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A promising route for manufacturing emergent metamaterials is the use of ultrafast laser pulses
in complex alloy processing. Laser-induced structural transformations in Zr based alloys for crys-
talline and glassy states are investigated here. The ultrafast thermomechanical response is compared
between relevant stable crystalline structures B2-CusoZrso, C11,-Cuss.3Zres.7 and the amorphous
structures a-CusoZrso, a-Cuss.sZres.7. The subsurface modification resulting from ultrafast laser
irradiation is investigated by a hybrid simulation to capture the phenomenon occurring at a picosec-
ond time scale. This combines a two temperature model and molecular dynamics approaches to
simulate laser matter interaction at the mesoscale. Our results indicate that the involved structural
dynamics strongly depend on the initial atomic composition and phase structure. In particular, a
martensite phase transition is unveiled for Bs crystalline alloy, and defects are induced in the irradi-
ated C11;, phase, whereas the amorphous state of photoexcited metallic glasses remains remarkably

preserved.

I. INTRODUCTION

Upon ultrafast laser structuring process, light is tem-
porally confined allowing photoexcitation of band gap
materials and a quasi-isochoric heating of metallic or
semi-metallic materials [I]. At the same time, beam fo-
cusing and polarization manipulation allow the energy
concentration at the nano-scale [2] and significant results
evidenced that phase transformation can be triggered
in material alloys, implying both glasses and crystalline
materials [3H6]. Subpicosecond laser irradiation shorter
than electron—phonon relaxation time is able to cause
structural distortion in solid lattices, inducing order-
disorder changes in covalently-bonded materials [7], [§],
metal-insulator transitions [9, [10]. The typical marten-
sitic transformation is the face-centered-cubic to body-
centred-cubic transformation in steels [I1I]. Martensite
structural changes occur in shape memory alloys, and
also in pure elements such as tantalum, and titanium
[12, 3], where a body-centred-cubic to hexagonal-close-
packed transformation is observed [I4]. Besides, fem-
tosecond (fs) irradiation of titanium alloys revealed the
opportunity to tune structural states of their surface,
through a laser-driven « to § phase transformation re-
lated to the combined effect of ultrafast heating and cool-
ing or strong shock waves [I5]. Recent theoretical pre-
dictions highlighted that direct solid-solid transition can
be transiently triggered in pure metals by ultrafast laser
due to the strong coupling between electronic and ionic
structures but remains to be experimentally confirmed
for permanent crystalline states [16, [I7]. Metallic glasses,
usually formed by liquid quenching, have also shown ca-
pability for undergoing crystallization during molding on
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the micrometer (um) to nanometer (nm) scale owing to
the low viscosity in the supercooled liquid state [18]. This
behaviour remains unexplored in response to ultrashort
laser irradiation.

