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Keywords: As deformation rate increases, the thermally activated dislocation glide gives way to a continuous
Constitutive modeling glide of dislocations governed by their interactions with phonons. Understanding the dislocation-
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phonon drag regime is critical for designing metallic materials for extreme deformations rates.
However, it has proven challenging to study empirically, partly due to the resource intensive
nature of the experimental approaches targeting this regime. Here, we develop an impression-
based experimental approach combining laser-induced microprojectile impact (Hassani et al.,
2020a) and spherical nanoindentation to characterize the dislocation-phonon drag regime. We
also develop a physically based constitutive framework that, when integrated with our experi-
mental measurements, can quantify the dislocation-phonon drag regime. We isolate the effect of
dislocation-phonon drag by leveraging the similar deformation geometries and length scales but
different operative mechanisms during spherical nanoindentation and microprojectile impact. We
discuss mechanistic contributions to the plastic work for microprojectile impacts in a range of
impact velocities producing strain rates up to 10° s1. We also develop a deformation mechanism
map focused on the transition from thermal activation to dislocation drag for a model FCC metal,
copper.

1. Introduction

Mechanical behavior of metals at high deformation rates differs significantly from their response at low rates (Habib et al., 2021;
Haridas et al., 2021; Liu et al., 2022; Meyers, 1994; Park et al., 2018; Wang et al., 2022; Zhang et al., 2020). At strain rates less than
~10% 571, the flow stress shows relatively modest increments as the strain rate is increased by several orders of magnitude (Dubey
et al., 2023; Lichtenfeld et al., 2006; Nie et al., 2020a). On the other hand, at strain rates higher than 10%-10% s, much higher strain
rate sensitivities are observed; the flow stress increases significantly even with one order of magnitude increase in strain rate (Arm-
strong et al., 2009; Curtze and Kuokkala, 2010; Follansbee and Kocks, 1988; Ku et al., 2020; Li et al., 2019; B. B. Wang et al., 2019;
Yuan et al., 2021). The transition from low to high strain rate sensitivities is associated with the change in the dominant deformation
mechanism from thermally activated dislocation motion at lower rates to dislocation-phonon drag at higher rates (Blaschke et al.,
2020; Kumar et al., 2015; Mocko et al., 2012; Sakino, 2006).

In the thermal activation regime, dislocations overcome the energy barriers imposed by discrete obstacles with the cooperation of
the resolved shear stress and the thermally activated vibrations of atoms (INDENBOM and CHERNOV, 1992; Li and Huang, 2021;
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Zaretsky et al., 2023). As strain rate increases, shorter time is available for thermally activated jumps to assist dislocation glide.
Consequently, the flow stress increases with increasing strain rate following a power law relation with relatively small exponents, ¢ «
&M (m < 1) (Cao et al., 2019; El Ters and Shehadeh, 2019). Dislocations can only glide through obstacles continuously if the applied
stress is high enough for them to overcome the energy barrier without relying on thermal activation (Blaschke et al., 2021; Regazzoni
etal., 1987; Zhang et al., 2023). Continuous dislocation glide leads to an acceleration of dislocations to high velocities to accommodate
an imposed high strain rate. Fast moving dislocations experience drag forces arising from their interaction with elementary lattice
excitations such as phonons and electrons (ALSHITS, 1992; Olmsted et al., 2005; Rhee et al., 1998). At temperatures exceeding about
one fifth of the Debye temperature phonon scattering and viscosity dominates the drag effect (Blaschke, 2019; Blaschke et al., 2020;
Nadgornyi, 1988) and will be the primary focus in this work. In the dislocation-phonon regime, significantly higher strain rate sen-
sitivities are observed with the power law exponent approaching unity, i.e., 6 « & (Meyers, 1994).

The linear proportionality between the drag force and the average dislocation velocity (Chandra et al., 2018; Kim and Kim, 2021;
Yanilkin et al., 2014) has served as a focal point in a number of experimental techniques, as well as in atomistic simulations, to quantify
the dislocation-phonon drag coefficient. Because the applied force or stress is typically a known factor, the objective in all these
approaches is to determine the dislocation velocity or mobility (Greenman et al., 1967; Jassby and Vreeland, 1970). Direct imaging of
dislocation motion is one approach to measure dislocation mobility, particularly suited for single crystals. A few dislocations are
generated on the surface of a specimen and forced to move in a specific slip direction when the specimen is loaded. Resolving the
position of the dislocation either with in-situ microscopy (Voisin et al., 2020; T. 2017) or with etch pitting before and after deformation
(Alshits et al., 1985; Gorman et al., 1969; Johnston and Gilman, 1959; Vreeland, 1984) can be used to determine the drag coefficient
(Jassby and Vreeland, 1973, 1971, 1970; Parameswaran et al., 1972). In high-strain rate deformation experiments such as Kolsky bar
tests, the average dislocation velocity (and thus the drag coefficient) can be calculated if the density of mobile dislocations is known a
priori (Dharan and Hauser, 1973; Kumar et al., 1968; Kumar and Kumble, 1969; Wulf, 1979) or measured in-situ (Magagnosc et al.,
2021; Nie et al., 2020b). In atomistic simulations, on the other hand, the focus is usually on the motion of a single dislocation on the slip
plane (Blaschke, 2019; Blaschke et al., 2021). The ratio of the resolved shear stress to the dislocation velocity is the dislocation drag
coefficient, which has been systematically studied over a wide range of stresses and temperatures for pure metals and alloys (Bao et al.,
2022; Bitzek and Gumbsch, 2004; Blaschke, 2019; Kuksin et al., 2008; Mordehai et al., 2003; Tian et al., 2023).

