermoelastic wave, predicting an epicenter displacement was investigated. In [33]
investigated the wave generation by thermal dipoles in laser-generated ultrasound was

investigated, providing a clear explanation as to how longitudinal waves are
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generated. These two studies took also into account the finite spatial and temporal
shape of the laser pulse. Wang and Xu [47] took into account the non-Fourier effect in
heat conduction in the case of the ultrafast laser-induced ultrasonics. Zhang et al. [48]
obtained the directivity patterns for the longitudinal wave and the transverse wave,
taking into account thermal diffusion. In [37] the thermoelastic generation of
longitudinal, transverse, and surface-acoustic waves in thick samples, as well as the
excitation of the Rayleigh-Lamb wave modes in thin materials was inestigated, using
the numerical eigenfunction expansion method.

Moreover, for the case of laser irradiating film-substrate systems, Coulette et al.
[49] studied the transient mechanical displacement at the epicenter in two-layer plates
by using a two dimensional semi-analytical model. Murray et al. [50] investigated the
surface acoustic waves (SAWSs), using a two-dimensional analytical model, based on
temporal Laplace and spatial two-dimensional Fourier transformations and assuming
the substrate is semi-infinite, while laser irradiation is modelled as a surface force
source. In general, they concluded that the propagation of laser generated ultrasound
depends not only on the properties of the coating, but also on those of the substrate.

As previously mentioned, the finite element numerical method is suitable to
simulate complicated processes, especially when the material (mechanical, thermal,
optical) parameters are temperature-dependent. In the literature, Kasai et al. [51]
predicted photoacoustic signals in a brass sample by using FEM. More recently, Xu et
al. [52-55] numerically investigated the generation and propagation of ultrasonic
waves in metallic plates and film-substrate systems irradiated by pulsed laser using
FEM. The 2D finite element study of Xu et al. for pulsed laser-generated surface
acoustic wave forms in aluminum Al plates of various thicknesses, was the first that
took into consideration the temperature-dependent thermal physical parameters for the
material along with mechanical properties (temperature-dependent density until the
melting point) and temperature-dependent optical absorptivity. In [56] a correlation
between the magnitude of the residual stress in a steel block and the surface acoustic
wave behavior was demonstrated by finite element modeling. Furthermore, the
influence of the laser beam profile on the ultrasonic waves produced in metallic
materials was investigated experimentally and numerically with FEM by Cerniglia et

al [57].
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Figure 2.4 Schematic Finite element mesh diagram of the laser irradiating aluminum plate specimen
based on the model of Xu et al [52]

2.2.2 Dynamic Response of Matter in the Melting Regime

When laser pulse energy increases, materials absorb more laser energy and the
induced temperature exceeds the melting point. At this point the deposited laser
fluence causes material melting. Fluences above the melting threshold can lead to the
formation of transient pools of molten material on the surface [58, 59]. The molten
phase of the material supports much higher atomic mobilities and solubilities than in
the solid phase, resulting in rapid material homogenization. High self-quenching rates
with high solidification front velocities can be achieved by rapid dissipation of heat
into the cooler surrounding bulk material [60]. Moreover, a wide field of material
modification becomes accessible upon melting, followed by rapid solidification.
These phenomena can change the atomic structure of materials and realize mutual
transformation between amorphous and crystalline state [12].

For temperatures higher than the melting temperature, hydrodynamic motion can
reshape and redistribute material. Radial temperature gradients can develop in melt
pools, causing convective flows to circulate material [60]. For most materials, the
liquid’s surface tension decreases with increasing temperature and the liquid is pulled
from the hotter to the cooler regions (Marangoni effect) [61]. Moreover, selective
laser melting is an additive manufacturing process that uses 3D CAD data as a digital
information source and energy in the form of a high-power laser beam, to create

three-dimensional metal parts by fusing fine metal powders together.
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2.2.2.1  Review of modeling efforts in melting regime

A two-dimensional (2D) axisymmetric model of a molten pool created by a pulsed
laser heat source was developed by Abderrazak et al. [58]. The model solves the
coupled equations of laminar fluid flow (equations of continuity and momentum) and
heat transfer to demonstrate the flow behavior in the pool using a FEM code. It takes
into account the coupled effects of buoyancy and Marangoni forces, the dependent
with temperature thermophysical variation properties and the radiation and convection
heat losses. Bennett et al. [61] proposed a mechanism for topographical features
formed during pulsed laser texturing of Ni-P magnetic disk substrates by taking into
account the Marangoni effect. This perspective is investigated using Lagrangian finite
element modeling for the fluid mechanics coupled with heat and mass diffusion.

O. Garcia et al. [62] have investigated both experimentally and by means of a
finite element simulation the a-Si local crystallization irradiated by a single
nanosecond laser pulse. Different energy regimes were taken into account in order to
evaluate the effect of the laser fluence on the a-Si crystallization. A Finite Element
study during the heteroepitaxial growth induced by excimer laser radiation of
patterned amorphous hydrogenated silicon (a-Si:H) and germanium (a-Ge:H) bi-
layers deposited on a Si(100) wafer was carried out by Conde et al. [63, 64], using
ANSYS software. In heteroepitaxy, a crystalline film grows on a crystalline substrate
or film of a different material. The results were verified experimentally by an ArF
(193 nm) excimer laser that provided high energy densities during short laser pulse
(20 ns), provoking, at the same time, melting and solidification phenomena in the
range of several tenths of nanoseconds. The set of Heat Conduction differential
equations describing heat propagation were

P(T)Cpﬁ)% = VIK(T)VT (r,1)] for T<Trneting
(2.9)
8HT(T) =VIK(T)VT(r,t)] for T = Trerting

where H(T) is the enthalpy function that accounts for phase change. Once the melting
point was reached, momentum and mass fraction equations were employed to predict

the concentration profiles on both interfaces and borders of the patterned
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heterostructures by means of a computational fluid dynamic code. The Boussinesq
approximation was taken into account to describe the variation of the fluid density

with temperature.

aG

Sisubstrate

2]
]

Figure 2.5 Schematic mesh of the axisymmetric finite element model of the a-Si:H(40 nm)/a-Ge:H(20
nm) bi-layers deposited on Si(100) based on the study of Conde et al. [64]

In general, most of the analytical models are not able to take into account the effect
of the latent heat. However, finite element simulations can apply an artificially
enhanced specific heat capacity in a narrow temperature interval (AT) close to the
melting point so as to simulate the consumption of latent heat for melting or its

release to simulate cooling [65]

co=—n (2.10)
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2.2.3 Dynamic response of matter in the ablation regime - Plasma

formation

Laser ablation is a process where macroscopic amounts of matter leave the solid,
following pulsed laser excitation with laser fluence, energy density, higher than a
threshold value. The required fluence in order to induce ablation depends on many
factors, including the irradiated material as well as the irradiation conditions.

The laser ablation process occurs in two stages. In the first stage, laser energy is
absorbed by the target, leading to a temperature increase. In this stage, the main
physical processes involve heat conduction, melting, and vaporization of the target.
For low laser fluence the produced vapour by the leading edge of the laser pulse
behaves like a thin medium and the laser beam passes nearly unattenuated through the
vapour. In the second stage, at higher laser fluence the vapour temperature is high
enough to cause appreciable atomic excitation and ionization. Then the vapour begins
to absorb the incident laser radiation leading to vapour breakdown and plasma
formation above a certain fluence threshold. The plasma plume interacts with the
incoming laser radiation, absorbing a percentage of it, thereby shielding the target
surface and may further expand, depending on the fluence values [66, 67].

Plasma formation due to ablation shields the target surface by absorbing a part of
incoming laser radiation. Since plasma consists of three species, electrons, ions, and
neutral atoms, absorption of the radiation inside the plasma may occur by different
mechanisms. Two are the dominant mechanisms by which the radiation is absorbed
by the plasma. The inverse Bremsstrahlung (IB) and the photoionization (PI)
processes. Absorption of photons by free electrons in the plasma is described by IB
mechanism, while absorption by excited ions and neutral atoms is described by Pl
mechanism [66, 67].

The onset of ablation occurs above a characteristic fluence threshold. Its value
depends on the absorption mechanism, particular thermo-physical material properties,
material’s microstructure, morphology, possible presence of defects, and on laser
parameters, such as wavelength, laser pulse energy, and pulse duration. In general,
fundamental studies of the ablation process of simple one-component materials, such
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as metals, allow for a better comprehension of the basic mechanisms involved in
laser—solid and laser—plasma interaction. Typical threshold fluences for metals and for
nanosecond laser pulses range from 1 to 10 J/cm? [12, 68]. In some cases and at high
laser fluences, explosive-type vaporization mechanisms have been observed.

According to Kelly and Miotello [26], there are three regimes of thermal ablation:
normal vaporization, normal (heterogeneous) boiling, and explosive boiling (or phase
explosion). Only vaporization and explosive boiling are compatible with the time
scale of nanosecond pulse duration laser. For nanosecond laser pulses, the regime of
normal vaporization gives way to phase explosion with increasing laser fluence when
the irradiated matter approaches the thermodynamic critical point (CP). At this point,
the rate of homogeneous bubble nucleation rises and the target makes a transition
from superheated liquid to an equilibrium mixture of vapor and liquid droplets.

From the above, one can assume that the modeling of the laser ablation process
must take into consideration the laser heating of the target, which leads to the
prediction of the target’s temperature and the ablation rate, as well as the radiation
absorption by plasma plume and its direct influence on the ablation rate due to
radiation shielding [66].

2.2.3.1 Review of modeling efforts in ablation/plasma regime

The ablation phenomenon with nanosecond laser pulses excitation has been
investigated by many researchers, using analytical and/or numerical techniques [69-
77]. An energy balance criterion was used to predict the amount of ablated material
by Singh et al. [69, 70]. According to Singh et al., [70], for laser interaction with
plasma and the target, absorption of radiation is strong at distances very close to the
target surface, where densities of the plasma species are very high. At large distances
away from the target surface, the plasma is almost transparent to the incoming
radiation. This is because the densities of the plasma constituents decrease as the

plasma expands. This is schematically shown in Figure 2.6.
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Figure 2.6 Schematic of the interaction of laser with plasma and target based on the study of Singh et
al. [68]

In the literature, a large number of studies [70-72] have used the heat equation 2.6
as a governing equation of heat transfer to predict the temperature variation in the
target followed by melting, vaporization, and consequently ablation. A notable
theoretical study, which gives satisfactory agreement with experimental results for
pulsed laser ablated mass, was carried out by Bulgakov and Bulgakova [17, 71].
According to their thermal ablation model, the time-dependent temperature
distribution along the target depth T(t,z) follows the one-dimensional heat-flow
equation

cop(S U0 ) =k S+ R(Dlay | e ™ (21)
where cp, k and a, are the thermal capacity, the thermal conductivity and the
absorption coefficient of the target, p is the mass density of the target material, while
R(Ts) is the reflection coefficient, which is dependent on the surface temperature T
and u(t) is the surface recession velocity. The u(t) value is defined under the
hypothesis that the vapor pressure above the vaporized surface is estimated with the
Clausius—Clapeyron equation and the flow of vaporized material from the surface

follows the Hertz—Knudsen equation
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2 ka l

where m is mass of an atom, L is the latent heat of vaporization of the target material,
ky is the Boltzmann constant, and Ty, is the boiling temperature under the reference
pressure pp. The parameters pp and Ty are taken as normalization parameters and do
not assume the boiling vaporization mechanism. The intensity of laser light reaching
the target surface has the form:

0= 15060 - 1oe @
where lo(t) is the incident laser intensity, A(z) is the total optical thickness of the
plasma plume and a(np, Tp) is the plasma absorption coefficient, which depends on the
plasma density, n,, and temperature, T,. For a low-temperature equilibrium plasma,
the absorption coefficient can be written as a=nf{(T), where n is density and f(T) is an
increasing temperature function [71]. The increase of the plasma temperature due to
radiation absorption is estimated by AT=(y-1)EJ/kyN=(y—1)mEJl(Kp4zp), Where Az(t)
is the ablation depth, E,(t) is the density of the laser energy absorbed by the plasma, y
is the specific heat ratio, and N is the number of vaporized particles (atoms) from a
unit surface. After a series expansion of a(z) in terms of AT and restriction to the
linear term it holds

A(t) = adz(t) + bE, (¢) (2.14)

The coefficients o and b, were determined by fitting the experimental and calculated
data on mass removal and were the only free parameters in the model. Equation 2.11
was solved numerically by using a finite-difference scheme with second-order
accuracy. The major contribution of this study is that it takes into account the plasma
shielding effect (Equations 2.13 and 2.14).

Bulgakova et al. [72] have further modified Equation 2.11 by implementing the
term Lnmo(T—Ty), Which increases the accuracy of calculations on the liquid—solid

interface giving the temperature of the melting point Ty, (L, latent heat of melting)
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o, oT

(cpp+Lys(T =T )(—— ()— =a—ka— [1-R(T)la,I(t)e ™’ (2.15)
The é-function was approximated as
_(T-T,)
5(T—Tm,A)=ﬁe[ 2 (2.16)
T

where A is in the range of 10-100 K depending on the temperature gradient.
Furthermore, Zhang et al. [75, 76] developed a model of the ablation phenomenon,
which also takes into account the plasma shielding effect. Radiation shielding by
plasma was considered to occur due to IB and PI.

Recently, models based on FEM dealing with pulsed laser ablation have been
published [78-81]. A 2D axisymmetric thermal finite element model, based on the
heat-conduction equation and on the Hertz-Knudsen equation for vaporization, was
developed by Oliveira and Vilar [79], in order to simulate laser ablation of solid
material (TiC) irradiated by nanosecond pulsed laser source. Neglecting convective
and radiative energy transport, and for a stable target (zero velocity relative to the
laser source), the heat conduction is

6T(x y,t)

p(T)ey (T)—2===V[kMVT (x,y,.0]+Q(y.1) (217)

The source term Q(y, t) represents the laser energy absorbed by the sample and is
expressed as

Q(y,t) = 1(t)e"”(1-R)a, exp(-a,y) (2.18)

where A(t) is a term relating to plasma absorption, which is described by Equation
2.14. Also, the laser beam temporal profile I(t) was supposed to be Gaussian, while
the flow of vaporized material from the surface follows the Hertz-Knudsen equation,
given by Equation 2.12.

In order to simulate the ablation of the solid, if the temperature of an element was
higher than the melting temperature (Ty,) at the end of a particular step, melting was
assumed to occur, while the latent heat of melting (L) was taken into account in the
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calculations. Likewise, ablation was assumed to occur when the temperature of the
surface elements was higher than the boiling temperature. An ablation depth h was
calculated with an analytic solution and compared with the element thickness, Ay. If h
> Ay the element was assumed to be vaporized and the surface temperature of the
remaining material was corrected in order to take into account the latent heat of
vaporization. A finer mesh in the upper part of the target was used to better estimate
the material removal.

A 2D axisymmetric thermal finite element model was also developed by
Vasantgadkar et al. [80]. Its novelty was the fact that it took into account temperature

dependent absorptivity and absorption coefficients (dynamic absorbance).

Laser Beam
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Figure 2.7 Schematic mesh of the axisymmetric finite element model, based on the study of
Vasantgadkar et al. [80]

The same concept with the previous study, concerning the latent heat of melting
and vaporization, was considered. Material removal was achieved through “killing”
(capability of ANSYS software) of the elements, which were deactivated by
multiplying their stiffness by a severe reduction factor, instead of using the Hertz-
Knudsen equation. Plasma shielding was also considered by taking into account
Equation 2.14. The coefficients o and b of Equation 2.14, were normally determined
by fitting experimental and calculated data on mass removal.

In addition, in the literature may also be found models for pulsed laser ablation

based on molecular dynamics simulation (MD) [82-84]. The application of the
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classical MD method for the simulation of laser ablation of metals demands several
modifications. Since electronic contribution to the thermal conductivity of a metal is
dominant, the conventional MD method, where only lattice contribution is present,
underestimates significantly the total thermal conductivity. This leads to nonphysical
confinement of the deposited laser energy in the surface region of the irradiated target
and does not allow the direct comparison between the calculated and the experimental
data. This problem has been recognized in the first simulations of laser ablation of
metals by Ohmura and Fukumoto [82]. MD was further modified in order to
overcome this problem by the division of each computational cell into small blocks.
Fourier’s law is applied between the adjacent blocks to account for the heat
conduction induced by free electrons [83].

Furthermore, with respect to the mechanical effects occurring in the plasma
regime, the mechanical compression and the generation of surface waves is enhanced,
while the shear wave amplitude reaches a maximum near the onset of plasma

formation and then steadily decreases with increasing laser fluence [30, 31].
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Chapter 3

3. Mathematical and numerical modeling of pulsed ns laser
interaction with matter

3.1 Introduction

The main regimes for high-power nanosecond pulsed laser irradiation of matter, as
already mentioned, are the thermoelastic, melting, and ablation/plasma regime. In the
thermoelastic regime the target surface deforms after the laser excitation without
altering its elastic properties. Absorption of the laser pulse results in an increased
localized temperature, which in turn causes thermal expansion and a consequent
generation of a stress field and ultrasonic waves that propagate inside the target [1, 2].
For higher laser intensities the target surface temperature overcomes its melting point
and the thermal and optical properties of the irradiated material change. When the
target surface temperature overcomes its boiling point, ablation occurs and matter is
vaporized. For incident laser intensities greater than the ablation threshold, a large
amount of electrons, ions, and excited neutrals exist in the vaporized material and

absorb the laser light forming plasma [3].

3.2 Mathematical modeling

Neglecting convective and radiated energy transport, the temperature distribution
T, induced by absorption of pulsed laser radiation in a material, is given by the heat
conduction equation, which can be expressed as

PCo(T)

W—V[k(ﬂw(x, y,z,0)]1=Q(x,y,z,t) - L, 3.1)

where X, y, z are the space coordinates and p, Cp, k are the mass density, specific heat
at constant pressure, and thermal conductivity of the target material, respectively. The

source term Q(X, Yy, z, t) represents the laser absorbed energy by the sample per
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volumetric unit and per second. When target’s temperature is less than its melting
point, the incident laser energy onto the surface is conducted into the solid target. For
that period of time latent heat per unit volume per unit time L; is equal to zero.

Due to the generated transient temperature elevation field and the transient
temperature gradient field, the localized thermal expansion generates a stress field and
ultrasonic waves that propagate in the material in all directions. For solids, the wave
propagation, resulting from the thermal expansion due to the temperature elevation
field, is expressed as

% = 1VU(X, Y, 2,t) + (A + w)VIVU (X, Y, 2,0)] —a(3A + 2)VT (X, Y, 2,t) (3.2)

where U is the time-dependent displacement, 4 and u are the Lamé constants, and a is
the thermoelastic expansion coefficient. Lamé parameters are two material-dependent
quantities that arise in strain-stress relationships in continuum mechanics.

When the temperature exceeds the melting point of the material, phase change
occurs and the latent heat of melting, Ly, of the material is taken into account (i=m) in
Equation 3.1. In the ablation regime, when temperature exceeds the boiling point, the

latent heat of melting is replaced by the latent heat of vaporization, L,,(i=Vv).

3.2.1 Source term

The temporal and spatial distribution of the nanosecond pulsed laser source can be

described by the functions F(t) and S(r), respectively [4]

Fit)y=e "V

S/ (3.3)
S(x,y)=¢e 0
where t; is the FWHM laser pulse duration and rq is the FWHM beam radius on the
sample surface. The source term Q(X, Y, z, t) that represents the laser energy absorbed

by the sample can be expressed as [4]
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Q(x,y,z,t) = 1, (1)L-R)F ()S(x, y)a,e ™ (3.4)

where I4(t) is the temporal laser irradiance at the sample, R is the optical reflectivity of
the sample and oy, is the optical absorption coefficient (1/ay is the optical penetration
depth). The laser beam temporal profile in most of the cases is assumed to be of

Gaussian type.

3.2.2 Plasma absorption parameter

For moderate laser fluences, energies delivered per unit area, the nanosecond laser
pulse is usually accompanied by the formation of low temperature plasma. The
temporal laser irradiance at the target surface is attenuated due to absorption in the
plasma that is formed as a consequence of laser irradiance. An increase in the
absorption as a consequence of plasma heating can be characterized by a single
parameter, the density of the absorbed radiation energy E, according to Bulgakov and
Bulgakova [5]. The temporal laser irradiance is then expressed as

1, () = 1,6~ (35)

where | is the incident laser pulse energy per unit area per second and A(t) is the

optical thickness of the ablation plume which is given by the following equation [4]

A(t) =b h(t) +d Ea(r) (3.6)

where h is the ablation depth and b, d, are time independent coefficients.

3.3 2-D axisymmetric modeling in the thermoelastic regime

The geometry of the physical problem of the matter response of a homogeneous,
elastic, isotropic film—substrate system, when a single laser pulse interacts with the
surface of the sample, is shown in Figure 3.1. The laser beam is assumed to be

perpendicular to the surface.
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Figure 3.1 Schematic diagram for laser irradiating film-substrate system

In order to describe the previously mentioned complex multiphysics problem,
finite element numerical analysis is chosen in this thesis. Finite element simulation is
a convenient tool for the simulation of thermal and elastic phenomena. The FEM is a
series of computerized numerical calculations using a matrix method. It is versatile
due to its flexibility in modeling complicated geometries when the domain changes,
when the desired precision varies over the entire domain, or when the solution lacks
smoothness. Moreover it can provide substantial insights into how temperature
gradients and residual stresses are developed during the laser-metal interaction, as
well as information concerning time-dependent displacements at multiple locations
[6-9].

Modeling methodology is initially referred to the finite element computational
approach. Then, the description of the geometric topology and of the required finite
elements for the mesh creation follows. Additionally, the initial boundary and loading
conditions are later described, as well as the mechanical, thermal, and optical

properties of the materials under study.

3.3.1 Computational approach

The classical thermal conduction equation for finite elements with the heat
capacity matrix [C] and the conductivity matrix [K] can be expressed in terms of

vectors, based on the finite element method:

(KR} [CK 3=l @
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where {Q} is the heat source vector, {T} is the temperature vector and {JT/ot} is the
temperature rate vector. For wave propagation, ignoring damping, the governing finite

element equation is

o°U
MK pE -+ [SKUL={F} (38)
where [M] is the mass matrix, [S] the stiffness matrix, {U} the displacement vector,
{6°U/6r*} the acceleration vector and {F} the force vector. For thermoelasticity, the

external force vector for an element is given as

{F}=[[B]' [Dl{es}aVv (3.9)

where {&o} is the thermal strain vector, [B]" is the transpose of the derivative of the

shape functions and [D] is the material matrix.

3.3.2 Geometry and meshing

The solution of the matrix equations 3.8 and 3.9 is done with the use of the
commercial finite element software ANSYS verl4.5. An axisymmetric analysis is
initially carried out in order to reduce the computational time. The numerical
simulation is performed using coupled-field thermal-structural multiphysics analysis.
Both thermal and structural fields share the same 2D geometry, meshing and
elements, boundary and loading conditions. With the help of a direct coupling
method, a single pass solution is achieved, involving one analysis that uses a coupled-
field 2D element type. PLANE 223 is the adopted 8-node solid coupled-field, 2D
thermal-structural plane element to carry out the numerical process. The finite
element used has eight nodes with up to four degrees of freedom per node and the
analysis type of the coupled physics model is set to be transient. The choice of the
element type is done so that a good relation between accuracy and computational cost
can be achieved. All numerical simulations run on a 4-core Intel® Core™ i7-3820
CPU with a processor of 3.6 GHz and 32 GB RAM.

The computational model is expected to be highly demanding on computational
power, due to the nature of the solution, where a highly abrupt loading over time is

imposed, hence a large number of steps is needed for the time integration. Moreover,
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there is a need for modeling with a number of elements as small as possible. The
definition of the total number of elements highly depends on the regions of interest, as
well as on the topologies with the smaller dimensions. In our case, the area of interest
is the complete mass of the metal film, which has the smallest thickness; consequently
it determines the minimum number of finite elements. The thickness of the film used
is of the order of a fraction of a um and the heat-affected zone is much smaller than
the domain of the material, therefore a fine mesh is necessary in order to resolve
temperature distribution inside the film and the irradiated region.

The dimensions that are used for the simulations correspond to real film-substrate
systems used in experiments, as it will be analyzed in Chapter 4. Different metal thin
film-substrate samples are simulated, produced by e-beam evaporation; 0.2 and 0.5
um Al (aluminum) films deposited on 1 mm fused silica substrate and 0.4 um Au
(gold) films deposited on 1 mm BK7 glass substrate. The width of the films is 100
um. A high discretization number of 10 elements per thickness is selected for the thin
film and 1000 for the radial width of the film. The same values are selected for the
substrate, leading to a total number of elements ranging from 20000 to 40000. The
range of this number is due to different simulated thickness of the substrate for
different test cases. In Figure 3.2 a schematic of the 2D axisymmetric finite element
model is depicted. In all examined cases it is considered that the two different layers
of material are inseparable (bonded). The same nodes are shared in the interface of the

metallic film and the glass substrate (continuity of grid).

