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Abstract

The mechanical resistance of a metal, as the strain rate increases, undergoes a significant increase in

the range between 103 and 105 s−1 caused by the transition from a thermally activated mechanism to a

viscous regime of the dislocations’ motion. In this regime, it is still possible, albeit with some difficulty,

to obtain reliable high-strain-rate flow stress data from a small-scale Hopkinson bar test. Beyond this

threshold, it is necessary to resort to impact compression experiments, which, however, generate very

high pressures that do not allow for a straightforward estimation of the strain rate effect.

The relatively low pressure obtained through Richtmyer-Meshkov instability (RMI) experiments has

led to this technique receiving considerable attention in recent years. In RMI experiments, it has been

demonstrated both theoretically and experimentally that the strain rate for a given impact is inversely

proportional to the wavelength of the sinusoidal perturbations, provided the amplitude-to-wavelength

ratio remains constant. Typically, in an experiment conducted with a gas gun, it is possible to obtain a

strain rate greater than 107 s−1 with a perturbation wavelength of approximately 100µm.

The material models used in the simulations can be validated by comparing both the deformation

and the growth velocity of the spikes, which is a velocity measured experimentally using Photon Doppler

Velocimetry (PDV).

Spikes with a relatively small area can be a problem for both velocity measurement with PDV and

post-mortem analysis. To overcome this limitation and modulate the strain rate, the application of RMI

experiments was explored to investigate the mechanical response of annealed copper with perturbations

larger than those reported in the literature.

Numerical simulations were conducted using an implicit finite element code to demonstrate the feasi-

bility of this study and to identify the limitations of the technique to extract accurate velocity data and

fragments with manageable dimensions. In the simulation, a material model that includes an increase

in resistance with varying strain rate was used. The numerical simulations indicated that the material

points along the longitudinal axis represent various stages of a deformation history, taking into account

the temperature effect.

Subsequently, different geometries were selected from numerical simulations, and the test was con-

ducted. The experimental results were compared with those obtained from the simulations.
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Introduction

Understanding how materials behave under extreme conditions, characterized by phenomena such as

shock compression, high strain rates, intense pressures, and elevated temperatures, is of great importance

in different scientific and engineering disciplines, such as mining, aerospace, defense, energy storage and

production, astrophysics, and geology.

In mining, understanding the dynamic mechanical behavior of minerals and ores is crucial for safety

and stability [1] [2]. In the civilian aerospace industry, this knowledge is essential in order to design

crash-resistant structures, in the event of a bird strike or hail impact on the aircraft, ensuring structural

integrity and passenger safety [3] [4] When it comes to military aviation, understanding how materials

respond to blast loads is absolutely crucial for aircraft survival [5]. In ballistics, it is indispensable to

assess the impact resistance of armor materials. In fact, the mechanisms of deformation of the targets

when struck by projectiles can lead to the development of more effective protective gear and systems

[6]. In energy production through inertial confinement fusion, precise control over the implosion of

shock-accelerated fuel layers is absolutely critical [7], meanwhile, it is important in the interpretation of

astrophysical phenomena such as supernova explosions [8] or in geology, in the analysis of hydrogeological

changes induced by earthquakes [9].

Characterizing the mechanical and thermodynamic properties of materials at elevated pressure, strain

level, strain rate, and temperature presents considerable experimental and computational challenges.

Although material behavior is well understood under ambient conditions, predicting its response at these

extremes remains a complex undertaking. The combined influence of strain, strain rate, temperature,

and pressure on a material’s strength (and its underlying deformation mechanisms) necessitates the

improvement of predictive models, techniques capable of providing the data to populate them, and

independent validation methodologies.

Constitutive laws (or models) are mathematical relationships designed to quantitatively describe the

mechanical behavior of materials under the conditions mentioned above. The accuracy and predictive

capability of simulations are directly contingent upon the precision of the underlying constitutive models

in representing the material’s deformation response.

In order to test material at high strain rate a split-Hopkinson bar (Kolsky bar) test [10] is commonly

used for determining the dynamic mechanical properties of many materials, including metals. The rate

achievable with this technique range from 102 to 104 s−1, but can exceed 105 s−1 with miniaturized

samples [11].

With the aim of achieving higher strain rates and larger strains, plate impact tests have been developed.

These experiments can generate extremely high pressures, often exceeding several Gigapascals [12], due to

the shock loading nature of the test. While such conditions are useful for investigating material behavior

under extreme environments, alternative testing methods are more suitable to study the material response

in regimes where deformation mechanisms are activated by strain rather than pressure, avoiding phase

transformations or damage phenomena driven primarily by shock-induced pressure.

In recent years Richtmyer–Meshkov Instability (RMI) phenomenon applied to solids has been increas-

ingly used as a diagnostic tool to probe the dynamic strength and constitutive behavior of materials

subjected to extreme loading conditions [13]. To achieve lower impact pressures while still maintaining

high levels of strain and strain rate, modifications have been introduced to the experimental configuration

of the RMI. In this thesis work, such modifications were first investigated numerically and subsequently

validated through experimental data.

To guide the reader through the development of this work, the thesis is structured as follows: Chapter

1 provides a background on the main constitutive models used to describe the behavior of metals under

shock loading, including mechanical tests and their limitation, introducing the motivation of the RMI

test and the modification proposed by this work. Chapter 2 presents the experimental setup of this

study. It describes the configuration of the RMI experiments, diagnostic techniques, and the parameters

2



of interest. In addition, it presents the results of the numerical simulations and their comparison with

experimental data. The ability of various constitutive models to reproduce observed instability growth

and material response under shock loading is critically assessed.

Chapter 3 offers a discussion of the findings, highlighting the implications for material modelling at

high strain rates, the sensitivity of RMI growth to strength parameters, and the potential of RMI-based

methods for validating constitutive behaviour in solid materials.

Finally, will be summarizes the main conclusions of the work and outlines possible directions for future

research, including improvements to experimental design, model refinement, and broader applications of

RMI-based strength characterization.
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CHAPTER 1. Background

BCC {110}

a
√
2

a a/
√
2

FCC {111}

Figure 1.3: Atom configuration on a (110) BCC plane and on a (111) FCC plane (which is a close-packed
plane).

the density is
n of atoms

surface
=

1
√
3
4

a2

2

=
8√
3a2

(1.3)

As there are three-thirds of atoms in the dashed area. For molybdenum (BCC) with lattice parameter

a = 3.15 Å, the resulting density is 14.3 nm−2, while for copper (FCC) with a = 3.615 Å the density is

35.3nm−2, more than twice that of Mo.

This resistance to dislocation motion arising from the crystal structure is known as the Peierls stress,

τp, which can be expressed as:

τp ≃ 2µ exp

(

2πw

b

)

(1.4)

Where µ is the shear modulus, defined as the ratio of shear stress to shear strain, w is the dislocation

width, and b is the Burgers vector.

However, this contribution alone cannot explain the mechanical resistance of materials, since the

theoretical τCRSS is much lower than the experimentally observed yield stress.

The Peierls stress previously described referred to a single crystal. While some engineering applica-

tions benefit from single-crystal materials (e.g., creep-resistant materials), most materials are not single

crystals. Instead, they are polycrystalline, consisting of many individual grains. These grains originate

during solidification, when different nuclei grow independently and impinge on each other, forming re-

gions that share the same crystal lattice structure but differ in orientation. As a result, a polycrystal is

a collection of misoriented domains, each with its own crystallographic alignment, yet all based on the

same fundamental unit cell.

By way of example, Figure 1.4 reports an electron diffraction image of an aluminum alloy. All the

grains have an FCC structure with the same a, but they are oriented differently. The code colors used

in that image is reported to the right: the z-axis points out of the screen (towards the viewer) is chosen

as reference, if a grain shows its face with respect to this axis, that is, a plan of the family 001, it will

colored red, if a 110 planes, that expose an edge of the cube in the z-direction, it will colored green while

the 111 planes, oriented such that a corner or vertex of the cube is in z direction, will be colored blue. All

intermediate orientations are displayed as smooth gradations between these three primary colors. Grain

boundaries are defined as the interfaces where the crystallographic orientation changes (misorientation)

by more than a threshold value, typically set in the range of 10–15 (in Figure 1.4, the threshold is 10).

The presence of grain boundaries in polycrystalline metals is one important contributor to their strength

for two fundamental reasons. If a dislocation (for example, an edge dislocation as reported in 1.5) moving

along the close-packed direction in one grain (grain A) does not easily pass to the adjacent grain (grain

B) because the close-packed directions do not align (dotted line).

