
ISSN 0021-3640, JETP Letters, 2022, Vol. 115, No. 9, pp. 523–530. © Pleiades Publishing, Inc., 2022.
Russian Text © The Author(s), 2022, published in Pis’ma v Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2022, Vol. 115, No. 9, pp. 576–584.

OPTICS
AND LASER PHYSICS
Melting of Titanium by a Shock Wave
Generated by an Intense Femtosecond Laser Pulse
V. A. Khokhlova, V. V. Zhakhovskyb, c, N. A. Inogamova, b, c, *, S. I. Ashitkovc,
D. S. Sitnikovc, d, K. V. Khishchenkoc, d, e, f, Yu. V. Petrova, d, S. S. Manokhine,

I. V. Nelasove, V. V. Shepelevg, and Yu. R. Kolobove

a Landau Institute for Theoretical Physics, Russian Academy of Sciences, Chernogolovka, Moscow region, 142432 Russia
b All-Russia Research Institute of Automatics, Moscow, 127055 Russia

c Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, 125412 Russia
d Moscow Institute of Physics and Technology (National Research University), Dolgoprudnyi, Moscow region, 141701 Russia

e Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Moscow region, 142432 Russia
f National Research South Ural State University, Chelyabinsk, 454080 Russia

g Institute for Computer Aided Design, Russian Academy of Sciences, Moscow, 123056 Russia
*e-mail: nailinogamov@gmail.com

Received April 6, 2022; revised April 6, 2022; accepted April 7, 2022

Laser shock peening with ultrashort laser pulses has been studied by hydrodynamic and atomistic simulations,
as well as experimentally. It has been shown that, in contrast to traditional nanosecond pulses, ultrashort laser
pulses allow one to increase the produced pressures by two or three orders of magnitude from 1–10 GPa to
1000 GPa (1 TPa). The physics of phenomena changes fundamentally because shock waves generating pres-
sures exceeding the bulk modulus of a metal melt it. It has been shown for the first time that the shock melting
depth at pressures about 1 TPa is an order of magnitude larger than the thickness of the melt layer caused by
heat conduction. The appearance, propagation, and damping of a melting shock wave in titanium have been
studied. The damping of the shock wave makes it possible to modify the surface layer, where the melting
regime changes from a fast one in the shock jump to a slow propagation of the melting front in the unloading
tail behind the shock wave. It has been shown experimentally that the ultrafast crystallization of the melt
forms a solid layer with a structure strongly different from that before the action. The measured depth of this
layer is in good agreement with the calculation.
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1. INTRODUCTION
Laser shock peening (LSP) is an industrial tech-

nology for significant surface strengthening of goods.
The corresponding orders are carried out by several
scientific industrial groups in the People’s Republic of
China, France, Czech Republic,1 and Ireland.2 The
complete LSP strengthening of a US military aircraft
was reported3 in January 2022. The prolongation of
the exploitation of the aircraft whose cost is $100 mil-
lion by a factor of 1.5–2 provides a gain of $50–
100 million, which is two orders of magnitude larger
than the expense of LSP.

There are two variants of LSP differing in the dura-
tion of used laser pulses. The first variant is nanosec-
ond LSP [1–4]. The second, relatively young, variant

involves ultrashort (femtosecond and picosecond)
laser pulses (fs–ps LSP) [5–10]. Although nanosec-
ond LSP is more elaborated and widely used, fs–ps
LSP has its advantages. First, the protective film is not
required; second, irradiation through water is not nec-
essary; and, third, the amplitude of generated shock
waves is several orders of magnitude higher [7, 8, 10].
Let us discuss these features.