Figure 3.2 Schematic of the 2D axisymmetric finite element model

Two critical aspects for the convergence of numerical results are the temporal and
spatial resolutions of the finite element model. Concerning spatial resolution, the size

of the elements is chosen in a manner so that the propagating waves are spatially
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resolved. Since laser-generated SAWSs have high frequencies, a small element size is
required to deal with such waves. In [10], it is recommended that more than 10 nodes
per wavelength should be used, while in [11], the recommendation is much higher (on
the order of 20 nodes per wavelength). The last recommendation can be expressed as:

A (3.10)

min

=20
where | is the element length and Anin is the shortest wavelength of interest. In our
case, according to experimental results that will be presented in the next Chapter, the
wavelength is approximately 40 um, therefore the element length is selected to be
approximately 2 um according to Equation 3.10. Therefore, higher accuracy for the
numerical results is achieved with regard to generation and propagation of ultrasonic
waves.

Moreover, the choice of an adequate integration time step is very important for the
accuracy of the solution. In general, the accuracy of the model increases with smaller
integration time steps. With long time steps, the high-frequency components are not
resolved accurately enough. On the other hand, small time steps require increased
computational time, therefore, a compromise has been found.

ANSYS [11, 12] code uses an implicit solver for the solution of Equations 3.7 and
3.8. The non-linear thermal Equation 3.7 is solved with the Newton-Raphson
procedure along with a trapezoidal rule for time integration for the transient analysis.
Also, the non-linear structural Equation 3.8 is solved with the Newton-Raphson
procedure along Newmark time integration for transient analysis. For the Newmark

time integration scheme a rule that gives accurate results is [11]

1

At =
201 (3.11)

where fnax IS the highest frequency of interest. By determining the highest frequency
from the available experimental results approximately equal to 50 MHz, a timestep At
of 1 ns is small enough to model the temporal behavior of the propagation. A total

time of 80 ns after excitation and 80 load-steps, resulting to a duration of 1 ns for each
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load-step for the solution is considered. In Appendix A more details for the implicit

solver are presented.

3.3.3 Initial and boundary conditions

Regarding initial conditions, the initial temperature of the body is assumed to be
the ambient environmental temperature, while the initial mesh is considered to be
non-deformed with zero initial stresses.

The boundary conditions of the model are depicted in Figure 3.3. The substrate is
assumed to be clamped on its boundary for both radial and vertical directions (fixed
support). Since, an axisymmetric analysis has been performed, the heat flux on left
hand boundary is considered to be zero, as can be seen in Figure 3.4. The boundary

conditions at r=0 (on the symmetry plane) is treated as adiabatic

3.12
KT (312
0z

i w laser beam

Substrate

axisymmetric / zero heat flux

fixed support

Figure 3.3 Boundary conditions of the axisymmetric FEM model

Moreover, the effect of thermal convection and heat radiation are neglected during
the extremely short laser pulse, thus no heat is assumed to be flowing into or out of

the boundaries of the model.
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3.3.4 Loading conditions

In relation to the loading conditions of the model, a heat generation function, given
by Equation 3.13, is applied to the upper part of the thin film. The heat generation
source term Q(r, z, t) that represents the laser energy absorbed by the sample can be

expressed as

Q(r,z,t) = I (t)(1— R)F (1)S(r)a,e ™’ (3.13)

where I(t) is the temporal laser irradiance at the sample, R is the optical reflectivity of
the sample, and a, is the optical absorption coefficient. The laser beam temporal
profile is assumed to be of Gaussian type. The temporal and spatial distribution of the
nanosecond pulsed laser source are described by the functions F(t) and S(r),
respectively
~2ty /2
F(t):e_mZ(t . (3.14)

2

()
S(ry=e /"

where to is the FWHM laser pulse duration and rq is the FWHM beam radius on the

sample surface. The temporal Gaussian distribution F(t) is depicted in Figure 3.4.
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Figure 3.4 Temporal Gaussian distribution of pulsed laser source with 6 ns duration (Full Width at

Half Maximum)
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With respect to the laser parameters used in the simulations, the FWHM laser pulse
duration tp is 6 ns, the FWHM beam radius of the pulsed laser spot on the sample
surface, ro, is considered to be 12.5 um, while energy values in the range of 20-50
w/pulse. All these laser parameters are used in accordance with the conducted

experiments utilizing the dynamic imaging interferometer technique.

3.3.5 Material properties

The material properties used in this modeling study can be categorized into optical
and thermo-physical ones. Regarding the optical properties, the absorption coefficient
ap and reflectivity R are calculated from the real and imaginary part of the refraction

index n and k taken from [13] using the equations

47k
a,=—o
A
Ro (n-1)%+k* (3.15)
(n+1)* +k?

where 4 is the radiation wavelength with a value of 532.8 nm (value of the pulsed
laser source used in the experiments). The values of the absorption coefficient, optical
penetration depth and reflectivity for the different materials at 532.8 nm wavelength

are summarized in Table 3.1.

Table 3.1 Optical properties of the different materials used in this work

The values for thermo-physical properties have been adopted from existing values
in [14, 15]. The material properties are divided into thermal and mechanical
properties. This categorization is based on the material properties that are required for
the simultaneous solution of the thermal and mechanical analysis. The thermal
properties are thermal conductivity [W/mx°C] and specific heat capacity [J/kgx°C].
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The properties required for the solution of the mechanical analysis are Young’s
Modulus [GPa], thermal expansion coefficient [1/°C], Poisson’s ratio, while due to
transient analysis density [kg/m?] is also needed. Young Modulus and Poisson’s ratio
are related to Lamé parameters 4, x as

o _ i(34+2p)
A+u
2 (3.16)
Ve—F .
2(4+ u)

The material properties used in the 2-D axisymmetric simulations are presented in
Table 3.2.

2712

910

205

2200

740

1.38

19320

129

310

14.2

79

0.42

2510

858

1.114

7.1

81

0.206

Table 3.2 Thermal and Mechanical Material properties

The choice of these specific materials properties and laser parameter values facilitates
the direct comparison with representative experimental results, as we will see in the

next Chapter.

3.4 3-D quarter symmetric modeling of thermomechanical
interaction in all regimes of interest

In order to simulate the pulsed laser film-substrate interaction in thermoelastic,
melting, and ablation regimes, a quarter symmetric 3D coupled thermal-structural
transient model based on FEM is also developed. All numerical simulations run on a
4-core Intel® Core™ i7-3820 CPU with a processor of 3.6 GHz and 32 GB RAM.

The 3D multiphysics model gives more accurate spatiotemporal numerical results in
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the three dimensional space and can predict mass ablation, compared to the 2D
axisymmetric model. It provides better insight to the time and space history of the
surface deformation development and to the SAWSs generation and propagation in all
directions of the irradiated region, as well as within the volume of the material. It is
capable to compute the phase changes of matter, with respect to the material
properties and the experimentally used laser irradiation parameters. For this reason the
matrix Equation 3.7 of thermal conductivity is formed so as to include the phase
changes of matter related to temperature based criteria

KT+ [CKE =1L} o)

where L; is the latent heat per unit volume per unit time, which equals to L, and L, in
the melting and ablation regimes respectively. When temperature reaches the melting
point L, is taken into account in the previous equation, while L, is taken into account
when temperature exceeds the boiling point of the material. Equations 3.8 and 3.9,
described in section 3.2.1, also apply here for mechanical wave propagation.

3.4.1 Computational approach, geometry and meshing

The 3D quarter symmetric finite element model simulates a homogeneous, elastic,
isotropic metal film-substrate system and its transient response when a single laser
pulse interacts with the metallic film for all three regimes. Both the thermal and
structural fields share the same 3D geometry, meshing and elements, boundary and
loading conditions. Moreover, the thermal and structural solution is computed in
every time step simultaneously. Therefore a simultaneous analysis of the thermal and
structural parameters, as defined by the solution of the heat conduction and wave
equations, is achieved.

With the help of a direct coupling method, a single pass solution is achieved,
involving one analysis that uses the coupled-field 3D element type SOLID5 of the
commercial software ANSYS® 14.5. SOLID5 has eight nodes with up to six degrees
of freedom per node. For this thermal structural analysis the weak field coupling is
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chosen and is done by the calculation of the appropriate element matrices and load
vectors occurring by the summation of the element matrices and load vectors
described in Equations 3.15 and 3.8. In order to include the necessary coupling terms,
the governing equation results to the matrix equation form described in Equation 3.18,
where the coupled effects are accounted via load terms F-coupled: F. and Q-coupled:
Qc. This coupling requires at least two iterations in sequence to achieve a coupled

response, one for each of the applied physics.

{[M] OH{U}HO 0 H{U‘}H[S] 0 H{u}}z{{ﬁ}}
o of|{f}] [0 [Cl|{T} Lo IKI|TY |} (3.18)
Due to the high frequencies of the laser generated SAWSs and the need to resolve
the temperature distribution in the film and the irradiated region, a small element size
is essential to accurately simulate such effects, as likewise already described in
section 3.2.2. Figure 3.5 presents technical details of the 3-D quarter symmetric finite
element model. The symmetry centre is the laser’s epicenter. Since the heat-affected
zone is much smaller than the domain of the material, special treatment is given to the
mesh of the cyclic area of the laser beam spot, at the limits of which the temperature
gradients change rapidly, requiring for a locally smooth adaptive fine discretization
[16]. An orthogonal fine meshed volume is generated to allow precision handling of
the dynamic phase changes of matter in the centre of the irradiated target.
Additionally, a second larger cyclic area encloses the irradiated zone and creates the
appropriate continuum smooth space, needed for the generation and propagation of
SAWSs. The thickness of the metal film used is of the order of a fraction of a um, thus
12 element divisions are used to discretize its volume in the normal direction. The
whole sample is discretized to a total number of 90,000 elements. Different test cases
of the model are tested with a varying thickness of the substrate.
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Figure 3.5 3D quarter symmetric finite element model details. As indicated in the zoomed detail of the
irradiated surface (top), special treatment is given to the locally adaptive mesh of the circular area of
radius R2 of the laser beam spot. A second circular area with radius R1 encloses R2 and creates the
appropriate continuum smooth discretization for the generation and propagation of SAWs
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The actual experimental sample is manufactured with the technique of e-beam
evaporation, making the two parts bonded and so behaving as a single solid with two
different material properties. This is the reason why the model treats the two parts as
bonded, sharing a common surface interface, where all the finite element nodes of
glass-metal on this contact interface are common.

With regard to the spatial and temporal resolutions of the finite element model
Equations 3.10 and 3.11 are likewise taken into account. An implicit solver is
considered and the same numerical techniques for the solution of the non-linear
Equations 3.17 and 3.8 are applied, as previously described in section 3.2. The time
dependent problem is solved sequentially, with an incremental time step of 1 ns over a

time period of 80 ns.

3.4.2 Initial and boundary conditions

Regarding initial conditions, the initial temperature of the body is assumed to be
the ambient environmental temperature, while the initial mesh is considered to be
non-deformed with zero initial stresses.

The boundary conditions of the model are depicted in Figure 3.6. Symmetry
displacement loads are applied to the purple sides (Figure 3.6a), where heat flux is
also set to zero due to the quarter symmetry of the 3D model (Figure 3.6b). The left
boundary surface of the sample is fixed in order to model the actual conditions of the
experiment, while each one of the sides, where heat flux is set to zero, cannot move to

one of their directions due to the quarter symmetry (Figure 3.6c).
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Figure 3.6 Boundary conditions of the FE model

3.4.3 Loading conditions

The energy source Q (energy per volume unit per time) is essentially the absorbed
energy per unit volume per unit time and is described by the following Gaussian

distribution in time and space:

2 2
~¥ +3/)
2 2
QX Y, 2,t) = Ioe—b NO-4E, (1) (1 _ Ryg 2l g g 67 319

where |y is the incident laser intensity on target, R is the optical reflectivity of the
sample, a; is the optical absorption coefficient, to is the laser pulse duration at full-
width at half-maximum (FWHM) and ry is the FWHM laser beam radius on the
target. For laser intensities on target exceeding target material’s ablation threshold
low temperature plasma is generated on the target. This is the onset of the ablation
regime, where an appreciable part of laser energy is absorbed [5, 17]. The exponential
term -bh(t)-dE,(t) is introduced in Equation 3.4 to describe the temporal laser
irradiance, where Ej, is the density of the absorbed radiation energy, h is the ablation
depth, while b and d are unknown time-independent coefficients. This term equals to

one for laser intensities below the ablation threshold. Coefficient b takes into account
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the inverse bremsstrahlung and photoionization absorption mechanisms, as well as
stimulated emission, while d modifies accordingly the density of the absorbed
radiation energy [5].

With respect to the laser parameters, the FWHM of laser temporal extent, to, is 6
ns, while the FWHM spatial beam radius on the sample surface, ro, is 11.5 um as
experimentally measured. For the simulation of the laser pulse loading conditions, the

heat generation function is applied to the nodes of the film body.

3.4.4 Material properties

A 0.6 um golden (Au) thin film deposited on BK7 glass substrate is used in this
study. The material properties used in this modeling study can be categorized into
optical and thermo-physical properties. The optical properties, of the absorption
coefficient ap and of reflectivity R are calculated from Equation 3.15, as previously
mentioned, and the results can be found in Table 3.1.

For the thermo-mechanical analysis to be accurate and produce correct results the
material model must provide details of the material behavior in a wide temperature
range. Nevertheless, the determination of the material properties dependence on
temperature requires the performance of experiments, which are considered costly and
with increased level of difficulty, therefore it is difficult to find data for material
properties at high temperatures.

The values for thermo-physical properties have been adopted from available data
in [14, 15]. The melting point of Au is 1060 °C, its latent heat of melting L, is 64
kJ/kg, while its latent heat of vaporization L, is 1577 kJ/kg and the boiling point is
2856 °C. The material properties of the sample and the temperature dependent

material properties of gold are given in Table 3.3.
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19320 27
14.2x10° | 7.1 x10® 127 311 129.5
79 81 227 304 132.3
0.42 0.206 327 298 135.3
527 284 135.3

727 270 135.3

>927 255 135.3

Table 3.3 Material properties of the sample

3.4.5 Phase change effects and flow chart of the modeling process

The pre-processing input data are stored and loaded once at the beginning of the
simulation process. The whole procedure is described in the flow chart of Figure 3.7.
The computational time required for each successive time step of 1 ns, is
approximately 1 h. The criterions (flags) used are strictly related to the resulting
temperature fields, as shown in the decision rhombus boxes of the flow chart.

During the solution of the simulation, the output of the preceding time step
becomes an input to the succeeding time step. At the end of a particular step, if the
temperature of an element is higher than the melting temperature, phase change
occurs. This change is taken into account in the model by considering the latent heat
of melting. Therefore, the elements with a temperature exceeding the melting point
are grouped and latent heat (see Equation 3.17) is subtracted at every time-step. This
leads to a reduction of each element’s temperature, simultaneously simulating the
onset of melting. Ablation occurs when the temperature of the elements is higher than
the boiling temperature. Likewise, in this case the model takes into account the phase
change effect by considering the latent heat of vaporization. If the resulting
temperature of an element overpasses the boiling point, a group of elements (GTv) is
created. Material removal is achieved by the “killing” of the GTv. In this “killing”
technique the presence of elements is deactivated by multiplying their stiffness matrix
by a severe reduction factor (~1x10®). For laser fluence higher than the ablation

threshold, the attenuation of the laser irradiance at the target surface due to plasma
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absorption is also taken into account [15]. The optical thickness of the ablation plume,

A(t), is considered and Equations 3.5 and 3.6 are taken into account by the model.

The coefficients b and d are evaluated by comparing the SAWSs produced by the

simulation with the experimental results.
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Figure 3.7 Pre-Processing and Processing Flow chart

3.4.6 3D thermomechanical modeling taking into account plasticity

Plastic deformation is observed in most materials, particularly metals, soils, rocks,

concrete, foams, bone and skin. However, physical mechanisms that cause plastic

deformation vary widely. At a crystalline scale, plasticity in metals is usually a

consequence of dislocations. Such defects are relatively rare in most crystalline

materials. In such cases, plastic crystallinity can result. In brittle materials, such as
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rock, concrete, and bone, plasticity is caused predominantly by slip at microcracks.
Plasticity is characterized by a nonlinear relationship between stress and strain. In
Figure 3.8 a typical stress-strain curve for steel and its elasto-plastic behavior is

shown.

Strain Hardening Mecking
Stress ' ¥ {

/

Ultimate Strength

R

Fracture

Yield Strength

Young's Modulus =slope

Strain

Figure 3.8 Typical stress-strain curve for steel under tensile loading

The linear portion of the curve is the elastic region and the slope is the modulus of
elasticity or Young's Modulus, the ratio of the compressive stress to the longitudinal
strain. If more force is applied, the material will reach its yield strength. This is
known as the vyield point, and after this the material will experience plastic
deformation or permanent deformation. After the vyield point as deformation
continues, the stress increases on account of strain hardening until it reaches the
ultimate tensile stress. Until this point, the cross-sectional area decreases uniformly
and randomly, because of Poisson contractions. However, beyond this point a neck
forms where the local cross-sectional area becomes significantly smaller than the
original. The ratio of the tensile force to the true cross-sectional area at the narrowest
region of the neck is called the true stress. The ratio of the tensile force to the original
cross-sectional area is called the engineering stress. If the stress—strain curve is plotted
in terms of true stress and true strain the stress will continue to rise until failure.
Eventually the neck becomes unstable and the specimen fractures.

The 3D FE model is further modified to take into account plasticity effects in the

thermoelastic and melting regimes. By taking into account temperature dependent
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stress-strain curves for the mechanical properties of metallic materials the elasto-
plastic mechanical behaviour of matter irradiated by laser pulses is studied. With
regard to the structural behavior of the film, the material deforms elastically prior to
the yield point and returns to its original shape when the applied thermal stress is
removed. For developed thermal stresses that overcome the yield point the material
begins to deform plastically. The irreversible plastic deformation, which occurs after
yield strength, is permanent.

In order to model plasticity and define the stress—strain behavior of the metallic
film, a multilinear isotropic hardening, rate-independent, elastic—plastic model
(MISO) available in ANSYS is used. This model has been evaluated in the literature
not only for metals but also for polymers [18]. Rate-independent plasticity is
characterized by the irreversible straining that occurs in a material once a certain level
of stress is reached. The plastic strains are assumed to develop instantaneously,
independent of time.

This constitutive model for elastic-plastic behavior initially decomposes the total
strain into elastic and plastic parts and separate constitutive models are used for each.
Its essential characteristics are i) the usage of a Von Mises yield criterion that defines
the material state at the transition from elastic to elastic-plastic behavior, ii) an
associated flow rule that determines the increment in plastic strain from the increment
in load and iii) an isotropic hardening rule that gives the evolution in the yield
criterion during plastic deformation.

The Von Mises yield criterion is a scalar function, a surface in stress space. The
yield criterion has the form

f(6)=o0, (3.20)

where f(e) a scalar function of Von Mises stress and oy, the current yield stress that
evolves as a function of the amount of plastic work done. Stress states inside the yield
surface are given by

f(6)—0o, <0 (3:21)
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and result in elastic deformation. The material yields when the stress state reaches the
yield surface and further loading causes plastic deformation. Plastic strains occur in a
direction normal to the yield surface. Isotropic hardening, as seen in Figure 3.9,
causes a uniform increase in the size of the yield surface and results in an increase in
yield stress upon further loading from a state on the yield surface. The yield surface
remains centered about its initial centerline and expands in size as the plastic strains
develop. Stresses outside the yield surface do not exist and the plastic strain and shape
of the yield surface evolve to maintain stresses either inside or on the yield surface
[11].

o1 Initial yield surface

" Subsequent
P iy LS yield surface

*
*
L @
Yesan® Isotropic work
hardening

Figure 3.9 Isotropic hardening rule

Moreover, in a multilinear stress-strain curve, as seen in Figure 3.10, a Young
modulus and a yield stress define the elastic part, while the rest of the curve is
modelled by different pairs of stress—strain points. After the yield stress and up to the
ultimate tensile strength (UTS) the curve exhibits strain hardening. For temperature-
dependent curves, the current yield stress is determined by temperature interpolation
of the input curves after they have been converted to stress-plastic strain curves. More
details for the MISO model are presented in Appendix B.

a

Gmax__ [R—

62 —
G4

— Multilinear Isotropic

Figure 3.10 Stress-strain behavior of the multilinear isotropic model
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The geometry and meshing of the thin film substrate system, as well as the
boundary and loading conditions remain the same, as described in previous sections.
The mechanical and thermal properties for gold, copper and aluminum, as well for the
BK?7 glass substrate used in the numerical simulations, are found in the literature [19-
21]. These structural material properties and temperature dependent thermal

properties are presented in Tables 3.4 and 3.5 respectively.

151x10°

2510 7.1 81 0.206 0.18

Table 3.4 Material properties at room temperature and absorption coefficient

300 400 500 600 800 1000 | >1100

317 311 304 298 284 270 255

129 130 132 135 135 135 135

207x10° 401 391 385 379 366 352 339

393 398 408 417 441 480 480

321x10° 237 240 237 232 218 213 213

910 955 995 | 1034 | 1034 | 1034 | 1034

Table 3.5 Temperature dependent thermal properties of metals

Temperature dependent engineering stress-strain curves are also adopted from the
literature. With respect to the gold material properties, there is a lack of stress-strain
experimental values for very high temperatures, while engineering stress-strain values
are considered for a specific strain rate (6x10™ 1/sec) [22]. For the copper and
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aluminum true stress-strains values are taken from the work of Samanta [23] for a
strain rate of 1800 1/sec and 1900 1/sec respectively.

Once the material enters into the plastic regime, additional material deformation is
isochoric. The plastic-flow regime has a negligible change in volume, allowing the
change in length to be related to the change in area. Therefore, the engineering stress-
strain (oe-¢e) data can be converted into true stress-strain (ot-¢;) data that are imported
to ANSYS. The equations that relate engineering stress and strain to the true stress
and strain of the material are valid up to the Ultimate Tensile Strength (UTS) and
have the following form

o, =0,(1+ ¢e) (3.22)

& =In(l+ee) (3.23)

The true stress-strains curves used in this study are presented in Figure 3.11. After
the last point in the curves, the simulation code assumes that the material is perfectly
plastic. The strain will continue to increase without an increase in stress. Moreover
concerning the Young modulus, temperature dependent values are taken into account

for the simulation, based on the temperature dependent stress-strain curves.
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Figure 3.11 True stress-strain curves for gold, copper and aluminum [22, 23]

3.4.7 3D simulation of matter with defects irradiated with laser pulses

In this section the 3D model is further modified to take into account gap defects
and the study is limited for laser fluences in the thermoelastic regime. Material
defects, volume and/or surface breaking cracks, and discontinuities are a major
problem mainly in the industrial sector [24, 25]. The Laser-generated ultrasound
technique is particularly useful for the detection of surface defects [26]. Various finite
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element numerical approaches in the literature model the propagation of ultrasounds
in solids with surface cracks or defects by replacing them with a surface notch of
rectangular shape for the convenience of modeling [9, 27]. This modeling
approximation is also adopted here.

Different test cases of gap/defects of open and close geometry that differ in the size
are tested, while their influence on the propagation of the acoustic waves is
investigated, when a film-substrate system is irradiated. In Figure 3.12 the position of
a characteristic volume gap of open geometry on the sample is depicted, along with its

dimensions.
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Figure 3.12 Position and dimensions of a characteristic volume gap of open geometry on the sample

The model consisted of a thin gold metal film having a thickness of 0.6
micrometers, and is supported on a thick glass substrate of 200 micron thickness. The
same boundary, loading conditions as well as material properties are applied like

previously described in sections 3.3.1-3.3.4.
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Chapter 4

4. Numerical results and comparison with experiments

In this Chapter are presented the numerical results of the developed FE models, a
description of the dynamic experimental optical technique that is used in combination
with the FEM simulation and a comparison and verification of numerical with

experimental results.

4.1 Numerical results

Numerical results of the 2D axisymmetric and the 3D quarter-symmetric model are
here presented.

4.1.1 Results of 2D axisymmetric model

A 0.2 nm Al film deposited on a 3 um fused silica substrate is simulated in this
study. Numerical results of vertical displacement for the FEM model are presented in
Figure 4.1 for At;=17 ns and At,=27 ns after the sample irradiation. With respect to
the used laser parameters, the laser energy is 20 pJ/pulse, to is 6 ns, while the radius ry
of the pulsed laser spot on the sample surface is considered to be 12.5 um. Figure 4.1a
shows an expanded view of the vertical displacements along z-direction of the sample
for the temporal moment At;=17 ns. An ultrasound is created approximately 50 pm
from the initial position. Similarly, Figure 4.1b shows an expanded view of the
vertical displacement of the sample for the temporal moment A4z,=27 ns. The same
ultrasound has moved approximately 81 pum far from the initial position and has a
propagation velocity of about 3100 m/sec. In order to examine the accuracy of the
results the velocity values are compared and are in good agreement with the value Ca,
~(2.96+0.01)x10° m/s that is estimated by the following analytic equation for the

surface acoustic velocity for aluminum [1-2]
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C— 0.87+1.12v E
1+v 2pA+v) (4.2)

where C is the SAW velocity, v is the Poisson’s ratio, E is the Young’s modulus and p

is the material density. The observed differences may be due to the fact that Equation
4.1 concerns the case of a homogeneous isotropic material, while the current study
concerns film-substrate systems.
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Figure 4.1 Expanded vertical displacements along r-axis for At;=17 ns and At,=27 ns

Moreover, for the same temporal moments At;=17 ns (top) and 4¢,=27 ns (bottom)
Figure 4.2 illustrates the temperature distribution of the layered structure. The
maximum temperatures (°C) are below the melting point of the material (660°C).
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Figure 4.2 Temperature distribution of the film-substrate for At;=17 ns (top) and At,=27 ns (bottom)

The 2D simulations results are compared with experimental data (see section 4.3)
but the displacement field is overestimated. Moreover, important information with
respect to the amount of the ablated mass and the depth of the crater that is created for
higher laser fluence is lost when the phenomenon is dealt with 2D simulation.
Therefore, in order to simulate accurately the complex multiphysics problem of matter

irradiation, in all regimes of interest, 3D numerical simulations are performed.