The other contribution arises from the fact that the shear stress will be randomly oriented with respect

to slip planes and directions. To illustrate this, let us consider a cylindrical sample of cross-sectional area

A subjected to an external stress F (figure 1.6). Let Fs denote the component of F along the slip direction

in a generic crystallographic plane. The resultant shear stress (τ), acting on the plane, can be expressed

as:

τ =
Fs

Aplane
=

Fcosλ
A

cos(ϕ)

=
F

A
cos(λ)cos(ϕ) = σcos(λ)cos(ϕ) (1.5)

The factor cos(λ)cos(ϕ) is called Schmidt factor and although it can ideally vary between 0 and 1, given

that dislocations usually slide along slip planes, its maximum value is obtained when F lies on the plane
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CHAPTER 1. Background

Figure 1.8: Stress–strain curve for a single crystal showing regions of easy glide, constant stage II hard-
ening, and stage III, which is characterized by dislocation storage balanced by recovery, taken by [22].

The simplest model to describe a polycristalline sample strain hardening is a power law, firstly pro-

posed by Ludwik in 1909 [17]

σ = σ0 +K εnp (1.11)

where σ0 is the yield stress, and K and n are material constants.

This simple law performs very well at low strain values; however, its limitation is that it doesn’t

saturate the stress at large strains. Indeed, its limit as the strain tends to infinity is infinite. In fact, an

increase in applied stress enhances the probability that a dislocation will overcome the obstacles impeding

its motion, a process known as ”dynamic recovery”.

A constitutive law that incorporates this effect with physically-based parameters is the Voce law [26].

This model introduces a saturation stress (σs), which is the stress value at which the rate of dislocation

generation equals the rate of recovery, resulting in a zero rate of hardening.

σ = σs − (σs − σ0) exp

(

− θ

σs
ϵ

)

(1.12)

with θ the hardening rate, a material parameter function of strain rate and temperature.

This parameter has a physical meaning; it represents the constant dσ
dε rate of a single crystal (no

dislocation obstacles deriving from grain boundaries) immediately after the ”easy glide” region and before

dynamic recovery starts, usually referred to as ”stage II hardening rate” (Figure 1.8 [22]).

An equivalent formulation of the Voce equation, expressed by differentiating for ε

dσ

dϵ
= θ

(

1− σ

σs

)

(1.13)

It is a matter of fact that dislocation accumulation leads to strain hardening. However, as plastic

deformation proceeds, the storage rate of dislocations progressively balances the rate of annihilation due

to dynamic recovery. This results in a saturation of dislocation density ρd, and consequently, a saturation

of flow stress. In other words, at sufficiently large strains, the material reaches a steady-state condition

where
dρd
dϵ

= ρ̇gen − ρ̇rec = 0 (1.14)

and the stress no longer increases with strain. The Voce equation (Eq. 1.12) captures this behaviour

phenomenologically by introducing the saturation stress σs. Physically, this corresponds to the stress

level at which the net rate of dislocation density evolution becomes zero.

At very high strain rates, the saturation stress tends to shift to higher values, as commented in 1.1.3.

The concept of a saturation stress (σs) in the Voce law arises naturally from the dynamic equilibrium

reached between dislocation accumulation and dynamic recovery mechanisms during plastic deformation.
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1.1 Theoretical background

Figure 1.9: Effect of strain rate in an annealed copper sample at 400 °C and 800 °C [27].

As plastic strain progresses, the dislocation density ρd increases according to the Orowan relation

(Eq. 1.1), leading to enhanced interactions between dislocations and obstacles such as other dislocations,

solute atoms, precipitates, and grain boundaries. This results in an increasing resistance to dislocation

motion, manifested macroscopically as strain hardening.

However, the accumulation of dislocations is counterbalanced by thermally activated processes that

allow dislocations to annihilate, rearrange, or bypass obstacles. Mechanisms such as dislocation cross-

slip, climb, and formation of subgrain structures facilitate recovery of the crystal lattice, thereby reducing

the effective density of mobile dislocations contributing to further hardening. This dynamic equilibrium

defines a saturation state, where the rate of dislocation generation equals the rate of recovery. In this

regime, additional plastic strain does not significantly increase the flow stress, and the material exhibits

a plateau in the stress–strain response.

Mathematically, the Voce law (Eq. 1.12) incorporates this behavior by introducing σs as a limiting

stress, while the differential form (Eq. 1.13) expresses the evolution of hardening as a function of the

instantaneous distance from saturation: the hardening rate dσ
dϵ decreases progressively as the stress ap-

proaches σs. Physically, this reflects the reduced effectiveness of dislocation multiplication in the presence

of increasing recovery events. The hardening rate θ represents the intrinsic ability of the crystal to resist

plastic flow before recovery becomes significant, often corresponding to the ”stage II hardening” observed

in single crystals.

In practical terms, incorporating a saturation stress is essential for realistic constitutive modeling

of metals subjected to large plastic strains, as it captures the transition from early-stage rapid harden-

ing—dominated by dislocation multiplication and interactions—to the steady-state flow observed at high

strains. Neglecting σs can lead to overestimation of strength at large deformations and poor prediction of

phenomena such as necking, dynamic recrystallization, or post-yield flow localization, which are critically

dependent on the balance between dislocation accumulation and recovery

1.1.3 Strain rate effects

The strain-rate effect denotes the increase in flow stress with increasing deformation rate. Figure 1.9

illustrates the strain rate effect observed in OFHC copper at two different test temperatures, as reported

by Prasad and Rao [27]. An increase in strain rate results in a marked rise in flow stress across the entire

strain range, indicating rate-sensitive plastic behavior. 1.9.

An empirical law describing this phenomenon can be expressed in the following form:

σ(ε) = C ln ϵ̇ (1.15)

being C a material constant.

This section attempts to provide a physical explanation for the increase in stress required to propagate

a dislocation and the observed logarithmic dependency of stress on strain rate.
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At higher strain rates, the time available for thermally activated dislocation motion is reduced; there-

fore, additional stress is required to sustain plastic flow. Indeed, to overcome an obstacle, a dislocation

must acquire sufficient energy, supplied either by the applied stress or by thermal fluctuations. The latter

are governed by Boltzmann statistics, which state that atomic energies are not uniform but distributed

statistically. As a result, a dislocation may spend a characteristic waiting time (∆t) before acquiring the

necessary thermal energy, which can be expressed as:

∆t = ν0 exp

(

∆G

kT

)

(1.16)

where ν0 is the attempt frequency (number of thermal fluctuations per second), ∆G is the Gibbs free

energy barrier of the process, k is the Boltzmann constant, and T is the absolute temperature.

It follows that, if the deformation rate increases, the time available to a dislocation to ”wait” for

thermal energy is reduced. Therefore, thermal activation becomes less effective, requiring an increase in

mechanical stress to overcome the obstacle. Recalling (1.1), dividing both member for ∆t and substituting

in (1.16)

ϵ̇ = ρdb
l

∆t
= ρdblν0 exp

(

−∆G

kT

)

= ϵ̇0 exp

(

−∆G

kT

)

(1.17)

defining ϵ̇0 = σdblν0∆G is function of applied stress.

To describe this dependency, Follansbee [22] considered the case of a moving dislocation interacting

with an obstacle, idealized as another dislocation oriented perpendicular to its motion. The length of

the dislocation segment involved in overcoming the obstacle can be approximated as the spacing to the

next obstacle, l. According to Peach and Koehler [28], the force acting on this segment is σbl. Since the

dislocation must move over a distance equal to b, the mechanical work performed during this process is

σb2l. If the total activation energy associated with the dislocation–obstacle interaction is denoted as G,

the effective activation energy is then reduced to ∆G = G− σb2l. Substituting this expression in (1.17)

and resolving for stress

ϵ̇ = ϵ̇0 exp

(

−G− σb2l

kT

)

, σ =
G

b2l
+

kT

b2l
ln

ϵ̇

ϵ̇0
(1.18)

The comparison between (1.15) and (1.18) highlights the limitations of the empirical law: although the

constant C has a physical basis, it also exhibits a dependence on temperature T , which is not accounted

for in the simplified model.

C =
G− kT ln(ε̇0)

b2l
(1.19)

This temperature dependence of constant C is clearly visible in Figure 1.9: at the same level of true

strain, the difference in flow stress between two strain rates varies with the test temperature.