The protective film prevents evaporation and melt-
ing. Meanwhile, the melt layer is exceptionally
important for the modification of the crystal structure
(see [11, Sect. 4.2]). The role of the liquid phase on the
surface is discussed in this work. The inertia of water
increases the momentum transferred from the nano-
second pulse to the target [1, 12, 13]. However, the
presence of a liquid does not affect the amplitude of
the shock wave (SW) in the case of ultrashort laser
pulses because the ultrashort triangular compression
wave behind the shock jump is a simple Riemann
wave. The base of this triangular wave increases as

1 www.beamtech-laser.com, www.alphanov.com, www.hilase.cz.
2 www.lsptechnologies.com.
3 www.naval-technology.com/news/frce-verification-milestone-

peened-f-35b.
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Fig. 1. (Color online) (a) Distributions of the (lines 1 and
3) electron  and (lines 2 and 4) total  pres-
sures in the titanium target (lines 1 and 2) at the beginning

 ps and (lines 3 and 4) near the end  ps of the
2T stage. Here,  is the ion pressure; see, e.g., [11]. The
bulk modulus of titanium is B = 110 GPa. The bulk speed
of sound in titanium at room temperature is 4.9 km/s.

ep += e ip p p

= 0.5t = 3t
ip
 [14], where xSW is the path covered by the SW,
and a signal from the liquid cannot reach the shock
jump until this jump has the amplitude necessary for
laser shock peening. Thus, the amplitude and shape of
the triangular wave are the same in the presence and
absence of the liquid at the same fluence of ultrashort
laser pulses Fabs absorbed in the target.

The possibility of the sharp increase in the pressure
is the most important property of ultrashort laser
pulses significantly distinguishing them from nano-
second pulses. The presence of water, the filamenta-
tion of the laser beam in water, and the optical break-
down of water strongly limit the intensity of nanosec-
ond pulses incident on the surface of the target. As a
result, induced pressures are no more than a few giga-
pascal. At the same time, a beam of ultrashort laser
pulses passing through air or vacuum easily provide
pressures of tens of terapascal because of a high optical
strength of air and high f luences Fabs up to hundreds of
joule per centimeter squared [8, 10].

The elementary estimate of the pressure is p ~
Fabs/dT, where dT is the heating depth. Heating by
ultrashort laser pulses is studied in detail in [11]. The
heating depth is dT = δ + dEHC, where δ is the thickness
of the skin layer, which is 10–20 nm in metals irradi-
ated by optical radiation, and dEHC is the thickness of
the layer heated by a supersonic electron thermal
wave, which propagates at a supersonic velocity at the
two-temperature stage (2T, ) [15].

The thickness dEHC in well-conducting metals
(e.g., gold) is a factor of 5–10 larger than the thickness
of the skin layer δ. In this work, we study the practi-
cally important case of titanium, which, as well as zir-
conium, is a poorly conducting metal. The electrical
and thermal conductivities of titanium at room tem-
perature are 1/19 and 1/15 of the respective values for
gold. Our 2T calculations for titanium show that the
heating depth is about the thickness of the skin layer δ;
the detailed description of the 2T model is beyond the
scope of this work. In the 2T hydrodynamic (2T-HD)
numerical simulation, the 2T model was used with a
wide-range multiphase equation of state of titanium
[16, 17]. The incident f luence Finc in our experiment
was 13.8 J/cm2.

We used a terawatt laser based on a chromium-
doped forsterite crystal [18]; the wavelength is

 nm and the FWHM pulse duration is τ =
110 fs. The absorption coefficient of titanium at this
wavelength is  = 0.4 (see https://refrac-
tiveindex.info/). The absorbed fluence is Fabs =
AFinc = 5.5 J/cm2. The initial pressure estimated by
Fabs/dT with dT = 30 nm is 2 TPa (20 Mbar). The 2T
calculation shown in Fig. 1 gives slightly lower pres-
sures at the 2T stage partially because the electronic
Grüneisen parameter is low  Furthermore,
the initial pressure is approximately halved because of

∝ SWx

e iT T@

λ = 1240

−= 1A R
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the generation of acoustic waves expanding from the
high-pressure layer with the thickness dT with initially
immobile matter. The 2T stage ends at 4–5 ps; i.e., the
electron pressure  becomes low.

Melting plays a decisive role in many laser applica-
tions. However, melting caused by the energy absorp-
tion and heat transfer through heat conduction is usu-
ally analyzed. In this work, we study the main effects
caused by melting induced by the dissipation of the
kinetic energy in the shock front. Melting SWs were
studied in [16, 19–21], but strengthening processes
were not analyzed. Meanwhile, as shown below, they
are important in this problem.