These approaches have resolved a number of fundamental concepts pertinent to dislocation drag including different temperature
dependencies for different crystal structures in pure metals (Kuksin et al., 2008; Patel and Kalidindi, 2017; Queyreau et al., 2011; Saleh
et al.,, 2019; Wang et al., 2019b) and the role of alloying elements (Blaschke, 2019; Bryukhanov, 2020; Osetsky et al., 2019) on
increasing the drag threshold stress and the drag coefficients. Nevertheless, there are inherent limitations associated with them. Direct
imaging of dislocations to measure mobility is limited only to materials with low dislocation densities where individual dislocations
can be discerned (Al’shitz and Indenbom, 1975). The majority of the atomistic simulations remain focused on idealized microstructural
configurations (Kuksin and Yanilkin, 2013). Recently, atomistic-informed multi-scale simulations were shown to be able to capture
more complex dislocation configurations (Mayer et al., 2022; Pogorelko and Mayer, 2023). Nevertheless, these approaches are limited
to nanometer-sized length scales due to the computational cost. High-strain-rate experiments require a knowledge of mobile dislo-
cation density to quantify dislocation drag (Dharan and Hauser, 1973; Ferguson et al., 1967). Above all is the tacit assumption in all
these approaches that the material flow is exclusively governed by dislocation-phonon drag. It may be true that thermal activation is
swamped by dislocation drag for extremely high-rate deformations, but it remains nontrivial for the strain rate regime typically probed
experimentally for the drag regime, i.e., 10°-10° s!. The question we pose is how to truly isolate the contribution of the
dislocation-phonon drag to the plastic flow in metals.

Here we address this question by switching deformation regimes while keeping the deformation length scale and geometry the
same. Specifically, we use two impression-based techniques: spherical nanoindentation and laser induced microprojectile impact
testing (LIPIT). The former has been routinely used for measurements of material hardness (Jun et al., 2016; Maier et al., 2011; Varam
etal., 2014; Zhang et al., 2018). It has been also used to determine constitutive parameters especially when coupled with constitutive
modeling schemes (Dean and Clyne, 2017; Jeong et al., 2022; Liu et al., 2020; Lu et al., 2020; Park et al., 2023). The latter is a rather
recent development for studies of materials under impact loading (Cai and Thevamaran, 2020; Dowding et al., 2020; Griesbach et al.,
2023; Hassani et al., 2023, 2020b; Hassani-Gangaraj et al., 2019, 2018b, 2018c, 2018a; M. 2017; Hyon et al., 2018; Lee et al., 2014,
2012; Thevamaran et al., 2020, 2016; Xue et al., 2017). In LIPIT, a micrometer-sized spherical projectile is launched and impacted onto
a target material at high velocities (up to ~1.5 km/s), resulting in characteristic strain rates beyond 10° s~%. LIPIT has been used for
measuring dynamic hardness of metals (Cai et al., 2023; Hassani et al., 2020a) and constitutive modeling at high rates (Chen et al.,
2018; Chen et al., 2023; Larkin et al., 2022; Wang and Hassani, 2020; Xie et al., 2017). The analogy between spherical nanoindentation
and LIPIT is clear; the rigid spherical particle as the projectile in LIPIT produces a spherical impression similar to spherical nano-
indentation. However, the difference is mechanistic. Thermally activated motion of dislocations is the operative mechanism during
spherical nanoindentation, whereas LIPIT involves both thermal activation and dislocation-phonon drag.

The coupling of nanoindentation and LIPIT, from a modeling point of view, requires the use of constitutive models that can
represent multi-strain-rate regimes. Phenomenological models (Baig et al., 2013; Johnson and Cook, 1985; Khan et al., 2004; Khan and
Liang, 1999) can provide satisfactory predictions but are not mechanistic. On the other hand, internal state variable models such as
dislocation density-based models (Estrin, 1998; Estrin and Mecking, 1984; Mecking and Kocks, 1981; Toth et al., 2002) and the
mechanical threshold stress model (Follansbee and Kocks, 1988) are mechanistic, but their applications are limited to strain rates
below 10* s~1 (Babu and Lindgren, 2013; Baik et al., 2003; Lemiale et al., 2010; Nemat-Nasser and Li, 1998). Preston-Tonks-Wallace
(PTW) model offers accurate predictions of material behavior over decades of strain rates, from 10> to 10'2s™!, by combining thermal
activation at low rates (<10* s™1) with the power-law behavior at the overdriven shock regime (>108 s71) (Preston et al., 2003;
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Wallace, 1981). However, the quantification of dislocation-phonon drag using PTW model is not ideal since a physical description of
the transitional regime (10*-10% s™1) is lacking. More recent developments reported dislocation density-based models considering
hardening mechanisms stemming from long-range barriers (athermal stress), short-range barriers (thermal activation stress), and
dislocation-phonon drag (Austin and McDowell, 2012, 2011; Barton et al., 2011; Gao and Zhang, 2012). While these models provide
insight into deformation mechanisms and microstructure evolution, they are expensive to calibrate, typically requiring stress-strain
curves at multiple strain rates and temperatures from Kolsky bar tests for strain rates up to 10% s (Khan et al., 2007; Lee et al.,
2006; Lennon and Ramesh, 2004; Morrow et al., 2016; Nemat-Nasser et al., 1999; Nemat-Nasser and Guo, 2000; Nemat-Nasser and
Isaacs, 1997), and pressure-shear plate impact tests for strain rates up to 10% s™! (Clifton, 1985; Frutschy and Clifton, 1998; Gilat and
Clifton, 1985; Klopp et al., 1985; Tong et al., 1992).

In this work, we leverage the mechanistic difference for similar deformation geometry with spherical indentation and LIPIT to
quantify dislocation drag. We further analyze the LIPIT data from our previous publication (Hassani et al., 2020a) and produce
spherical impressions with comparable volumes using nanoindentation. We precisely measure the plastic work for each impact and
indentation impression and show a significant increase for LIPIT impressions compared to spherical nanoindentation impressions. We
integrate the classical descriptions of the key deformation mechanisms, athermal hardening, thermal activation and
dislocation-phonon drag, along with necessary assumptions to reduce the calibration cost. Our results will demonstrate that, with a
limited number of nanoindentation and LIPIT measurements and through a computational cost-effective parameter calibration, this
model can accurately predict constitutive parameters for decades of strain rates ranging from quasi-static up to 10% s~1. The integrated
experiment and constitutive modeling can precisely quantify the dislocation-phonon drag regime as well as its contribution to plastic
flow in metals.