4.1.2 Results of 3D quarter-symmetric model

A 0.6 pm Au film deposited on 0.2 mm BK7 glass substrate is simulated in this
study and is depicted in Figure 4.3. A locally adaptive fine mesh of 20160 elements in
the quarter cyclic domain of radius 85um and a total of 27360 elements in the whole
volume of the Au thin film is used. The whole sample is discretized to a total number
of 88920 elements. The actual thin film is produced with the method of e-beam
evaporation. With respect to the laser parameters, the Full Width at Half Maximum
(FWHM) of laser temporal extent, to, is 6 ns, while the FWHM spatial beam radius on
the sample surface, ro, is 11.5 um, as experimentally measured. Typical values of
pump laser fluences in the range of 0.1-5.0 J/cm? are used in order to investigate all
three regimes of interest (thermoelastic, melting, ablation). Comparing the
temperature values, obtained from the simulations, to the ones for the melting and
boiling points of gold it is found that melting and ablation occurs for pump laser
fluences of 0.34 J/lcm? and 1.00 J/cm? respectively. Therefore, the thermoelastic
regime is defined between 0.1 and 0.34 J/cm?, the melting regime between 0.34 and

1.00 J/cm?, and the ablation regime for laser fluences greater than 1.00 J/cm?.
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Figure 4.3 3D quartersymmetric finite element model details

In Figure 4.4 results for the temperature distribution and displacement field for
laser fluence of 0.2 J/lcm? are presented. The physical problem is restricted in the
thermoelastic regime for this fluence value. The resulting temporal evolution of the
bulge deformation and the corresponding temperature field (upper left sub-figures) for
three temporal steps (4t) are presented in Figures 4.4a, 4.4b and 4.4c. The maximum
bulge deformation is 13.8 nm for the third temporal moment, while the maximum
temperature approximated by the model is below the melting point and reaches the
value of 953 °C. These resulting data assure the elastic deformation of the sample. In
Figure 4.4d the generation and propagation of SAWs for the temporal moment of 28
ns is depicted, showing a fully symmetry formation. The displacement value of the
first SAW is computed to be 0.1 nm and is found to be in a distance of 47 um from
the epicenter. The central volume of the model has been technically removed to allow
a better contour color-map interpolation (without the high displacement values of the

bulge) and let the SAWSs propagation be clearly visible.
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Figure 4.4 Calculated temporal (um) and temperature (°C) field evolution and SAWSs propagation (pm)
in the thermoelastic regime

Figure 4.5 Nodes with coordinates Y, Z=0, 0<X<120 um
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In Figure 4.5 the boundary surface nodes of the thin film with coordinates Y, Z=0,
0<X<120 um are depicted. These nodes are selected and the values of the vertical
surface deformation are recorded for different temporal moments. Consequently,
based on these values in Figure 4.6 graphs of surface deformation as a function of the
radial distance from the laser irradiated area are presented, for laser fluences below
the ablation threshold. The peak amplitude of the SAWSs decreases with time, while it
increases when laser fluence increases. Propagation velocities of the laser-generated
SAWs are estimated. For laser fluence equal to 0.54 J/cm? and 4¢ = 17 ns, the peak
amplitude of the SAW is 6 nm and is radially displaced 30 um from the epicenter. For
At = 33 ns the same SAW has a peak amplitude of 2.5 nm and is radially displaced 73

um from the epicenter, resulting in a propagation velocity of ~2685 m/s.
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Figure 4.6 Graph of vertical surface deformation as a function of the radial distance from the laser
irradiated area for three different laser fluences and for three At’s
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In Figure 4.7 graphs of surface deformation as a function of the radial distance
from the laser irradiated area are presented, for laser fluences above the ablation
threshold. The peak amplitude of the SAWSs decreases with time, while it increases
when laser fluence is increased. Additionally, the radial width of the ablated material
increases. Propagation velocities of the laser-generated SAWSs are estimated. For laser
fluence equal to 4 J/cm? and 4¢ = 17 ns, the peak amplitude of the SAW is 12 nm and
is radially displaced 39.5 um from the epicenter. For 4t = 33 ns the same SAW has a
peak amplitude of 3.5 nm and is radially displaced 81.5 pm from the epicenter,

resulting in a propagation velocity of 2650 m/s.

4.0 J/em® |

At =25

Vertical (UZ) deformation (nm)

Figure 4.7 Graph of vertical surface deformation as a function of the radial distance from the laser
irradiated area, for three different laser fluences and for three At’s

In Figure 4.8 the UZ deformation, in nm, for a half-symmetric view of the model
for laser fluence of 3.5 J/cm? and various At’s: (a) 7 ns, (b) 10 ns, (c) 14 ns, (d) 20 ns,
(e) 26 ns and (f) 32 ns, is presented. Again, the SAWSs propagate outwards of the
irradiated region in the form of concentric rings. For the first 9 ns the sample is elastic
deformed. In Figure 4.8b the latent heat of melting is taken into account, due to the
fact that the temperature exceeds the melting point of the gold. In the elastic and
melting regimes (Figures 4.8(a)-(b)), a central bulge is observed, centered on the laser
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irradiated region, along with the SAWSs propagating outwards of the irradiated region
in the form of concentric rings. In the ablation regime (Figures 4.8(c)-(f)), where
material has actually been removed from the sample, a crater-type deformation with
elevated edges is observed, centered around the laser irradiated region. For the
temporal moment At=12 ns the latent heat of vaporization is taken into account, due to
the fact that the temperature exceeds the boiling point of the gold and material is
vaporized. In Figure 4.8c the ablated part has been removed and the first SAW is
shown. Moreover, in Figure 4.8e a second SAW is created. Furthermore, in Figures

4.8(d)-(f) the propagation of the SAWs may be observed.
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Figure 4.8 Temporal evolution of solid’s deformation (UZ)
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In Figure 4.9 the temperature distribution for thermoelastic, melting, and ablation
regime is depicted. In the elastic regime the generation and formation of the bulge in
the origin of the model occurs due to heat conduction. Temperature reaches the value
of 929 °C and gradually decreases during the next timesteps. For fluence 0.8 J/cm?the
thin Au film starts to melt at 4/=9 ns. For 41=15 ns (Figure 4.9(e)) the effects of L,
may be observed and likewise for 4r=25 ns in Figure 4.9(f). Material removal is
applied for laser fluence 2.5 Jlcm® As shown in Figures 4.9(h) and (i), the GTv
grouped elements have been killed so as to simulate the ablation process. The ablation
threshold is reached in a rapid time, for 47=9 ns after initiation of laser irradiation.

—
=

Fluence = 0.2 J/em’

T T
0 12 24 36 48 61 73 8BS U 112 224 336 448 560 671 784

(d)

0.8 J/em®

. (s

T T m B
0 75 150 225 301 376 451 526 217 434 651 868 1084 1301 1518 [RER]

AN

Fluence

=2.5 J/em®

Fluence

. T Ti— e T
0 152 304 456 608 760 910 1061 0 250 499 749 999 1248 14981747 [Rig M8 496 745 993 1241 1489 1737 [REH

Figure 4.9 Temperature distribution of the solid sample: (a)-(c) elastic regime, (d)-(f) melting regime)

and (g)-(i) ablation regime

In Figure 4.10 the vertical surface deformation obtained by the FEM model
simulation for a specific distance, 50 um away from the epicenter, is depicted in

relation to time for different values of laser fluence. For increasing laser fluence it is
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observed that the vertical displacement increases, as expected, and the peak

deformation for both of the SAWs is reached faster in time for higher laser fluences.
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Figure 4.10 Surface deformation in relation to time

4.1.3 Results of 3D quarter-symmetric model taking into account
plasticity

The research study is further expanded by taking into account the plastic properties
of the materials, aiming to simulate the developed stresses and strains on the
irradiated matter. Typical values of laser fluences in the range of 0.05-0.5 J/cm? are
used to investigate regimes below and above the melting threshold, but below the
ablation threshold. Simulations are performed using the expanded FEM model in
order to compute the melting threshold of three metal (Gold, Copper, Aluminum)
films, based on temperature criteria. The melting threshold of gold is found to be 0.34
Jlcm? while the melting thresholds for copper and aluminum are found to be 0.3 J/cm?
and 0.32 J/cm? respectively.

For laser fluence equal to 0.33 J/cm? and for different temporal moments the
temperature and VVon Mises stress distributions are depicted in Figures 4.11 to 4.13.
The temperature and stress fields are shown for the gold film in Figure 4.11, while

Figures 4.12 and 4.13 correspond to copper and aluminum films respectively.
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Figure 4.11 Temperature (a) and VVon Mises stress (b) distributions for the gold film at four temporal

moments (At’s)

NVon Mises Seress Distribution (kPay

Figure 4.12 Temperature (a) and Von Mises stress (b) distributions for the copper film at four temporal

moments (At’s)
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Figure 4.13 Temperature (a) and Von Mises stress (b) distributions for the aluminum film at four

temporal moments (At’s)

It is observed that the maximum temperature of the gold film is below its melting
point for 16 ns after the beginning of the irradiation. Moreover, at the same temporal
moment its maximum computed VVon Mises stress is below the yield stress, which is
approximately 150 MPa based on the stress-strain curve of gold. Therefore, no plastic
strains are observed on the gold film. On the contrary, for copper and aluminum films
the maximum computed temperatures at the same temporal instance (16 ns) are 1147
°C and 730 °C, respectively, in both cases higher than their melting points (which are
1085 °C and 660 °C).

With respect to the stress distribution, at the temporal moment of 12 ns the
maximum Von Mises stress reaches the current yield stress of copper, which is 160
MPa. The same behavior holds for aluminum, which has a yield stress of about 72
MPa, for the same temporal moment. A stress wave is generated for temporal moment

of 16 ns and later for both materials. Moreover, 16 ns after the beginning of the laser-
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film interaction the maximum plastic strain for copper has a value of 22.7 x10°, while
the corresponding maximum plastic strain for aluminum has a value of 22.5 x 10°°,
For a half-symmetric view of the model in Figure 4.14 the UZ deformation, in nm,
is presented for laser fluence of 0.4 J/cm? and various 47’s: (a) 20 ns, (b) 24 ns, (c) 28
ns. It can be noticed from Figure 4.6 that the 3D model provides insights to the whole
solid structure. The propagation of surface acoustic waves (Rayleigh waves) that have
a longitudinal and a vertical shear component, may be observed. For this laser fluence
the maximum UZ displacement of the wave in the copper specimen is 1.8 nm and has
a radial distance from the epicenter of 36 pm. The maximum UZ displacement of the
wave in the aluminum film is 1.2 nm and is 39.5 um away from the epicenter, while
the maximum UZ displacement of the wave in the gold film is 0.9 nm and is 32.5 pm

away from the epicenter.

At=20 ns

Figure 4.14 Spatiotemporal evolution for Au, Cu and Al metallic film-glass substrate deformations —
UZ (nm) for laser fluence of 0.4 J/cm?
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Certain limitations are worth noting. The material models are designed to calculate
problems where deformation is achieved principally by compression or tension and
not by heating from external thermal sources. Also, rate independent structural
material properties are considered. However, a constitutive model like Johnson-Cook
[3] would be more appropriate for the simulation of matter’s plastic behavior, since it

takes into account strain rates that vary at high temperatures.

4.1.4 Results of 3D quarter-symmetric model with defects

A 0.6 um Au film deposited on 0.2 mm BK?7 glass substrate is simulated in this
study, with different type of defects. A typical value of pump laser fluence
approximately equal to 0.2 J/cm? is used, restricting the investigation in the
thermoelastic regime. Results for the vertical displacement are presented in Figure
4.15 for a model with defects and without defects, respectively. For the first two test
cases the gap of the defect has a depth of 0.6 um, reaching the bottom of gold film. As
presented in Figure 4.15(a) and (b), for a defect with open and closed geometry
respectively, the FEA results show that the presence of this discontinuity has no
influence to the propagation of Rayleigh surface acoustic waves. In the third test case
however, where the same defect reaches the bottom of the glass (whole volume
defect), a part of the Rayleigh surface acoustic waves is transmitted while the rest is
reflected, as may be noticed in Figure 4.15(c). For the fourth test case, where the
surface gap discontinuity has a closed geometry, only a small part of the Rayleigh
surface acoustic waves is transmitted (5% of the maximum vertical displacement,
Figure 4.15(d)).
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Figure 4.15 Propagation of acoustic waves in film-substrate samples with defects. Response of the

original sample without defects is depicted in the middle of the figure

Results indicate that the generation and propagation of SAWSs is not affected for an
illuminated film-substrate system with defects reaching the bottom of the film. On the
contrary, a defect exists with a depth reaching the substrate when an obtained
experimental result for an irradiated thin-film substrate system indicates an ultrasound
where only a part of it is transmitted.

4.2 Laser interferometric dynamic technique

For the experimental investigation of laser generated SAWSs, a dynamic imaging
interferometric diagnostic technique has been developed and used [4]. The target
consists of a 600 nm thick metal film (Au) deposited on 1 mm thick BK7 glass
substrate. A frequency-doubled (4 = 532nm) Q-switched Nd:YAG pulsed laser,
having FWHM time duration of 6ns and linear horizontal polarization is used. The
laser is capable of delivering laser pulses up to a maximum repetition rate of 10 Hz.

The experimental dynamic imaging interferometry arrangement is shown in Figure

81



Chapter 4 Numerical results and comparison with experiments

4.16. The Nd:YAG laser pulses are split in two beam splitters (BS1), in order to
simultaneously excite the target (pump pulse) and detect the generated phenomena
from the interaction (probe pulse). The pump beam is focused onto the sample using
a plano-convex lens (L1) (f = 150 mm and NA = 0.085) to achieve a FWHM focal
spot radius of 11.5 pum, as measured by a specialized profiling CCD camera
(WinCam-D UCD12). The pump pulses are incident on the sample at an angle of
~35°. In order to investigate the laser thin film interaction at the thermoelastic,
melting and ablation regimes, laser pulse energies from 0.4 uJ up to 21 wJ illuminate
the target. This laser pulse energy range corresponds to pump laser fluences in the
range from 0.1 J/cm? to 5.0 J/cm? or pump laser intensities in the range from 1.6x10’
W/cm? to 8.3x10® W/cm?. The measurements are performed at room temperature and
atmospheric pressure.

The interaction region on the target and its neighborhood is imaged with the use of
a high spatial and temporal resolution experimental Michelson interferometric
method. As seen in Figure 4.16 in the one arm of the interferometer, the probe pulse is
reflected off a stationary mirror (M4), while in its other arm the probe pulse is
reflected off the excited sample surface (SA) and is collected by an objective lens
system (OL) (f = 112 mm and NA = 0.09) that allows a total sample surface of 500
um x 420 um to be examined. A 14-bit CA-CCD camera (2452x2054 pixel sensor
with 3.45 pm square pixel size / Allied Vision Pike 505B), able to identify 2**
greyscale divisions, is used for the recording and is synchronized to capture only in
the time window, of 27 us, in the presence of ns probe pulses. For the synchronization
of the CCD camera a delay generator unit (SRS DG535) is used in order to record the
probe pulses. A synchronization signal from the laser system is fed into the delay
generator unit and a time-delayed triggered signal for the camera is obtained. The
probe pulse is time-delayed through a variable optical delay line (VOD) up to a few
tens of ns with respect to the pump pulse in order to investigate the dynamic evolution
of the generated SAWS.
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Figure 4.16 Experimental dynamic imaging interferometry set-up: LA — ns laser, BS — beam splitters,
M — mirrors, VOD - variable optical delay line, L — lens, OL — objective lens system, CA — CCD

camera, SA — sample [4]

With regard to the measurement procedure, in the absence of the pump pulses a
first interferogram is recorded, consisting of a pre-set sinusoidal fringe pattern, with a
spatial frequency fo, the value of which depends on the relative angle between the
beams of the two arms of the Michelson interferometer. The fringes in this
interferogram may carry small distortions due to surface irregularities. Then, a second
interferogram is recorded at a certain time delay after the illumination with a pump
pulse in the presence of the induced SAWSs. This procedure is the same at all time
delays, while a fresh area of the sample surface is illuminated at each delay.
Furthermore, interferograms are recorded after excitation to monitor any permanent
damage to the sample surface.

For the analysis of the interferograms and for extraction of SAWs amplitude
information, a special developed in-house algorithm using LabVIEW software is
used. A Fourier transform spatial carrier frequency analysis is carried out, following
the work of Takeda et al [5] and Kujawinska [6]. A 2-dimensional FFT is applied to
the first and the second interferograms resulting in three distinct peaks, at DC and at
around =f, (fo being the carrier spatial frequency of the fringe pattern). The DC and -fj
components are discarded using a filter, and an inverse 2D FFT is then applied. This
results in images where the phase, ¢(x,y), of every pixel of the interferograms is
obtained and wrapped into the range of -z to +z. The phase is then unwrapped using a
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search algorithm, which traces the sign changes of the phase. Then, the phase changes
are converted to the surface displacement d, with d = ¢@l/(4n), where A is the
wavelength of the laser. The basic steps of this process are graphically described in
Figure 4.17 by referring to captured screenshots by using the developed software. The
outcome of this process is a surface image in the absence of SAWSs and a surface
image in the presence of SAWSs for a certain time delay. Finally, the image in the
absence of SAWs is subtracted from the one in the presence of SAWSs, thus the
surface displacement only due to SAWSs is obtained, eliminating the initial surface

features before the laser pump.
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Figure 4.17 Screenshots of the interferometric data processing software. Four main steps are presented:

capturing of the interferogram image, 2D FFT filtering, wrapping of the image phase and unwrapping

[4]

The technique allows for a lateral resolution of ~1 pm, as experimentally
determined using a standard microscopy calibration technique, which involves
comparison against an appropriate calibrated test target slide. The technique also
allows for an out-of-plane resolution of ~1 nm, which is estimated from the minimum
irregularities obtained in the actual experiments and in areas where no SAWSs exist
and the background surface irregularities are subtracted. The out of plane resolution is
limited by the greyscale divisions that correspond to phase differences that the system
is capable to identify. The experimental method provides a 3D whole-field dynamic

imaging of the interrogated surface, making it attractive for applications where a
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comprehensive characterization of films containing defects, inhomogeneities, or other
irregularities are needed.

In order to monitor permanent damages and to evaluate the ablation depth of the
sample surface when the laser matter interaction passes into the melting and ablation
regimes, a white-light interferometry method is implemented, as schematically
depicted in Figure 4.18. It is also based on a Michelson interferometer layout, where
the sample is placed in the stationary arm, while in the second arm a movable mirror
by means of a piezoelectric transducer (PZT) is placed. A halogen lamp is used as the
necessary light source, which emits a wide spectrum of light and has a small
coherence length (~ 1 pm). This allows for the determination of the zero optical path
difference between the two arms of the interferometer. The imaging setup for sample
interrogation is kept the same (see Figure 4.16). The movement of the PZT is
calibrated using a laser source having a coherence length >1 m, which offers constant
fringe formation along the full PZT displacement used (~6 um). By moving the PZT-
mounted mirror, the zero optical path distance for each pixel of the recorded image
can be extracted. By collecting the zero optical path difference of each pixel, a 3D
map of the interrogated area of the sample surface is constructed. The whole process

is fully automated using specially developed software.
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Figure 4.18 White-light interferometry setup: WLS - white light source, PZT — piezoelectric

transducer [4]
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4.3 Comparison and verification of numerical with
experimental results

In this section 3D FEM simulation results are presented, as well as experimental
results obtained by dynamic imaging interferometry and a white-light interferometric
technique for the interaction dynamics emerging when nanosecond laser pulses
illuminate a thin metal film on a dielectric substrate with intensities corresponding to
elastic, melting, and ablation regimes. The designed experiments can monitor both the
dynamic response of matter with high spatiotemporal resolution and the post-
irradiation permanent modifications. The experimental results together with 3D Finite
Element modeling results, implementing advanced modeling elements and schemes,
can accurately treat all three regimes. This combination offers capabilities for the
investigation of all three regimes, including the phase change from one regime to
another, as well as permanent deformations and material ablation.

For the validation of the method the generated and experimentally measured SAWs
are employed as a key tool. By experimentally investigating nm-scale SAWs,
parameter values are extracted by comparing the 3D finite element model and
experimental results. These experimental parameter values are obtained by
investigating SAWSs in a fully thermoelastic sample area far from the interaction
region. Their subsequent use in the appropriately modified model allows for the
detailed and accurate investigation of the interaction region in all regimes. This
concept predicts accurately, in time and space, at a wide time window, the physical
phenomena that take place in the interaction region for all three regimes and very

good agreement between numerical and experimental results is achieved.

4.3.1 Results from direct irradiance of the film-substrate system

A 0.6 um Au film deposited on 1 mm BK?7 glass substrate is used in our study.
Typical values of pump laser fluences in the range of 0.1 — 5.0 J/cm? are used in this
work in order to investigate elastic, melting, and ablation regimes. With respect to the
laser parameters, the Full Width at Half Maximum (FWHM) of laser temporal extent,

to, is 6 ns, while the FWHM spatial beam radius on the sample surface, ro, is 11.5 pm,
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as experimentally measured. These are used along with the material properties values
presented in Table 3.3.

During nanosecond laser pulse interaction with thin films the transition phase from
the thermoelastic to the melting and ablation regimes, as well as the crater formation,
is of great interest. The FEM simulation predicts the laser fluences where the onset of
the melting and ablation regimes occurs. Comparing the temperature values, obtained
from the simulations to the material’s melting and boiling points, it is found that
melting and ablation occurs for pump laser fluences of 0.34 J/cm? and 1.00 J/cm?,
respectively. The melting threshold is experimentally estimated with the
interferometric technique, by comparing images of the investigated sample surface
region before and after excitation, and it is found to be 0.3 J/cm? Moreover, using the
white-light interferometric technique, the experimental observation of the film’s
surface before and after illumination indicates that the ablation threshold occurs at
laser fluence equal to 1.1+0.2 J/cm?, being in very good agreement with the model’s
predictions.

For laser fluences below the melting threshold, a central bulge is observed,
centered on the laser irradiated region along with the SAWSs propagating outwards of
the irradiated region in the form of concentric rings. In the ablation regime, a crater-
type deformation with elevated edges is observed, centered around the laser irradiated
region, while material has actually been removed from the sample. Likewise, the
SAWs propagate outwards of the irradiated region in the form of concentric rings.
Moreover, in the thermoelastic regime the SAWSs peak amplitude increases
proportionally to the laser fluence. It becomes almost constant for fluences higher
than the melting threshold until the onset of ablation, due to the latent heat of melting,
while in the ablation regime it increases again. This behavior is in agreement with
earlier studies [7].

In Figure 4.19 typical simulation (a, ¢, and e) and corresponding experimental (b,
d, and f) results are presented, for the elastic, melting, and ablation regimes, and for
various pump-probe time delay values, At. Values of specific surface deformation
features are extracted and compared between simulations and experiments in order to
investigate potential agreement. These are: the central bulge amplitude, B4 (nm), the

crater elevation edge amplitude, C4 (nm), and its radial width, C,, (um), the SAWs
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amplitude, Sgi (nm), their distance away from the centre of the irradiated region, R;
(um) (where i = 1, 2, 3 corresponds to the number of the observed SAWSs that
propagate away from the centre of the irradiated region) and the optical delay At (ns).
These values are presented in Table 4.1, cross-referenced to Figure 4.19 in order to
facilitate the comparison. A very good agreement is observed between experiments
and simulations, which validates the developed FEA model.

Table 4.1 Values of specific surface deformation features
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Figure 4.19 Comparison of simulated (a, ¢, and e) and experimentally measured (b, d, and f) laser
generated spatial deformations in elastic (time delay 33 ns, laser fluence 0.20 J/cm?), melting (time
delay 17 ns, laser fluence 0.85 J/cm?), and ablation (time delay 25 ns, laser fluence 2.90 J/cm?)
regimes. For the simulation results the insets show slices of the 3D deformations. For the experimental

results 3D surface deformations (top) are extracted from the grayscale 2D images (bottom)
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The temporal evolution of the laser-target interaction is important for the
investigation of the transition from one phase of matter to the other. In particular, in
the melting regime the temporal evolution of the melted material can be studied and
the transition time from melting to ablation regime can be found. Figures 4.20, 4.21
and 4.22 present simulation as well as experimental results for laser fluences above
the melting threshold. Figures 4.20, 4.21 present simulation and experimental results
for time evolution of the laser-target interaction in the melting and ablation regimes
respectively. Figures 4.20a and 4.20b show simulation results and experimental
measurements for pulsed laser fluence of 0.54 J/cm?® and for 17 ns after the interaction
of the pump laser pulse with the target. Additionally, Figures 4.20c and 4.20d present
simulation results and experimental measurements for the same fluence but 8 ns later.
Figure 4.21 presents simulation and experimental results likewise for the time
evolution of the laser-target interaction for laser pulse fluence of 2.9 J/cm?, at 17 and
25 ns after the interaction of the pump laser pulse with the target. For a direct
comparison between experiment and simulation, the parameters: By (nm) central
bulge amplitude, Sgi (nm) SAWSs amplitude, R; (um) SAWs distance away from the
center of the irradiated region, and At optical delay (ns), are used as previously. These
parameters’ values are shown in Table 4.2, cross-referenced to Figures 4.20 and 4.21.