The behavior of dislocations under high strain rates (typically ϵ̇ > 103 s−1) is fundamentally different

from that observed under quasi-static conditions. At low strain rates, dislocation motion is primarily

governed by thermally-activated processes: dislocations wait at obstacles until they gain sufficient thermal

energy to overcome them. As strain rate increases, the waiting time becomes comparable to or shorter

than the atomic vibration period, and dislocation motion becomes drag-controlled rather than thermally

activated [29, 22].

In this regime, the dislocation velocity approaches a significant fraction of the shear wave speed cs, and

the applied stress must provide sufficient power to balance the viscous drag force acting on dislocations:

Bvd = τb (1.20)

where B is the dislocation drag coefficient, vd is the dislocation velocity, τ is the resolved shear stress and

b the Burgers vector. As a result, the flow stress exhibits a stronger dependence on strain rate, deviating

from the purely logarithmic behavior predicted by thermally activated models.

Moreover, the dislocation density ρd may evolve differently at very high rates: the rate of dislocation

multiplication (e.g. via Frank–Read sources) can exceed the rate of dynamic recovery, leading to a much

steeper initial strain hardening and a higher dislocation storage rate. This effect contributes to the rapid

increase in flow stress observed in Split-Hopkinson Pressure Bar (SHPB) and plate-impact experiments.

Also, saturation stress is influenced by stress rate, since dynamic recovery mechanisms (such as cross-

slip and climb) are thermally activated and cannot operate effectively within the reduced timescale of

deformation. This explains the observed strain-rate hardening of metals: not only the instantaneous flow

stress but also its saturation value increase with strain rate.
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1.2 Constitutive laws

1.1.4 Thermal softening

As shown in Figure 1.9, when comparing two different temperatures at the same strain rate, it can

be observed that the flow stress decreases with increasing temperature. This effect, known as thermal

softening, occurs because the increase in local temperature enhances dislocation mobility, thereby reducing

the flow stress. Higher thermal agitation brings atoms closer together, allowing dislocations to overcome

obstacles more easily under a given applied stress. As the temperature increases, additional thermally

activated mechanisms begin to contribute to deformation, such as enhanced dislocation glide or vacancy

diffusion along grain boundaries — and, at sufficiently high temperatures, even bulk diffusion may become

relevant. At this point, the deformation process gradually transitions into the creep regime, a distinct

field of study that falls outside the scope of this thesis.

An increase in the sample temperature may occur either when the material operates in a high-

temperature environment or as a result of plastic deformation. Indeed, a significant portion of the

mechanical work performed on the material is irreversibly dissipated as heat. This phenomenon, often

referred to as adiabatic heating, is particularly relevant at high strain rates, where the time available for

heat conduction is limited and the process can be considered nearly adiabatic. The fraction of plastic

work converted into heat is commonly described by the Taylor–Quinney coefficient β.

This parameter, typically ranging between 0.85 and 0.95 for metals, indicates the percentage of the

plastic work that contributes to temperature rise. At the same time, the remaining fraction is stored

as defects in the microstructure (e.g., dislocations). The instantaneous temperature increase can be

estimated as:

∆T =
β

ρcp

ˆ

σdϵp (1.21)

where ρ is the material density and cp is the specific heat at constant pressure. This temperature

rise leads to thermal softening, which reduces the flow stress and alters the material response, especially

under adiabatic or near-adiabatic conditions. Johnson and Cook [30] proposed an empirical temperature-

dependent term

σ(ε) =

(

T − Tr

Tm − Tr

)m

(1.22)

where Tr is a reference temperature, Tm is the melting temperature and m is a material constant. The

meaning of Tr becomes clear when introducing their model in 1.2.1. In this model, Tr represents the

temperature at which thermal softening is absent.

1.2 Constitutive laws

”These constitutive laws characterize the mechanical behaviour of the material and consist of a set of

mathematical idealizations of their observed behaviour” [31].

Constitutive models relevant to metals under dynamic loading can be broadly categorized into two

types: phenomenological and physically-based models.

Phenomenological models are empirically derived, relying on fitting experimental data to a set of

mathematical functions with adjustable material constants. Examples include the Johnson-Cook (JC)

model and the Arrhenius-type model. The JC model [30] is widely used due to its relative simplicity, few

material constants obtainable from experimental data, and its widespread implementation in various com-

mercial finite element simulation packages. It expresses the flow stress as a multiplicative decomposition

of strain hardening, strain rate sensitivity, and thermal softening:

σ = (A+Bεn)

(

1 + C ln
ε̇

ε̇0

)

(1− Tm) , (1.23)

where A, B, C, n, and m are material constants. The model is typically applied in impact and high-

strain-rate simulations due to its robustness, but it lacks a physical basis.

Data-driven (Machine Learning-based) models are emerging approaches of this category, such as

those utilizing Artificial Neural Networks, which are increasingly employed to capture highly complex

and nonlinear relationships in material behavior, but suffer from the need for a large dataset to be trained.

Therefore, their application was not feasible due to the limited data set available.

Physically-based models instead attempt to incorporate the fundamental underlying physical mecha-

nisms of deformation, including, among others,
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CHAPTER 1. Background

• Zerilli–Armstrong (ZA) model [32]: based on dislocation mechanics, it distinguishes between BCC

and FCC metals. For example, for BCC metals, the constitutive law reads

σ = σa +Bεn exp [−(α0 − α1 ln ε̇)T ] (1.24)

where B and n are the hardening coefficient and exponent, α00 and α1 are material constants

which model the thermal and strain rate sensitivity, highlighting the role of thermal activation and

dislocation density

• Mechanical Threshold Stress (MTS) model [33]: this model introduces the concept of a threshold

stress σ̂ that evolves with plastic strain and is thermally activated:

σ = σa +
µ(T )

µ0
[s(εp, T, ε̇) σ̂] , (1.25)

where µ(T ) is the temperature-dependent shear modulus and µ0 is the shear modulus at 0K. It is

suitable for a wide range of strain rates and temperatures

• Preston–Tonks–Wallace (PTW) model [34]: developed for extreme strain rates (104–107 s−1), such

as those in shock loading, it accounts for dislocation drag and phonon interactions. Its general form

can be expressed as

σ = σth + σdrag, (1.26)

where σth is the thermal component and σdrag represents the phonon drag-limited stress

• Molinari–Ravichandran (MR) model [35]: describes plastic deformation under high strain rates

by explicitly coupling dislocation dynamics and thermal activation. It is particularly applied in

adiabatic shear banding studies

The constitutive response of metals under dynamic loading is governed by the combined effects of

strain hardening, strain-rate sensitivity, and thermal dependence, which act concurrently and often in

competition with each other [22]. The interaction between these three mechanisms determines the overall

constitutive response. Strain hardening and strain-rate strengthening increase the material’s resistance

to deformation, while thermal dependence acts in the opposite direction, reducing the strength and is

therefore termed thermal softening. Accurate constitutive modelling under dynamic conditions must

consequently account for the interplay between these mechanisms to correctly predict flow behaviour

over a wide range of loading scenarios.

1.2.1 Johnson-Cook model

The Johnson-Cook (JC) model for flow stress is a product of three terms, describing strain hardening,

strain rate, and temperature effects:

σ = (σ0 +Kϵn)

[

1 + C ln
ϵ̇

ϵ̇0

] [

1−
(

T − Tr

Tm − Tr

)m]

(1.27)

The strain hardening term is described by a power law, as shown in (1.11). The strain rate term and

the temperature term are modified from the proposed (1.15) and (1.27) to ensure that the flow stress

at reference strain rate (ϵ̇ = ϵ̇0) and reference temperature (T = Tr) is determined only by the strain

hardening term.

The JK model, for instance, assumes a decoupled effect between strain hardening, strain rate, and

thermal softening parameters. This fundamental assumption often leads to its failure in predicting flow

behavior, particularly under large displacements, high strain rates, or high temperatures. A typical

example of JK failure in predicting flow stress was provided by Follansbee in [36]. Two identical copper

samples were strained to 0.15 at different strain rates, then unloaded and reloaded at the same strain

rate. Although the two samples are composed of the same material and deformed to the same strain level,

their mechanical response differs due to the different strain rates at which the first strain was imposed.

The JC model, like other phenomenological approaches, is formulated in terms of state variables,

which are defined independently of the path taken to reach a given state. Strain, however, cannot be

considered a state variable, since plastic deformation involves irreversible processes associated with energy

dissipation and entropy production. As a result, the material response depends not only on the current

state but also on the thermomechanical history of deformation, the path followed. For these reasons,
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a physically-based model, the MTS, has been used to predict the metal behavior of the sample in this

work. Meanwhile, JK was used in cases where the predicted deformations were contained, for example,

in the impactor.