2. Material and method
2.1. Experiment

We chose copper (Cu) as a model FCC metal for this work. A Cu plate purchased from Alfa Aesar (Ward Hill, USA) was cut into
12x12x3.175 mm plates using a precision low-speed diamond saw. The Cu plates were then ground and polished to nominally 0.04
pm surface finish following standard metallography sample preparation procedures. The specimen microstructure was characterized
by electron backscatter diffraction (EBSD) using a Zeiss Sigma 500 scanning electron microscope (SEM). A scanning step of 0.13 pm
was used to map an area of 39x52 pm for EBSD. Nanoindentation was conducted using a micromechanical testing stage (Alemnis AG,
Switzerland) and a 10-pm diameter spherical diamond tip (Fig. 1a). The nanoindentation experiments were conducted under constant
strain rates of 1 s 7%, 10 s~ and 100 s~! and with a range of indentation depths from 1 to 5 pm. For the LIPIT experiments, alumina
particles purchased from Inframat Advanced Materials LLC (Amherst, USA) were dispersed on top of a launch pad. The launch pad
consisted of a 30-pm thick polyurea (PU) film, a 60-ym gold layer and a 210-pm thick glass substrate. A laser pulse (10-ns duration,
532-nm wavelength, pulse energy up to 60 mJ) was focused onto a 50-upm-diameter spot to ablate the sacrificial gold film and
consequently expand the PU film, which in turn launched a selected alumina particle. The impact and rebound processes were captured
by a high-speed camera (SIMX 16, Specialised Imaging) illuminated by a laser pulse (10-ps duration, 640-nm wavelength). In total,
twenty four impact experiments were conducted with particle diameters in the range of 10-19 um and impact velocities in the range of
175-727 m/s. The impact data produced by LIPIT is taken from our previous publication (Hassani et al., 2020a) and further analyzed
here. The spherical impressions were characterized using a Tescan Mira3 high-resolution SEM and a 3D laser-scanning profilometer
(Keyence VK-X260). Both LIPIT and nanoindentation were conducted site-specifically to enable us to precisely correlate the charac-
teristics of the impressions (e.g., depth and volume) to the driving parameters (e.g., indentation force, impact velocity, and plastic
work).

2.2. Constitutive model

We develop a physically-based constitutive model to account for three main deformation mechanisms following the classic previous
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Fig. 1. Schematics of the experimental setups: (a) spherical nanoindentation, and (b) laser-induced microprojectile impact testing (LIPIT).
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works (Estrin and Mecking, 1984; Gilman, 1969; Harold and Ashby, 1982; Kocks and Mecking, 2003; Meyers, 1994): athermal
hardening, thermally activated dislocation motion, and dislocation drag. We model the flow stress as an additive term considering
these three contributions:

0=0,+0y+04 (€9)]

The additive form of the equation enables us to identify the dominant mechanism and quantify the contribution of each mechanism
to the overall material behavior across various strain rates and temperatures.

2.2.1. Thermal activation

When a dislocation bypasses a short-range obstacle (e.g., solute atoms or another dislocation), it moves from one equilibrium
position to the next by overcoming an energy barrier associated with the obstacle. A threshold stress, 6o, can be defined as the stress
required to move a dislocation past the obstacle without thermal energy, i.e., at 0 K. By increasing the amplitude of atomic vibrations at
finite temperatures, the thermal activation, AG, facilitates the barrier overcoming and thus reduces the required stress (Meyers, 1994):

1/p
AG 1/q
o 60{1 - L’olllﬁ} } @

where gy is a constant associated with the strength of the obstacles and of the order 0~2 depending on the microstructure (Harold and
Ashby, 1982), b is the magnitude of the Burgers vector, u is the shear modulus, and p and q are constants exponents describing the
shape and spacing of energy barriers associated with the obstacles. Cu has an FCC crystal structure in which forest dislocations are the
primary short-range obstacles (Meyers, 1994; Nemat-Nasser and Li, 1998). Here p = 2/3 and q = 2 are used to describe the energy
barriers of forest dislocations (Liu et al., 2015a; Nemat-Nasser and Li, 1998). The temperature and rate dependency of the thermal
activation can be described as:

AG = kTln (%) ©)

where ¢ and & are the imposed and reference strain rates, T is the temperature, and k is the Boltzmann constant. We also treat the shear
modulus to be temperature dependent (Varshni, 1970):

a

" exp(T,/T) — 1 ()]

u(T) = pq
where i is the shear modulus at 0 K, and a and T, are constants describing the decay in shear modulus as the temperature increases.

2.2.2. Athermal hardening

In addition to the short-range interactions, the potential field of long-range obstacles such as far-field forest dislocations and grain
boundaries provides resistance to dislocation motions (Babu and Lindgren, 2013; Nemat-Nasser and Guo, 2000; Nemat-Nasser and Li,
1998). This resistance depends on the microstructure of the material and is athermal as it cannot be overcome by thermal activation
energy:

6o = aub.\/p, 5)

where a is a constant close to unity, and p; is the total dislocation density of the material. Dislocation density evolves through the
simultaneous processes of accumulation and annihilation as the material undergoes straining. Moving dislocations can be trapped and
accumulate at impenetrable obstacles on their glide planes. The rate at which dislocations accumulate with plastic strain is propor-
tional to the average spacing of dislocations, /p,. On the other hand, annihilation takes place by a dynamic recovery process where
stored dislocations leave the glide planes by cross-slip or dislocation climb. As a result, the rate of dislocation annihilation is dependent
on the total dislocation density with a proportionality that is temperature and strain rate dependent (Agaram et al., 2021). The
evolution of the total dislocation density with plastic strain, &,, can be modeled as (Estrin, 1996; Estrin and Mecking, 1984):

d, .
=k~ k(& Tp, ©

&
where kj is a constant parameter. The second term kz (¢, T) = koo /r(¢, T) describes the strain rate and temperature dependency of
dynamic recovery with kyo being a constant and r(¢, T) taking a thermal activation form (Kocks and Mecking, 2003):

B kT eV
{1 @)} ?