Experimental results show very good agreement with the simulation results.

34.0 2 32.0 - -
17
26 15 37 - -
31.0 2.6 50 - -
25
23 2 56 - -
- 2.8 430 - -
17
- 28 42 - -
- 8.0 325 33 60.0
25
- 8 34 3 59

Table 4.2 Values of specific surface deformation features
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Figure 4.20 FEM simulation (a, ¢) and dynamic imaging interferometry experimental (b, d)
displacement results for laser fluence 0.54 J/cm® (melting regime) and for At = 17 ns (a, b) and 25 ns (c,
d). Color maps for both FEM simulations and experimental results are in nm, corresponding to
displacements normal to the sample surface (Z-axis)
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Figure 4.21 FEM simulation (a, ¢) and dynamic imaging interferometry experimental (b, d)
displacement results for laser fluence 2.90 J/cm® (melting regime) and for At = 17 ns (a, b) and 25 ns (c,
d). Color maps for both FEM simulations and experimental results are in nm, corresponding to
displacements normal to the sample surface (Z-axis)
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The comparison of the laser matter interaction in the melting and ablation regimes
shows interesting features for the phase transition dynamics. As predicted by the
performed experiments and simulations, the melting regime occurs from 8 ns to 10 ns
after the pump laser target interaction for laser fluences above the ablation threshold.
Afterwards, the ablation takes place within the next ~2 ns. This study proves the fast
phase change from the melting to the ablation regime in such type nanosecond laser
metallic thin film interactions.

In Figure 4.22 the displacement and the temperature distribution in relation to the
radial distance is depicted at 4r=25 ns after the interaction of the pump laser pulse
with the target for a) laser fluence of 0.85 J/cm? (in the melting regime) and (b) laser
fluence 3.9 J/cm? (in the ablation regime). In the melting regime a centrally placed
protrusion appears on the laser focal spot area, while in the ablation regime a formed
crater appears at the same area. The predicted temperature distribution by the
simulation is also shown. In the melting regime (Figure 4.22a), the temperature in the
interaction region reaches 1700 °C, a value between the Au melting (1064 °C) and the
boiling (2856 °C) temperatures. With respect to the ablation regime, where the
temperature exceeds the boiling value, mass removal has already occurred (4t = 25
ns) and a crater is formed. The mass of the ablated material can be predicted, as well
as the temperature distribution of the residual material, providing information for the
definition of the initial conditions for potential Hydro or Magneto Hydro Dynamic

(HD/MHD) numerical simulations.
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Figure 4.22 Displacement results (EXP: dynamic imaging interferometry experimental results; FEM:
simulation results), for At=25 ns: (a) laser fluence 0.85 J/cm? below the ablation threshold (melting
regime), and (b) laser fluence 3.9 J/cm? above the ablation threshold. In the lower parts (FEM results)

the insets show the corresponding temperature distribution

Figure 4.23 shows simulation and experimental results for the ablation depth and
the crater’s radius as a function of the laser fluence. The experimental results are
obtained by the white-light interferometry method described in section 4.2. The
satisfactory agreement between experiment and simulation for the formation of the
crater, as well as the predicted ablation depth, which occurs at times well after the
laser-matter interaction period, allows for the confirmation of the FEM model’s

capabilities.
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Figure 4.23 Ablation depth as a function of the pump laser fluence, theory: solid red dots, experiment:
solid squares. Crater radius as a function of the pump laser fluence, theory: open red circles,
experiment: open squares

To further investigate the validity of the developed model, the propagation of the
SAWs has been examined for the same pump laser fluence at different time instants.
More specifically, in Figure 4.24 the surface deformation is shown for a laser fluence
of 2.90 J/lcm?at two different optical time delays. This laser fluence is well above the
ablation threshold, thus making easier for the generated SAWs to be experimentally
monitored as they have higher amplitude. The importance of the inclusion of the
optical thickness of the ablation plume, A(t), is also examined. A very good agreement
between simulation and experiment is observed, especially in the case where A(t) is
included. Based on the results, the propagation velocities of the laser-generated SAWs
may also be estimated. For the first SAW (SAWL1 in Figure 4.24) propagation velocity
values of 1.75x10° m/s and 1.64x10° m/s are estimated by simulations and
experiment, respectively, while for the second SAW (SAW?2 in Figure 4.24) the
corresponding values are 2.44x10° m/s and 2.25x10° m/s. The observed difference
between the velocities of the first and second SAW can be attributed to the fact that
SAW? is generated by the violent conversion of the laser energy into acoustic shock
wave energy, while SAW1 is generated as a secondary wave coming from the
breathing of the irradiated area.
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Figure 4.24 Vertical surface deformation as a function of the radial distance, R, away from the laser
irradiated area (laser fluence 2.90 J/cm?) for two time delays, 4t: (a) 25 ns, and (b) 33 ns. Solid line:
simulations without considering A(t), dashed line: simulations considering A(t), dotted line:

experimental results

It should be emphasized that when laser fluence is higher than the ablation
threshold, the optical thickness of the ablation plume, A(t), is considered and Equation
3.6 is activated and taken into account by the model. Comparison [8, 9] with the
experimental results under various conditions allows for the evaluation of the values
of the plasma coefficients, b and d, which are found to be 1x10° and 1x10™
respectively.

Furthermore, the accurate knowledge of the temperature distribution during the
phase transition, as well as the melting and the ablation depths, resulting from this
research, can be used as initial data to the pure hydrodynamic [10, 11] or Monte Carlo
(MC) simulations [12, 13] that investigate laser matter interactions well above the

ablation threshold regime. In addition, thorough knowledge of the spatial temperature

95



Chapter 4 Numerical results and comparison with experiments

distribution and its evolution in time during phase transitions, may contribute for the
more accurate determination of the equation of state at low temperatures [14, 15] and
especially for the initial time of laser-target interaction. An interesting observation of
the FEM simulation is that the concentric rings that are attributed as SAWSs have a
skin depth that extends to several um inside the substrate. Consequently, the
generated waves are of Rayleigh type [16] and include both longitudinal and
transverse motions, which decrease exponentially in amplitude within the substrate.
However, this behavior cannot be monitored experimentally by the implemented
method.

4.3.2 Results from irradiance of the interface substrate-film

Different simulation test cases are performed according to the incident laser energy
on the substrate. The laser beam is directed on the sample so as to irradiate the metalic
volume from the back, as presented in Figure 4.25. The laser beam passes through the
substrate to irradiate the interface of the substrate-film. The energy absorbed by the

substrate can be neglected because of the transparency of the BK7 glass.

ELEMENTS
MAT NUM

Laser pulse

Figure 4.25 3D quarter symmetric finite element model for irradiation from the back
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The laser energy per pulse had a fixed value of 100 pJ for a value of focal spot
radius in a range of 10-12 um. The first simulations are made without taking into
account the optical thickness of the plasma and are compared with the experimental
results for two discrete time delays. The theoretical results of the crater’s walls
vertical displacement and the vertical displacements of the generated SAWSs are found
to be ~30% higher than the experimental results.

Equations that concern absorption of the plasma plume are then introduced to the
model. The incident laser fluence value exceeds the ablation threshold of gold, which
is approximately 1 J/cm?, and the numerical simulations show that gold’s irradiated
region reaches the boiling temperature in 6-7 ns after the irradiation, depending on the
laser fluence. The whole thickness of the irradiated metal sample is ablated
instantaneously in one nanosecond. For this reason the optical thickness of the plasma
plume is considered to be time independent, since the ablation depth is equal to the
thickness of the sample which is 0.6 um.

The simulation results (in um) are examined in order to determine the value of A
for the best approximation of the experimental results by the theoretical model. This
value for laser fluence of 35 J/cm? is approximated to be ~1.9. In Figure 4.26
experimental and theoretical results are depicted for a time delay of 28 ns after

irradiation.

Figure 4.26 Experimental (left) and theoretical (right) data of the crater’s deformation and SAWs

generation for the temporal moment: A4t=28ns
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The crater walls have a diameter of 40 um for the experiment, while the numerical
ones have 35 um. Their vertical displacement is 60 nm for both experimental and
numerical data. Concerning, the first SAW, it has a value of 3 nm for both
experimental and numerical approaches and is observed 50 pm and 45 um far from

the epicenter for the experimental and the numerical result respectively.

References

[1] D. Schneider, T. Schwarz, H.J. Scheibe and M. Panzner, Non-destructive evaluation of diamond
and diamond-like carbon films bylaser induced surface acoustic waves, Thin Solid Films 295, 107-116
(2997).

[2] D. Achenbach, Wave Propagation in Elastic Solids, North Holland, Amsterdam, 1973.

[3] G. R. Johnson and W. H. Cook, Fracture characteristics of three metals subjected to various strains,
strain rates, temperatures and pressures, Eng. Fract. Mech. 21, 31-48 (1985).

[4] Y. Orphanos, Methodologies of dynamic nanoscopic material characterization using acoustic
sources generated by ultrashort laser pulses, PhD thesis.

[5] M. Takeda, H. Ina and S. Kobayashi, J. Opt. Soc. Am. 72, 156-160 (1982).

[6] M. Kujawinska, ‘‘Spatial phase measurement methods’” in Interferogram Analysis: Digital Fringe
Pattern Measurement Techniques, D. W. Robinson and G. T. Reid, Eds., Institute of Physics, Bristol,
pp. 141-193, 1993.

[7] P. Hess, Laser diagnostics of mechanical and elastic properties of silicon and carbon films, Appl.
Surf. Sci. 106, 429 (1996).

[8] N. A. Vasantgadkar, U. V. Bhandarkar and S. S. Joshi, Thin Solid films 519, 1421 (2010).

[9] V. Oliveira and R. Vilar, Appl. Surf. Sci. 253, 7810 (2007).

[10] L. Balazs, R. Gijbels and A. Vertes, Expansion of laser-generated plumes near the plasma ignition
threshold, Anal. Chem. 63, 314 (1991).

[11] J. J. Chang and B. E. Warner, Laser-plasma interaction during visible-laser ablation of methods
Appl. Phys. Lett. 69, 473 (1996).

[12] T. E. Itina, A. A. Katassonov, W. Marine and M. Autric, J. Appl. Phys. 83, 6050 (1998).

[13] P. Schreiner and H. M. Urbassek, Energy and angular distribution of pulsed-laser desorbed
particles: the influence of a hot contribution on a cold desorbing species, J. Phys. D 30, 185 (1997).
[14] W. B. Holzapfel, Equation of State for Solids under Strong Compression, High Press. Res. 16, 81
(1998).

[15] G. K. Straub, J. B. Aidun, J. M. Wills, C. R. Sanchez-Castro and D. C. Wallace, Phys. Rev. B 50,
5055 (1994).

[16] Lord Rayleigh, On Waves Propagated along the Plane Surface of an Elastic Solid, Proc. London
Math. Soc. s1-17 (1), 4-11 (1885).

98



Chapter 5 State of the art-Literature review of single wire explosion

Chapter 5

5. State of the art-Literature review of single wire explosion
5.1 Exploding wire

The driving of pulsed currents through single metal wires has been the subject of
numerous experimental studies and theoretical analyses. When a high pulsed electric
current is applied to a wire the latter explodes within fractions of a second. Depending
on the magnitude of the electric current, the result of the explosion can be fluid/solid
particles or plasma. The conversion of a single conducting wire from solid-density
room temperature to plasma is a complex process, involving multiple phase changes
from solid, to liquid, to vapor, and eventually plasma formation. Several effects may
occur simultaneously, such as electromagnetic, thermal, -elasto-plastic, and
magnetohydrodynamic ones.

Wire explosion behavior in its initial stages is a function of several factors. These
include the wire material, whether the wire is coated by an insulator or not, and the
energy deposited resistively in the wire before plasma forms around the wire [1].

Exploding wires are widely used in many experimental set-ups and pulsed power
systems, such as Z-pinch [2-4], high-current switches [5], copper-vapour lasers [6],
and high-brightness x-ray lithography [7]. They are also used as a method of synthesis
and preparation of nanopowders [8, 9] or preparation of metallic nanoparticles [10].
Among other technological applications of the electrical wire explosion are peaking
of electric power in high voltage pulsed engineering [11], creation of x-ray sources for
microelectronics [12], and high power sources of soft x-ray radiation in multiwire
liners [13]. In this thesis, as previously mentioned, emphasis will be given in the
explosion of a single wire Z-pinch from thermoelastic to plasma formation.
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5.2 Z-Pinch single wire

The Z-pinch is the name of a unique class of magnetically driven or confined
plasma in which a current is passed through a cylinder of plasma parallel to the axial
or z-direction. When a large current with current density J flows in a cylindrical
plasma a magnetic field B is generated. The resulting interaction of the azimuthal self-
magnetic field and the axial current produces an inward radial JxB or magnetomotive
force, which confines the plasma. This force can be employed either dynamically to
collapse a hollow plasma cylinder or quasi-statically to confine the plasma through
the pinch effect. The advantages of the Z-pinch are that larger volumes of plasma that
can be produced of very high energy density, and with greater efficiency than in laser-
produced plasmas [2].

There are many ways of forming a Z-pinch in an experiment. The earliest approach
was the compressional Z-pinch to which the capillary discharge is related. The effect
of walls can be removed in a gas-embedded Z-pinch, which is triggered by means of a
laser or needle electrodes. For X-ray production a dynamic hollow gas-puff Z-pinch is
effective, from which has evolved the wire-array Z-pinch. Moreover, the Z-pinch can
be formed from a single fibre of material on the axis, which is the focus in this thesis.
The fibre pinch or exploding wire Z-pinch can be made from carbon, cryogenic

hydrogen or deuterium, or metal wires such as aluminum, copper, or tungsten [2].

5.3 Physics of the equilibrium pinch

In a pinch device, the magnetic force acts to confine the plasma, whereas, the
plasma kinetic pressure opposes constriction of the plasma column. When these forces
are balanced, an equilibrium pinch would be formed. A basic physical property of a
uniform Z-Pinch in pressure balance is Bennett relation. It was first derived by
Bennett [14] for charged particles streaming with a uniform axial velocity. It can be
extended to cover the general case of any current density distributions in a Z-pinch

under a radial pressure balance and is described by
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The ion line density N; is defined by

N, =i 2rn;rdr
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(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

where o is the plasma radius. Taking the mean electron and ion temperatures to be T,

and T;, respectively, we can write
Niky ZT,+T, )= 2zprar
0

where Z is the ionic charge number and kg is Boltzmann’s constant.

Integration of Equation 5.6 gives

Nk (ZT,+T, )=7rj. pd(r)*=[mpr’® —7TJ. r? %dlf:n,uo J. J.r |:J. J, rdr:| dr.
0 0 0

r
For x:j 2zJ,rdr the previous equation becomes
0

a 2772
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For total current defined as I:j 2zJ,rdr the Bennett relation has the form
0

87Nky (ZT,+T )=u,1” .
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The average temperature of the equilibrium pinch can be calculated knowing only the

e
N
\\// P=

Figure 5.1 Schematic diagram of the equilibrium pinch

line density and current.

Iy

5.4 MHD Instabilities

The simplest model describing low frequency phenomena in plasma is the ideal
single fluid magnetohydrodynamics (MHD). The plasma is treated as an electrically
conducting fluid with zero resistivity. Moreover, ideal MHD theory of a single fluid
neglects the Hall effect, resistivity, viscosity, thermal conduction, and assumes equal
electron and ion temperatures [15]. The ideal equations for single fluid MHD are the

continuity equation

%erv(pv) =0 (5.10)
the momentum equation
0 .
p(E+VV)V = jxB-VP (5.11)
the Faraday’s law
65_? =-VxE (5.12)
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Ampere’s law

U=V xB (5.13)
magnetic divergence constraint
V-B=0 (5.14)
the ideal Ohm’s law
E+vxB=0 (5.15)
and the energy equation
E(p_pV :O_ (5.16)

A perturbation of the form [16, 17]

dr — é:o (r) ei(méh—kz—cot) (5.17)

can be assumed in a cylindrical z-pinch wire, where & is the amplitude of the plasma
displacement, k is the wavenumber and m is the azimuthal mode number of the
instability (equal to the azimuthal periodicity of the perturbation). The m=0 (sausage)
mode consists of a series of necks (constricted regions) and bulges (expanded regions)
along the pinch column, while the m=1 (kink) mode is one where the plasma column
is in the form of the helix. Higher m number modes do not perturb the column on axis
and appear as a twisted multistranded cable. The m=0 and m=1 modes are shown in
Figure 5.2.

The m=0 instability grows as e’ where the growth rate y [18] is

y=-—* (5.18)

where « is the column radius, v, is the Alfven velocity given by
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v = B
C(u,nm, )2 (5.19)

where n;, m; are the ion density and ion mass respectively and B the average magnetic
field (B=uoll27a) [18].

With respect to the sausage instability, it occurs due to a wave-like perturbation.
The perturbation is azimuthally symmetric about the column axis and produces crests
and troughs on the surface of the plasma column. As a result, the plasma is constricted
in some locations and expanded on others. Since the azimuthal magnetic field has 1/a
radial dependence, the magnitude of azimuthal magnetic field on the surface of the
deformed plasma column varies. Hence, at the locations where « is smaller than its
equilibrium value, the magnetic pressure exceeds the plasma kinetic pressure and
forces the plasma radially inwards. The troughs will become deeper and deeper and
crests higher and higher. At the final stage, when the constriction reaches the axis, the
plasma column appears as a string of sausages and that is why it is termed as sausage
instability [19].

(a) Sausage (m=(0) instability (b} Kink (m=1) instability

current

current

Strong B field

Weak B field
Weak B field

Strong B field

Figure 5.2 The m=0 (sausage) mode and the m=1 (kink) mode MHD instabilities in a Z pinch [20]

A universal diagram [21] depicted in Figure 5.3 describes the plasma regimes of a
Z-pinch in pressure balance, where various theoretical models are valid. The X axis is
the ion line density (N) and the Y axis is the product of the fourth power of the current

and the pinch radius (I*a). The MHD region is bounded by regions where finite
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Larmor radius, resistive, viscous and anisotropic effects are important. ldeal MHD
applies in a small region of the parameter space. An important parameter for the case
of the resistive regime is the Lundquist number (S), which is the ratio of the
timescales for convection and diffusion of the magnetic field lines through the
plasma. The Lundquist number S can be written in terms of the current I, the radius a,

the coulomb logarithm InA and N the ion line density

3/10802 23/4 I4a
S= 12 32 0 2 (5.20)
64(2Zzm,m,)"“InAZ(1+Z)**N

where InA=In(12zne’%p), ne the electron density and Jp the debye length
Fp=eokgTe/nee? (Te electron temperature, e electron charge). For a value of $<100 the

pinch is considered to be stable [21, 22].

Stability regimes in the Z-pinch
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Figure 5.3 Diagram of the Z-pinch stability regimes [21]
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5.5 Dynamic Response of Matter below plasma formation

In the literature [23-29] can be found studies that investigate the fragmentation of
wires in the solid state. These refer to thicker wires with a diameter about 1 mm and
above and lower peak currents between 0.5-10 kA.

The first experimental evidence for wire disintegration in the solid state was given
by Nasilowski [23]. Nasilowski applied long, up to 20 ms duration, current pulses of
650 A to 1.5 m long, 1 mm diameter straight copper wires. The current pulses had a
step-function character. The wires disintegrated into many pieces of irregular size.
Since the wire disintegration occurred in the solid state, he assumed that mechanical
vibrations were responsible for this. The wire ends were firmly clamped and the first
breaks were observed at these clamped ends, whereas the remaining early breaks were
fairly widely spaced from each other. Another important observation was an apparent
waviness along the wires, which indicated that the vibrations might have had a
flexural nature.

Graneau’s [24] experiments in the early 1980s gave significant attention in the
phenomenon of wire disintegration in the solid state. Graneau used aluminum wires of
99% purity, 1 m length and 1.2 mm diameter. He used a capacitor bank supplying
under-damped current discharges of 5000-7000 A, over a period of 5-10 ms. The
wire ends were free, while the current was supplied via 1 cm long air gaps. The results
were similar to those of Nasilowski, as the wires broke into as many as 20-30 pieces
each. Moreover, Graneau [24, 25] suggested that the fragmentation process arose from
a longitudinally acting magnetic force derived from Ampere’s force law.

Ternan [26] modeled the wire as an elastic string and considered stress waves in a
wire with free ends induced by the Joule heating of the wire by the current, which he
assumed to rise instantaneously. This model predicted the formation of standing
thermal stress waves, which were of sufficient magnitude to break the wire using
Graneau’s experimental parameters.

Molokov and Allen [27] developed a continuum mechanics model and investigated
two mechanisms for the creation of stress waves in the wire: a Lorentz force
mechanism and a thermal stress mechanism arising from Joule heating. The wire was
modeled as a linearly elastic solid. Inclusion of thermal effects necessitated a heat

106



Chapter 5 State of the art-Literature review of single wire explosion

equation with a source term arising from the Joule heating. The model used was

magneto-thermo-elastic. The equations of magneto-thermo-elasticity used were

(A+©)VVu+ pViu—-aBi+2u)V(T -T)) + jx B = pli (5.21)
kV2T = pCVT +(BA+2u)aTVu-otj? (5.22)
j=c(E+uxB) (5.23)

j=u"VxB (5.24)

B=-VxE (5.25)

VB=0 (5.26)

where u=(u,o,w) is the displacement, j is the electric current density, B is the
magnetic induction, E is the electric field, p and ¢ are the density and electrical
conductivity of the metal respectively, 4 and u are the elastic constants, yo is the
magnetic permeability, « is the linear expansion coefficient, k is thermal diffusivity,
and c, is the specific heat. Dots denote time-derivatives. T is the temperature and T is
its initial value, when the wire is in a stress-free condition. These equations constitute
a system of nonlinearly coupled displacement, energy, and electromagnetic equations.
The wire surface is supposed to be thermally insulated. Thermal diffusion and heat
generated by material deformation were neglected. A uniform-current density in the
wire was considered and the current rise-time was assumed zero. The two
mechanisms were examined separately. Three different wire-end conditions were
studied and sought axisymmetric solutions. It has been shown that wires with free
ends break due to standing stress waves, resulting mainly from longitudinal thermal

expansion of the wire material due to Joule heating.
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-l

Figure 5.4 The geometry of finite-length wire and the co-ordinate system

The analysis of Molokov and Allen has been extended in [28] to include the skin
effect and to study the post-fracture dynamics of wires. Despite differences in the
results obtained with the inclusion of the skin effect, results supported the broad
conclusions of the uniform-current model: that the largest stresses were found at the
clamps for a wire with clamped ends, while the largest stresses in a wire with free
ends were generated by the thermal mechanism and were located at the center of the
wire. If the wire ends are clamped, buckling instability may occur [29], also as a result
of thermal expansion of the wire material. It has been shown that during thermal
buckling the longitudinal tensile stress may reach very high values, of the order of
100-200 MPa.

Moreover, Martynyuk [30], using the thermodynamics and Kkinetics of vaporization
and boiling, investigated the phenomenon of explosive boiling of superheated liquid
metal and showed that it constitutes a main factor in the electrical explosion of a wire.
When certain conditions are satisfied, the initial point of the electrical explosion must
be in the neighborhood of the boundary for thermodynamic stability of the liquid
metal phase.

5.6 Dynamic Response of Matter in plasma regime

In the literature results of computer simulations [32, 37, 38] and experiments [31,
33-36] are found that assume that the fiber Z-pinch consists of two different regions: a
low density hot corona plasma and a dense core during the discharge. An important
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feature of the discharge in a single wire is that the wire core, at least for thick wires,
may remain cold and expand very slowly. The plasma corona that surrounds the core
contains only a small fraction of mass but carries almost all the current. The majority
of these studies concern experiments with current >100 kA in which magnetic forces
play a major role.

Aranchuk et al. [31] found that, in explosions of 20-um-diameter copper wires,
only 2-7% of the total mass was carrying the current and radiating. The rest of the
mass remained cold. Corona was subject to violent unstable motions, while the core
remained more or less cylindrical. The maximum current through the wire was 0.5
MA and the current rise time was approximately 100 ns. Two dimensional MHD
simulations performed by Lindemuth [32] showed that the m=0 instability begins at
very early times in the coronal plasma surrounding the cold pinch core. The m=0
instability leads to an enhanced fiber ablation rate.

Kalantar and Hammer [33] observed experimentally that a high-current exploding
wire consists of rapidly expanding coronal plasma surrounding a slowly expanding
dense core. Schlieren imaging was used to follow the coronal plasma dynamics in
time from the moment of current initiation. The dense core was observed about 30 ns
after the start of the current pulse using X-ray backlighting from an x pinch, driven in
parallel with the exploding wire, as the X-ray source. Their work focused on 25 to
100 mm diameter Al wires driven by 100 ns FWHM, 40 ns rise time, and 100 to 350
kA/wire current pulses. Using a combination of X-ray backlighting diagnostics to
study the dynamics of the dense wire core (with 10 mm spatial resolution) and optical
shadowgraphy and Schlieren diagnostics to study the corona, they characterized the
exploding wire behavior. A series of experiments with 100 mm diameter Al wires
driven by about 100 kA peak current showed that the outer edge of the coronal plasma
expanded at a rate of 2.4+0.2 cm/us starting about 20 ns after the current pulse. By
contrast, the core expanded at a rate of 0.8+0.2 cm/us, and also appeared to begin its
expansion at the same moment as the corona. They also estimated that the amount of
mass in the corona was 10% or less. Their study concluded that the coronal plasma
expansion rate is roughly independent of the initial wire diameter.