1.2.2 Mechanical Threshold Stress (MTS) model

The primary concept of the model is the distinction between two contributions made to overcoming a

dislocation in the presence of an obstacle: stress and thermal activation. This isolated contribution of

stress from the thermal activation will correspond to the stress required to overcome the obstacle in the

absence of thermal activation; this is a hypothetical 0K stress. It is defined mechanical threshold stress

and denoted as σ̂. Using this definition, (1.18) becomes:

σ = σ̂ +
kT

b2l
ln

ϵ̇

ϵ̇0
= σ̂(1 +

kT

G
ln

ϵ̇

ϵ̇0
) (1.28)

To account also for contributions to the stress where thermal activation is unable to assist the dis-

location past these obstacles (e.g., grain boundaries, solution and precipitation hardening), Follansbee

introduced an athermal stress component in (1.28). As stated in section 1.1.2, this term is generally

considered independent of the accumulated strain, and this is therefore treated as a constant value.

σ = σa + σ̂

(

1 +
kT

G
ln

ϵ̇

ϵ̇0

)

(1.29)

When analyzing the temperature dependence of the yield stress, it is important to separate the contri-

bution from thermal activation from other temperature-dependent factors that are not directly related.

In particular:

• The Burgers vector b does vary with temperature, but this change is negligible and can typically

be ignored.

• The shear modulus µ, while its variation with temperature is small, should be explicitly removed

from the equation, so that the remaining temperature dependence reflects only the contribution

from thermally activated dislocation motion.

To do this, equation (1.29) can be rewritten as:

σ = σa +
µ

µ0
σ̂

(

1 +
kT

G
ln(

ε̇

ε̇0
)

)

(1.30)

with µ0 shear modulus at 0K. This temperature-dependent shear modulus µ can be expressed as

µ = µ0 −
b1

exp( b2T − 1)
(1.31)

with b1 and b2 material constants. Also, the activation energy G carries a dependence on shear modulus;

this can be factored out by introducing a normalized activation energy g0, dividing G by µb3, giving

σ = σa +
µ

µ0
σ̂

(

1 +
kT

g0µb3
ln(

ε̇

ε̇0
)

)

(1.32)

Although strain (ϵ) is not a state variable, the athermal component of stress (σ̂) is. Therefore, a

convenient constitutive state-variable relation can be written as σ = f(σ̂, ϵ̇, T ). An expression of this

form was already provided in (1.28), although limited to the yield stress. What is needed, instead, is an

equation of the type dσ
dϵ = f(σ̂, ϵ̇, T ). This can be obtained by recalling the derivative form of the Voce

equation presented in (1.13), now rewritten in terms of σ̂.

dσ̂

dϵ
= θ

(

1− σ̂

σ̂s

)

(1.33)

The strain-rate dependence of θ has been empirically defined using an equation of the form

θ = a0 + a1ln(ε̇) + a2
√
ε̇ (1.34)

The temperature and strain rate dependency of the saturation stress at 0K (σ̂s) have been proposed by

Kocks[29]:
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σ̂s = σ̂s0

(

ϵ̇

ϵ̇s0

)

exp

(

T

ACS

)

(1.35)

with ACS , ϵ̇s0 and σ̂s0 material constants.

Kocks [29] provided a physically-based description of the strain-rate and temperature dependence of

the mechanical threshold stress σ̂. He postulated that the plastic flow rate ϵ̇ is governed by a thermally-

activated process characterized by a normalized activation energy g:

ϵ̇ = ϵ̇0 exp [−g(σ̂, T )] (1.36)

where ϵ̇0 is a reference strain rate. The activation energy g is expressed as a function of the normalized

stress σ̂/σ̂s:

g =

[

1−
(

σ̂

σ̂s

)p]q

(1.37)

Where p and q are material-specific constants describing the obstacle profile (rectangular, parabolic, or

other shapes). Solving for σ̂ leads to:

σ̂ = σ̂s

[

1−
(

kT

g0µb3
ln

ϵ̇0
ϵ̇

)1/q
]1/p

(1.38)

This relation demonstrates that σ̂ increases with strain rate and decreases with temperature, consistent

with experimental observations.

The derivation of the MTS requires calibrating numerous material constants:

• σa (MPa), the athermal stress component

• µ0 (GPa), the shear modulus at 0K

• b1(MPa) and b2, material constants for the determination of µ(T)

• σ̂s0 (MPa) and ε̇s0 (s−1) material constants for the determination of the saturation MTS

• g0 normalized activation energy

• p and q, material constants describing the obstacle profile

• a0, a1 and a2, material constants for the determination of the strain hardening θ;

Nevertheless, this law provides a theoretical model for understanding material behavior at high strain,

strain rates, and temperatures. However, this theoretical understanding is only possible through mechan-

ical testing, which is needed both to obtain data for calibrating the model’s constants and to validate its

conclusions.

1.3 Mechanical tests

Mechanical testing has a long and fascinating history. The earliest documented tensile experiments can

be traced back to Leonardo da Vinci, who investigated the maximum load that iron wires could sustain

as a function of their length. He observed that longer wires tended to fail under lower loads, intuitively

linking this behavior to the higher likelihood of defects occurring along a greater length of material [37].

Over the centuries, these efforts evolved, leading to the development of modern testing machines in the

19th century. While tensile testing provides highly valuable information about material behavior, it will

not be discussed in detail in this chapter, as an extensive and comprehensive body of literature already

exists on the topic. The limitation in the maximum achievable strain rate (∼ 10s−1) has driven the

development of testing methods capable of reaching higher strain rates.

1.3.1 Split-Hopkinson pressure bar

Hopkinson bar is named after the pioneering work of J. Hopkinson, who studied iron wire [38] and

his son B. Hopkinson [39], but has been established in dynamic material testing based mainly on the

theoretical and experimental work of R.M. Davies [40] and H. Kolsky [10]. In particular, the introduction

of a second pressure bar (the output bar) by Kolsky led to the system known as the Split Hopkinson
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Pressure Bar (SHPB) or Kolsky bar. Initially developed for high-strain-rate compression testing of small

metallic specimens, the SHPB technique was later adapted to enable tension and torsion configurations.

Its primary purpose is to determine the dynamic stress–strain response of materials by applying the

elastic one-dimensional wave propagation theory to instrumented bars and analyzing the resulting strain

histories.

The method consists of applying a tensile or compressive load to the specimen through a stress wave

generated by the impact of a projectile on an apparatus comprising two identical, axially aligned bars

(input and output), each instrumented with strain gauges. The specimen is positioned between the

bars (Figure 1.10. The strain gauges mounted on the input bar record both the incident and reflected

waves. Since the two bars have identical mechanical impedance, the reflected signal accounts for any

additional reflections occurring at the specimen–output bar interface. The strain gauges on the output

bar measure the transmitted wave, which is taken as directly proportional to the force transmitted through

the specimen. This assumption is valid because the identical impedance of the bars minimizes reflections

at the specimen–bar interface, provided that dynamic stress equilibrium is achieved.

Indeed, due to the relatively short length of the specimen, the time scale of the experiment is sufficient

to allow multiple stress-wave reflections within the specimen before significant plastic deformation occurs.

These repeated reflections homogenize the stress distribution, resulting in a nearly uniform stress state

across the specimen’s cross-section and along its length.

Both bars must remain within the purely elastic regime during the experiment, so that all inelastic

deformation is confined to the specimen. This ensures that the stress–strain curve obtained from the

data reduction accurately represents the material’s real constitutive response under dynamic loading.

Projectile Input Bar Sample Output Bar

Impact Incident wave

Reflected wave

Transmitted wave

Figure 1.10: SHPB in compression.

To access even higher strain-rate regimes beyond the capabilities of SHPB techniques, impact-based

methods are employed; however, these approaches come with intrinsic limitations that must be carefully

considered.

1.3.2 Validation Role of High-Strain-Rate Impact Tests

Impact tests cannot provide a complete stress-strain response, yet they represent a fundamental tool

for assessing the validity of constitutive models under extreme conditions. Unlike quasi-static or SHPB

experiments, which primarily focus on well-controlled loading paths and provide detailed stress-strain

data, impact tests expose the material to highly dynamic environments characterized by extreme strain

rates, large plastic deformations, and significant adiabatic heating. These conditions often extend well

beyond the experimental window of conventional techniques, thereby probing the material response in

a regime closer to that encountered in real-world applications such as crash events, ballistic impacts, or

blast loading.