2.2.3. Dislocation drag
If the applied stress is large enough, dislocation can bypass obstacles continuously. In this case, dislocations are accelerated to high
steady velocities. Fast moving dislocations experience a drag force that is proportional to their velocity. We model the dislocation-
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phonon drag by a stress term proportional to the dislocation velocity:
MvB
= 8
(] b ( )

where B is the phonon drag coefficient. As the amplitude of lattice vibration increases with temperature, we use a temperature-
dependent linear form for the drag coefficient (Blaschke et al., 2020; Harold and Ashby, 1982):

B =By +BT 9
where By and B; are constants. For a given imposed strain rate, ¢, the average velocity of mobile dislocations is inversely proportional
to the mobile dislocation density, pm,:

Mé
v=— 10)
Pub

We consider the mobile dislocation density, pm, to be a fraction of the total dislocation density p;,;, = fp.. Given that the likelihood of
mobile dislocations becoming pinned or trapped increases as the total dislocation density increases, we treat the fraction, f, to be a
decreasing function of the total dislocation density with a proportionality coefficient,®, (Gilman, 1969, 1965):

fi=fia[1=®(p; =pii )] an
where i and i-1 denote the values of the current and previous time steps respectively. The fraction of mobile dislocation density
described by Eq. (11) is implicitly strain-rate dependent due to the strain-rate sensitivity of the evolution of total dislocation density
(see Eq. (6)) and decreases as the total dislocation density increases. These behaviors are in accord with previous studies on mobile

dislocation density (Gasca-Neri and Nix, 1974; Kumar and Kumble, 1969; Ye et al., 2023).
As the dislocation velocity approaches the shear wave velocity of the material, v;, it exhibits an asymptotic behavior, ultimately
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Fig. 2. Finite element models for (a) nanoindentation and (b) microprojectile impact simulations. Sensitivity studuies of (c) element size and (d)
adaptive meshing frequency.
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converging towards vg (Meyers, 1994). Here, we simplify this relativistic relation with imposing a discrete upper bound on dislocation
velocity:

y <y, = \/E (12)
p

where p is the mass density.

Mass inertia can prevent instantaneous acceleration and stopping of a moving dislocation (Regazzoni et al., 1987). Therefore, it can
help dislocation overcome short-range obstacles inertially (Granato, 1971). However, this effect is limited to low temperatures
(Schwarz and Labusch, 1978). Considering that the dislocation-drag effect will be negligible at such low temperature (T < 50 K for Cu
(Schwarz et al., 1977)), the inertia effect is not included in the constitutive model. We have also neglected the effect of twinning with
the assumption of a smaller contribution compared to dislocation slip (Liu et al., 2015b; Meyers et al., 2001; Rohatgi et al., 2001). A
first order approximation of the effect of twinning on the flow stress (Bouaziz and Guelton, 2001; Moon et al., 2021) based on the
reported experimental shock-induced twin volume fraction (Meyers and Murr, 1981) and impact-induced twin thickness (Tiamiyu
etal., 2023) in Cu results in only a few percent contribution to hardening for the range of impact velocities studied here. Additionally,
we have neglected possible shock hardening effect (Hunter and Preston, 2022; Larkin et al., 2022) in our constitutive model
considering the power law decay of the shock intensity with the propagation distance (Zaretsky and Kanel, 2013). While in the
conditions of plate impact, the formed plane shock wave is the dominant process, during impact of a finite-size microprojectile, the side
(lateral) unloading greatly reduces the shock wave intensity. The main portion of the kinetic energy of the microprojectile is dissipated
in the course of localized dynamic severe deformation. A first order approximation of the shock-induced hardening based on the
experimental measurements of the dislocation density as a function of shock pressure (Murr, 1988) suggests ~4-8 % contribution to
the flow stress for the impact pressure range explored here (see supplementary materials). On these bases, we proceed with the
assumption that the majority of strengthening in the present case occurs through athermal, thermal activation, and dislocation drag
mechanisms. However, the approach can be in principle extended to capture additional hardening mechanisms and constitutive pa-
rameters which we leave to future studies.

2.3. Finite element implementation

We developed a VUHARD subroutine to implement the above constitutive framework in the Abaqus finite element (FE) simulation
package (Dassault Systemes, 2019). FE models were developed to simulate nanoindentation and microprojectile impact experiments.
The deformation geometry for nanoindentation and LIPIT is similar, as both experiments induce spherical impressions with rigid
spherical objects. Therefore, the spherical diamond indenter, the impacting alumina particle, and the resulting impressions can be
idealized as axisymmetric and simulated by 2D axisymmetric models. A rigid indenter and a deformable substrate (Fig. 2a) were used
for nanoindentation simulations. The displacement of the indenter as a function of time recorded from the experiments was used as a
boundary condition for the indenter in the simulations. Microprojectile impact was simulated using a rigid sphere projectile and a
deformable substrate (Fig. 2b). Sphere diameters and initial velocities measured from LIPIT experiments were applied for the simu-
lations. The radius and height of the substrate were set as 5 times the indenter radius for nanoindentation simulations and 10 times the
sphere radius for impact simulations.

Both indentation and impact simulations were conducted using a thermo-mechanically coupled model. The fraction of plastic work
converted into heat is described by the Taylor-Quinney coefficient, which has been reported to be dependent on the material,
microstructure, and the deformation process (Lieou et al., 2019; Nieto-Fuentes et al., 2018; Rittel et al., 2017; Salehi and Kingstedst,
2023; Zaera et al., 2013). For Cu, the Taylor-Quinney coefficient varies in the range of 0.4 to 0.95 and increases with strain rate and
plastic strain (Rittel et al., 2012; Soares and Hokka, 2021). Considering that the temperature rise is negligible in the nanoindentation,
and the strain rate introduced by LIPIT is several orders of magnitude higher than in previous works (up to 10* s71), we assumed a
value of 0.9 for Taylor-Quinney coefficient.

Element size sensitivity was investigated using 1-pm nanoindentation simulations with 1 51 strain rate (Fig. 2c), with element
resolutions ranging from 1/50 to 1/200 of the indenter diameter. The peak load varies within 1 % across all simulations, indicating
convergence in predictions. The indenter, the sphere projectile, and the deformation region of the substrate were discretized with an
element resolution of d/100, where d is the indenter diameter for nanoindentation simulations and sphere diameter for LIPIT simu-
lations. Adaptive meshing is used to avoid severely distorted elements during simulations. The adaptive meshing frequency sensitivity
was assessed by conducting nanoindentation simulations with one remeshing sweep every 1-15 increments (Fig. 2d). Convergence in
prediction is observed across all simulations, with the peak load varying within 1.3 %. Therefore, one remeshing sweep per 10 in-
crements was used in nanoindentation and LIPIT simulations.