Fibre pinch experiments using high z-materials showed unstable behavior at early

times in the discharge [34]. Z-pinch plasma was formed from carbon and aluminum
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fibers, driven by a pulsed power generator delivering 100 kA with a rise time of 55 ns.
It was observed that the instability appeared in the first few nanoseconds of the
discharge, while for thicker fibers it appeared later in time. A thorough publication by
Ruiz-Camacho et al. [35] used optical diagnostics to study the explosions of 5 to 18
mm diameter W wires and 15 mm diameter Al wires. The wires were driven by a 160
kA peak current (120 kA current for Al) having a 10-90% rise time of 65 ns.
Schlieren observations showed that the coronal plasma of various diameters of
tungsten wires expanded with the velocity of (9.4+1.0)x10% m/s. The aluminum pinch
expanded at least a factor of 2 faster. The m=0 perturbations appeared at about 8 ns
for the aluminum compared with 20 ns for the tungsten pinch. The wavelength and
diameter of the perturbations increased with time for both types of wires and were
relatively faster for the aluminum pinch. The short wavelength perturbations (~200
um) persisted for a longer time for larger diameter tungsten wires. Moreover, a series
of fiber pinch experiments has been carried out on the MAGPIE (mega-ampere
generator for plasma implosion experiments) generator (1.8 MA, 150 ns) to study the
temporal evolution of the coronal plasma produced from carbon fibers [36]. Analysis
of schlieren photographs, axial streak images, and gated X-ray photographs, gave the
radial and axial motion of the coronal plasma. Axial wavelengths of dominant
instabilities in the corona were measured to be between 0.05 and 0.2 cm.

A 2-D Eulerian resistive MHD simulation was used by Chittenden et al. [37] to
explain the rapid expansion of the plasma column and the development of large non-
linear scale m=0 perturbations in the plasma corona. The code models a single
temperature admixture of electrons, ion species of different charge and neutral
gaseous atoms. The code incorporates a corrected Thomas—Fermi model equation of
state, which emulates the behavior of material in condensed phases, such as the
reduction of electron pressure near solid density, which is responsible for keeping the
core intact at early stages. Modified versions of Lee and More’s transport coefficients,
which approximate the transition from low resistivity in the solid phase to higher
resistivities as the wire material heats and expands, are used. Explicit hydrodynamics
on an Eulerian grid with implicit solution of magnetic and thermal diffusion was

performed, while a random density perturbation of 0.1% was used to initiate
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instability growth. With respect to equations used, the rate of change of mass density
is given by the advective term
op

Py
o (pv) (5.27)

The rate of change of momentum is determined by advection, the electromagnetic

force, pressure gradient, and the divergence of an artificial viscosity tensor

0 .
p(a+V-V)V=j><B—VP—V7r (5.28)

while the rates of change of internal energy is determined by advection,
compressional heating, thermal diffusion, Ohmic heating and ionization energy

oE

N
E L V(EY) = (P14 1)Y= V(KVT) 1] +3(C
Z-0

77 N
at ;Eionization(i)). (5_29)

The rate of change 0, /ot of the number densities of different ionization stages
from neutral (Z=0) to fully stripped (Z=N) are determined by calculating the average
ionic charge (Z*) from the Thomas—Fermi model and then iteratively solving the Saha
equation. Also, the rate of change of magnetic field strength is given by the advection
of magnetic flux ““frozen’’ to the plasma and the rate of resistive diffusion of the field

through the plasma

%=VX(VX B)-Vx(nj) (5.30)

Figure 5.5 shows a series of mass density contour plots from a 33 um carbon pinch
simulation at 0, 10, 20, 30 and 35 ns respectively. The current waveform used in the
simulation is based on that obtained using the MAGPIE generator at 60 % of full
charge and approximates to a linearly rising dl/dt. After 10 ns the simulation shows
that the current is flowing in a low density, highly ionized corona containing only 1 %
of the fiber material. Thus, the temperature of the corona is very high and the
instability involves rapidly. At later times it is observed that the instability is giving

rise to the formation of necks and bulges along the length of the pinch. Moreover, the
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instability wavelength increases as time progresses and at late times, only density

islands exist, separated by tenuous regions.
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Figure 5.5 Mass density contours from a 2D Eulerian resistive MHD code simulation of a partially
ionized carbon Z-pinch [37]

The time evolution of single wires from different wire arrays was simulated using
ALEGRA-HEDP [38]. ALEGRA-HEDP uses an Arbitrary-Lagrangian-Eulerian
(ALE) operator split algorithm to solve the resistive MHD equations, as well as
thermal and radiative transport. The approach used to obtain the simulation initial
conditions in this study was to start with a two-state initial condition consisting of a
liquid core and a corona. The material models used for this study were ANEOS
SESAME 3540 equation of state, Lee-More-Desjarlais for Tungsten conductivity, and
XSN opacities for single-group radiation diffusion calculations.

Moreover, single wire experiments that used low current less than 5 kA were done
in order to study the pre-pulse conditions on large wire arrays such as Sandia’s Z-
machine [39, 40]. Sinars et al. [40] using X-pinch X-ray backlighting investigated the
explosion of 12.7 um thick aluminum wires. The results revealed a similar behavior
of the dense core to the experiments performed by Kalantar and Hammer [33]. In such
type of experiments the magnetic pressure is negligible and the coronal plasma, as

well as the wire core expands freely.
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Chapter 6

6. Mathematical and numerical modeling of exploding single
wires
6.1 Introduction

Electrical wire explosion is a sharp change of the physical state of a metal as a
result of intense energy release when high-density current pulses run through it. As
previously mentioned, during the explosion of a single wire Z-pinch, depending on
the magnitude of the electric current, several effects may occur, such as thermal,
elasto-plastic, electromagnetic, and magnetohydrodynamic.

In this Chapter different modeling efforts are presented in order to simulate the
complex multiphysics problem of an exploding metal wire from solid to plasma
phase. In order to be able to study these effects numerically and experimentally, a
relative thick copper metallic wire is selected. For the numerical simulations that will
be described in the next sections, one aspect that is taken into consideration is the skin
depth effect. The current density j of an alternating current (AC) in a conductor
decreases exponentially from its value at the surface according to the depth d from the
surface. It holds

. . ﬂ
j=Jy(te ?° 6.1)

where d=ro-r the depth from the surface, ry radius of the cross section of the wire, r
radius that varies and ¢ is called the skin depth. The skin depth is thus defined as the
depth below the surface of the conductor at which the current density has fallen to 1/e
(about 0.37) of jo. The skin depth ¢ can be calculated [1]

1

Jrfuo (6.2)

S =
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where f is the frequency of the rising current, u is the permeability of the conductor

and o is the electrical conductivity.

Current
concentrating
Cross +—near surface
section of
conductor

No current flow inside

Figure 6.1 Skin depth effect

An initial attempt to model the electrical wire explosion of a Z-pinch metallic
copper wire is carried out by taking into account only the thermal-structural effects
(section 6.2). This numerical study is limited to elastic and melting regimes and
considers a small volumetric deformation. A more accurate attempt to model the
single wire explosion from solid to plasma formation is subsequently (section 6.3)
carried out, where electromagnetic effects are further taken into account with the
thermal-structural. Large volumetric deformation is considered by taking into account
the material’s hydrodynamic behavior via an equation of state, while the elastoplastic
behavior is also considered by a flow stress constitutive model. Moreover, results
from this study are further used in section 6.4 where magnetohydrodynamic effects
are taken into account and plasma expansion and instability development is

investigated.

6.2 3D Thermomechanical modeling

In order to describe the previously mentioned complex multiphysics problem,
finite element numerical analysis is chosen in this thesis. A 3D coupled
mechanical/thermal FEM simulation is developed using the ANSYS finite element
software. All numerical simulations run on a 4-core Intel® Core™ i7-3820 CPU with
a processor of 3.6 GHz and 32 GB RAM. In this preliminary simulation approach the
loading term is the heat generation per volume, generated by the alternating pulsed

current, the Joule heating effect. Hence, Joule heating, also known as Ohmic heating
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and resistive heating, is the process by which the passage of an electric current
through a conductor releases heat. In particular, when the electric current flows
through a solid or liquid with finite conductivity, electric energy is converted to heat
through resistive losses in the material. The heat is generated on the microscale when

the conduction electrons transfer energy to the conductor's atoms through collisions.

6.2.1 Computational approach, geometry and meshing

The model conveys a simultaneous analysis of the thermal and structural
parameters, as defined by the solution of the heat conduction and mechanical motion
equations. The mechanical equation determines the displacements of the wire
imposed by the pulsed current, while the heat conduction equation predicts the
temperature distribution. Convective heat transfer as well as radiative heat transfer in
the wire are neglected. As previously described in Chapter 3, matrix equations for

heat conduction and mechanical motion have the form

[KKTH+[CHS={a- L)

2 (6.3),
M+ ISHU} = {F)

where L, is the latent heat of melting and Q is the heat generation per volume source
term due to Joule heating effect.

The solution of the matrix Equations 6.3 is done using the commercial finite
element software ANSYS ver. 14.5. Both thermal and structural fields share the same
3D geometry, meshing, elements, boundary, and loading conditions. With the help of
a direct coupling method, a single pass solution is achieved, involving one analysis
that uses a coupled-field 3D element type. Therefore, a simultaneous analysis of the
thermal and structural parameters is achieved, as defined by the solution of the heat
conduction and wave equations. For this thermal-structural analysis the weak field
coupling is chosen, which was previously described in Chapter 3. The adopted
SOLID5 element has eight nodes with up to six degrees of freedom per node.The

analysis type of the coupled physics model is transient, while the choice of the
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element type is done so that a good relation between accuracy and computational cost
is achieved.

The dimensions that are used for the simulations correspond to real metal wires
used in experiments, as will be mentioned in Chapter 7. A copper wire with a
diameter of 300 um and a length of 15.2 mm is simulated. An important aspect of the
developed simulation is that the Lagrangian mesh is adaptive, depending on the
simulation needs. In Figure 6.2a a schematic of the 3D finite element model is
depicted. A small element size is used to accurately simulate the dynamic phase
change of matter (from solid to liquid) in the region of the skin depth and resolve the
temperature distribution. The skin depth of the copper wire is computed to be 30.6 um
for experimental current frequency f=4.5 MHz and copper resistivity 1.68x10°
80hm-m. For this reason, in order to accurately resolve the temperature distribution in
the skin depth effect region, the element size in the radial direction is selected to be 5
um, as can be seen in Figure 6.2b. The total number of elements, according to
different mesh discretization test cases, for achieving mesh independent solution is
approximately 80000.
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Skin depth effect

Figure 6.2 a) 3D finite element mesh of the model in ANSYS, b) Zoomed view of the cross-section

An implicit solver is considered and the same numerical techniques are used for
the solution of the coupled non-linear equations 6.3, as previously described in section
3.2. The time dependent problem is solved with an incremental time step of 1 ns over
a time period of 120 ns. Furthermore, at the end of each solution step, if the
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temperature of an element is higher than the melting temperature, phase change

occurs, by considering the latent heat of melting in the model.

6.2.2 Initial, boundary and loading conditions

Concerning the boundary conditions, the ends of the wire are fixed at
environmental temperature (27 °C). The ambient initial temperature is also assumed to
be 27 °C, while the wire is initially considered to be non-deformed.

In relation to the loading conditions of the model, a heat generation per unit volume
function Q due to the Joule heating effect, is applied to the whole volume of the wire.
The source term of the heat generation rate (W/m°) is the Joule heating term j*/s,
where j is the current density and o the electrical conductivity, which is the inverse of
resistivity. The analytical equation of j that takes into account the diffusion of the

current is [1]

—(r-r)

j(r = — el

275(r, + (e ¢ —1)9) (6.4)

where ley, IS the pulsed current as experimentally measured, ¢ the skin depth, ro the
radius of the cross section of the wire, and r the varied radius. In Figure 6.3 the
experimentally measured alternating pulsed current is depicted, with a peak of
approximately 38 kA, 70 ns from the current start. Details about the experimental

methods are provided in Chapter 7.
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Time (ns)

Figure 6.3 Alternating pulsed current in relation to time

With regard to the temperature dependence of resistivity re a linear approximation is
used

L(T)=rl+a(T-T))] (6.5)

where « is called the temperature coefficient of resistance, To is a fixed reference
temperature (usually room temperature), and reo is the resistivity at temperature To.
The parameter o is an empirical parameter fitted from measured data and has the

value of 0.004 1/°C for room temperature.

6.2.3 Material properties

The values for thermo-physical properties of copper have been adopted from
existing literature values [2-5]. The temperature dependent material properties that are
taken into account in this study are presented in Table 6.1. In particular, the quantities
of thermal expansion, Young modulus, thermal conductivity, and specific heat of
copper are considered temperature dependent until the melting point (1085 °C).
Moreover, the density of copper is 8910 kg/m® and the latent heat of melting of
copper is 207 kJ/kg.

121



Chapter 6 Mathematical and numerical modeling of exploding single wire

27 401 385 15.4 117 0.3406
127 393 398 16.2 113 0.3406
227 386 408 16.9 111 0.3435
327 379 417 17.7 105 0.3465
427 373 425 18.5 100 0.35
527 366 432 19.3 95 0.3527
627 359 441 20.2 89 0.355
727 352 451 21 84 0.3575
827 345 464 21.9 78 0.36
927 339 480 22.8 72 0.362

>1027 332 506 23.7 65 0.365

Table 6.1 Material properties of the wire sample [2-5]

6.3 3D coupled electromagnetic thermomechanical
hydrodynamic modeling

In order to more accurately describe the complex problem of electrical wire
explosion from solid to plasma formation, multiphysics finite element numerical
analysis is again chosen but this time electromagnetic effects are taken into account,
since their influence cannot be neglected. Moreover, for the thermomechanical
response of the exploded material it is needed to take into account both the
hydrodynamic behavior of the material, using a dedicated equation of state (EOS),
and the deviatoric behaviour, using a dedicated strength material model. An equation
of state that relates resistivity to temperature and density is also used.

The choice of the material constitutive equations, which include both strength
model (deviatoric component) and equation of state (hydrodynamic component), is of
major importance for high strain-rate and shock loading conditions. With respect to
continuum mechanics theory, the complete stress tensor describes the material
condition state. It is divided into two components: the deviatoric and the hydrostatic

tensors
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—g _ 6.6
oy =8; = PJ, (6.6)
where s;; is the deviatoric stress component [6, 7]. The hydrostatic component of stress
IS associated to the pressure in the material, which is equal to the trace of the complete
stress tensor.
0y + 0y + 0y o

P: — _ T kk
3 3 (6.7)

The use of an EOS is omitted only when volumetric deformation is very small and

P|<<s;. (6.:8)

Since large volumetric deformations occur in wire explosion, the inclusion of an EOS

is mandatory for the simulation [6].

6.3.1 Equation of state

An equation of State (EOS) generally expresses the relation between dependent
thermodynamics variables (such as pressure P, internal energy E and entropy S) and
independent ones (such as density p and temperature T). All these variables define the
thermodynamic state of the matter. An EOS represents a set of surfaces, where it is
possible to define one-dimensional paths, that identify isotherm, isobaric, isochoric,
isentropic, etc. transformations. In order to obtain the entire surface a great number of
paths needs to be measured.

Usually, in hydrodynamics, the internal energy is used instead of temperature as
independent variable. In this case, the EOS assumes the general form which, is used

in the most part of the commercial FE codes
P =P(p,E) (6.9)
In general, the equations of state can be divided into two categories: analytical EOS,

such as Gruneisen [8] and GRAY [9], and tabular EOS, such as SESAME [10, 11].
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When a material is subjected to high energy deposition, impact, or deformation at
high strain-rate, it suffers large changes in its thermodynamic state. At these extreme
loading conditions, the material could be subjected to high-temperature and high-
pressure conditions. There are cases in which a great amount of energy is deposited in
a very short time (order of a few nanoseconds). Some examples are deposition of x-
ray energy from the detonation of nuclear explosives, high energy particle beams
deposition, laser deposition and wire explosion, which is the focus in our study. For
this reason it is necessary to use a multi-phase EOS, which is able to describe a great

number of all the possible states of the matter [12].

6.3.2 Strength material model

In the continuum mechanics treatment, the deviatoric component concerns
phenomena that are associated with the material strength, such as plasticity and
failure. In order to investigate high strain response of metallic materials and their
thermo-plastic behavior, a constitutive strength material model is necessary. This
model is applicable in wide range of strain, strain-rate, and temperature. Moreover, it
defines the flow stress as a function of variables of interest, such as deformation,
strain-rate temperature, and pressure [12].

In the literature there are many material models that keep into account strain rate
and temperature influences on mechanical behavior. These models are classified to
empirical, semi-empirical, and phenomenological. The empirical models have
nonphysical basis, but are obtained by interpolation of experimental data, while the
phenomenological models are obtained starting from the transformation in the
material that occurs during a deformation process. Models such as those proposed by
Johnson-Cook (J-C) [13] and Cowper-Symonds (C-S) [14] are purely empirical
models and they are the most widely used. An example of semi-empirical model is the
Steinberg-Cochran-Guinan-Lund (S-C-G-L) model [15], which was first developed
for the description of high strain-rate behaviour and after extended to low strain-rate.
A phenomenological model is the Zerilli-Armstrong (Z-A) model [16], that is
obtained on the basis of the dislocation mechanics theory. The Johnson-Cook elasto-

plastic model is selected for the conducted simulations in this thesis.

124



Chapter 6 Mathematical and numerical modeling of exploding single wire

6.3.3 Mathematical and computational modeling

The 3D electromagnetic-thermal-structural numerical simulations are performed
using the commercial FEM code LS-DYNA [5], since an electromagnetic module has
been recently developed [17-19] that couples with previously developed LS-DYNA
mechanical and thermal solvers. All numerical simulations run on a 4-core Intel®
Core™ i7-3820 CPU with a processor at 3.6 GHz and 32 GB RAM. The
electromagnetic module allows for the application of electrical currents to solid
conductors to compute the associated magnetic and electrical fields and determine the
induced currents. Electromagnetic Metal Forming (EMF) [20] is one of the main
applications of the module. The electromagnetic fields are computed by solving the
Maxwell equations in the eddy-current approximation. Eddy current solver is also
called induction-diffusion solver, due to the two combined phenomena of induction
and diffusion that are being solved. Induction is the property of an alternating fast
rising current in a conductor to generate a current and a voltage in both the conductor
itself (self-induction) or to potential nearby conductors. Self-induction in conductors
is then responsible for the skin effect or current diffusion. Solution of those coupled
phenomena allows for the calculation of the Lorentz force and the Joule heating
energy, which are added to the mechanical and thermal solvers respectively.
Moreover, Maxwell equations are solved using Finite Element Method (FEM) [21]
for the solid conductors, coupled with Boundary Element Method (BEM) [22] for the
surrounding air or vacuum. Both the FEM and the BEM are based on discrete
differential forms (Nedelec-like elements) [23]. The investigation of the exploding
conducting copper metallic wire, which is the focus of our study, involves the
phenomena of self-induction (since no nearby conductors are present) and current

diffusion.

6.3.3.1 Maxwell equations

The Maxwell equations solved by the solver for electromagnetism assuming a

divergence free current density and no charge accumulation, have the form

6.10
VXE=—@ (520
ot
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VxB= :uoj (6.11)
V-B=0 (6.12)
V-E=0 (6.13)

j =ocE + js (6.14)
V.j= (6.15)

where o is the electrical conductivity, uo is the magnetic permeability of the free
space, B is the magnetic flux density, E is the electric field, j is the total current
density, and js the source current density.

The divergence equation given by Equation 6.12 allows for writing the magnetic flux
density as

B=VxA (6.16)

where A is the magnetic vector potential. Equation 6.10 then implies that the electric
field is given by

6.17
E-—vo-2 40
ot

where @ is the electric scalar potential. Then, the Gauge condition is used

V(cA)=0, (6.18)

which allows a separation of the vector potential from the scalar potential in the
equations. Equations 6.14, 6.15, 6.17 and 6.18 give

V(oV®) =0 (6.19)
Furthermore, Equations 6.11, 6.14, 6.16 and 6.17 give

G%+Vx(iVxA)+an5=js.
ot Y7,

(6.20)

The last two equations constitute the system that will be solved, with A and @ being
the two unknowns of the problem.

126



Chapter 6 Mathematical and numerical modeling of exploding single wire

6.3.3.2 Finite element method for conducting wires and Boundary element
method for vacuum/air

Equations 6.19 and 6.20 are solved for the conducting materials with a Finite
Element Method using a library called “FEMSTER”, which was developed at the
Lawrence Livermore National Laboratories [24]. FEMSTER provides discrete
numerical implementations of the concepts from differential forms (often referred as
Nedelec elements) [25]. These include in particular the exterior derivatives of
gradient, curl, and divergence, and also the div-grad, curl-curl and grad-div operators.
The solver runs implicitly and more details are presented in Appendix C.

The BEM method uses an intermediate variable, the surface current. This variable
is introduced on the boundary between conductor and vacuum/air, so as to produce
the same magnetic field in the vacuum region as the magnetic field created by the
actual volume current flowing through the conductor. An advantage of this method is
that does not need a mesh in the vacuum or air that surrounds the conductor, therefore
avoiding meshing problems of complicated geometries and distorted elements.
Moreover, a disadvantage is the high memory requirement, as well as the longer CPU
time to assemble the matrices, because full dense matrices are generated in place of

the sparse FEM matrices.

6.3.3.3 Mechanical and thermal analysis and coupling with electromagnetism

LS-DYNA is a non-linear finite element hydrodynamic code capable to simulate
complex phenomena that involve large deformations or large changes of density,
using the appropriate strength material model and equation of state for a given
problem. The equations that are solved by the mechanical solver of LS-DYNA that
runs an explicit analysis, are the Cauchy momentum equation, equation of mass, and
equation of energy. Details about time integration are given in Appendix C. Cauchy

momentum equation has the form
pX =0, +pf; (6.21)

where gj;; is one order partial derivative of Cauchy stress component ej; with respect

to the coordinate variable in the j-th direction, fj is the volume force vector of unit
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mass (body force density), X; is the acceleration vector, and p is the density.

Conservation of mass has the form
p=Vp, (6.22)

where pg is the reference density, V the relative volume, the determinant of the strain

gradient matrix

£y
oX,

(6.23)

Xi Is the space coordinate in the i-th direction, X; is the matter coordinate in the j-th

direction, and% is the strain gradient with respect to X;. Energy equation has the
i

form
E :VSijéij —(p+ q)V (6.24)

where &; is the strain rate tensor, E is the energy rate, and q is artificial bulk viscosity.

Deviatoric stress tensor is given by
;=0 +(P+0)9; (6.25)
where d;j is Kronecher symbol and the hydrodynamic pressure p is given by

p=—204
3" (6.26)

Details about the artificial bulk viscosity are presented in Appendix C.

With respect to the thermal solver of LS-DYNA, it runs implicitly. Based on the
work of Shapiro [26], the differential equation of conduction of heat in a three-

dimensional continuum is
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P(X,¥,2)Ch(X,Y, z,T)w

~VIK(X,Y,Z,T)VT (X, y,2,t)]=Q(X,Y,2,t) 627)

Details about time integration of the thermal solver are presented in Appendix C.

With respect to the coupling of the electromagnetic solver with the mechanical and
thermal solvers, once the electromagnetic field and the current density have been

computed from the EM module, the Lorentz force F = jx B is evaluated at the nodes

and added to the mechanical solver, which computes the deformation of the
conducting wire. The new geometry is then used to compute the evolution of the EM
fields in a Lagrangian way. The electromagnetic force is added to the momentum
Equation 6.21. Moreover, the joule heating power term j*/c is added to the thermal
solver to update temperature. Temperature is used in turn in an electromagnetic
equation of state to update the electromagnetic parameters, mainly the conductivity o
[27, 28]. In Figure 6.4 the interaction between the different solvers is depicted for the

simulation of the exploding wire.

Joule heating jXB force

Temperature Displacement

Temperature

Thermal solver
Implicit analysis

Plastic work

Figure 6.4 Interaction between the different solvers

6.3.4 Geometry, meshing, boundary and loading conditions

The dimensions that are used for the simulations correspond to real metal wires
used in experiments, as will be mentioned in Chapter 7. A copper wire with a
diameter of 300 um and a length of 15.2 mm is simulated. Hexahedral 8-node
elements with one-point integration are used. An important aspect of the developed

simulation is that the Lagrangian mesh is adaptive, depending on the simulation
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needs. In Figure 6.5a a schematic of the 3D finite element model is depicted, while in
Figure 6.5b a close view to the cross-section is presented. A small element size is
used in the radial direction in order to accurately simulate the dynamic phase change
of matter (from solid to plasma formation) in the region of the skin depth and also in
the core region, where large compressive stresses are observed. A small element size
is also used in the vertical direction, in order to simulate the observed instabilities (see
Chapter 7 for more details). The skin depth of the copper wire is computed to be 30.6
um for experimental current frequency f=4.5 MHz and copper resistivity 1.68x10
80hm-m. The total number of elements, according to different mesh discretization test
cases, for achieving mesh independent solution is approximately 140000 (5 um
element length along radial direction and 50 um along vertical direction), where
14000 are BEM faces (shell elements) for the wire exterior.