In this context, the value of impact experiments lies in their indirect validation role. Instead of

yielding continuous stress-strain curves, they provide measurable macroscopic outcomes, such as the

final deformed shape of a specimen in Taylor or dynamic tensile extrusion tests, or the free-surface

velocity histories captured in plate-impact and Richtmyer-Meshkov experiments. By comparing these

experimental observables with numerical simulations based on constitutive parameters calibrated from

quasi-static and SHPB data, it becomes possible to evaluate the predictive capability of the material

model under conditions far removed from the calibration domain.

This cross-validation strategy ensures that the identified constitutive parameters are not limited to

reproducing controlled laboratory curves, but also retain robustness when extrapolated to severe loading

scenarios. As a result, impact tests serve as a crucial bridge between fundamental material characteri-

zation and realistic structural performance. They highlight the strengths and weaknesses of constitutive

descriptions, guide the refinement of models, and ultimately contribute to establishing confidence in

predictive simulations of dynamic events where safety, reliability, and performance are critical.
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1.3.3 Taylor impact test

The Taylor impact test is an experimental method used to investigate the dynamic plastic deformation

of materials under strain rates in the range of 102 − 104 s−1. Such high strain rates are achieved by

accelerating a cylindrical specimen, typically using a gas gun or a drop-weight device, against a rigid

target plate along its longitudinal axis. Upon impact, the specimen undergoes plastic deformation,

resulting in the characteristic ”mushrooming” of its frontal end, while the rear portion generally remains

undeformed.

By measuring the final specimen geometry, such as the diameter of the mushroomed end, the length

reduction, and the radial expansion, the deformation pattern can be compared with numerical simu-

lations to validate the constitutive models. Unlike SHPB tests, Taylor impact tests do not provide a

direct measurement of strain rate as a function of time, because the strain rate does not remain constant

throughout the test duration. Instead, an approximate average strain rate can be estimated from the ini-

tial conditions of the experiment. Assuming that the specimen undergoes a predominantly homogeneous

and uniaxial deformation during the early stages of impact (before the arrival of reflected waves from the

free lateral surfaces), the average strain rate can be expressed as:

ϵ̇ ≈ v0
L0

(1.39)

where v0 is the initial impact velocity of the specimen and L0 is its initial length. This expression

provides a first-order estimate of the strain rate, which is typically in the range of 102–104 s−1. Numerical

simulations can help to reconstruct a more accurate determination of the instantaneous strain rate profile

vs time. However, for most experimental campaigns, the average strain rate is sufficient to classify the

severity of the impact and to compare different tests under similar loading conditions.

1.3.4 Flyer-Plate tests

Plate impact tests, also known as flyer-plate or shock experiments, are widely used to investigate the

response of materials under extreme strain rates (higher than those of Taylor impact), pressures, and

shock loading conditions. In these tests, a flat projectile (the flyer plate) is accelerated to high velocities,

typically using gas guns, explosive-driven techniques, electromagnetic launchers, or laser-driven systems,

and impacts a target plate. The impact generates a nearly one-dimensional stress wave, or shock wave,

that propagates through the material, inducing high strain rates (104 − 107s−1) and pressures (from tens

of MPa up to several GPa).

Measurements in plate impact experiments typically include the particle velocity, stress, or pressure

history from the free surface velocity, which is acquired from the rear surface of the target using high-

speed diagnostics such as VISAR (Velocity Interferometer System for Any Reflector), PDV (Photonic

Doppler Velocimetry), or embedded stress gauges. These data allow the determination of the Hugoniot

relations, which describe the relationship between shock stress, particle velocity, and specific volume,

providing essential input for constitutive models and hydrodynamic simulations.

Unlike SHPB or Taylor impact tests, which focus on plastic deformation at intermediate strain rates,

plate impact tests explore the ultra-high strain-rate and shock regime, bridging the gap between conven-

tional mechanical testing and extreme dynamic events such as ballistic impact or blast loading. Unfor-

tunately, in addition to a high strain rate, this test exerts very high pressure.

High pressure causes pressure hardening, which can be quite problematic because it cannot be exper-

imentally separated from strain rate hardening in the resulting material response.

In classical plasticity theory, particularly in the von Mises yield criterion, the effect of hydrostatic

pressure on yielding is neglected. The von Mises yield function is expressed as

f(σ) =
√

3
2 s : s− σy = 0, (1.40)

where

s = σ − 1
3 tr(σ) I (1.41)

is the deviatoric stress tensor and σy is the yield stress.

Since only the deviatoric stress enters the formulation, the hydrostatic pressure term

p = 1
3 tr(σ) (1.42)
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Figure 1.11: Richtmyer–Meshkov instability in fluids [42]

it does not affect yielding. However, in many metals and alloys under very high confining pressures,

this assumption breaks down: materials exhibit pressure hardening, meaning their resistance to plastic

flow increases with hydrostatic stress. This effect becomes particularly relevant in high-pressure appli-

cations, such as shock loading, dynamic compaction, and high-strain-rate deformation, where pressure-

dependent yield models (e.g., Drucker-Prager or pressure-modified von Mises criteria) are more suitable.

In addition to pressure hardening, despite the high strain rate achievable with this test, the total

strain attainable is relatively limited. For this reason, other tests have been conducted to achieve higher

strain at the same strain rate and lower pressure.

1.3.5 Dynamic Tensile Extrusion (DTE)

Proposed by Gray et al. [13], the Dynamic Tensile Extrusion (DTE) test consists of a projectile launched

at high velocity (typically by a gas gun or explosive driver) through a die with a calibrated hole, dynam-

ically extruding the material. This test has proven effective in producing both very large plastic strains

(exceeding 400% in annealed copper samples) and strain rates exceeding 105 s−1, while maintaining a

relatively low shock pressure. Similarly to plate-impact tests, it is not possible to achieve a constant

strain rate or a uniform stress state throughout the specimen. Consequently, a whole stress-strain curve

cannot be directly obtained from this test. Nevertheless, the quantities measurable in a DTE experiment

are extremely valuable for validating constitutive and damage models.

The interpretation of DTE results relies on numerical simulations that must be capable of capturing the

evolving deformation and material flow. One of the significant challenges in modelling DTE is the accurate

representation of the friction between the specimen and the die, which strongly affects flow behavior and

strain localization. Uncertainties in the friction coefficient can lead to significant discrepancies between

experimental observations and numerical predictions [41]. Furthermore, it is difficult to estimate the

dependence of this coefficient on temperature T , strain rate ϵ̇, and stress state σ.

For this reason, alternative tests have been proposed to reproduce high strain rates and large plastic

strains without the limitations imposed by simulating frictional wear.

One such approach is based on the Richtmyer-Meshkov instability (RMI), named after the researchers

who first theoretically and experimentally investigated it. This method exploits a hydrodynamic insta-

bility which, under sufficiently intense loading conditions, can also occur in solid materials.

1.3.6 Richtmyer-Meshkov Instability (RMI)

The growth of irregularities at the interface between two fluids of different densities under gravity (Fig-

ure 1.11) was first theorized in the late 19th century by Lord Rayleigh and later generalized by G. I.

Taylor to encompass any accelerated motion. Richtmyer [43] incorporated the effects of compressibility

and extended the theory to be valid also in cases of an abrupt change of acceleration (e.g., a shock

wave). Indeed, in the incompressible formulation, the perturbation growth is assumed to be transmitted

instantaneously through the pressure field, neglecting the finite propagation speed of acoustic waves.
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Meshkov [44] experimentally confirmed Richtmyer’s predictions by observing the growth of perturba-

tions induced by a shock wave in a shock-tube setup. This phenomenon, now known as the Richtmyer–

Meshkov instability (RMI), is fundamental in applications such as high-energy density physics problems,

inertial confinement fusion, astrophysical flows, and even dynamic loading of solids, where similar inter-

face instabilities can develop. (Figure 1.11)

Unlike tests such as DTE, where boundary conditions introduce modelling complexity (e.g., friction

and confinement), RMI experiments often offer a cleaner interface-driven deformation scenario, making

them particularly suitable for validating high-strain-rate

The acceleration of the flyer plate can be realized by several methodologies, such as:

• explosive-driven flyers, where a thin layer of high explosive is used to impart rapid acceleration

through detonation, producing very high strain rates on the flyer surface,

• gas-gun techniques, that utilize a high-pressure gas to propel the flyer along a barrel, allowing

precise control over velocity and impact timing,

• laser-driven flyers, that employ high-intensity laser pulses to ablate a material surface, generating

thrust that launches the flyer at extreme velocities in a short time,

• electromagnetic (or railgun) accelerators exploit Lorentz forces to rapidly accelerate conductive

flyers, offering fine tunability of velocity profiles.