Previous work shows that the nanoindentation load-displacement prediction is insensitive to friction coefficient until reaching
large indentation depths, approximately 50 um (Jeong et al., 2020). The friction coefficient has been also shown to have a minor effect
on plastic strain and temperature in microprojectile impact simulations (Li et al., 2009). The frictional dissipated energy is a very small
fraction of the total internal energy when the friction coefficient is set to be 0.4 (Li et al., 2009). Therefore, contact was assumed to be
frictionless for both indentation and impact. The substrate bottom was constrained against all degrees of freedom, and the initial
temperature was set to 298 K.
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3. Results and discussions
3.1. Microstructure characterizations

Fig. 3a shows an inverse pole figure map of the Cu target microstructure. A threshold angle of 2° was used in determining the
boundaries. We have measured the average grain size to be 5.914+2.21 pm. The distribution of misorientation angle is shown in Fig. 3c,
in which we observe two peaks around 4° and 58°. This feature was reported for deformed materials (Elizalde et al., 2020; Zolotorevsky
et al., 2019) and can be attributed to the processing of the Cu plate.

3.2. Spherical nanoindentation and microprojectile impact

Fig. 4a shows load-displacement data obtained for different indentation depths at the strain rate of 1 s~. We measured the plastic
work for each indentation by measuring the area enclosed by the loading and unloading curves. The impression volumes were
measured using a 3D laser-scanning profilometer. The base surface is set such that the conservation between pile-up volume and
indentation volume is satisfied (Cai et al., 2023; Hassani et al., 2020a). Fig. 4b shows the plastic work per unit volume of indentation as
a function of the indentation depth for the indentations conducted at the strain rate of 1 s~*. We have also measured plastic work per
unit volume for 1-um indentations at different strain rates (see Fig. 4c). We observe an increasing trend for the plastic work per unit
volume as a function of both indentation depth and strain rate, which we attribute to strain hardening and strain rate hardening
respectively. Our results can be fitted with power laws with weak exponents, i.e., 0.05 for indentation depth and 0.015 for strain rate.
Specifically, the latter correlates well with the experimental measurements of strain rates sensitivities for Cu in the thermal activation
regime (Follansbee and Kocks, 1988).

Fig. 5a shows exemplar snapshots for a 13.5-pm alumina particle impacting a Cu substrate at 727 m/s. Microprojectile impact and
rebound velocities were measured in real time and used to calculate the ratio between the two, known as the coefficient of restitution
(CoR). Fig. 5b shows the CoR as a function of impact velocity for twenty four such impacts in a wide range of impact velocities. We
observe a decreasing trend for CoR approaching a plateau as impact velocity increases. Using the real time measurements of the impact
and rebound velocities, we can precisely determine the plastic work done during each impact induced deformation by Eq. (13), where
Eimpact and Erepoynd are the kinetic energies of the alumina particle during impact and rebound, and v; and v, are impact and rebound
velocities respectively (Hassani et al., 2020a). Because we do not observe any flattening nor fracture in the alumina particles, we
attribute the change in the kinetic energy exclusively to plastic work. Fig. 5b also shows the plastic work normalized by the impression
volume. Despite the data scatter due to the microprojectile size variation (ranging from 10.3 pm to 19 pm), there is a gradual increase
in the normalized plastic work as the impact velocity increases. We attribute this trend to the fact that impacts at higher velocities
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deform the Cu substrate to higher strains and at higher strain rates, during which a higher resistance to plastic deformation is expected.
Additionally, the plastic work per unit deformation volume of LIPIT is 3~4 times higher than that of nanoindentation, primarily
because the material deforms at much higher strain rates.

1
W, = Eipact — Erepouna = M (V,z - Vf) (13)

3.3. Plastic work in different mechanistic regimes

The plastic work is a critical parameter that enables direct comparison of spherical nanoindentation with spherical microprojectile
impact. Fig. 6a and 6b show the morphology of the two impressions produced by nanoindentation and impact. Fig. 6¢c and 6d show the
reconstruction of the same impressions with laser confocal microscopy. The two impressions have the same depth (3 pm), closely-
matched impression profiles (see Fig. 6e), and comparable volumes, i.e., 98 um® for nanoindentation and 104 um?® for impact. The
only notable difference is the strain rate at which plastic deformation occurred to generate these two impressions. The impression in
Fig. 6a was created by nanoindentation at a constant strain rate of 1 s~*. The nominal average strain rate in microprojectile impact is
estimated as ¢ = v;/d, where v; is the impact velocity, d is the particle diameter. The impression in Fig. 6b was produced by a 10-pm
alumina particle impacting Cu at 696 m/s, resulting in a nominal average strain rate on the order of ~10% s™1. The significantly
different strain rate regimes result in significantly different plastic works to create a similar impression; we measured 140 nJ and 553
nJ plastic work for the indentation and impact impression respectively. This is a significant increase in plastic work for the same
volume which we attribute to the dislocation-phonon drag mechanism that is absent in nanoindentation but operative during impact.

Measuring plastic work for all the nanoindentation and impact experiments and plotting it as a function of impression volume in
Fig. 7 clearly separates the two strain-rate regimes. The plastic work increases with the impression volume for both indentation and
impact. However, it is consistently higher for impact over the impression volume range studied here (40 to 550 pm®). Dislocation-
phonon drag is the primary mechanism responsible for the significant difference observed between the two sets of plastic work.
Our approach therefore provides an experimentally measurable index that can isolate the dislocation drag effect and will be the basis
for the constitutive modeling (next section) to quantify it.
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Fig. 6. (a,b) Scanning electron micrographs and (c,d) laser confocal microscopy reconstructions of two impressions produced by (a,c) spherical
nanoindentation at 1 s~ strain rate and (b,d) laser-induced microprojectile impact at 696 m/s. (e) Comparison of the geometry of the two im-
pressions. The two impressions are spherical and have similar depths but consumed significantly different plastic works: 140 nJ for nanoindentation
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Fig. 7. Plastic work as a function of impression volume clearly separates the two mechanistic regimes for microprojectile impact (¢ >10° 1) and in
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3.4. Constitutive model calibration