In this work, we employ atomistic modeling to investi-
gate laser-induced architecturation of CuZr alloys. This
reveals how mechanical stress induced by shock wave
affects the structural features, and the stability of cer-
tain compositions. The energy dynamics of the photoex-
cited solid is investigated by employing the Two Tem-
perature Model (TTM) [19]. This approach is used to
describe the thermal diffusion and the energy transfer
from the excited electrons to the colder lattice under an
electron—phonon non-equilibrium state. In order to un-
derstand the response to this swift heating, it is nec-
essary to couple the TTM to classic hydrodynamics or
Molecular Dynamics (MD). TTM-MD has successfully
been implemented to provide insights on phase transi-
tion [20] 21, defect formation[22] 23] or laser-ablation
mechanisms [24]. Most of the reported works using MD
approaches explored the interaction of an ultrafast laser
with pure metals as Al [25], Cr [26], Cu [27] and Au [28],
semiconductors as Si [29] or even graphite [30]. A first
attempt to understand the behavior of a CuZr under a
ultrafast laser shot was done in [3I] but no phase tran-
sitions were detected especially in the crystalline states.
The choice of a CuZr system is not fortuitous, since in its
amorphous state this specific Metallic Glass (MG) plays a
fundamental role in advanced material engineering, from
biomedical applications for antimicrobial properties [32]
to metallurgy and anticorrosion properties [33]. Recently,
this kind of amorphous system was irradiated by ultrafast
laser for surface nanostructuring applications [34) [35].
Single shot ultrafast laser interaction with metallic al-
loys has been investigated in nanostructuring conditions
far from equilibrium conditions. Unusual phase transfor-
mation emerges at the surface or in the subsurface region
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of the ultrafast-irradiated target. Phase transitions are
expected to originate from atomic rearrangements either
due to thermoelastic stresses [36H38] in response to the
propagation of the pressure wave throughout the system
relaxation or during the resolidification process that pro-
ceeds under high undercooling conditions [39-41]. This
paper aims to settle the relative role of both processes by
focusing on the CuZr binary alloys with different com-
positions in both crystal and amorphous structures, in
particular for a-CusgZrsg and a-Cusz.zZrgg.7. Our re-
sults demonstrate that phase stability upon laser pulse
and microstructural transformations depend on the ini-
tial crystallographic structure. The semiempirical po-
tential used to model the vitrification of the Cu-Zr al-
loys confirms that the initial concentrations (50 % and
66.7 % of Zr) are stable and leads to a reasonable agree-
ment with the experimental and phase diagram obser-
vations [42]. In contrast, thermodynamical response is
substantially different for amorphous systems irradiated
by similar laser conditions. No structural transformation
was observed for the evaluated stoichiometry as MG ac-
commodates the distortion even in the lack of long-range
translational order maintaining mechanical stability.

II. COMPUTATIONAL MODELLING

The numerical simulations are carried out using the
LAMMPS software [43] in which the CuZr systems are
computed using the Embedded Atom Model (EAM) of
Mendelev et al. [44]. A timestep of At = 1 fs is used
throughout the simulations in which the local atomic
structures are investigated using the Polyhedral Tem-
plate Matching Algorithm (PTM) [45] as implemented
in the OVITO software [46].

A. TTM-MD Theoretical Framework

The TTM model is executed using the USER-MISC
package [47] derived from cascade algorithm simulations
[48]. This LAMMPS package accounts for electronic ef-
fects and provides the implementation of the TTM-MD
hybrid method algorithm as described in [49H55]. This
combines two schemes where electrons are modeled as a
continuum on a regular grid, and ions are tracked using
a regular classical MD as:

; P
av] = _VJU(Tla 7rn)+F]l'a7lg(Te_Ta)_v - (1)
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where m; and v; are respectively the mass and velocity
of the j*" atom, V;U(r1,...,rn) is the force produced
by the empirical potential. P, is the electronic pressure,
and n; is the ionic density. T,, T, represent the ionic and
electronic temperature respectively. The t, r represent
the considered time and position, where the F;a"g is the

random force due to the electronphonon coupling defined
as:

F*9(t) = —ypmqv; + (1) (2)

vp represents the electron—phonon contribution coeffi-
cient. The F'(t) is a random force giving the effect of noise
satisfying the fluctuation dissipation theorem [56] [57].

F(t)=0 3)
F(t).F(t) = 2kpT.miy,0(t —1)

where kp is the Boltzmann constant, m; is the atomic
mass of the used species, and J(t/ — t) is the Dirac func-
tion.

The electronic subsystem is modeled by a one dimen-
sional heat diffusion equation in the x direction with an
external heat source:

oT,
ot

I(t)e==/t
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C.(Te)

= V(ke(T)VTe) — gp(Te — Ta) +
(4)

where £, is the electronic thermal conductivity, Ce(T%)
the electronic specific heat, [, the penetration depth, g,
electron—phonon coupling strength coefficient, and I(t)
= Iy TI(t). Where II(t) is a rectangular function with
II(t) = 1if 0 < ¢t < 100 fs and O otherwise. The Iy is
the initial laser intensity. The equivalent absorbed laser
fluence is defined as F,ps = I.7 with 7 the pulse dura-
tion. Furthermore, the friction due to the electron-ion
coefficient is given by:

_ 3Nk
gp - Avml (5)

AV and N represent the volume of a unitary electronic
grid and the total number of atoms inside each grid ele-
ment respectively.