The fundamental physical mechanism driving RMI is the baroclinic production of vorticity. A shock

wave is passed through a disturbed interface between two fluids of different densities. This vorticity is

generated at the perturbed interface due to the misalignment of the pressure gradient imposed by the

shock wave and the density gradient (the two solids/fluids need to have different densities).

The geometric perturbation usually follows a sinusoidal law (Figure 1.12) with an initial amplitude

η0 and a wavelength λ.

x(y) = η0 cos(ky) (1.43)

with k = 2π
λ .

x

y

2η0

λ

Figure 1.12: Representation of geometric perturbation, where λ is the wavelenght and 2η0 is the ampli-
tude.

Richtmyer’s equation (1.44) shows that the amplitude growth depends on gradient density (Atwood

number A = ρ2−ρ1

ρ2+ρ1

), the velocity jump imparted by the shock ∆u and the geometric dimensionless

parameter η0k

η̇ = η0k∆uA (1.44)

The evolution of the Richtmyer–Meshkov instability can be qualitatively illustrated in Figure 1.13.

This figure represents the sequence of events following the impact of a flyer on the sample, highlighting

how the initial planar shock interacts with a sinusoidal perturbation at the interface and results in the

characteristic formation of spikes and bubbles. In particular, at time t0, the flyer impacts the sample,

initiating the shock. By t1, a single planar shock compression wave propagates through the material. At
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1.4 Thesis motivation

A significant, unresolved open question in the literature is which RMI experiments are suited to address

the inconsistent observation of a substantial increase in strength (often referred to as a ”strength upturn”)

at very high strain rates for ductile metals like copper. The question was addressed in a 2019 publication

[48], where the authors attribute the phenomenon not to strain rate hardening but rather to a combined

effect of pressure hardening and high temperature, which has not avoided criticism from other authors. In

fact, since some authors claim to observe this phenomenon at a strain rate as low as 104 s−1, other authors

observed it at much higher strain rates. Some experimental studies and models predict this upturn, while

others find no significant increase, highlighting a critical need for more robust and definitive validation

methods to resolve these discrepancies.

In particular, Figure 1.14 reports a 3D graph that simultaneously shows the dependence of the flow

stress on strain rate and pressure.

Figure 1.14: 3D graph that simultaneously shows the dependence of the flow stress on strain rate and
pressure [49]

As can be seen, RMI can effectively obtain a high strain rate with relatively low pressure. To further

reduce pressure, a simplified sample geometry will be proposed to achieve this.

• an improvement in the manufacturing quality and precision,

• improve the PDV measurement

• increases the volume of material involved in the deformation process

• a reduction in the planar impact-induced shock hardening

The proposed geometry features a single, central perturbation with a wavelength larger than those

adopted in recent literature. The use of a gas-gun-propelled flyer ensures precise control over veloc-

ity, allowing several experiments to be performed by varying the perturbation wavelength and amplitude

magnitude, while maintaining a constant pressure on the system.
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Figure 2.2: Comparison between experimental (Prime2024) and simulation

Figure 2.3: Mean normal stress and plastic strain at free surface

and numerical results was −6% for the spike and −10% for the bubble. The most likely cause of this

discrepancy stems from the fact that the MTS model was calibrated using data obtained from an annealed

copper specimen tested at the University of Cassino [51], rather than from the annealed copper data

reported by Prime [47]. A less probable cause may be related to the absence of an Equation of State

(EOS) for copper in the simulations. However, for such modest pressure levels, the corresponding density

variation, according to the data reported by Carpenter [52], remains below 1%.

2.2 Preliminar numerical simulations

To design the most suitable geometries for the real specimen, a series of numerical simulations was

conducted. The main objective was to reduce the overall pressure while increasing the size of the generated

spikes, without altering the total strain. Although the strain rate naturally varies with the perturbation

size, decreasing as the perturbation widens, the goal was to maintain it within a target range above

106 s−1. The idea behind this approach is to identify a configuration that can ensure both a measurable

PDV signal and a deformation regime representative of the high-strain-rate domain. To design the most

suitable geometries for the real sample, a series of simulations was carried out. The underlying idea was to

reduce the pressure and increase the size of the spikes, while keeping the total strain constant. Although
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Chapter 3

Discussions

The numerical and experimental investigations presented in this work were conceived to evaluate the

applicability of the RMI as a diagnostic tool for assessing the mechanical response of metallic materials

under high-strain-rate loading. A central aspect of this study was the systematic effort to design exper-

imental conditions that could trigger instability while operating at significantly reduced pressure levels

compared to those typically associated with conventional shock-loading techniques. This constraint was

essential to allow controlled and repeatable testing while avoiding undesired hardening mechanisms re-

lated to the hydrostatic pressure, thereby isolating the contribution of the material’s intrinsic mechanical

behavior.

To this end, an extensive campaign of implicit finite element simulations was conducted to investigate

the interplay between pressure amplitude, interface geometry, and perturbation wavelength in determining

the onset and growth of the instability. The numerical results proved instrumental in defining an optimized

experimental configuration, in which the shape and dimensions of the specimens were tailored to favor

the development of the RMI even under moderate pressure impulses. Particular attention was devoted to

identifying the minimum pressure threshold capable of inducing a measurable perturbation growth while

maintaining deformation within a range compatible with the material’s dynamic strength and a strain

rate not lower than 106 s−1.

3.1 Numerical simulations

Numerical simulations played a central role in both the design and interpretation of the experimental

campaign. Several different geometries were analyzed, varying their dimensionless perturbation parameter

η0k, which governs the transition from stable deformation to jet formation. Geometries characterized by

a high η0k were expected to induce instability and fragmentation, whereas lower η0k represented a stable

configuration. With a preliminary impact velocity set to 500ms−1, the difference between a stable and

unstable configuration found was in the range 0.49 < η0k < 0.98.

The simulations confirmed a clear inverse relationship between perturbation wavelength λ and the

local strain rate ε̇ developed during instability growth, while fragment thickness was found to scale

directly with λ. These results, consistent with theoretical predictions, demonstrate that RMI can serve

as a tunable platform to modulate strain rate while maintaining relatively moderate impact pressures,

an essential feature for studying materials without introducing pressure-induced artifacts. Indeed, the

newly proposed geometry (featuring a single large perturbation instead of multiple smaller ones) seems to

achieve the goal of maintaining a sufficiently high strain rate (> 106 s−1) and large strain, while resulting

in lower pressure compared to the values reported in the literature. Moreover, reducing velocity down to

200ms−1 with a geometry 8 sample, a ε̇ > 106 s−1 was obtained with a ε > 1 and a pressure < 1GPa.

3.2 Material behavior and constitutive modelling

The numerical analyses, supported by reference experimental data from Prime [47], provided significant

insight into the constitutive behavior of annealed copper at strain rates approaching 106–107 s−1. The

Mechanical Threshold Stress model, calibrated on lower strain-rate data, proved capable of accurately

capturing the main deformation features in this regime, confirming the robustness of physically based

formulations in reproducing the interplay between strain-rate hardening and thermal softening, albeit

with some limitations in simulating data beyond the strain rates for which the model was calibrated.

43



CHAPTER 3. Discussions

At high strain rates, dislocation motion becomes increasingly governed by viscous drag rather than

by thermally activated processes. The MTS model correctly reproduced this transition, aligning with the

theoretical formulations proposed by Follansbee [36] and Kocks [29]. Minor discrepancies were nonetheless

observed in the initial growth rate of the instability, which was experimentally lower than the predicted

value. This deviation is likely attributable to slight imperfections in surface flatness, boundary alignment,

or local variations in the initial perturbation amplitude, factors that can substantially influence the early

stages of jet development.

3.3 Experimental and numerical correlation

The experimental campaign conducted on geometries 5 and 8 provided direct validation for the numerical

predictions. Despite several experimental challenges, the observed behavior qualitatively corroborated

the simulations. Geometry 5 exhibited stable deformation, with no evidence of jet formation, while

Geometry 8 displayed a clear onset of localized jetting and fragmentation. These findings confirm that

η0k effectively governs the transition between stability and instability, as theoretically anticipated.

Due to a slight misalignment between the PDV probe and the target, the velocity profiles could not be

recorded. Nevertheless, post-mortem observations of the recovered specimens offered valuable qualitative

confirmation of the simulated results. The geometry 5 sample retained a smooth impact surface with no

visible necking or ejected material, whereas the geometry 8 fragment showed a distinct central protrusion,

a typical feature of jet initiation. Such evidence demonstrates the predictive consistency of the numerical

model, even in the absence of dynamic velocity measurements.