First, melting and subsequent solidification of the
surface layer fundamentally changes the crystal struc-
ture of this layer. In particular, the ultrafast quenching
of the melted surface layer in most of the known cases
results in the grinding of the grain structure down to
the formation of a nanocrystal state in the case under
consideration. As known, this state not only ensures
significant strengthening but also allows one to keep
the necessary plasticity or even to increase it. This is a
fundamentally important achievement for applica-
tions because this makes it possible to reach record
strengthening in the surface layer of metals.

Second, the thickness of the layer dEHC heated
owing to heat conduction in poorly conducting metals
(titanium, zirconium) heated by ultrashort laser pulses
is small. Therefore, the thickness of the melt layer
caused by this effect is also small. Below, we demon-
strate that the thickness of the shock-melted layer at
high absorbed f luences is an order of magnitude larger.

ep
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Third, melting in the SW usually occurs at pres-
sures behind the shock front higher than the shear
modulus G, about the bulk modulus B.

Fourth, the amplitude of the SW penetrating deep
into the target decreases quite slowly, 

. Writing , we obtain

Thus, the thickness of the melt layer dm can be much
larger than the thickness of the layer melted owing to
heat conduction (the thickness of this layer does not
exceed dT).

The aim of this work is to theoretically calculate the
melting depth dm and to compare it to the value mea-
sured in our experiment.

We performed two types of calculations with (i) a
2T-HD code and (ii) a hybrid code, where the 2T stage
is described by the 2T-HD code and the single-tem-
perature (1T) stage is simulated by the molecular
dynamics code. At the 1T stage, the electron and ion
temperatures are close to each other, and the electron
pressure in the condensed phase at temperatures about
the melting temperature Tm is low; the reference value
for titanium is Tm(p = 0) = 1.941 kK.

This work consists of two main parts. In the first
part, the results obtained with the hybrid code are
described. In the second part, we present our experi-
mental data and compare them to the numerical sim-
ulation.

2. NUMERICAL SIMULATION
Both used hydrodynamic (2T-HD) and molecular

dynamics (MD) codes have their advantages and dis-
advantages. The disadvantages can be reduced by
combining these codes in the hybrid 2T-HD/MD
code in application to the complex physical problem
under consideration. It is necessary to consistently
describe the spatiotemporal evolution of coupled pro-
cesses from the formation of high-temperature states
(temperatures about 10 eV) in the heated layer  to
cold elastoplastic processes deep in the target at depths

 The error of the MD approximation increases
at high temperatures, whereas the plastic 2T-HD code
disregards elastic effects in the cold solid phase.

We consider processes in a solid target irradiated by
an intense (Fabs is two orders of magnitude above the
ablation threshold) subpicosecond  ps) laser
pulse. The absorbed fluences Fabs of interest are such
that the solid substance in the heated layer with a
thickness dT of tens of nanometers is transformed to
the 2T state with electron temperatures  eV.
The hydrodynamics of such 2T f lows is not described
by the MD code, which involves the interatomic
potential. Since this potential is chosen according to
data on the solid phase [22], it poorly approximates

≈SWp
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states where the electron contribution is significant. In
our case, these are states with densities from the criti-
cal to solid-state value and with temperatures one or
two orders of magnitude higher than the critical tem-
perature Tcr, i.e., states far above the binodal on the
(ρ, T) plane; the binodal is the line of equilibrium
coexistence of the gas and condensed phases. At the
same time, dense media (crystals, liquids) and gases
are described by the potential well up to the tempera-
ture Tcr [23–25].

The hybrid 2T-HD/MD code is based on the spa-
tial separation of the HD and MD regions. Time sep-
aration was previously used: the initial 2T stage of the
process at t < teq was simulated in the 2T-HD code.
The temperature profile after electron–ion relaxation,
i.e., at t > teq, was transferred to the MD code [26].
However, this approach is applicable at relatively low
fluences Fabs about the ablation threshold; Fabs|abl ~
0.1 J/cm2 for bulk metal targets. Change in the density
at such fluences to the time t ~ teq can be neglected in
the first approximation. For this reason, the ion tem-
perature profile Ti(x, t ≈ teq) is transferred to the MD
code and the density of the unperturbed crystal is
accepted for the density.