The C.(T.) is considered electronic temperature de-
pendent, this quantity is either obtained by using avail-
able experimental data (cf. Tab[l)) or by performing first
principle calculation (cf. Tab S1) and fit the result ac-
cording to Eq. @

CE(X) =Cp+ (ao +a1 X +(L2X2 —|—a3X3 + CL4X4)6_(AX)2

(6)

where Cy, ag, a1, az, as, ag, A are the corresponding
fitting parameters and X = T,/1000.

An electron pressure contribution P, (7,) = BC.(T¢)T.
is expected to induce a blast force in the computation
according to Eq. , with B a material-dependent con-
stant. In the present study, we have neglected this sur-
face effect and fix B = 0. For the crystalline structures
the Co(T.) are computed using density functional the-
ory. However, for the amorphous structures, a free elec-
tron model is used as C,(T.) = vT. [58]. The electronic



specific heat coefficient « of each composition, reliable ex-
perimental data mentioned in [59] 60] are available. The
values are summarized in table [l

The electron—phonon coupling factor g, is consid-
ered as constant in this model. However, a linear re-
sponse approximation [31] relation is used to compute the
electron—phonon coupling factor in both crystalline and
amorphous states by the relation: g, = a:ggu +(1- a:)g%r.
Where z is the percentage of Cu atoms present in a given
Cuy,Zri_, structure.

A proper descriptions of the samples thermodynamics
are ruled by k. (7%). In fact, to feed the simulation model,
experimental data are taken at 300 K. The thermal dif-
fusion is related to the previous quantities by:

B. Samples elaboration

Two crystalline CuZr supercells are prepared using
ATOMSK [61}7 the BQ-CH50ZI’50, Cllb—CU.33'3ZI‘66.7 of di-
mension 9.69x3.55x3.55 nm? and 3.56x3.56x12.35 nm?
respectively. The energy of the B2 and C11;, are mini-
mized and relaxed using the conjugate gradient algorithm
[62]. The system is then replicated along the three direc-
tions of space up to a size of about 1092 x 15 x 15 nm3.
Periodic Boundary Conditions (PBCs) are used during
the whole preparation process. To cancel residual pres-
sure in the samples during the relaxation, a force norm
criterion of 107® eV/A is used. Then, the system is
thermalized up to 300 K using the NPT ensemble (5 ps)
and further equilibrated at constant PT conditions for
another 5 ps. To prepare both MGs samples namely a-
CU50ZI‘50 and 04—01133_3ZI‘66,77 the B2 and Cllb structures
are first equilibrated at 300 K in the NVE ensemble for
100 ps and then heated up to 2000 K above the the-
oretical melting point T;,, = 1207 K, 1401 K (£+50 K)
for CusgZrsg, and Cugs 3Zres.7 respectively using NPT
during 170 ps as described in the supplemental material
[63] (see, also, references [64HG8] therein). Annealing is
performed at 2000 K for 100 ps to erase the crystalline
memory of the samples. This process is followed by a fast
quench run from 2000 K to 300 K at a cooling rate of 10'2
K.s~!. The obtained glassy states are finally equilibrated
at ambient temperature of 300 K for extra 100 ps to re-
move internal stress within the final structure. The MG
are replicated along the 3 directions of space before a
last 300 K equilibration run of 10 ps. The damping coef-
ficients of 0.1 ps and 1.0 ps in Nose-Hoover (thermostat-
barostat) style are used respectively for temperature and
pressure [69]. The MG samples final size is about 874 x
7 x 13 nm?. Finally, for both MGs and crystalline struc-
tures the half-part along = of the samples is suppressed
(i.e., the matter stands in the [L, /2,L,] with L, the box
length along x) to introduce the empty space necessary

to accommodate the laser-matter interaction and possi-
ble matter ablation.