Moreover, metallurgical analysis highlights differences between these two geometries. The unstable

deformation led to recrystallization, probably of a metadynamic nature, since it was not predicted by

the Zener–Hollomon parameter. Conversely, the geometry 5 sample did not exhibit any recrystallization,

showing a crystalline structure similar to that of the annealed material.

3.4 Experimental challenges and mitigation strategies

The experimental activity, however, also revealed several limitations that affected data acquisition and

overall precision. The presence of a thin oxide film on the specimen surface generated an intense optical

flash at impact, saturating the high-speed camera and preventing early-time visualization. In addition,

the spike fragments produced were too small to be retrieved and analyzed, despite using perturbation

wavelengths larger than those reported in the literature. Consequently, post-mortem characterization

was limited to the main residual fragment, from which only qualitative evidence of jet initiation could

be extracted. Finally, slight deviations in surface planarity and specimen alignment likely introduced

asymmetries in the pressure field, which in turn affected the local growth of instabilities and led to

differences in spallation damage among samples with the same geometry. Moreover, the sabot was

probably not aligned at the time of impact with the JIG, preventing the collection of an effective PDV

signal and introducing an error in the zone of the measured sample. These issues emphasize the high

sensitivity of RMI tests to manufacturing accuracy, surface preparation, and diagnostic alignment. Several

measures can be considered to mitigate these issues, including:

• a thorough polishing of the surfaces will be performed shortly before the experiment to address the

oxide-related problems;

• a new sabot geometry can be proposed (figure 3.1, incorporating two O-rings to improve gas sealing

and ensure proper alignment with the barrel;

• a completely new geometry must be reconsidered and redesigned for JIG, introducing sacrificial

components that can be replaced after each shot.

The reproducibility of the experiments depends critically on interface planarity and impact alignment.

Even minor angular deviations can lead to asymmetric pressure fields, modifying the local growth rate

and strain distribution. Precise manufacturing and optical alignment procedures are therefore essential

for reliable testing.
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Axis of symmetry

Sabot radius R
O-ring O-ring

Figure 3.1: New sabot geometry proposed

3.5 Metallographic analysis

The metallographic and EBSD analyses conducted across different geometries provide a comprehensive

picture of the microstructural evolution of copper subjected to varying degrees of plastic deformation

and subsequent heat treatment. The comparison among the as-received material, the annealed copper,

and the two impact-tested geometries (5 and 8) highlights the progressive transition from a textured and

mildly deformed starting condition to a fully restored and recrystallized microstructure, and finally to a

severely deformed state characterized by pronounced lattice curvature and strain localization.

The as-received copper, despite its overall polycrystalline nature, exhibits a certain degree of crystal-

lographic texture, mainly associated with the (111) orientation. This observation suggests that residual

strain and preferred orientation were retained from the initial bar manufacturing process. The predom-

inance of low-angle boundaries (LABs) and the relative scarcity of σ3 twin boundaries confirm that the

material had not undergone a complete recrystallization and that its microstructure still reflected the

presence of deformation-induced dislocation substructures.

For this reason, an additional reference specimen, here referred to as annealed copper, was prepared

and analyzed. This sample was produced by subjecting copper of the same batch to a controlled annealing

treatment to obtain a fully equilibrated microstructure free of the manufacturing-induced texture observed

in the as-received material. The annealed copper exhibits equiaxed, polygonal grains with well-developed

annealing twins and a much lower density of LABs. Its microstructural features are representative of a

fully recrystallized and strain-free condition, serving as a reliable baseline for comparison. Interestingly,

the morphology and boundary character distribution of this annealed copper are very similar to those

observed in the non-deformed and non-recrystallized zones of geometries 5 and 8, indicating that those

regions locally retained a structure akin to the annealed state, unaffected by the mechanical deformation

imposed elsewhere in the sample.

The geometry 5 specimen marks the first evident deviation from this equilibrium condition. While

its general grain morphology remains relatively equiaxed, specific regions display signs of local recrys-

tallization, visible as clusters of smaller grains with near-zero KAM values. These areas correspond to

strain-relieved zones formed during localized recovery and recrystallization events. The grain boundary

analysis confirms the dominance of σ3 boundaries within these regions, indicative of annealing twins

typically formed during recrystallization. However, LABs persist in the rest of the sample, albeit with a

lower density compared to the as-received material, similar to the annealed sample.

The geometry 8 specimen represents the most extreme microstructural state within this series. It

exhibits a complex combination of deformation and recrystallization features, with a band of heavily

elongated grains showing strong (111) and (100) orientations aligned with the extrusion direction. The

very high local misorientation values captured in the KAM map, plotted with an extended range up to

10°, attest to the intense lattice distortion and dislocation accumulation in this region. The adoption of

this broader KAM range was essential to represent the high level of local misorientation accurately and

to prevent data truncation, which would otherwise obscure the most deformed features. The presence

of numerous LABs in this area further supports the interpretation of a heavily strained microstructure,

while the adjacent recrystallized regions, rich in σ3 boundaries and characterized by low KAM values,

confirm that local strain-induced recrystallization has occurred.

Overall, the microstructural gradient observed across the samples, from the annealed to the severely

deformed condition, provides valuable insight into the interplay between deformation, recovery, and re-

crystallization mechanisms in copper. The annealed specimen offers an apparent structural reference,

illustrating the equilibrium condition from which both deformation and recrystallization pathways di-

verge. The evolution from LAB-dominated to σ3-dominated boundary networks, and the gradual tex-

tural realignment along the extrusion direction, collectively reveal the strong dependence of copper’s

microstructural response on strain intensity and thermal history. These findings not only clarify the
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progression of microstructural changes induced by mechanical and thermal treatments but also establish

a solid foundation for correlating EBSD-derived descriptors with the mechanical behavior and local strain

distribution observed in subsequent analyses.

A further aspect worth considering is the apparent occurrence of metadynamic recrystallization within

the most deformed regions, particularly in the geometry 8 specimen. According to the estimated values

of the Zener–Hollomon parameter, the combination of strain rate and temperature experienced during

the process should not have been sufficient to activate conventional static or dynamic recrystallization

mechanisms. In principle, the calculated Z parameter indicated deformation conditions corresponding to

a fully work-hardened state, where recovery processes would dominate over recrystallization. However,

the microstructural evidence clearly suggests the presence of newly formed, strain-free grains adjacent

to heavily deformed areas. This localized and incomplete grain refinement, occurring shortly after the

cessation of deformation, is consistent with metadynamic recrystallization. This mechanism initiates

during deformation but proceeds during the brief post-deformation stage while the material is still at

an elevated temperature. The resulting microstructure, characterized by a mixed presence of elongated,

deformed grains and equiaxed, recrystallized ones, provides strong indirect evidence that the residual

stored energy and the transient thermal field were sufficient to trigger this process, despite predictions

derived from the Zener–Hollomon analysis.

3.6 General consideration over RMI technique

The outcomes of this study confirm that RMI-based experiments can serve as a robust validation platform

for constitutive models at ultra-high strain rates, bridging the gap between Split-Hopkinson bar and plate-

impact techniques. By tuning the perturbation wavelength, it becomes possible to control the strain rate

while maintaining moderate pressure levels, thereby isolating strain-rate effects from pressure hardening.

The satisfactory agreement between experiments and simulations validates the MTS model for de-

scribing high-rate deformation in metals. Consequently, RMI testing emerges as a promising and com-

plementary approach for the experimental calibration and validation of physically based constitutive

laws. With future improvements in diagnostic accuracy, surface preparation, and alignment control, the

technique could evolve into a standard experimental framework for exploring the fundamental physics of

material strength at extreme strain rates.
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Summary and conclusions

This study has investigated the Richtmyer–Meshkov Instability (RMI) as a diagnostic technique for

exploring the high-strain-rate response of metallic materials, combining numerical simulations with gas-

gun experiments on annealed copper.

• Numerical–experimental consistency. The experiments performed on geometry 5 and geometry 8

qualitatively confirmed the simulated transition between stable and unstable configurations. Ge-

ometry 5 produced no jets, whereas geometry 8 showed clear signs of localized jetting and fragmen-

tation, in agreement with the numerical predictions.

• Validation of the constitutive model. The MTS model, calibrated on lower-rate data, proved effec-

tive in reproducing the deformation regime observed in the experiments, demonstrating its appli-

cability in the viscous-drag-dominated domain.

• Experimental sensitivity. The campaign revealed that even small imperfections in surface prepa-

ration and alignment can significantly affect reproducibility. Optical disturbances caused by oxide

layers, along with the small fragment size, remain the main obstacles to quantitative measurements.