Figure 6.5 a) 3D finite element model of the wire, b) Zoomed view of the wire cross-section
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With respect to the boundary conditions, the ends of the wire are fixed at constant
environmental temperature, of 27 °C. The initial temperature of the simulation domain
is also considered to be 27 °C, while the wire is initially considered to be non-
deformed. The loading source term is the alternating current, as measured and
recorded during the real experiments, with a peak of 38 kA, that was previously
described in section 6.2.2. The load curve of current in relation to time is imposed to
the ends of the wire. The current is considered to be oriented as going into the
structural mesh from the input current segment, while it is considered to be oriented
as going out of the structural mesh from the output current segment. The coupled
multiphysics time-dependent problem is solved with an incremental time step of 0.1
ns for all solvers, in order to satisfy the conditions for time step control for solid
elements (see Equations C.19-C.21 and C.8 on the Appendix C). The simulation runs

over a time period of 200 ns.

6.3.5 Analytical Gruneisen and SESAME tabular equations of state

In LS-DYNA, as in other FEM codes, such as Autodyn [29], the implemented EOS
are defined, in general, as described by Equation 6.9. The independent variables are
density and internal energy, while the dependent variable is the pressure. The density
can be replaced by the specific volume v, which is equal to 1/p, where p is the density
at the current temporal moment. The reference specific volume, vy, holds for the
condition in which the stress or strain state of the material is null. At zero
compression or expansion, the material is in equilibrium with its ambient surrounding.
It holds vo=1/po, Where pq is density at reference usually non-deformed state. The
reference specific volume represents a unique state, with respect to which the material
stress tensor is computed, so it is very critical in computing the pressure level in the
material.

Additionally, the volumetric parameter #=p/po assumes a value greater than one if
the material is compressed (p>po), less than one if the material is expanded
(p<po),and equal to one if no loads are applied to the material. Similarly, the
volumetric parameter u=#-1 is positive if the material is being compressed and

negative if the material is being expanded. Another important derived quantity used in
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LS DYNA is the internal energy per unit of reference volume (e.,), which relates

internal energy to temperature
e, =pP.C,T. (6.28)

The EOS of Equation 6.9 is then expressed as P=P(p,E)=P(u,e\0). In more details,
pressure in the EOS implemented in LS-DYNA is computed as the sum of two

components
P=Pc () +Pr(,ev0)=A(u)+B(w)evo. (6.29)

The first term, Pc(u), is called cold curve and is a function of the density. It is
hypothetically evaluated along the 0 K isotherm. The second term, Pr(u,e\0) expresses
the dependency of pressure on both density and internal energy. In particular, the cold
curve is a generic function of density, while the thermal component is again a generic
function of density and it is a linear function of energy.

As already mentioned, the hydrodynamic and deviatoric behavior of the wire in
this thesis is taken into account simultaneously by using an equation of state,
combined with a strength material model. With regard to the equations that are used
for the simulations of the exploding wire, the analytical Griineisen equation of state is
initially used [8]. The Gruneisen equation allows for extending the range of
application to higher pressures and also to the liquid phase, but with limitations for
expanded liquid or vapour zone. The analytical Gruneisen equation of state with cubic
shock velocity-particle velocity (Us-Up) defines pressure for expanded materials as
[6.8]

P=p,C, 1+ (y, +au)E (6.30)
where Cy is the sound speed, yo, the Griineisen parameter that defines the effect on the
atoms vibration consequent to the change in energy (or temperature), and a is the first
volume correction to yo.

For compressed materials it has the form [6,8]
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PoCo u[L+ (1~ %)ﬂ - %ﬂz]
= O +(y, + qu)E. (6.31)
1

For most materials, shock velocity Us varies linearly with respect to the particle
velocity U, [30] as Us=Co+S1U,, where S; is a non-dimensional coefficient of the
slope of the Us-U,, curve.

However, due to the wide ranges both in temperature and density that have to be
considered for the complete description of all the states of the matter, the SESAME
tabular EOS is needed for the exploding wire simulation, since the Griineisen
equation has limitations in the expanded vapour zone. The SESAME is a library of
EOS, in which the thermodynamic properties of a large number of materials are
reported in the form of a table. The EOS are obtained for different types of materials,
such as simple elements, compounds, metals, minerals, polymers, mixtures, etc. The
EOS contained in the SESAME library are multi-phase and allow for the description
of all the states of the matter: solid, liquid, gas, plasma and their transitions.
Moreover, the dependent variable (i.e. pressure or internal energy) is defined as a
function of the independent variables (temperature and density). In Figures 6.6 and
6.7 isotherms and isodensities from the SESAME database for copper are depicted
[31-33].

(a) 3586:

—s__|

-1.5 =05 0.5 1.5 2.5 3.5
logyw V, cm® - gm™

Figure 6.6 Isotherms in the P-V plane from the SESAME database for copper [30]
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Figure 6.7 P-E plane as a function of density from the SESAME database for copper [31, 32]

However, in LS-DYNA code it is not possible to directly use a SESAME tabular
equation of state. In order to deal with this problem, a polynomial user-defined EOS is
implemented. A standard polynomial EOS of the following form is used to fit the
tabular data

P=C,+Cu+Cyu’+Co® +(C,+Cous+ Cori’)E (6.32)

Different solutions for the interpolation are analyzed in order to obtain the set of
parameters that correspond to the best fit. The cross-section of the wire is divided into
three regions, one corresponding to the skin depth and the other two based on the
preliminary results of temperature and density using Grineisen equation of state. A
dedicated interpolation is done for each region of the model. Each interpolation is
performed limiting the range of interest of the entire tabular data in pressure, density
and energy. The purpose is to neglect in the interpolation the areas of the tabular
equation of state that are physically unreachable for each model region-part. The
hypothesis of linearity in E is not valid over all the data range; however for each part
the interpolation of the tabular data with the polynomial EOS is calculated in smaller
areas where the hypothesis of linearity of the pressure with energy is more reasonable.

Figure 6.8 depicts a SESAME tabular equation of state for copper [32-34], where
are defined characteristic limits set for the interpolation with the polynomial EOS. A

linear interpolation of the P-E curve is done, calculating a value of slope and
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intercept. Then, the slopes are fitted by a polynomial of Il order, obtaining the
coefficients of the thermal part Pr(u,E) according to Equation 6.32. In Chapter 7

further details are presented.
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Figure 6.8 Definition of the limits set for the interpolation with the polynomial EOS [31, 32]

6.3.6 Johnson-Cook strength material model

The material model chosen for the numerical analysis is the Johnson-Cook material
model. It is a purely empirical one that takes into account the effect of plastic strain,
strain rate, and temperature. It can predict the mechanical behavior of the materials
under different loading conditions and is one of the most used and cited in many
FEM codes in the literature for many materials [13]. The model expresses the flow

stress as [13]
_ =N g;P T- Tr m
o, =(4+Beg))(1+ C|ng;—0)(1—_|_—__|_r) (6.33)

where £, is the equivalent plastic strain, ?p | &, is the dimensionless plastic strain rate,

£,=1s"" is a reference strain rate used to normalize the strain rate, A is the yield stress,

B is the hardening constant, C is the strain rate sensitivity, n is the hardening

exponent, m is the thermal softening exponent, Ty, is the melting temperature and T,

the room temperature. The strain rate z, represents the highest strain-rate for which

135



Chapter 6 Mathematical and numerical modeling of exploding single wire

the strain-rate effects on the flow stress are negligible. Moreover, the equivalent

plastic strain rate is expressed as [6]

Py g i (6.34)

where &7,

is the plastic strain rate.

With respect to the thermal effects described by the J-C model, for temperatures
above the melting point T, the material mechanical strength goes to zero and the
material behaviour can be completely described using the multi-phase equation of
state. This means that the material loses its shear strength and starts to behave like a
fluid.

The Johnson-Cook material model includes also a fracture model. It is selected as
the damage initiation criteria, since it takes into account the nucleation, growth, and
coalescence of voids in a ductile material at high strain rates. It defines the equivalent

plastic strain at the onset of damage as [6]

T-T,
T,—T

m r

&
£, =([D, + D, exp D,—P][1+ D, In=2{1.+ D, ) (6.35)
0

Oum

where Dy, Dy, D3, D4 and Ds are the failure parameters and oy the Von Mises stress.

The material fracture occurs when the damage parameter

A p

&
&

5

(6.36)

reaches the value of 1. Moreover, a pressure cut-off pmi, is defined that limits the
minimum hydrostatic pressure to the specified value p>pnmin. If pressures more tensile
than this limit are calculated, the pressure is reset to Pmin.

Certain limitations of the model are that it neglects the influence of pressure and
changes in volume on the flow stress and considers the shear modulus and the melting
temperature constant [33], although they could be influenced by density. All the
values of the used parameters of the J-C strength material model for the simulations

are presented in section 6.3.8 for material properties.
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6.3.7 Burgess resistivity equation of state

Burgess model [35] gives the electrical resistivity in relation to temperature and
density for the solid and liquid phase, taking into account phase transition. Burgess
EOS is coupled with the thermal solver. To check which elements are in the solid and

in the liquid phase, a melting temperature is computed by [35]

1 @r,e-0)
T, =T, (Lyse v
Vo (6.37)

where V is the specific volume and Vo, yo are the reference specific volume and
reference Gruneisen value respectively. If T<T, the electrical resistivity in the solid
phase has the form [35]

V
=(C,+C,To)(—)¥™
s ( 1 2 )(Vo) (6.38)

where Cy, C,, Cs are fitting constants, while

1, V
y=r-(r _E)(l_ﬁ) (6.39)

If T>Ty the electrical resistivity in the liquid phase has the form [35]

_ T
= (77L)Tm (Tm ) (6.40)

where (77.); =ke"*"™(5,); , k and C, are constants and Ly, is the latent heat of

melting. The parameter values of the Burgess model for the simulations are presented

in section 6.3.8 for material properties.
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6.3.8 Material properties

The values for copper electromagnetic, thermal, and mechanical properties have
been adopted from existing literature values [2-5, 33-36]. In Table 6.2 the parameter

values of Cu for the Griineisen equation of state are presented [10].

3940 15 0.47 1.99

Table 6.2 Parameter values of Cu [10] in the Griineisen equation of state

In Table 6.3 the parameter values for the Johnson-Cook strength material model are

shown, while in Table 6.4 are given the parameters for Cu used in the Johnson—-Cook
failure model [33, 34].

8910 C
G 4.6x10%° Pa £ 1.00 st
0
E 1.11x10™ Pa m 1.09 -
v 0.3406 - Trelt 1356 K
A 9x10’ Pa Troom 300 K
B 2.92x10° Pa Co 383 Jlkg K
n 0.31 - Peuteoft 0.001 Pa

Table 6.3 Parameters of the Johnson-Cook strength material model for Cu [33, 34]

0.54 4.84 -3.03 0.014 1.15

Table 6.4 Failure damage parameters for Cu [33, 34]

In Table 6.5 the parameter values for the Burgess EOS are presented, while in Table
6.6 values of resistivity in relation to temperature are presented for simulations test
cases where the Burgess EOS is not used. However, similar results for temperature
and density are obtained compared to Burgess.
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V I 0.112

o(cm®/g)
Yo 2
Tmo (€V) 0.117
Ly (kJ/mol) 0.13
C, -4.12e-5
C, 0.113
Cs 1.145
Cy 0.700
k 0.964

Table 6.5 Parameter of Burgess model for Cu [35]

300 1.72
400 2.4
500 3.09
600 3.79
700 451
800 5.26
900 6.04
1000 6.86
1100 7.72
1200 8.62
1300 9.59
1350 19.2
1500 195
1650 205
1800 215
2000 227
2250 24.3
2500 25.9
2750 275
3000 29.1
3250 30.7
3500 324
6000 [37] 89.1
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Table 6.6 Electrical resistivity in relation to temperature for Cu [3, 37]
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Moreover, temperature dependent properties of thermal expansion, thermal
conductivity, and specific heat, as well as the latent heat of melting are also taken into
account. These values are the same and are taken from Table 6.1, while for a
temperature range of 1100 °C to 2600 °C the thermal expansion coefficient is
considered to have the value of 10™ 1/°C according to Ref. [38].

6.4 3D Magnetohydrodynamic (MHD) modeling

In order to study the plasma expansion the results of density, displacement, and
velocity from the multi-physics coupled analysis with LS-DYNA, when plasma based
on temperature-related criteria is formed, are given as input in the single fluid MHD
code PLUTO. As already mentioned, results of computer simulations and experiments
are found that assume that the fiber Z-pinch consists of two different regions: a low
density hot corona plasma and a dense core that remains for a long time during the
discharge. Based on these studies a two-state condition that consists of a fluid region
and a plasma region is considered in PLUTO.

PLUTO is a finite-volume/finite difference, shock-capturing code designed to
integrate a system of conservation laws [39, 40]
ouU
Ez—VT(U)+S(U) (6.41)
where U represents a set of conservative quantities, T(U) is the flux tensor and S(U)
defines the source terms. An equivalent set of primitive variables V is used for
assigning initial and boundary conditions.

A structured mesh approach for the solution of the system of conservation laws is
adopted. Flow quantities are discretized on a logically rectangular computational grid
enclosed by a boundary and augmented with guard cells or ghost points in order to
implement boundary conditions on a given computational stencil. When the
computational grid is generated, a domain portion is defined by the global integer
variables IBEG < i < IEND and JBEG < j < JEND, see Figure 6.9. Ghost cells are
added outside the local computational domain to complete the stencil at the

boundaries. The global variables NX1 and NX2 define the total number of points
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(boundaries excluded) such that IEND - IBEG + 1 = NX1, JEND - JBEG + 1 = NX2.
The total number of zones (boundaries included) is given by the global variables
NX1_TOT and NX2_TOT.

NX1_TOT

NX2 TOT

NX2

A
SR N S N ST A

Figure 6.9 Computational grid in 2 dimensions with NX1 = NX2 =4 and 1 ghost zone. Internal zones
(solid boxed) are spanned by IBEG < i < IEND, JBEG < j < JEND. Dashed boxes represent boundary
ghost zones

6.4.1 Ideal and resistive MHD equations

For the solution of ideal non-relativistic MHD equations, PLUTO solves the

following system of conservation laws [41]

p PV 0

o] m Ly mv— BB + Ip, | =pPVP+pg

ot| E+ pd (E + p, + p®)v — B(VB) mg (6.42)
B vB - Bv 0

where p is the mass density, m=pv is the momentum density, v is the velocity,
pi=p+B?/2 is the total pressure (thermal and magnetic), B is the magnetic field, £,y

internal energy and E is the total energy density

2 2
E= pEIN +r2n—+7
P (6.43)
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where an additional equation of state provides the closure pEn=pEn(p,p). The source
term on the right includes contributions from body forces and is written in terms of
the (time-independent) gravitational potential @ and the acceleration vector g. Source
term from body forces are neglected in our study. Moreover, it holds that

V.B:O, (6.44)

while the induction equation may equivalently be written as

8_B +VxE, =0
ot (6.45)

where E, =-vx B is the electric field.
The sets of conservative and primitive variables U and V are given by U= (p, m, E,
B)', V=(p, v, p, B)" and the primitive form of the Equations 6.42 has the form

%+va+va:0

ﬂ+vVv+le(Vx B)+£Vp:—V©+ g
ot P P (6.46)
%+va+pchv =0

%4— B(Vv)-(BV)v+(vwW)B=0

For resistive MHD equations magnetic field dissipation is modeled by introducing

the resistivity tensor # so that the electric field is E, =-vxB+7j, where j=VxB

is the current density. The induction and energy equations from Equation 6.42 gain

extra terms on the right hand sides
@+Vx(—v>< B) =-Vx(n})
ot (6.47)

oE .

i VI(E + p,)v - B(vB)] =-VI[(r7]) x B]
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Similarly, the primitive form of the internal energy equation modifies to

Z—Ft)+va +pCiVv = (I =1)(77j) ]

(6.48)

where I'=cy/c, the ratio of specific heats. The resistive tensor # is assumed to be

diagonal with components n=diag(#x1, 7x2; #x3)-

6.4.2 Computational approach, geometry and meshing

Numerical integration of the conservation law, Equation 6.41, is achieved through
shock-capturing schemes using the finite volume (FV) formalism where volume
averages evolve in time. These methods are comprised of three steps: an interpolation
routine, followed by the solution of Riemann problems at zone edges, and a final time
evolution stage. With respect to interpolation that sets the spatial order of integration,
piecewise Total Variation Diminishing TVD linear interpolation is applied to
primitive variables. It is 2nd order accurate in space, while stencil is 3 point wide. The
solver used for flux computation in our study is a Lax-Friedrichs scheme. Moreover,
with respect to time evolution, second order Total Variation Diminishing Runge-
Kutta is used to advance the solution from time t, to the next step time t,+; [39-41].
For more details see Appendix D.

Polar cylindrical coordinates (r, ¢, z) are considered for the geometry of the
problem. The half and full length of the wire (15.2 mm) is modeled for different test
cases. With respect to the 3D grid creation, discretization that ranges from 4-8 pum is
considered along the radial and azimuthal direction, while a discretization of 2-4 um
is considered for the vertical direction for the different investigated test cases. The
whole grid domain has a number of cells that ranges from 3x10°-12x10°. In Figure
6.10 a characteristic grid of the whole domain is depicted, visualized using the open
source software Vislt 2.10.0, which is a distributed, visualization tool for visualizing
data defined on two and three dimensional structured and unstructured meshes [42].
For the simulation, the initial plasma cylindrical wire is assumed to be four times

smaller than the radius of the whole domain.
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Figure 6.10 Grid of the whole domain in Vislt

6.4.3 Initial and boundary conditions

As previously mentioned, a two-state condition that consists of a fluid region and a
plasma region is considered as initial approach in PLUTO. An ideal gas equation of
state is considered as well as Spitzer conductivity. The data of density distribution,
initial velocity when plasma is formed from LS DYNA, as well as the observed radius
instabilities, that will be mentioned in detail in Chapter 7, are given as input data to
PLUTO. Three regions are initially considered; a cylindrical fluid region, a cylindrical
plasma region, and a cylindrical vacuum region.

For initial conditions inside the cylindrical fluid region, the initial density
distribution is given from the density distribution of LS DYNA at the last time step of
its solution. The same holds for the initial value of radial velocity. The initial pressure
follows a parabolic distribution P=Pg(r1-r’/ro?), where ry is the fluid radius and ro is
the plasma plus fluid radius, while the magnitude of the magnetic field in the
azimuthal direction is given by Be=Bor, where r is the radius that varies. Inside the
plasma region, density and pressure follow a parabolic distribution, of the form
a=ag(1-r’/ro?), while the initial value for radial velocity is given by LS DYNA data,
and the magnitude of the magnetic field is the same with the one for the fluid region.
Outside the plasma region initial pressure and velocity are considered to be zero, the

magnitude of the magnetic field in the azimuthal direction is given by Bg=Borlr,
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Chapter 6 Mathematical and numerical modeling of exploding single wire

while the density is 2-3 orders lower so that is considered as vacuum. In Figure 6.11

the magnitude of the magnetic field Bg is depicted.

Bo

Iy r

Figure 6.11 Magnitude of the magnetic field By inside and outside plasma region

Ampere's law is used to calculate the maximum magnetic field induction for radius

) . I . .
ro and maximum current lo and it holds, B, = o0 \while the maximum Alfvén

27,

BO

HoPo

velocity is U, = for density po. Moreover, the characteristic time is given by

r

t, =—>. It is noteworthy that PLUTO works with dimensionless units. All quantities
u0

can be set from Gaussian units to non-dimensional PLUTO units as long as three
fundamental quantities are set to be equal to unit: By=1.0, ro=1.0, po=1.0.
With respect to the ideal equation of state, the ratio of specific heats /'=cy/c, of an

ideal gas is constant and the internal energy Ey can be written as

P

E,=——
PEN -1 (6.49)

Moreover plasma’s resistivity can be estimated from Spitzer's formula [43]

G_rZ -e?-m-InA
(471'80)2(ka)3/2 (6.50)
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Chapter 6 Mathematical and numerical modeling of exploding single wire

where m is the mass of an electron, InA Coulomb’s algorithm, k, Boltzmann constant,
g vacuum permittivity, e charge of electron and Z the ion charge state. However,
PLUTO works with diffusivity, where ng=n/uo (S.1) or ng=nc*/4x (Gauss).

With regard to the boundary conditions assigned, in the physical ghost zones of the
computational domain outflow conditions are specified. Assuming that g is a scalar
quantity and n is the coordinate direction orthogonal to the boundary plane, zero

gradient across the boundary is considered, i.e.:

o _qdu_o 0B _

1 ] 0
on on on _ (6.51)
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Chapter 7

7. Numerical results and comparison with experiments

In this Chapter the numerical results of the developed FE models are presented, as
well as a description of the experimental optical probing techniques that is used in
combination with the numerical simulations, followed by a comparison and

verification of numerical with experimental results.

7.1 Numerical results

In this section, numerical results using transient coupled finite element thermal-
structural and electromagnetic-thermal-structural hydrodynamic analysis are

presented.

7.1.1 Thermal-structural analysis results

Figure 7.1 illustrates typical numerical simulations for the 300 um diameter wire
with a length of 15.2 mm, which demonstrates that the wire begins to melt at 86 ns
from the current start. The temperature distribution predicted by the 3D FEM model is
also shown for a cross-section of the wire, where it can be observed that due to the
skin depth effect temperature is higher on the outer part. Moreover, in Figure 7.2 the
displacement distribution along the radial direction is depicted. The maximum
expansion of the wire at this time is 1.1 um. The result of expansion agrees well with

experimental results, as it can be seen in the next section.
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Figure 7.1 Predicted temperature distribution at 86 ns from the current start (at the right is the enlarged

cross-section of the wire). The depicted chromatic scale corresponds to °C
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Figure 7.2 Predicted displacement distribution along the radial direction at 86 ns from the current start.

The depicted chromatic scale corresponds to pm
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However, due to the fact that the electromagnetic effects are not taken into
account, due to the nonexistence of an EOS since the volume deformation is high and
due to the need to study the elasto-plastic behavior of the material, an
electromagnetic-thermal-structural-hydrodynamic analysis is carried out.

7.1.2 Electromagnetic-thermal-structural-hydrodynamic analysis
results

A 152 mm Cu wire with radius of 0.15 mm is simulated in this transient
electromagnetic-thermal-structural study. In the skin depth region, the pressure and
temperature increase rapidly and the material could arrive at its melting temperature
or vaporize faster than the remaining part of the wire. This part of the wire is
characterized by higher temperatures and lower densities. The material response in
this condition is correctly described using equation of state with higher energy limits
and lower density limits. The hydrodynamic behavior of the material is more
significant than the deviatoric. On the other hand, the core part of the wire is
characterized by high values of plastic strain, strain-rate, lower temperatures, and
higher densities. The role of the strength material model is significant here.

With regard to the chosen equations of state for the simulations, initially
preliminary results are taken into account using Gruneisen equation of state for the
whole volume of the wire. Next, the cross-section of the wire is divided into three
regions, one corresponding to the skin depth (Region 3) and the others based on the
preliminary results of temperature and density using Grlineisen equation of state (see
Figure 7.3). In Region 1, where high stresses are observed and temperature change is
not very high, Gruneisen equation of state is used. A dedicated interpolation is
performed for regions 2 and 3 of the model. The variables’ limits for temperature,
density, and pressure for Regions 2 and 3 using multiphase SESAME equation of
state for copper [1, 2] are set according to preliminary numerical simulations using
Grineisen equation of state. In order to obtain the correct interpolation a plot is
created drawing the function P=P(E) for each density calculating a value of slope.
Then, the slopes are fitted by second order polynomial fitting obtaining the

coefficients of the thermal part Pr(«,E), while the curve P-p at 5 K is interpolated to
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obtain the coefficients of the cold curve Pc(u). For region 2 the density is between
4000 and 10000 kg/m® and the temperature is between 5 and 20000 K [3], while for
Region 3 the density is between 1000 and 10000 kg/m® and the temperature is
between 5 and 20000 K. Therefore, each interpolation is performed limiting the range
of interest of the entire tabular data in pressure, density and energy, as explained in
Chapter 6. The parameters that are used for Regions 2 and 3 are summarized in Table

7.1. Johnson-Cook material model and Burgess resistivity EOS are also used.

Figure 7.3 Regions of the model

3.019x10 ~ | 2.088x10 -0.039

Table 7.1 Multiphase EOS parameters

In Figures 7.4-7.6 the temperature, density, and Von Mises stress distribution are
illustrated for a cross-section of the wire 45, 90, 95 and 145 ns from current start
respectively.
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Figure 7.4 Temperature distribution (°C) of a cross-section of the wire at a) 45 ns, b) 90 ns, ¢) 95 ns

and d) 145 ns from current start
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Fringe Levels Fringe Levels

Figure 7.5 Density distribution (kg/cm®) of a cross-section of the wire at a) 45 ns, b) 90 ns, c) 95 ns

and d) 145 ns from current start
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Figure 7.6 Von Mises stress (Pa) distribution of a cross-section of the wire at a) 45 ns, b) 90 ns, ¢) 95

ns and d) 145 ns from current start

At 45 and 90 ns the whole wire is in the thermoelastic regime, since maximum
temperature is approximately 187 and 908 °C, while at 95 ns the outer part of the wire
has reached temperature above the melting point (melting point of copper: 1085 °C).
At 145 ns from current start the outer part of the wire has a maximum temperature of
3203 °C, higher than the boiling point of copper (boiling point of copper: 2560 °C). At
90 and 95 ns from current start compressive elastic stresses are observed with a
direction towards the core of the wire. The Von Mises developed stresses increase in
the central-core part of the wire, while they decrease in the outer, where the solid
starts to behave like a fluid due to the increased temperatures above the melting point.