C. Laser-matter interaction setup

The heat diffusion Eq. is solved numerically on a
702x1x1 regular electronic cubic mesh as shown in figure
The laser shot attenuation length are set according to
the value shown in table[[l They are computed using the
formula described in [31] as I, = xlg“ + (1 —x)I2", where
lg“ = 12.2 nm, lZ[Z,r = 16.4 nm, are penetration depth of
Cu, Zr, and z is the percentage of Cu atoms present in
each composition. A laser wavelength of 800 nm and a
step function dxr ~ 3 nm for the T, variation is used.
Here, PBCs are set in y and z lateral directions and free
boundaries are imposed following the laser shot = = [100].
Ultrafast laser irradiation induces a strong temperature
gradient normal to the surface which leads to the gen-
eration of a pressure wave (P-wave) propagating to the
bulk of the target [72, [73]. Hence, a trial-and-error ap-
proach focused on the gradual extinction of the reflected
P-wave is used. For this purpose, we define non reflecting
boundary conditions (NRBC), made of a viscous damp-
ing region [74H76] with dimensions of Lyrpc = 100 nm.
A damping factor Ygamp = 2.5 1073 eV ps A=? is used
in this work in all simulations. The ultrafast process is
modeled as a homogeneous dose energy deposition on the
surface with a pulse duration of a 100 fs. The TTM-MD
stage pushes the system to an extreme non equilibrium
state which is held for 30 ps. The second stage of the
simulation is a regular MD run in the NVE ensemble for
(i) 170 ps for crystals and (ii) 970 ps for MGs.

IIT. RESULTS AND DISCUSSION

Here we investigate the influence of a single ultrafast
laser pulse on By and C11; bulk crystalline CuZr as well
as on two amorphous phases using atomistic simulations.
The pulse duration is 100 fs long and the absorbed fluence
is 160 mJ/cm?. After the energy deposition on the sur-
face, the samples thermalization is achieved by a strong
electron—phonon coupling where both electrons and the
ions reach the same equilibrium temperature. The final
temperature gradient defines the position of the melting
front below the surface.

A. Irradiation of CusoZrso: B2 crystal and
amorphous

Figure a) shows the evolution of the By microstruc-
ture during the simulation. The local crystalline struc-
ture is investigated by applying the PTM method to
the alloyed system without atomic species differentia-
tion which leads to characterize the By perfect crystal
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Figure 1. Simulation setup geometry used to model ultrafast laser pulse interaction in CuZr alloys using TTM-MD simulations.
Atoms are located inside the rectangular box and the overlying red grid represents the electronic cell domain for the finite
difference solution of Eq. . There is no energy transfer with the vacant space beyond the top surface. Additionally, the rear

region of the sample represent the NRBC region.

Table I. Physical properties of crystalline and amorphous CuZr binary systems, namely specific heat constant ~ and
electron—phonon factor g, electronic thermal conductivity xe, and electronic thermal diffusion D..

Property PO 9p v Ke D. lp
Unit g cm’S] [1017Wm73K71] [J m73K72] W mflel] [1075m2571] [nm)]
By-Cus0Zrso 7.66 3.75 |31 245.13 [311 160 7.41 [70] 10.07 14.30
C11p-Cuss.3Zre6.7 6.89 5.30 |31 194.20 |31l 160 20.58 [70] 36.47 14.80
a-CusoZrso 7.18 3.50 [31 321.30 [31} 160 3.85 [59] 3.98 14.30
a-Cuss.3Zr66.7 6.86 2.80 [31 384.70 [311 160 3.68 *[71] 3.19 14.80

@ Calculated using Wiedemann-Franz law ke o< T,

structure and transformed domains environments (lig-
uid, amorphous or new phase). Just after the laser pulse
energy deposition, the upper part of the samples instan-
taneously melts as shown by the large amount of atoms
in defective configurations. At ¢ = 80 ps, several voids
and bubbles form below the CuZr surface at position x
= 572 nm and expand rapidly reaching their critical size
at ¢ = 200 ps. In the mean time, a new crystalline phase
nucleates and grows at position x ~ 700 nm far deep in
the sample starting from ¢ = 60 ps as shown in figures

2(c) and (d).