We conduct the constitutive model calibration in two steps. First, the athermal and thermal constitutive parameters are calibrated
using 1-pm nanoindentation experiments at 1 s~ and 100 s strain rates and validated with nanoindentation at the 10 s~ strain rate.
Next, the dislocation drag constitutive parameters are calibrated using LIPIT measurements. Based on the indent depth and assuming a
perfect spherical shape for the indenter, we estimate the width of the 1-pm nanoindentation impression to be 6 pm, which is
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comparable to the average grain size. Since the size of the indentation-induced plastic zone is approximately 2.4 times the radius of the
contact area (Mohan et al., 2021) we can conclude the even the shallowest indentation and impact impressions in the present work
have involved several Cu grains in the plastic zone. In fact, our simulations show that, for example, the volume of the plastic zone for
impact velocities of 175 and 666 m/s with a 17-um projectile is 4380 and 29,177 um?, respectively. Considering the average grain size
in the Cu target, these plastic volumes engage 40 and 270 grains for the low and high velocity impacts. This makes the choice of a
continuum framework for constitutive modeling reasonable. Our choice is also motivated by the negligible orientation effect reported
for the coefficients of restitution measured for microprojectile impacts on FCC single crystals (Cai et al., 2023), as well as by several
continuum simulations for constitutive modeling based on microprojectile impacts on metals(Chen et al., 2023; Larkin et al., 2022;
Rahmati et al., 2021; Rahmati and Jodoin, 2020; Wang and Hassani, 2020; Xie et al., 2017). Furthermore, Nguyen et al. (2017)
proposed that all possible slip systems can be activated during the spherical cavity growth and applied a modified J2 theory to predict
this process, which was shown to agree well with direct numerical simulations. Creating spherical impressions in a Cu substrate
through nanoindentation and LIPIT is analogous to spherical cavity growth, further supporting the use of a continuum approach.

In both calibration steps (indentation and LIPIT), we use iterative FE simulations coupled with genetic algorithms (GA) to minimize
an error function. GA generates an initial population of trial parameter sets that map the space defined by the lower and upper bounds
for each constitutive parameter. The trial parameter sets are then used in FE simulations to predict the deformation behavior. The
parameter sets that minimize the error between experiments and predictions are then used to create the next generation of parameter
sets through crossover and mutation (Melanie, 1996). Each generation includes 50 trial parameter sets. The optimization is done
iteratively until the same minimum error is resulted after five consecutive generations.

Starting with the nanoindentation experiments, the FE-predicted, and experimental load-displacement data was discretized into 50
data points along the loading curve, and a mean absolute percentage error (MAPE) is defined as the error function:

Zn ‘ Frei—Fexp,i
i Fops

MAPE = 14
Where n = 50 is the number of discretized data points, and Fgg; and Fyy,; are the predicted and experimental loads at each point. The
athermal constitutive parameters, k; and ko, and the thermal activation constitutive parameters gy and o, were optimized by GA to
minimize the error function. After the calibration, FE prediction for the 10 s~ nanoindentation was conducted to validate the
constitutive parameters set. A comparison of the predicted and measured load-displacement curves for 1 s, 1057, and 100 s7!
nanoindentations are shown in Fig. 8. While it is expected to observe good match for the 1 s~* and 100 s~! cases because they have
been used in the calibration procedure, the reasonable agreement between the experimental and predicted load-displacement data for
the indentation with 10 s™! strain rate serves as validation for the athermal and thermal constitutive parameters calibration.

Moving to microprojectile impact, we used both experimentally measured CoR and impression depth in a weighted form to define
the error function. CoR reflects the portion of the kinetic energy consumed during deformation, which is influenced by both material
strength (hardening) and the deformation volume. Therefore, we include impression depth as part of the error function to account for
the impression size effect on the material hardening.

n ‘ CoRFE,i—CoRexp i | |’7FE.: —hexp,i
2 (W X o T (=W)X
MAPE =

n

(15)

In Eq. (15), n is the number of impact experiments used in the calibration, w and (1-w) is the weights assigned for the CoR and the
impression depth respectively. Considering that the CoR is the in-situ measurement of material dynamic behavior, which is the focus of
the calibration, we assign a higher weight of 0.8 to the CoR in the calibration. We set the weight of impression depth to be 0.2 as it is
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Fig. 8. Comparison of the experimental measurements and finite element predictions of the load-displacement curves for 1-ym indentations at

constant strain rates of 1 s™%, 10 s~ and 100 s 1.
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introduced as an additional constraint to the calibration results. Eight impact experiments were selected for model calibration, which
span the explored particle size range (13-19 pm) and the impact velocity range (175-716 m/s). The results for the remaining impact
experiments were used for validation. Fig. 9a shows a comparison between the experimental and the predicted plastic work per unit
particle volume as a function of impact velocity. Fig. 9b compares the experimental and the predicted impression depths normalized
with the diameter of the impacting particles as a function of impact velocity. Both the eight impacts used for calibration and the
remaining sixteen impacts used for validation show good agreement between the measured and simulated responses, which validate
the calibrated dislocation drag constitutive parameters, By, B; and ®.

Table 1 summarizes the material parameters used in the model together with the calibrated parameters. For microstructures having
forest dislocations as the primary source of short-range barriers, the range of g is typically 0.2-1 (Harold and Ashby, 1982). Our g
calibration falls into this range and is closer to the upper bound which aligns with the EBSD analysis of a complex dislocation structure
with relatively high dislocation density. k; has been reported as 680 um ™ for Cu (Liu et al., 2015a) and 568 um ™! for $$304 alloy (Liu
et al., 2014). The value resulting from our calibration deviates from previous works since k; is microstructure dependent. However, it
exhibits comparable orders of magnitude. Direct comparison of kz¢ is not applicable as the prior works (Liu et al., 2015a, 2014) used
different models for dislocation annihilation. The calibration results for the phonon-drag coefficient and the threshold stress are
discussed in Section 3.5. The initial dislocation density (py9) was estimated by an empirical relationship, dy = ko/,/py (Lemiale et al.,
2010), where ko is a constant and was determined to be 19.1 for Cu using grain size and dislocation density measurements by Hu et al.
(2017). Based on the average grain size characterized in Section 3.1, an initial dislocation density of 10'® m~2 was used in our sim-
ulations. The initial fraction of the mobile dislocations is challenging to measure experimentally and has been assumed to be 0.5 to fit
the LIPIT observations shown in Fig. 9.