Moreover, one can observe that maximum density in the core is higher than the initial
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solid density (8913 Kg/m®), due to the compression forces that act upon it,
compressive stresses that react to thermal expansion and Lorentz force. At 145 ns the
Von Mises stress is higher in the central-core part of the wire, while stress and density
are lower in the outer part. The minimum density is 3993 kg/m®. Moreover, in Figure
7.7 a Von Mises stress distribution is illustrated for a longitudinal cross-section of the
wire, at 145 ns from current start. One can observe that the stresses are higher in the

central part of the wire.

Figure 7.7 Von Mises stress distribution of a longitudinal cross section

In Figures 7.8 and 7.9 data of temperature and density time history are illustrated
for different radial distances. The temperature of an element far from the core of the
wire is higher than the temperature of the element closer to the core, while for the
density it is lower as expected. For an element closer to the core of the wire (r=0.05
mm) one can observe that for approximately 60 ns density increases due to the

existence of compressive stresses.

Temperature (K)
-BE888E

0 S0 100 150 200
Time (ns)

Figure 7.8 Temperature time history in three elements for different radial distances (a) r=0.05 mm; (b)
r=0.1 mm; (c) r=0.15 mm
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Figure 7.9 Density time history in three elements for different radial distances (a) r=0.05 mm; (b)
r=0.1 mm; (¢) r=0.15 mm

In Figure 7.10 the magnetic field and Lorentz force distribution for a cross-section
of the wire 85 ns after current start is shown. The maximum magnetic field is
approximately 8.8 T. Lorentz electromagnetic force has a maximum of 1832 N at the
same temporal moment. Lorentz forces in x, y directions tend to compress the wire.
Magnetic field x, y components have opposite directions than respective Lorentz force

components.

157



Chapter 7 Numerical results and comparison with experiments

Figure 7.10 Distribution of: a) total Magnetic field B (in Tesla), c) B,, €) By, b) Lorentz force (in x10®

N) d) L,, f) L, in a cross section of the wire 85 ns after current start in the thermoelastic regime

Furthermore, in Figure 7.11 results for stress and strain distribution are presented
in a cross-section of the wire 85 ns after current start, in the thermoelastic regime.
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Figure 7.11 Distribution in Pa units of: a) x-stress, b) y-stress, ¢) z-stress, d) pressure, e) xy stress, f)

Von Mises stress and g) strain non-dimensional quantity in a cross section of the wire 85 ns after

current start, in the thermoelastic regime
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7.2 Experimental validation methods

Laser probing diagnostics, such as shadowgraphic, schlieren, interferometric, and
diffraction imaging techniques, have been used for the measurement of the wire
dynamics at the initial stages of the explosion. The imaging of the Fraunhofer
diffraction at the focus of a lens is employed as a method to determine the expansion
of the wire at times before plasma formation [4]. Shadowgraph, schlieren, and
interferometric imaging techniques are implemented in order to record the early times
of the plasma formation.

Interferometry is used to determine the electron density distribution, since the
refractive index is related to free electron density. The refractive index in a plasma is

given by

1/2
n(r) = [1—&}
. (7.1)

where

a)zmego 15 9 -2 (-3
ncze—2=1.113><10 A (m™) (7.2)

is the cut-off density or critical density [5]. For n.<n. the interferometer gives a
measure of the phase difference between the beam, which has probed the plasma
(main) and the reference beam. The difference in the phases between the main and

reference beam can be approximated to be

A= Zi n,dl =2.814x107°2 [ ndl.

cn, (7.3)

For a phase shift A4p=2x the fringe shift is one. Thus, it is possible to obtain the fringe
shift distribution as a function of radius. The electron density can then be evaluated by
Abel inversion of the phase shift distribution [5].

Furthermore, shadowgraphy depends on the light-ray deviation, which is
proportional to the refractive index gradient transverse to the beam [6].
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Shadowgraphy is sensitive to the second spatial derivative of the plasma density,
while the Schlieren technique is sensitive to the first derivative variations of the
plasma refractive index.

Experiments are carried out using a Z-pinch pulsed powered device implemented
in a mode of producing a peak current of 35 kA with a rise time (10%-90%) of 60 ns.
The Z-pinch pulsed power device consists of a Marx bank of 600 J energy capacity, a
water-filled pulse forming line (PFL) and a self-breaking SF6 spark-gap switch. The
copper wire of 300 um diameter and 15.2 mm length is placed in a vacuum chamber
evacuated at 10 mbar. The wire is fixed by soldering it to the conical shaped copper
electrodes. A V-dot probe measures the derivative of the voltage at the PFL and a
Rogowski groove measures the derivative of the current passing through the wire with
a fast digital oscilloscope.
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Figure 7.12 Pulsed powered Z-pinch device

The second harmonic of a SBS-compressed Nd:YAG, Q-switch laser (EKSPLA,
SL312), with 150 ps pulse duration, is used for the shadowgraphic, schlieren,
interferometric, and diffraction imaging laser probing techniques. This gives the
ability of ns time resolved tracing of the explosion stages. In Figure 7.13 the electro-
optical diagram of the experiment is presented.

A Mach-Zehnder interferometer in finite-fringe mode is developed and used for
plasma density measurements. For the schlieren imaging a knife-edge is used at an

orientation parallel to the wire at the focal length of the imaging lens, enabling to
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distinguish the light deviation caused by plasma from that by the neutral Cu vapors
[6]. The formation of coronal plasma is revealed from the bright light appeared at the
same side of the wire as that the knife is placed [7]. Moreover, in Figure 7.14 the set-

up for the optical laser probing techniques is presented.

A

= ins Fom IN to FBC ]

Figure 7.13 Electro-optical diagram of the experiment. Trigger signal from the laser control unit
triggers the MARX bank, which provides a high voltage negative polarity output to PFL, and when it
reaches the breakdown voltage of the spark-gap switch the current begins to flow through the wire to

the anode
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\mirror
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Interferogram stop

or Shadowgraph - beamsplitter l
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or Schlieren knife-edge

Figure 7.14 Optical laser probing techniques
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7.3 Comparison and verification of simulation and
experimental results

7.3.1 Comparison of numerical with experimental results before
plasma creation

In order to investigate the wire diameter dynamics before plasma formation (solid
or melted condition), a modified Fraunhofer diffraction method is implemented with
high accuracy in measuring the wire width [4]. The fringes pattern (Fraunhofer
diffraction pattern) at the focus of a lens is recorded for temporal instant predefined
by the delay unit. The focal spot of the laser probe beam is shifted just out of the
CCD’s frame of the camera, in order to reveal the second and higher order fringes at
the image. The line out of the image along the diffraction axis is used for the
measurement of the wire’s diameter and, consequently, the evaluation of the
expansion at the time of the snapshot. The diameter is calculated by fitting a sinc(x)
function at the line out plot along the fringes axis. Figure 7.15 illustrates the
diffraction pattern of the measurement of the wire’s diameter at 140 ns from the
current start, just before plasma formation starts. At this time plasma has not yet been
formed, as confirmed by simultaneously obtained interferogram. The measured
diameter compared with the initial measurement shows an expansion of 7.4 (+0.6)
um. At that time the simulation gives an expansion of 7 (+0.2) um, in Figure 7.16. An
average radial expansion rate of 65 (1) m/s results from experimental measurements,

while a radial expansion rate of 60 m/s is computed in the simulations.
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Model ~ Sinc(x) BEFORE SHOT ||Model  sinclx) AT THE SHOT
Equation (A'(sIn(CT+D(C x+D))"2)+E Equation (A%(SIn(C*x+DY(C**+D)2)+E
Reduced 108,109 Reduced 120,356
Chi-Sqr Chi-Sqr
Adj. 0,9718 Adj. 0,9721
R-Squar R-Squar
Value Standard Value Standard
Error Error
A 4797 89663 22 89803 A 5183,3383 24,52674
[0} 0,00888 1,225E-5 C 0,0091 1,3E-5
D 261361 0,00294 D 2,66215 0,00322
E 1,00744 0,37892 E 3,15085 0,39857
width 300,746 0,415 width 308,119 0,440
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Figure 7.15 Laser probe diffraction pattern image (top) and the lineout intensity plot along the axis of
the fringes (bottom) at 140 ns from the current start

.2.796e-03 _
-3.495e-03 _

Figure 7.16 Displacement along the x-axis (mm) direction of the wire at 140 ns from the current start
(FEM simulation)
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In Figure 7.17 experimental and numerical results concerning the expansion of the
wire’s diameter for up to 140 ns after the current start are depicted, where satisfactory
agreement is recorded. At 140 ns after initiation of the current flow the wire’s
maximum temperature on the outer region is 2400 °C below the copper’s boiling point
(2562 °C), according to FEM simulation.

Figure 7.17 Comparison of experimental and numerical results with respect to wire’s expansion

7.3.2 Comparison of numerical with experimental results in the
plasma regime

In order to experimentally investigate the plasma formation at early times and to
elucidate information about the initial time where the plasma formation starts, a series
of shadowgraphic, schlieren, and interferometric images are taken at different times
from the current start. The plasma formation time is measured to be about 200 ns+10
ns and it doesn’t occur simultaneously along the wire. At a later time the corona
plasma occupies all the wire's length. Figure 7.18 shows an instance of the coronal
plasma at 200 ns from the current start. The upwards/downwards fringe shifts at the
interferograms, as long as the left/right lighten at the schlieren images, is attributed at
the plasma/vapors domination on the refractive index near the wire respectively. The
coronal plasma surrounds the denser core where the probe laser beam cannot
propagate, due to refraction in the steep plasma transverse density gradients. It should
be pointed out here that, especially at early times, the formation of the coronal plasma

can coexist with a neutral atomic gas surrounding the wire.
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Figure 7.18 Interferograms and schlieren images from the initiation of coronal plasma forming at 200

ns

Simulation results in LS-DYNA show that a behavior similar to impulse response
is observed at the ends of the wire before plasma formation in the thermoelastic
regime. The imposed boundary conditions, in combination with the Joule heating
phenomenon, the electromagnetic force, and the compressive stresses, are responsible
for this impulse, which can be assumed as the reason for the creation of the
instabilities. In more detail, the wire’s ends are fixed and the wire is initially straight.
The metallic material tends to expand, but the clamped ends do not allow the stress to
relax. In the vertical Z direction of the wire, the fixed supports provide reaction forces
to keep the beam at the initial length. These reaction forces result in a net compressive
stress on the wire. During this initial stage, when sufficient accumulated energy in the
wire (due to the joule heating effect and the electromagnetic force) is released in the
form of compressive stress, elastic stress waves are induced. The wire deforms at its
end and buckles owing to small disturbances, while high compressive stress converts
into high tensile stresses. In Figure 7.19 this impulsive response at the end of the wire
is depicted 90 ns after current start. This behavior can be further linked to

experimental results, which show that plasma is formed at the bottom of the wire.
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Figure 7.19 Impulsive response at the end of the wire

As the time goes by these instabilities are enhanced in amplitude but retain the
same frequency until plasma formation, which is assumed, based on temperature
criteria, to occur at 6000 °C 200 ns after current start [6, 7]. In Figure 7.20 the
temporal evolution of observed radius instabilities along the half wire length from
solid to plasma phase is illustrated. The dominant axial wavelengths of instabilities
are computed to be approximately 200-250 um. The data at 200 ns are used as input
to PLUTO MHD code.
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Figure 7.20 Temporal evolution of observed radius instabilities along the half wire length from solid to

plasma phase
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Moreover, in Figure 7.21 the deformation of the created instabilities at the end of
the wire at 120 ns and 200 ns from current start is depicted. The maximum observed

deformation at 200 ns is about two times higher than at 120 ns.

Fringe Levels
a 6.669e-01
6.332e-01
6.004e-01
e

Figure 7.21 Deformation of the created instabilities at the end of the wire, at 120 ns and 200 ns from

current start

In order to exclude the possibility that these instabilities are due to numerical error,
a series of different test cases were carried out using different discretizations of the
mesh along the vertical direction of the wire. It is concluded that for a discretization
50 um and below the wavelength of the observed instabilities, remains the same 200-
250 um. In Figure 7.22 one can see the comparison of density distribution along a part
of the wire length, for different mesh discretizations, 180 ns from current start, for

external elements.
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Figure 7.22 Density distribution along a part of the wire length, for different mesh discretizations, 180
ns from current start

Moreover, simulation results conclude that 10% percent of the initial total mass of
the wire exceeds the temperature for plasma creation. Approximately 200 ns after the
current start the radius of the wire has expanded from 150 to 245 um. The outer part
of the wire that is in plasma state, based on temperature criteria, is approximately 70
pm.

As previously mentioned in Chapter 6, a two-state condition that consists of a fluid
and a plasma region is considered as initial approach in PLUTO MHD Code. An ideal
gas equation of state is considered as well as Spitzer resistivity. The data of density
distribution from LS DYNA at 200 ns after current start are used as input data in
MHD code PLUTO. For fluid state the density distribution along radial direction is
depicted in Figures 7.23 and 7.24. In PLUTO units, it is approximated by a second
order polynomial equation that has the form 10.02-0.327x(r)-13.2x((r)%), as it can be

seen in Figure 7.24.
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Figure 7.23 Density distribution along the radial direction 200 ns from current start from LS-DYNA
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Figure 7.24 Density distribution along the radial direction in PLUTO units

The plasma corona region follows a parabolic density distribution with initial
density value one order of magnitude lower i.e. ~800 kg/m?® than the solid and has the
form p=po (1-r’/rs?). The temperature of the fluid region is assumed to be 3000 °C and
6000 °C for the plasma corona [8, 9]. Moreover, the observed displacement
instabilities in LS DYNA at 200 ns from current start are used as initial instabilities of
the radius of the wire along the vertical direction in PLUTO and their evolution is
monitored, while the MHD problem is transiently solved. A restart analysis in
PLUTO is performed at every time step, with initial conditions for each step the

computed values of the impulse given from liquid to gas phase from the LS DYNA
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simulation. This approach allows for the accurate simulation of the original physical
phenomena.

As previously mentioned in Chapter 6, PLUTO uses dimensionless units. All
guantities can be set from Gaussian and S.I. units to non-dimensional Pluto units as
long as we take three fundamental quantities and set them equal to unit. We set for
initial conditions By=1.0, rp=1.0 and po=1.0. These quantity values correspond
respectively to values from LS-DYNA last solution data at 200 ns in S.1. units: 20 T
for the maximum B, magnetic field, r;=245 pm radius of the wire and po=800 kg/m®
for the plasma density. Moreover, the maximum velocity of v;=2100 m/s from LS-
DYNA is also set to 1 in PLUTO units. An estimation of characteristic time t is

to=ro/Vo=119 ns and every data solution step is recorded for 1.19 ns. With regard to

Spitzer resistivity, it follows the expression (3)3’2.
p

Comparing the results from shadowgraphic optical experimental laser probing
method and numerical simulations from the MHD code it should be pointed out that
the wavelength and diameter of the perturbations of the coronal plasma increases with
time. In Figure 7.25 the comparison of shadowgraphic experimental vs numerical
results is depicted, at temporal moments 210 and 240 ns from current start. The axial
wavelengths of instabilities in the coronal plasma 210 ns after the current start are
measured to be approximately 270 pm, while the simulation computes them to be
approximately 255 pm; 240 ns after the current start are measured to be
approximately 600 um, while the simulation computes them to be approximately
equal to 575 um. In Figure 7.26 the same results from numerical simulation and the

shadowgraphic experimental technique are illustrated with a detailed zoomed view.
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Figure 7.25 Comparison of simulation to shadowgraphic experimental results 210 and 240 ns from
current start

MHD Simulation
MHD A=575 um Glohal average

~Shadowgraphy
EXP A = 270 pm Global average

MHD Simulation MHD Simulation

MHD A=255 pm Global average

Figure 7.26 Detailed zoomed view of Figure 7.25

Quantitative comparison between experiment and simulation can be performed by
calculating the value of ka where o is the radius of perturbations in the coronal plasma
and k is the wavenumber, the spatial frequency of a wave. The instabilities are well
developed at 210 ns. At 210 ns average ka is found to be 6.2 for the theoretical results
(=250 pum) and 5 for the shadowgraphic experimental ones (a=210 pum), while at 240
ns average ko is 4 for the theoretical results («=305 um) and 3.3 for the experimental

ones (a=370 pm). It is observed very good agreement between experiment and
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simulation results, indicating the success of the model used to simulate the physical
problem.

Moreover, simulation shows that the amplitude of instabilities in the coronal
plasma and in the core region varies. At 240 ns, there is a long wavelength and large
amplitude m=0 instability in the corona plasma, while in the core region this
instability shows a shorter wavelength and amplitude.

From the interferogram a maximum coronal plasma electron density of 7x10* cm™
at a radius of 370 pum can be calculated [5]. The Lundquist number S [8] is calculated,
at 240 ns from current start, in order to know in which plasma regime the experiment

belongs,

_ 154x10%1%a
- ,umZ(1+Z)3/2 Ni2 (7.1)

where u=mi/mp, Z=1 the ionization state of the plasma, 1=38 kA is the maximum

current and a=370 um is the radius of the plasma. The ion line density N; is defined by
Ni=_[ 2mnrdr=nnia and for ni=ne=7x10%* m™ it has the value N;=2.84x10'® 1/m. By
0

taking into account the previous data, the Lundquist number is calculated to be
6.47<100. The same calculations are repeated for the simulation for a=305 pm,
ni=ne=3x10* m™ and N;=8.62x10*®1/m and the Lundquist number is found to be
0.576<100. Therefore, the plasma is in the resistive regime of the universal stability
diagram, since the Lundquist number [8] does not exceed 100.

In Figures 7.27 and 7.28 the results of both density (pseudocontours) and magnetic
field (contours) are depicted at temporal instants 200 and 260 ns from current start.
One can observe that the magnetic lines follow the instability evolution and may
indicate the existence of Rayleigh-Taylor instability [11].
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Figure 7.27 Contours of magnetic field and pseudocontours of density 200 ns from current start (initial

time in PLUTO simulation)
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Figure 7.28 Contours of magnetic field and pseudocontours of density 260 ns from current start
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Chapter 8
8. Conclusions

The work presented in this thesis can be conceptually divided into two main parts,
that both investigate the physical phenomena that occur during the deposition of
energy in solid matter. The behavior of matter is investigated, when energy is
transferred by laser photonic excitation, in the first part, and by Joule heating,
occurring from external strong currents, in the second part. Regarding laser photonic
excitation, the three dimensional spatial and temporal behavior of thin films excited
by nanosecond laser pulses is investigated in the thermoelastic, melting, and
ablation/plasma regimes simultaneously with a single FEM model. A main innovation
of the present thesis is that it treats with a single 3D model both the generation and
spatiotemporal evolution of SAWs and the transient surface deformation in all
regimes of interest, accompanied and verified by experimental results, for the first
time. Previous 2D studies focus on either thermal effects that cause ablation or SAWs
mechanical generation but in this thesis such phenomena are simultaneously
investigated. Regarding energy transfer due to joule heating occurring from external
strong currents, the explosion of an initially solid metal wire with fixed ends and its
intermediate phases, up to the plasma formation, via numerical simulation is
investigated. An additional main innovation of the present thesis is the investigation
of the whole time history of wire explosion from solid to plasma phase transition,
while it points out the significant influence of the initial stages (thermoelastic &
melting regimes) of a solid material to the generation and dynamics of the plasma
instabilities validated by experimental results. An explanation for the initiation of
sausage instabilities is also given.

Regarding the laser matter interaction, the developed FEM thermal-structural
multiphysics model describes the dynamic phenomena occurring due to the laser
energy concentration on metallic films. The behaviour of the material is investigated
both in elastic and plastic ranges, by taking into account the material nonlinearity. It
also provides insights to physical quantities like displacements, velocities, and
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temperatures at any temporal step of the time solution domain. Moreover, it predicts
the thermo-mechanical dynamics experimentally observed, such as the deformations
in and around the irradiated region, as well as the observed phase transitions. While
laser fluence values increase, the temperature is driven to higher values and the
material’s dynamics change, while the limits of melting and vaporizing are passed.
The numerical approach is updated and the melting and vaporizing effects are taken
into account in order to approximate the dynamic response of matter being in melting
or ablation regime. The model can also predict the permanent characteristics that
remain in the samples after being irradiated by the laser pulses (e.g. the geometry of
the ablation crater).

The response of metallic film-substrate systems is studied and analyzed by the
combination of the developed FEA model with a 3D whole-field imaging laser
interferometric experimental technique. The developed FEM model simulates the real
experiment throughout the temporal evolution for variable laser fluences.
Comparisons for laser fluence ranging from 0.1 to 5 J/cm? have shown a very good
agreement between the numerical simulation and the experimental results. The
generated and experimentally measured SAWs are employed as a valuable tool for the
validation of the method. By experimentally investigating nm-scale SAWs away from
the interaction region, valuable parameter values can be extracted by the comparison
of the 3D finite element model and the experimental results. This concept offers the
capability to predict very accurately the phenomena that take place in the interaction
region, for all three regimes. The experimental parameter values, obtained by
investigating SAWSs in a fully thermoelastic sample area far from the interaction
region and their subsequent use in an appropriately modified model, allows for the
detailed and accurate investigation of the interaction region in all regimes.

The comparison of the laser—matter interaction in the melting and ablation regimes
shows interesting features for the phase transition dynamics. The outcome of this
study proves the fast phase change from the melting to the ablation regime and offers
detailed knowledge of the temperature as well as the melted and ablated mass
topology and the temporal dynamics of the interaction. The accurate knowledge of the
temperature distribution during the phase transition, as well as the melting and the

ablation depths, resulting from this research, can be used as initial data to pure
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hydrodynamic or Monte Carlo (MC) simulations that investigate laser—matter
interactions well above the ablation threshold regime and is critical for a wide range
of applications.

For future research a constitutive model, like Johnson and Cook, would be more
appropriate for the simulation of matter’s plastic behavior, since it takes into account
strain rates that vary at high temperatures. Moreover, the hydrodynamic behavior of
fluid material can be treated better with a use of a multiphase equation of state.
Furthermore, the FEM model can be used for the prediction of high frequency surface
waves in laser irradiated materials and their use for the material characterization,
while it can also be further modified in order to investigate the generation of shock
waves for higher laser energies. As a continuation of the presented research, the
systematic use of the developed FEM model, along with the developed experimental
methodologies, can contribute for the investigation in micro-scale level of a)
composite materials that present anisotropies in their surface characteristics per
direction (e.g. microfiber devices located in different directions), b) materials found in
harsh environments (e.g. high temperatures, corrosive environment, high radiation
environment). A typical example is the coatings of nuclear fission or fusion chambers,
where the materials rapidly change their mechanical characteristics due both of the
shock waves of nuclear reactions and of the receiving radiation.

Regarding the wire explosion, a Z-pinch target configuration is used for a proof of
principle investigation for the formation and evolution of the plasma instabilities
when a metallic material is used as target taking into account all the phases, from
solid to plasma generation. Especially a low and slow current Z-pinch plasma
geometry loaded with thick exploding metallic wires is used for this purpose. The Z-
pinch target configuration is chosen because it offers extensively studied plasma
geometry over the years, with well understood plasma dynamics and satisfactory
defined plasma instabilities. The thick exploding wires have been chosen as a load
because in connection with the low and slow rising current of the Z-pinch device and
the skin depth current flow offer a convenient target configuration since all phases of
matter can exist simultaneously for relatively long time (i.e., slow nanosecond
process). This makes possible the effective investigation of the phase change problem

and its influence on the plasma instabilities formation. Metallic wires are used, i.e.,
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copper, due to the fact that it has very well investigated physical properties,
established strength material behaviour as well as experimentally validated equation
of states for pressure and resistivity.

A coupled transient  electromagnetic-thermal-structural ~ hydrodynamic
computational model, based on FEM, is developed in order to provide key insights for
important quantitative parameters, such as temperature, density, and expansion rate of
the exploded material. Diffraction laser imaging technique is used for the
measurement of the wire dynamics before plasma formation, as well as laser probing
diagnostics, such as Schlieren, interferometry, shadowgraphy for the measurement of
the wire dynamics in the plasma phase.

The FEM model predicts the initiation of instabilities in the thermoelastic regime.
These are due to the imposed boundary conditions of the fixed ends and the constant
temperature at the wire ends, while the dominant mechanism for their excitation is the
stress dynamic behavior of the material caused by the Joule heating. The FEM
multiphysics model takes into account the phase changes from solid to initiation of
plasma formation based on temperature criteria. When plasma is formed the enhanced
radius instabilities of the wire are taken as inputs in a resistive MHD (Magneto-
Hydro-Dynamics) code and plasma expansion is investigated. Very good agreement is
observed before and after the plasma regime between the numerical results and the
corresponding experimental ones with regard to the expansion rate. The above proof
of principle study is very important because plasma instabilities is a research topic
with fundamental importance since they are unwanted for the majority of plasma
applications and there is always the need for their suppression.