• RMI as a bridging technique. The present results confirm the potential of RMI-based experiments to

bridge the gap between Split-Hopkinson bar and plate-impact tests, enabling strain-rate modulation

at moderate pressures and providing a framework for model validation at extreme deformation rates.

Future Work

Further developments are required to enhance the experimental robustness and diagnostic precision of

RMI studies:

• Surface preparation. The oxide layer should be mechanically removed immediately before testing,

ensuring a clean metallic surface and minimizing optical saturation at impact.

• A new sabot geometry, incorporating O-rings for sealing and alignment, has been proposed in

Chapter 3 but has to be validated experimentally. Additionally, a new JIG geometry should be

developed to enhance the overall alignment further.

• Enhanced diagnostics. Future setups can employ multiple PDV channels and a fast infrared camera

to track the thermal history of the sample and compare it with simulations.

• Specimen manufacturing. Tighter machining tolerances and interferometric surface inspection can

be employed to minimize geometric asymmetries and enhance repeatability.

• Expanded material database. Beyond copper, future work will extend to alloys and anisotropic ma-

terials to evaluate how microstructural features influence the growth of instability under comparable

impact conditions.

By addressing these limitations, future RMI experiments will enable quantitative validation of consti-

tutive laws at high strain rates, consolidating this methodology as a powerful tool in the study of dynamic

material behavior.
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Appendix A

Miller Indices

A.1 Introduction

Miller indices are a notation system used in crystallography to describe the orientation of crystallographic

planes and directions within a crystal lattice, providing a standardized way to identify and compare

atomic arrangements, slip systems, and texture components observed through experimental or numerical

analyses.

Understanding Miller indices is particularly relevant when interpreting the microstructure of a metal

after deformation, recrystallization, or annealing, since many mechanical and physical properties of metals

are crystallographically dependent.

A.2 The Reciprocal Lattice

To fully understand the meaning of Miller indices and their geometrical interpretation, it is essential to

introduce the concept of the reciprocal lattice. The reciprocal lattice is a mathematical construct that

represents the periodicity of a crystal in reciprocal (Fourier) space. It emerges from the Fourier transform

of the lattice associated with the arrangement of the atoms. The reciprocal lattice represents the set of

all wavevectors that produce plane waves maintaining the same phase across all lattice points in real

space. It is not a physical lattice of atoms, but a lattice in which each point corresponds to a set of

crystal planes in real space.

A.3 Definition of Miller Indices

Miller indices are represented by a triplet of integers (hkl) that define the orientation of a crystallographic

plane in the reciprocal lattice. They are determined by taking the reciprocals of the intercepts that a

given plane makes with the crystallographic axes and then reducing them to the smallest set of integers.

In a cubic system such as that of copper, the steps for determining Miller indices are as follows:

1. Identify where the chosen plane intercepts the crystal axes, at points named x = a, y = b, and

z = c.

2. Take the reciprocals of the intercepts:
(

1
a
, 1
b
, 1
c

)

.

3. Multiply each term by the least common multiple to obtain integers.

4. Enclose the integers in parentheses: (hkl).

For example, a plane intercepting the axes at a, b/2, and c/3 will have reciprocals (1, 2, 3), giving the

Miller index (123). If a plane does not intercept an axis, for example, a plane parallel to y and z, the

intercepts will be b = c = ∞ and the reciprocal will be 0, giving the plane (100) in case of a = 1. A

negative index is indicated by placing a bar above the corresponding number. For example:

(100), [110], (1 11)

Different types of brackets (as reported above) are adopted to clearly distinguish between single

planes, directions, and families of equivalent planes or directions. Table A.1 summarizes the standard

conventions.
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Appendix B

Kikuchi Lines

B.1 Introduction

Kikuchi lines are characteristic diffraction features observed in electron diffraction patterns, particularly

in electron backscatter diffraction (EBSD) or transmission electron microscopy (TEM). They appear as

pairs of bright and dark bands, forming a complex network of intersecting lines that correspond to the

crystallographic planes of the sample.

In copper and other face-centered cubic (FCC) materials, Kikuchi patterns provide direct and precise

information about the crystal orientation and lattice symmetry. They represent a powerful tool to

correlate real-space microstructural observations with reciprocal-space crystallography.

B.2 Formation Mechanism

Kikuchi lines originate from the diffuse scattering of high-energy electrons interacting with a crystalline

material. The process occurs in two main steps:

1. Inelastic scattering: Incident electrons undergo multiple inelastic interactions with the crystal

lattice, losing part of their energy and being randomly diffused inside the crystal. This generates a

nearly isotropic source of scattered electrons within the material (background).

2. Elastic diffraction: Some of these diffusely scattered electrons are then elastically diffracted by

lattice planes according to Bragg’s law:

2dhkl sin θ = nλ. (B.1)

where dhkl is the interplane distance of that particular family of planes, θ is the incident angle, n

is an integer, and λ is the wavelength of the incident electrons. Constructive interference occurs

when the diffracted wave satisfies the Laue condition:

k′ − k = Ghkl, (B.2)

where Ghkl is a reciprocal lattice vector corresponding to the family of planes (hkl), and k and k′

are respectively incident and diffracted wave vectors.

The superposition of all diffracted wavefronts from different orientations of Ghkl gives rise to two

cones of enhanced and reduced intensity. When these cones intersect the detector (e.g., the phosphor

screen or EBSD camera), they appear as paired bright and dark lines — the Kikuchi lines.

B.3 Geometrical Interpretation

Each Kikuchi line corresponds to the trace of a diffracting plane (hkl) on the detector. The angular

separation between two lines in a pair is twice the Bragg angle 2θhkl, which depends on the interplanar

spacing dhkl:

2θhkl = 2arcsin

(

λ

2dhkl

)

. (B.3)
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CHAPTER B. Kikuchi Lines

The intersection of two Kikuchi bands corresponds to the zone axis of the crystal, which is the

direction common to both planes. In terms of Miller indices, if two bands correspond to planes (h1k1l1)

and (h2k2l2), their intersection represents the crystallographic direction:

[uvw] = (h1k1l1)× (h2k2l2). (B.4)

For instance, in FCC copper:

• The intersection of {111} and {200} Kikuchi bands defines the ⟨110⟩ zone axis.

• The {220} lines intersecting with {111} also define the same ⟨110⟩ direction, depending on the

orientation of the crystal.

B.4 Relationship with the Reciprocal Lattice

The Kikuchi pattern can be directly interpreted as a projection of the reciprocal lattice onto a two-

dimensional plane (the detector surface). Each Kikuchi line corresponds to the locus of reciprocal lattice

points that satisfy the diffraction condition for a given (hkl) plane.

In this sense:

• The position of Kikuchi bands depends on the geometry of the reciprocal lattice of copper.

• The spacing between bands reflects the interplanar distances dhkl.

• The intersection points correspond to zone axes — directions in the reciprocal lattice that pass

through multiple lattice points.

Therefore, the Kikuchi pattern provides a real experimental image of the reciprocal lattice geometry.

It can be seen as a projection of reciprocal-space vectors Ghkl, allowing the direct determination of crystal

orientation in EBSD.

B.5 Kikuchi Patterns in FCC Copper

In copper, which crystallizes in the face-centered cubic structure, the Kikuchi pattern displays high

symmetry and well-defined families of bands corresponding to the major planes:

• {111} planes: the most intense bands, corresponding to the densest atomic planes.

• {200} planes: less intense but easily recognizable and perpendicular to the cube axes.

• {220} planes: often appear as narrower lines, intersecting at 60◦ with {111}.

A typical Kikuchi pattern from copper includes several intersections forming the ⟨110⟩ and ⟨111⟩ zone

axes, as shown schematically in Figure B.1.

B.6 Experimental Observation

In an EBSD experiment, Kikuchi lines arise when an electron beam impinges on a polished copper surface

tilted at approximately 70◦ relative to the incident beam. The backscattered electrons form a diffraction

pattern on the phosphor screen behind the sample, containing numerous Kikuchi bands.

Each Kikuchi band corresponds to a specific family of planes (hkl), and by indexing these bands

using the known reciprocal lattice geometry, the crystallographic orientation of each scanned point can

be determined. This forms the basis of orientation mapping in EBSD.
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B.6 Experimental Observation

Figure B.1: Example of a Kikuchi pattern in FCC copper, showing the {111}, {200}, and {220} bands
and their intersections corresponding to ⟨110⟩ and ⟨111⟩ zone axes.
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