3.5. Quantifying dislocation drag

The constitutive modeling approach described above together with the nanoindentation and microprojectile impact experiments
enable us to isolate and quantify the dislocation drag behavior. Fig. 10 shows the phonon drag coefficient quantified with our approach
compared to those from literature using experiments or molecular dynamics (MD) simulations. While the impact experiments were
conducted at room temperature, the impact-induced adiabatic temperature rise captured in our thermo-mechanically coupled FE
simulation enables us to determine the temperature dependency of the dislocation drag within the temperature range recorded in our
impact simulations (the solid black line). Our results correspond well with both experimental measurements and MD predictions, not
only within the explored temperature range, but also when extrapolated to higher or lower temperatures. Specifically for low tem-
peratures, while we have not imposed a zero intercept in the model (see Eq. (9)), our model predicts insignificant drag coefficients. This
matches the expected behavior for FCC metals that the drag coefficient vanishes as the temperature approaches 0 K. For example, drag
coefficients on the order of 10~° Pa.s have been measured for Cu and aluminum (Al) at 4.2 K (Hikata et al., 1970; Jassby and Vreeland,
1973). Similarly, MD simulations predict drag coefficients in Cu and Al approaching zero with the decrease in temperature (Bitzek and
Gumbsch, 2004; Kuksin and Yanilkin, 2013; Oren et al., 2017). This behavior is attributed to suppressed thermally activated atomic
vibrations at extremely low temperatures (Kuksin and Yanilkin, 2013), and is captured with our approach.

We also quantified the thermal activation threshold stress (o) to be 551 MPa. The threshold stress depends on the initial
configuration of forest dislocations in FCC metals. Different dislocation structures resulting from different processing conditions
(Landau et al., 2009; Yang et al., 2021) makes a direct comparison of this parameter from one study to another challenging. Never-
theless, we observe a logical pattern when comparing our thermal activation threshold stress with literature data. For perfectly
annealed Cu, the threshold stress ranges from 40 t0o150 MPa (Hu et al., 2017; Nemat-Nasser and Li, 1998), while for as-processed
(deformed) Cu plate with a grain size of 30-40 pm, the threshold stress falls within the range of 114-400 MPa (Follansbee and
Kocks, 1988; Gourdin and Lassila, 1992; Nemat-Nasser and Li, 1998). The threshold stress predicted in this work is higher than these
measurements which we attribute to the smaller grain size (5.91 pm) in our Cu plate compared to other works.
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Fig. 9. Comparison of the experimental measurements and finite element predictions of (a) impact-induced plastic work and (b) impact-induced
impression depth as functions of impact velocity.
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Table 1
Material parameters for Cu.
Known Calibrated
Ho, GPa 45.73 kg, pm~? 141.55
a, GPa 3.62 kzo 2.08
T, K 207.9 2 0.93
b, um 0.000256 60, MPa 551.5
g, 571 2 x 10'° By, Pa-s 8.18x10°8
k, nJ/K 1.38x107 14 By, Pa-s/K 6.67x10°8
P 0.67 ®, pm? 0.0035
q 2
a 0.765
M 3.06
Prmass> §/cm> 8.96
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Fig. 10. Comparison of the quantified phonon drag coefficient with previous experimental measurements and atomistic simulations (Bitzek and
Gumbsch, 2004; Jassby and Vreeland, 1973; Kuksin and Yanilkin, 2013; Mayer et al., 2022; Oren et al., 2017; Suzuki et al., 1964).

3.6. Dislocation velocity

The average dislocation velocity as a function of the flow stress are shown in Fig 11 for two conditions of flow stress with and
without the dislocation-phonon drag contribution. The temperature and dislocation density are set as 300 K and 10'% m~2 respectively.
For both cases, the dislocation velocity is negligible under low stresses and starts to accelerate with increasing stress. The difference
arises when the stress approaches the threshold stress (Regazzoni et al., 1987). The velocity shows an abrupt acceleration toward
infinity when dislocation-phonon drag is absent. However, in the presence of dislocation-phonon drag, the dislocation velocity
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Fig. 11. Stress dependence of the average dislocation velocity.
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increases more gradually and shows a linear relationship to the flow stress at high flow stress region (6/6p>1). Because of the
assumption in Eq. (12), the relativistic effect is not captured by the model, and thus the dislocation velocity reaches to an upper limit
when 6/6¢ =~ 1.56.

3.7. Thermal activation vs. dislocation drag: mechanistic contributions

We chose impressions created by microprojectiles of similar sizes but different velocities for a detailed analysis of the mechanistic
contributions to impact-induced deformation. Fig. 12a shows the laser confocal microscopy reconstruction of the three impressions. As
impact velocity increases, the impression depth, width, and volume increase. Our finite element simulations also show the same trend.
The plastic flow in all these cases is accommodated by ~2 orders of magnitude increase in the total dislocation density. For the low
impact velocity (175 m/s), dislocation density increases from 10*> m~2 to 10*®> m~2, while for medium impact velocity (434 m/s), the
increase is much higher resulting in a maximum dislocation density of 2x10'®> m~2. We do not observe a significant increase in the total
dislocation density from the 434 m/s impression to the 666 m/s. In fact, there is a subtle decrease in the maximum total dislocation
density at the pile-up region, which we attribute to the adiabatic temperature rise in that localized deformed region. In the central
regions where the adiabatic temperature rise is not as severe, the dislocation density continues to increase from 434 to 666 m/s.
Overall, the results are in qualitative agreement with the measurements of geometrically necessary dislocations for impact-induced
impressions on single crystal Al (Cai et al., 2023) where dislocation densities of 1014, 2x10' and 1.8x10™ m~2 were reported for
impact velocities of 125, 353, and 550 m/s. These densities are an order of magnitude lower compared to our predictions, which we
attribute to much lower initial dislocation density in a single crystal Al compared to our polycrystalline Cu with 5.91 ym average grain
size. Nevertheless, the overall trend and subtle decrease in the maximum dislocation density from medium impact velocity to the
highest is what we also observe in our simulations.

To find the contribution of different mechanisms to the plastic flow, we compute the increment of plastic work for every element at
every time increment in our FEM model:

AW =06 x Ae xV ae)
where A¢ is the incremental plastic strain, V is the element volume, and o is the flow stress for every element at each time increment.