The transformed domain takes the shape of two nano-
blades of ~ 8.5 nm thickness each that propagate across
the sample due to PBCs. The deformation gradient in
the = direction displayed in figure b) shows that the
nano-blades follow a distribution with a spatial pseudo-
periodicity separated by a thin Bs inter-layer. A closer
look to the transformed structure allows the identifica-
tion of two simple cubic sub-lattices attributed to Cu
and Zr as in the original Bs phase. However, the atomic
bonding changes from aligned to wavy or zigzag config-
urations along certain directions (see figure [2(d)) typi-
cal of the Byg crystalline structure (e.g., AuCd). This
phase transition is similar to the martensitic transforma-

tion observed in Bo NiTi alloys [78H80]. The relative ori-
entation between the two nano-blades allows to confirm
the nucleation and propagation of two {111 }-oriented Big
nanotwins.

The cooperative displacement of atoms requires a sig-
nificant amount of energy that here relies on the laser
pulse. Indeed, the pulse emission is responsible of lo-
cal temperature gradients which induce the shock wave
(P-wave) and then the aforementioned phase transfor-
mation. The pressure and temperature profiles time-
evolution in the transformed zone are shown in figure [3}
The pressure profile is characterized by a loading (pres-
sure wave) and unloading (rarefaction wave) P-waves. At
short times (¢t = 0—60 ps), the front of the loading P-wave
reaches the emphasized region with a maximal value of ~
7 GPa but no transformation is noticed. The By to Big
phase transformation that starts at ¢ = 80 ps exactly co-
incides with the appearance of the rarefaction wave (~
—5 GPa extremum) as the loading wave progressively re-
flects to the colder material. Hence, the phase transition
is not due to the propagation of the pressure wave but
more precisely to the unloading one that has exceeded a
critical level to activate the transformation [81]. Mean-
while, the temperature profile shows an increase up to ~
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Figure 2. Snapshots of the atomic configurations evolution in figure a) at several times : 0 ps, 20 ps, 60 ps, 80 ps, 100 ps, 120 ps,
160 ps, and 200 ps in B2-CusgZrso target during ultrafast laser irradiation of 7 = 100 fs pulse duration and F,ps = 160 mg]/cm2
absorbed fluence. The atoms are colored according to their local atomic structure of the binary alloy by using the PTM, the
double dashed arrow in the upper part of target shows the liquefied surface. b) Deformation gradient in the transformed zone
following the x direction at different times computed by the method described in [77]. ¢) Zoom on the dashed region where

the PTM algorithm is applied on each sub-lattice monoatomic lattice showing twinned martensite transformation. d) Enlarged
view of the chemical species of the new twinned-B19 phase emergence after the irradiation.

1000 K below the melting temperature 7,,= 1207 K. A ? 7
mean 1" of ~ 600 K is noticed on the whole transformed 775 a) 5
zone, confirming that the solid-solid phase transforma- g ‘ 3 g
tion observed is driven by mechanical effects as observed =750 =
in figure [2[c). _§ 1 £
5725 13
o o

~
o
o
|
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An equivalent protocol was applied to the Cu-Zr amor-
phous (a-CusgZrsp) sample having the same stoichiome- b) 1000

try. For comparison purposes with the By crystal, iden- ET’S ¥
tical laser conditions are used while the total simula- £.750 750 g
tion time is extended up to 1 ns. Figure a) shows the s 500 ®
structural evolution of the a-CusgZrsg sample after the =725 g
pulse. As in the By case, results show surface liquefac- 2 250 E
tion concomitant to the nucleation of voids preceding an 700 =
ablation event. However, no phase transformation is ob- 0

served. Regarding the CuZr phase diagram [82], local 50 100 150 200
transformation into By is possible and segregation could Time [ps]

drive the formation of single crystalline inclusions (with ) ) ] ]
FCC or HCP crystal structure). However, the nucle- F.‘lgure? 3. Spatiotemporal evolution of the.rmodynamlc. quan-
ation of more complex phases is completely excluded. We tities in the Bg-C}lg,oero transformed region located in Sgb'
conclude here that a-CusgZrsg laser-induced local phase izrl;fa(;;tz;%m ;igelcﬁt?;f :J;;%it: gs) igf)?izrei’viﬁdbb);atuce
transition can not be obtained using the same laser pulse ~ _ 5?6.68 nm following the z axis I:iirection. & Y Haurface
conditions (duration and fluence) than the one used to