For future research, this study can be extended to other various plasma geometries
such as multiple wire arrays for X-ray generation, laser matter interaction geometries
where plasma formation could also be affected by the thermoelastic regime of the
interaction. For instance, in the case of laser fusion target geometries, the
thermoelastic regime of the interaction could be proven that affects the overall plasma
expansion and the formation of instabilities. In addition, other materials such as
insulators (i.e. carbon) should be investigated as well as different wire geometries. For
these materials the Johnson-Cook model does not apply. Furthermore, a tabular

equation of state should be used.
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Appendix A (Implicit coupled thermal-structural analysis in
ANSYYS)

Thermal analysis

The representative equation for the thermal analysis using the Finite Element
Method is obtained by the discretization of the energy conservation equation.
Applying energy conservation to a differential control volume, the following well

known equation is obtained

or
c—+VQg=
pe—+Va Q A

where Q is the heat generation rate per unit volume and g the heat flux vector, which

is related to the thermal gradients by the conductivity matrix [K] using Fourier's law
q=-[K]VT (A.2)

Neglecting convection the following boundary conditions can be considered. These
cover the entire element. These are specified temperatures T* on surface so that T=T*
and specified heat flows g* acting on the surface, so thatqi = —q*, where A is the
unitary outward normal vector.

Applying the finite element discretization for the variation of the temperature field

along the element, it holds that
T={N}'{Te} (A3),

where T=T(x, Yy, z, t) is the temperature, {N}={N(x, y, z)} are element shape
functions, {Te}={Te(t)} is the nodal temperature vector of an element. It also holds for

the shape function derivative matrix [B], evaluated at the integration points, that
o 0 o)

[B]={L}{N}T where {L}= {a— 5 a—} vector operator. With these assumptions the
X z

following matrix equation is derived
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[C.HT.}+[K T} ={Q. }+{Q7} (A4)

where element specific heat capacity matrix is [Ce]:pjjjv c[NJ[NT'dV , element
conductivity matrix is [K_.]= j j jv [B]'[DI[BIV , {Q'}= j j {N}q™*dS is the element

mass flux vector and {Q°} = H_[V NQdV the element heat generation load.

The procedure employed for the temporal integration of Equation A.4 during a

transient analysis is the generalized trapezoidal rule
{rn+l} = {I-n} + (1 - 9) At{-l-n} + eAt{-rnJrl} (A5)

where 0 is a transient integration parameter, {T,} is a nodal temperature value at time
tn (also At=t,+1-ty). Substituting Equation A.5 to A.4 the result is

1 TP B
(@[Ce] + [Kec]){Tm—l}:{Qe }+{Qe }+ [Ce](HAt {rn}+ 0 {Tn}) (A.6)

This numerical scheme becomes unconditionally stable by choosing 6=1/2 (Crack-
Nikolson method, second order accurate) [1].

Mechanical analysis

The derivation of the equations for the mechanical analysis starts with the stress-
strain relationship

{o}=[D]{¢"} (A7)

where {o} = [ox 0y 0; 0%y 0Oy ox]" is the stress vector, [D] the elasticity matrix, and

{™'} the elastic strain vector. The total strain vector is
{e} = {8e|} + {gth} = [ex &y & &xy &2 8xz]T (A.8)
while the thermal strain vector is

{e"} = AT[ax oy 2,00 0]" (A9),
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where ay is the secant coefficient of thermal expansion in the x direction, and AT = (T-
Trer), With T being the current nodal temperature and T, the reference temperature for
stress calculation.

Moreover, the strains are related to the nodal displacements by
{e}=[BJ{u} (410

where [B] is the strain-displacement matrix, based on the element shape functions and
{u} is the nodal displacement vector. It also holds that the displacements within the
element are related to the nodal displacements by

() =[N} Ay

where {w} is the vector of displacements of a general point and [N] the matrix of
shape functions. Using the principle of virtual work for all the internal and external
sources of strain energy, taking into account the inertial effects since the analysis is
transient, and by applying the finite element discretization, the following equation is

obtained
[K,{u}=[M {u}+{F"}+{F*} (A12)
where the element stiffness matrix is [Ke]Zm‘V[B]T[D][B]dV The element mass

2
matrix is [Me]:p”IV[N]T[N]dV, {U‘}z%{u}is the acceleration vector, the

element thermal load vector is {F"}= IHV[B]T[D]{g‘“}dV and {F*'} is the element

vector of potential external nodal forces. Equation A.12 represents the equilibrium
equation on a one element basis.

For the solution of Equation A.12 an implicit time integration scheme, based on
Newmark’s algorithm, is employed during a transient analysis. The velocity and

acceleration terms are given by
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a1 _ e oA
{ut—At}_ OKA'[Z ({ut—At} {ut—ZAt}) aAt{ut—ZAt} (28. 1){ut—2At} (A.13)

{UFM} = {Utfzm}"' At(l- 5){Ut—2At}+ Atg{umt}
Equation A.12 is therefore converted into
(TK. ]+ = [M DU, = ™} {F ™ M i o+ —— 0 + (D] ]
e (ZAtz e t e OlA'[z t-At oAt t-At 2a t-At (A,14)

and, by choosing the parameters 06=1/2 and «=1/4, the scheme becomes

unconditionally stable [1].

Coupling of equations

The method (for the chosen SOLID5 element) that is used to couple the matrix
equations is presented at next. It is illustrated here with two types of degrees of
freedom ({X1}, {Xz2}). It is called weak (load vector or sequential) coupling and the

coupling in the matrix equation is shown in the most general form

{[Kn({xl},{xz}n [0] } {{Xl}} ) {{Fl({xl},{xz})}}
: (A.15)

[0] Ko X OGN (X0 [{R@X 3 06D)

The coupled effect is accounted for in the dependency of [Ki1] and {Fi} on {X,} as
well as [Ky2] and {F,} on {X;}. At least two iterations are required to achieve a
coupled response.

For the thermal-structural analysis the weak coupling has the form

{[M] o} 1} +[o o} } +[[S] o} i _ Rl
0 OJ|{T}| [0 [C1|{T}] Lo KI|{TY {Q} (A.16)
where the coupled effects are accounted via load terms F-coupled: F¢, and Q-coupled:

Qc[2].
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Newton-Raphson nonlinear solution technique

In a non-linear analysis, since the non-linear system of equations cannot be solved
directly, it is necessary to use an iterative procedure. The Newton-Raphson method
consists in the iterative solution of a linear approximation of the nonlinear system of
equations, until a specific convergence criterion is fulfilled. The solution starts with a
predictor step that is followed by the correction steps. The goal of the Newton -
Raphson algorithm is to reduce the unbalanced load R, which in a structural system
represents the out of balance load between external and internal forces, until a certain

convergence tolerance is reached. The generalized nonlinear equation to solve is

Ri _ Fext _ Fnint — O (Al?)

n+l = ' n+l

Assuming u, is the converged solution from the previous time step, then: u’, =u,
and u’ =0. The method consists of the following loop steps until convergence [3]:
1. Compute the vector of unbalanced loads
{R.}={FA}-[K H{du;}=0 (A18)
2. Compute the Jacobian or tangent stiffness matrix [K.'].
3. Calculate the Newton update Au;” from
Auy =" du) (A.19)
k=1
4. Add Au;" to u, in order to obtain the next approximation
U3 ={u}+{au} (A.20)

When robustness and accuracy are more important, the Jacobian matrix is updated for
every iteration and it constitutes a Full Newton — Raphson method. Additionally, a
line search procedure non-linear optimization technique and an adaptive descent

technique that switches to a stiffer matrix if convergence difficulties are encountered,
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are used along with the iterative Newton — Raphson method. Moreover, the FEM

system of equations is solved using a direct sparse solver.

Shape function and integration point locations of hexahedral

8-node element

In Figure A.1 the 8-node coupled field element is depicted, used for the

simulations.

Figure A.1 Coupled-field element used for the simulations

The shape function has the form

u= %(u, 1-9)A-t)d-r)+u,Q+s)T-t)A-r)+u, @L+s)A+t)L-r)+u L-s)T+t)d-T)

sty (L= 8)(L=t)(L+ 1)+, (L4 )AL+ 1) + Uy (L L)Lt 1) +u (=) Le ey 2D

for u displacement in the x-direction. The same shape function form the other
quantities also have, namely v, w, Vy, Vy, V,, T (displacements in the other two
directions, velocities, and temperature, respectively).

Moreover, in Figure A.2 the 2x2x2 integration point locations for the hexahedral

element are depicted.
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Figure A.2 Integration point locations
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Appendix B (Rate independent Multilinear Isotropic
Hardening elastoplastic model in ANSYYS)

Rate independent plasticity is characterized by the irreversible straining that occurs
in a material once a certain level of stress is reached. The plastic strains are assumed
to develop instantaneously, that is, independent of time. For the case of nonlinear

materials the definition of elastic strain is given by [1]

(%) =tel )~ {e7) @

Plasticity theory provides a mathematical relationship that characterizes the
elastoplastic response of materials. There are three ingredients in the rate-independent
plasticity theory: the yield criterion, the flow rule and the hardening rule.

The yield criterion determines the stress level at which yielding is initiated. For
multi-component stresses this is represented as a function of the individual
components f({o}), which can be interpreted as an equivalent stress oe: o= f({c}),
where {a} is the stress vector. When the equivalent stress is equal to material yield
parameter oy, f({o})=0, the material will develop plastic strains. If o is less than oy,
the material is elastic and the stresses will develop according to elastic stress-strain
relations. Equivalent stress can never exceed the material yield, since in this case
plastic strains would develop instantaneously, hence reducing the stress to the
material yield. The Von Mises yield criterion that is used for the simulations is a

scalar function, a surface in stress space. It has the form
f(o)=0, (B.2)

where f(e) a scalar function of Von Mises stress and oy the current yield stress that
evolves as a function of the amount of plastic work done. Stress states inside the yield

surface are given by

f(6)-o,<0 (B.3)

187



Appendix B Rate independent Multilinear Isotropic Hardening elastoplastic model in Ansys

and result in elastic deformation. The material yields when the stress state reaches the
yield surface and further loading causes plastic deformation.

The flow rule determines the direction of plastic straining and is given as

pll _ @
{dg }_ﬂ{aa} (B.4)

where 4 is the plastic multiplier (determines the amount of plastic straining), Q the
function of stress termed the plastic potential (determines the direction of plastic
straining). Plastic strains occur in a direction normal to the yield surface.

The hardening rule describes the changing of the yield surface with progressive
yielding, so that the conditions for subsequent yielding can be established. In isotropic
work hardening the yield surface remains centered about its initial centerline and
expands in size as the plastic strains develop.

As previously mentioned, if the computed equivalent stress using elastic properties
exceeds the material yield plastic straining occurs. Plastic strains reduce the stress
state so that it satisfies the yield criterion. For the calculation of the plastic strain
increment an iterative procedure takes place.

For the Multilinear Isotropic Hardening model the equivalent stress is

3 1/2
.
ae=[§{s} [M]{s}} (B.5)
where {s} is the deviatoric stress and for the matrix [M] it holds
100 0 0 O]
010000
SN
000020
00000 2J

When o¢ is equal to the current yield stress oy the material is assumed to yield. The

yield criterion is
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F =|:§{S}T [M]{S}:l -0, = 0 (B.6)

For work hardening, oy is a function of the amount of plastic work done.
For temperature-dependent curves with the MISO option, ok is determined by
temperature interpolation of the input curves after they have been converted to stress-
plastic strain format [1].
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Figure B.1 Multilinear Isotropic Hardening model and oy determination
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Appendix C (LS-DYNA Solvers)

Electromagnetic implicit analysis

FEMSTER library provides discrete numerical implementations of the concepts
from differential forms (often referred as Nedelec elements). These include in
particular the exterior derivatives of gradient, curl, and divergence, and also the div-
grad, curl-curl, and grad-div operators. FEMSTER provides four forms of basis
functions, called 0-forms, 1-forms, 2-forms and 3-forms, defined on hexahedra. These
basis functions satisfy numerical relations, such as curl(grad)=0 or div(curl)=0, which
are very important for the solution of conservation laws [1, 2].

0-forms are continuous scalar basis functions that have a well-defined gradient, the
gradient of a 0-form being a 1-form. At first order, the degrees of freedom associated
with a O-form are the values of the scalar field at the nodes of the mesh. These forms
are used for the discretization of the scalar potential ¢.

1-forms are vector basis functions with continuous tangential components but
discontinuous normal components. The curl of a 1-form is a 2-form. At first order, the
degrees of freedom of a 1-form are its line integrals along the edges of the mesh. They
are used for the discretization of the electric field E, the magnetic field H and the
vector potential A.

2-forms are vector basis functions with continuous normal components across
elements but discontinous tangential components. The divergence of a 2-form is a 3-
form. At first order, the degrees of freedom of a 2-form are its fluxes across all the
facets of the mesh. They are used for the discretization of the magnetic flux density B,
and the current density j.

Finally, the 3-forms are discontinuous scalar basis functions, which cannot be
differentiated. Their degrees of freedom at first order are their integrals over the

elements of the mesh.
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: | 2-form
0-form A L

3-form

Figure C.1 I-forms on a hexahedral element

With regard to solutions of Equations 6.19 and 6.20, Equation 6.19 is projected
against W° O-forms basis functions and Equation 6.20 against W* 1-forms. The ¢ and
A decompositions on respectfully W° and W* give

Q= Z(Diwio €1

A= Zlociwil (C2)

and after using appropriate Green’s vector identities and boundary conditions they

have the form

[S°(0)lp=0 ©2)

M@K+ [81(%)]{05} _ _[D%(o)lp + [SH{a} 4

where the 0-form stiffness matrix [S°] is introduced, the 1-form mass matrix [M'], the
1-form stiffness matrix [S'] and the 0-1 form derivative matrix [D®]. Equations C.3
and (C.4) form the FEM system, with ¢ and {a} being the unknowns. From this
system only the outside stiffness [S] matrix cannot be directly computed. The
calculation of this matrix is possible through the definition of a BEM system and
through the definition of an intermediate "surface current” variable k that produces the
same A (and thus B) in the air/vacuum as the actual volume current. The equations of
the BEM system are:

[PI{k}=[DKa} and [SK{a}=[Qs|{k}+Qa{k}, where [P1.[D],[Qs].[Qs] BEM matrices.
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With regard to the time integration scheme, this is done using an implicit backward

Euler method

[IM*(e)] + dt[Sl(%)]]{a”l} =[M'(c){a'}-dt[D*(o)]¢"" +di[SH{a"}(CH)

The BEM part of the right hand side dt[S]{a""'} also is implicit. It improves the
stability, allowing larger time steps. It is computed by solving the BEM system
equations coupled with the FEM ones in an iterative way

[P1{k;}=[DHa;"} (C6)

n+1

1 + + +
[[M*(o)]+ dt[Sl(;)]]{aéj} =[M'(o){a'}~ dt[D* (o) Hp" '} + dt[QHk, )
until convergence on both {k,""*}and {a,"*'}. Moreover, the FEM System is solved
using a direct solver, while the BEM system is solved using a pre-conditioned
gradient method [3].

Time step

The time step for electromagnetic equation is based on the diffusion equation for
the magnetic field, Equation 6.20. It is computed as the minimal elemental diffusion
time step over the elements. For a given element, the elemental diffusion time step is

given as
At=1%12D, (C.8)

where D the diffusion coefficient D=1/uqo., 0. is the element electrical conductivity,
Lo 1S the permeability of free space, le is the minimal edge length of the element

(minimal size of the element).

Mechanical explicit analysis
For a defined body, time-dependent deformation is considered, for which a point in

the body initially at X, (e=1, 2, 3) in a fixed rectangular Cartesian coordinate system
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moves to a point x; (i=1, 2, 3) in the same coordinate system. Since a Lagrangian
formulation is considered, the deformation can be expressed in terms of the convected

coordinates X, and time t
X =X (X,,1) (C.9)

The momentum equation is given by [4]

o+ Pf=pX (C.10)

where ¢ is the Cauchy stress, p is the current density, f is the body force density and

X, is acceleration. The comma on gj; denotes covariant differentiation.

1
Superimposition occurs for a mesh of finite elements interconnected at nodal points

on the reference configuration and it holds [4]
k .
Xi (Xa't) = Xi (Xa(ég’ m é,)’ t) = Z N j (51 m é/) XiJ (t) (C.ll).
j=1

By taking into account this consideration along with the principle of the virtual work,
Equation C.10 for n elements becomes

m=1 Vi

z{ [ PIN,T'IN, addv + [ [B,]{cYdv— [ p[N, T'{b}dv - | [Nm]T{t}dS}=o (€12)
Vin Vin oy

where [N] is the interpolation matrix, {o} is the stress vector, [B] is the strain-
displacement matrix, {a} is the nodal acceleration vector, {b} is the body force load

vector and {t} is the applied traction load.

Discretization of this problem is accomplished by means of the standard finite

element procedure. After aggregation, the dynamic equilibrium equation has the form

[MI{u}+[C Ku}+{F,}={F..} (C.13)
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where [M] is the diagonal mass matrix, {ii} and{u}the nodal acceleration and velocity
vector, respectively, [C] diagonal damping matrix, {Fi.} the internal element force
vector, while {F} accounts for external and body force loads. Central difference

time integration (conditionally stable scheme) is used to advance to time th+1

{U} - [M ]71[{Fext}_{Fint}_ [C ]{U}) (C.14)
{u}n+l/2 :{u}nflIZ +{u-}n Atn (C15)
{u}n+1 :{u}n +{u}n+1/2 Atn+l/2 (C.16)
A2 (At" +Atn+1) (C.17)

2

Geometry is updated by adding the displacement increments to the initial geometry
O = +{up™ (C.18)

The central difference scheme is conditionally stable. A critical time step size At; is

computed for solid elements from

L.
At, = (C.19)
{[Q+(@Q*+C.)"1}
where Q is a function of the bulk viscosity coefficients Coand C;
Q=C.C,+CoL|é| for 4, <0 20

Q=0 for &, >0

where &, the trace of the strain rate tensor and L. the characteristic length

Le=Ve/Aemax Where Ve is the element volume, Aemax IS the area of the largest side and

Cq is the adiabatic sound speed of the material

1/2
4G 8pj szapj
Cij=|—+—| +———

‘ |:3100 ap E pO aE el (C.Zl)
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where G is the shear modulus.

With regard to the shape function used for a mesh of 8-node hexahedron solid

elements, Equation C.11 becomes

X (Xo 1) = %(X,(&,1,6),1) = Z(ﬂ,—(éﬂé)&j (t) (C22)

The shape function g; is defined for the 8-node hexahedron as

1 (C.23)
2 :§(1+ 56])(14'7777])(1"' gg,)

where &, 7;, ¢; take on their nodal values of (+1, +1,+1) and x{ is the nodal coordinate

of the j™ node in the i direction

o
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Figure C.2 Eight node solid hexahedron element

Moreover, the 8-node hexahedral element used has one-point integration.

Artificial bulk viscosity

Bulk viscosity method is used to treat shock waves. A viscous term ¢ is added to
the pressure to smear the shock discontinuities into rapidly varying but continuous
transition regions. With this method the solution is unperturbed away from a shock,
the Hugoniot jump conditions remain valid across the shock transition and shocks are
treated automatically [4].

The default viscosities in the LS-DYNA code have the form

195



Appendix C LS-DYNA Solvers

q=pl(Colés —Ciaéy) if &, <0
q=0 it &, >0 (C.24)

where &, the trace of the strain rate tensor, Co and C; are dimensionless constants

with default values 1.5 and 0.06, respectively, and | = 3V for volume V, and a is the

local sound speed.

Thermal implicit analysis

The differential equations of conduction of heat in a three dimensional continuum
are given as [4]
oT

C _:(ki'T,'),i +Q
Pot (C.25)

subject to the boundary conditions: T=T; on surface I'1 and k;;T jni+57=y on surface
I'2, while the initial condition at to is: T;/=To(x;) for t=to, where T=T(x;,t) temperature,
Xi=Xi(t) coordinates as a function of time, p=p(x;) density, c,=cp(x;, T) specific heat,
kij=kij(x;,T) thermal conductivity, Q=Q(x;,T) internal heat generation rate per unit
volume Q, T, prescribed temperature on I'1 and n; normal vector to I'2. These
equations represent the strong form of a boundary value problem to be solved for the
temperature field within the solid.

Brick elements are integrated with a 2x2x2 Gauss quadrature rule, with
temperature dependence of the properties accounted for at the Gauss points. Time
integration is performed using a generalized trapezoidal method to be unconditionally
stable for nonlinear problems [4]. Newton’s method is used to satisfy equilibrium in
nonlinear problems.

The finite element method provides the following equations for the numerical

solution of the aforementioned equations

‘:% +aH nN+a }{Tm-l _Tn} = {Fn+a -H n+aTn}
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[C]=2[C{1=2 | NypeN d@

e °

(C.26)

[H]1=>[H]1= Z“ VINKVNdQ+ | NiﬂdeF}

[F]=Z[Ff]=2[ [ Nagdo+ | Nwdf}

The parameter « is taken to be in the interval [0, 1]. It holds for different values of a

a Method

0 forward difference; forward Euler/
12 midpoint rule; Crank-Nicolson

23 Galerkin

1 Dbackward difference, fully implicit
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Appendix D (PLUTO MHD Code)

Discretization in polar coordinates

In polar cylindrical coordinates (R, ¢, z) the conservative ideal MHD Equations 6.42 are

discretized using the following divergence form [1]

op
—+V(pv)=0
o (ov)

2_R?
Mg o v(mv—B,B)+P = p(g. —a—¢) P 5
ot R R
om
[ +V(m v—B B)+_%=p( _iaﬁ)
ot R op
om, P _ _o®
= p(9, az)
HELLD). VI(E + p,+ p)v - BB)] = pvg ®Y
0B, 10E, O,
&t Rop @
0B, OE, OF,
ot 0z OR

oB, 10(RE)) 1 0E,
+_ [ —
4 R AR R g

=0

The curvature terms are present in the radial component while the azimuthal component is

discretized in angular momentum conserving form. The corresponding divergence operators are

_14(RR,) 10F, oF

4

"R R Rop & (D.2)
1 o(R'Fy) 10F, oF

Z

R R Rap o

VRF =—

In the previous equations v=(vg, v,, v;) and B=(Bg, B,, B;) are the velocity and magnetic field
vectors, (Er, E,, E;) are the components of the electromotive force E, =—-vx B, g is the body

force vector and @ is the gravitational potential.
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Flow diagram of the code

Numerical integration of the conservation law (6.41) is achieved through shock-capturing
schemes using the finite volume (FV) formalism, where volume averages evolve in time.
Generally speaking, these methods are comprised of three steps: an interpolation routine,
followed by the solution of Riemann problems at zone edges, and a final evolution stage. In
PLUTO, the following sequence of steps provides the necessary infrastructure of the code.

Convert: States: ‘
U—=V V=N Vo
Riemann: Update:
L +17 n_‘é[k »
| YV R | U=t

Simplified flow diagram of the reconstruct-solve-average (RSA)
strategy: first, volume averages U are more conveniently mapped into primitive
quantities V. Left and right states V, ; and V_ 3 are constructed inside cach
zone by suitable variable interpolation and/or extrapolation. A Riemann prob-
lem is then solved between V. ; and V » to compute the numerical flux func-
tion F at cell interfaces and the solution is finally advanced in time.

Figure D.1 Flow diagram of the code strategy [1]

Riemann Solver for flux computation

The Lax-Friedrichs Rusanov flux is robust, but also the most diffusive solver. It computes
the fluxes according to

1
F :E[fL_'_ fR_|/’LmaX|(UR_UL)] (D-3)

where f =&T(U)is the projection of the tensor flux on the € =(d1q, d2q, d3q) Unit vector, dj; is

Kronecker-Delta symbol and |/1max| is the largest local signal velocity.

Time evolution

Aty = thaa-ty IS the time increment between two consecutive steps and L denotes the
discretized spatial operator on the right hand side of Equation 6.41. A second order Total
Variation Diminishing, TVD, Runge Kutta (RK2) is used to advance the solution from time t, to

the next step time tn+1. It holds that

199



Appendix D PLUTO MHD Code

U=} +At"{L}
(D.4)

Ly = %({U}“ U+ AT{LY)

Time Step Determination

The time step 4t" is computed using the information available from the previous integration
step and it can be controlled by the Courant-Friedrichs-Lewy (CFL) number C,. The CFL
condition that is used in PLUTO for the explicit time stepping method is

1
Ndim

21, 1

At" max.. -C <
uk[ AI; )] a N

( A + (D.5)
d AId dim
For a given direction d, 414 represents the cell physical length in that direction, A4 provides the
largest signal speed, while z4 accounts for diffusion processes. If 41 is the cell physical length,
the time step roughly scales as ~ Al for hyperbolic problems, but when parabolic terms are
included via Super-Time-Stepping integration the time step can be much larger, being computed
solely from the advection timescale (i.e. 7y = 0 in Equation D.4 above). Super-Time-Stepping

(STS) is used for resistive MHD problems.

Controlling the VB =0 condition (Eight-wave formulation)

In the eight-wave formalism magnetic fields have a cell-centered representation. Additional

source terms are added on the right hand side of Equations 6.42

9
ot vB (D.6)

wm3
w

Contributions for VB are taken direction by direction. The 8-wave formulation keeps VB =0

only at the truncation level and not to machine accuracy.
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