We also compute the strain rate and associate it to the plastic work at every increment. This approach enables us to fractionalize the
plastic work done by each mechanism at different strain rates. Fig. 12c shows the contributions from athermal hardening, thermal
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Fig. 12. (a) Laser confocal reconstruction of the impact-induced impressions, (b) finite element predictions of the impact-induced deformation and
the distributions of total dislocation density, and (c) mechanistic contributions by athermal, thermal activation and dislocation drag mechanisms to
the overall plastic work for three impact velocities: 175, 434, and 666 m/s.
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activation, and dislocation drag for the three impact velocities. The fraction of the plastic flow at strain rates smaller than 10°s Lisless
than 1% in all these cases. The majority of plastic deformation takes place at strain rates on the order 107 s™1. We also observe a
significant increase in the plastic deformation at strain rates on the order of 10% 571, from 175 to 434 m/s, followed by a more gradual
increase from 434 to 666 m/s. From a deformation mechanism perspective, we observe that while high-strain-rate deformation is
primarily dominated by dislocation drag, notable contributions from other mechanisms are also present. The overall contribution of
dislocation drag increases from 54 % to 57 % to 59 % as impact velocity increases from 175 to 434 to 666 m/s. We still observe a
significant contribution from thermal activation, i.e., 39 %, 32 %, and 30 % respectively. This is driven by the strain rate dependency of
this mechanism. The overall contribution of athermal hardening aligns with the evolution of dislocation densities, increasing from 7.5
% to 11 % as the impact velocity increases from 175 m/s to 666 m/s.

3.8. Deformation mechanism maps

Using the results of our integrated experimental and computational framework, we can now develop precise deformation mech-
anism maps for Cu. One example for a constant microstructure and strain is shown in Fig 13a. While our focus in this work is the
transition from the thermal activation to the dislocation drag regime, we have also calculated and included the creep regime in Fig. 13a
for the sake of completeness following Ashby’s approach (Harold and Ashby, 1982). Diffusion is not included in this map as it is
operating in extremely low strain rates (Harold and Ashby, 1982). In finding the rate limiting mechanism between dislocation-glide
plasticity and creep, we determined the operative mechanism as the one requiring less stress under the same temperature and strain
rate conditions. We used our constitutive model for the transition from thermal activation to dislocation drag. The mechanism that
offers the highest contribution to the flow stress is considered as the dominant mechanism. We overlay the map with contours of
normalized shear stress, 7,=7/u, to delineate the isostress loci within each deformation regime.

In addition to providing a quantitative map for plastic deformation, we find the following behaviors worthy of discussion. First,
increasing temperature has opposite effects in the thermal activation and the dislocation drag regimes. In the former, it results in a
decrease in the flow stress by providing a higher thermal activation energy. In the latter, however, it results in a higher drag coefficient
(see Eq. (9)) and thus increases the flow stress. This competing effect can justify the slight increase in the dislocation drag contribution
(5 %) from 175 m/s to 666 m/s (see Fig. 12c). Impacts at higher velocities induce higher rates but also results in higher temperatures.
Second, a closer look at the boundary between the thermal activation and the dislocation-phonon drag regime in Fig. 13b shows a very
gradual rather than a sharp transition. The contours in Fig. 13b represent the ratio of the dislocation drag stress to the overall flow
stress. For example, at room temperature (Thomologous = 0.22), for strain rates less than 10° 571, thermal activation stress contributes
more than 90 % of the flow stress. It takes ~2 orders of magnitude increase in strain rate for the dislocation drag stress contribution to
increase from 10 % to 90 %. This diffuse transition is in contrast to the commonly held view that this mechanistic transition occurs
within one order of magnitude strain rate (~10° s%). And lastly, due to the reversed temperature effect in thermal activation and
dislocation drag, we observe that the ~2 orders of magnitude strain rate transitional region gradually shift from >10”s~! at cryogenic
temperatures to 10*-10° s71 at high homologous temperatures. It is our hope that the proposed approach to study the dislocation-
phonon drag regime helps provide a better understanding of this important yet relatively underexplored regime of plastic deformation.

4. Conclusion

We developed an impression-based approach combining laser-induced microprojectile impact and spherical nanoindentation to
study the dislocation-phonon drag regime at high strain rates. Additionally, we developed a constitutive framework that, when in-
tegrated with the indentation and impact experiments, can quantify the dislocation-phonon drag regime. Based on the results pre-
sented in this work the following conclusions can be made:

Similar deformation geometries and length scales but different operative mechanisms during spherical nanoindentation and
microprojectile impact can be leveraged to isolate and study the dislocation-phonon drag regime.

For similar impression volumes the plastic work during impact is significantly larger than the plastic work during indentation.
Specifically for Cu, we measured a fourfold increase in plastic work per unit impression volume during impact compared to
spherical nanoindentation.

e While microprojectile impact was conducted at room temperature, the associated adiabatic temperature rise can be leveraged to
quantify the temperature dependency of the dislocation-phonon drag coefficient. Specifically for Cu, we quantified the dislocation
phonon drag coefficient ranging from 2x107° Pa.s at room temperature to 4.6x107° Pa.s at 686 K.

Plastic deformation during microprojectile impact primarily takes place at strain rates beyond 10° s~!. Approximately 50% of the
plastic work takes place at strain rates on the order of 107 and 10% s7L.

Using finite element simulation and the calibrated constitutive model, we quantified the contribution of the individual deformation
mechanism to the overall plastic work during laser-induced microprojectile impact. Although dislocation-phonon drag emerged as
the predominant deformation mechanism, contributing more than 50 %, a substantial contribution from thermal activation
(approximately 30 %) was also identified, owing to the combined strain rate and temperature dependencies associated with this
mechanism.

Based on our constitutive modeling we developed a deformation map for Cu focusing on the transition from thermal activation to
dislocation-phonon drag. We found a gradual rather than a sharp transition. It takes roughly two orders of magnitude increase in
strain rate for the contribution of the dislocation-phonon drag to increase from 10 % to 90 %. An increase in temperature results in
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Fig. 13. Deformation mechanism map for copper (a) showing thermal activation-controlled plasticity, drag-controlled plasticity, and creep regimes
and (b) focusing on the transition from the thermal activation to the dislocation-phonon drag regime.

softening in the thermal activation regime but hardening in the dislocation-phonon drag regime. With increasing temperatures, the
threshold strain rates for the transition from thermal activation to dislocation drag decrease.

Overall, we proposed and demonstrated an impression-based approach combining laser-induced microprojectile impact and
spherical nanoindentation to isolate dislocation drag at high strain rates experimentally. We have also proposed and applied a con-
tinuum constitutive modeling approach to quantify the dislocation-phonon drag regime. Extending the framework to include addi-
tional hardening mechanisms or coupling it with crystal plasticity could provide more insights into the high strain rate deformation of
metals which we propose as directions for future studies.
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