phase-transform By CuZr crystals.
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Figure 4. Snapshots of the structural evolution in the amorphous structures: a) a-CusoZrso, and b) a-Cuss.sZres.7 using
TTM-MD method at various time steps: 0 ps, 100 ps, 300 ps, 400 ps, 700 ps, and 1 ns. The atoms are colored according to
their local atomic structure using PTM algorithm, two atomic contrasts are shown, the zone delimited by a double dashed
arrow in the upper part of targets correspond to liquid phase and the inner part is the amorphous phase. The irradiation
conditions are 7 = 100 fs pulse duration and F,ps = 160 mJ/ cm? of absorbed fluence.

B. Irradiation of Cus3.3Zres.7: Cl1, crystal and
amorphous

Figure [p] shows the structural evolution of the C11,-
Cugss.3Zrge.7 sample. In particular, it provides the atom-
istic picture of the point defects generated in this case
by the ultrafast pulse. First in the ¢ = 0 — 100 ps range,
a liquid front is formed characterized by the coalescence
of small bubbles formation process that generates voids
below the surface in the t = 100 — 160 ps range. How-
ever, the ablation regime only starts at ¢ ~ 160 ps caus-
ing a surface expansion of about 60 nm thickness which
expands freely in the vacuum region. Figure b) empha-
sizes a small area of subsurface material oriented along
2 =[100]. Using this projection, the classical C11; stack-
ing along z =[001] shows some disturbances and the orig-
inal [100]-oriented Cu and Zr columns of atoms observed
at 0 K can now be schematized by pseudo-columnar do-
mains separated by a thinner layer of atoms attributed
to projected elasto-plastic deformation (that has not to
be confused with sub-lattice degradation or melting). In
addition, point defects are identified up to x ~ 740 nm.

Various kinds of point defects including interstitial
as well as substitutional Cu and Zr atoms are noticed.
Atoms in defective environment (point defects and
highly-sheared regions) are identified using a criterion
on the atomic displacement along y and z, dy and dz
respectively (taking t = 0 as a reference). The displace-
ment criterion is chosen as about half the Cu-Zr or Zr-Zr
blond length along y, ensuring to avoid counting atoms
fluctuating around their equilibrium position. We choose
the y and z directions since they are less impacted by
the P-wave induced homogeneous matter displacement

merely observed along the = direction. While the amount
of atoms with significant §z are only few (0.03 % of the
atoms in the emphasized zone at t = 200 ps), the number
of atoms with éy > 1 A continuously increases during
the simulation (Figure [5c)). The anisotropy observed
between dy and 0z corroborates the observed shear zones
in the z = [001] plane. Indeed, no defects are detected
in the emphasized domain of the material from t =
0—25 ps, the fraction of atoms in defective configuration
grows up to a maximum 1.12 % at ¢ = 175 ps before
decreasing to 0.93 % at the end of the simulation due
to relaxation. The defects concentration were computed
by evaluating Ngefects/Niotar in the total system volume
region (241984 nm?), where Ny, fects (69985 atoms) and
Niotar (6248652 atoms) are the number of defects and
the number of atoms, respectively.

To better understand this phenomenon, we again look
at the PT profiles as shown in Figure [6] Figure [6]a)
shows that a strong P-wave is generated and reaches a
maximum value of ~ 8 GPa at ¢ = 20 ps. At t = 60
ps the rarefaction P-wave propagates with a negative ex-
tremum front of ~ —6 GPa appears. The rarefaction
wave and the defects population are highly-correlated in
terms of space and time. The lattice temperature shown
in figure Ekb) confirms that at the liquid-solid interface
the temperature is ~ 2000 K, higher than the melting
point T,, = 1401 K. We have to mention that below
the solid-liquid interface the system is highly perturbed
due to heat diffusion phenomenon but not melted. Here
we show that the electron—phonon coupling plays an im-
portant role in the laser-matter interaction, and since the
coupling factor is stronger for C11,-Cuss.3Zrge.7 than for
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Figure 5. Snapshots of atomic configurations evolution in figure a) at several times: 0 ps, 20 ps, 60 ps, 80 ps, 100 ps, 120 ps, 160
ps, and 200 ps in the C11,-Cuss.3Zres.7 sample target during ultrafast laser irradiation of 7 = 100 fs pulse duration and Fups =
160 mJ/cm? of absorbed fluence, the double dashed arrow in the upper part of target shows the liquefied surface. The atoms
are colored according to their local atomic structure using PTM algorithm. b) Enlarged view of interstitial and substitutional
defects formation in subsurface within C11,-Cuss.3Zres.7 target after the irradiation at different times. ¢) Temporal defects ratio
evolution in Cuss 3Zres.7 (C11p) target sorted according to the displacement vector dy > 1 A. Atoms satisfying this condition
are expected to be in defective positions, this is achieved using displacement vectors analysis [83].

By-CusoZrsg (cf. Table [) the temperature and P-wave
maximum are higher in the case of C11,-Cuss.3Zrg6.7.

Finally, the amorphous a-Cuss 3Zrgs.7 sample is sub-
jected to a 1 ns simulation with same fluence and pulse
duration. Results are shown in figure [4{b). A spalla-
tion process is noticed at t = 100 ps through the growth
of subsurface voids inducing the ejection of a top liquid
layer but again without any sign of crystal nucleation.
One can hypothesize that the absence of crystallization
is due (i) either to the tensile rarefaction wave magnitude
sufficient enough to induce spallation in the molten part
but not to reorganize atoms in an ordered manner or the
(i) a non-favorable stoichiometry.

IV. CONCLUSION

The local subsurface structural phase transition and
defects formation process attributed to ultrafast laser
shot in crystalline CuZr systems are predicted using
TTM-MD atomistic calculations. In summary, using
the same laser conditions, two remarkable outcomes are
reported here depending on the initial crystallographic
structures. The original By crystalline sample phase-

transform into twinned Big while C11;, shows a huge
deformation pattern including points defects and shear
zones. Both transformations are driven by the rarefac-
tion pressure wave. They are permanent as the mate-
rials reach metastable states in our calculations and lo-
calized within the subsurface. Therefore, they can be
captured experimentally. Concerning the Bs structure,
the simulation corroborates that the phase transforma-
tion and the twinning process emerge in a quasi-ordered
manner, exhibiting no spatial variability across the crys-
talline structure. In contrast, the response of the C11,
structure is different as the defects generation is noticed
instead of a martensite phase transition. On the other
hand, the response of the irradiated MGs counterparts
show a completely different structural response. Indeed,
no crystallization is noticed for the same laser conditions.
Beside the surface ablation in the MGs, we might have
expected the laser shock to induce recrystallization by
playing a similar role as a nanoindenter [84H86].

Targeting innovative technological applications re-
quires the control of local crystalline structures prop-
erties at the nanoscale that can be promoted by laser-
matter interactions. Dislocations and twins that ap-
pear at the nanoscale as a strain relaxation mechanism
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Figure 6. Spatiotemporal evolution of thermodynamic quan-
tities in the subsurface transformed region (zoom region) :
a) pressure, and b) lattice temperature evolution in (C11,-
Cuss.s3Zres.7 sample target. The initial surface position is
given by Zsurface = 547.30 nm following the x axis direction.

can be frozen within a solid alloy. As predicted in the
By structure, this leads to the emergence of advanta-
geous mechanical properties [87]. Nano-sized twins are
known to enhance hardness [88] and nano-twinned ma-
terials become more resilient to fracture and fatigue
crack initiation during plastic deformation [89]. Nano-
architecturing of the C11; structure with defects (points
defects, dislocations, stacking faults) could be could be
exploited for battery applications [90], elaboration of
high-performance thermoelectric materials [9I] or im-
proving the fracture toughness [92]. The originality of
this work is that ultrafast laser irradiation could provide
an effective method to tune a new generation of nano-
architectured CuZr alloys which might open new routes
for future industrial applications.
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