In our case with a very large ratio Fabs/Fabs|abl, the
heated layer dT is thin (titanium with a low thermal
conductivity), heating is strong, and the speed of
sound in the hot layer dT is increased because of heat-
ing. Consequently, the expansion rate is high (see
Fig. 2), and the acoustic time scale ts = dT/cs (6 ps for
dT = 30 nm and cs = 5 km/s) becomes comparable
with the 2T relaxation time in titanium teq = 3–5 ps.
Correspondingly, the approach with the time separa-
tion of the codes is no longer applicable.

Indeed, it is difficult to transfer the instantaneous
(at the HD → MD switching time ) density profile

 from the HD to MD code. Figure 2 demon-
strates how the density profile differs from an unper-
turbed constant value of 4.506 g/cm3. The MD code
starts with initial data in the form of crystal. The lattice
parameter is chosen such that the crystal before load-
ing (before coupling to the thermostat) is in the
unloaded state; i.e., the stress tensor is zero. At the
same time, the temperature profile is transferred easily
because the Langevin thermostat approaches the tem-
perature distribution in the MD sample to a given dis-
tribution  [22, 26]. This temperature distri-
bution is established in the thermostat operating time
ttherm, which is chosen much smaller than ts.

Thus, the approach with time separation is inappli-
cable at high f luences. For this work, we developed the
hybrid 2T-HD/MD code with spatial separation,
where the hot left and cold right regions in Figs. 2 and
3 are described with the 2T-HD and MD codes. The
main points of this simulation are as follows.

*t
ρ( , )*x t

( , = )*iT x t t
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Fig. 2. (Color online) Picture of the expansion of the heat-
ing layer  at the chosen energy density Fabs = 5.5 J/cm2

at a time of 3 ps. It is seen that the expansion rate is high
and the density in the layer  decreases significantly to
this time. The horizontal dashed straight lines indicate the
unperturbed density of titanium and the state of rest 
in the bulk. The vertical black dotted straight segments
mark the heating layer  Since the thermal conductivity
of titanium is low, the heating layer is insignificantly
expanded owing to heat conduction in the considered time
compared to the skin layer. Vertical straight segments 1 and
2 indicate approximate positions of instantaneous turning
planes, where the expansion of titanium toward vacuum
begins. The expansion momentum to the left of vertical
straight segments 1 and 2 is transferred to the target
through the shock wave momentum.

Td

Td

= 0u

.Td

Fig. 3. (Color online) (Black circles) Lagrangian cells of
the 2T hydrodynamic code; the leftmost cell enclosed by
the red circle is the boundary with vacuum at which the
boundary condition p = 0 is imposed. Left cells enclosed
by ellipse  correspond to the boundary heating layer.
The vertical straight line Piston–Separation marks the

right boundary  to the right of which the molecular
dynamics code is applied. The trajectory  taken from
the 2T hydrodynamic calculation is used as the piston in

the molecular dynamics calculation;  and  are the
Euler (mobile) and Lagrange (stationary) coordinates of
the piston.

Td

0
px

( )px t

px 0
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Black circles in Fig. 3 are Lagrangian cells in the
2T-HD calculation. The system of Lagrangian 2T
hydrodynamic equations is presented in [11]. The
solution of the 2T-HD equations provides the trajec-
tory  and velocity dxp(t)/dt (see Fig. 4) of the

Lagrangian particle  in Fig. 3. This particle is chosen
such that it is located certainly to the right of the
heated layer . Titanium in this particle (and,
thereby, to the right along the x axis) is in the 1T state
at a temperature remaining below the critical tempera-
ture Tcr after the passage of the SW. Therefore, the
approximation of the interatomic potential is applica-
ble, and the MD code operates with a high accuracy.
The potential of the embedded atom model for tita-
nium was used in our MD calculations [27].

The MD code in the hybrid approach is used in the
variable-length segment  The
thickness of the MD layer was chosen sufficiently large
Lx = 1000 nm for the unloading wave appearing after
the reflection of the SW from the free right boundary

 to reach the melting front at sufficiently
long times. The boundary condition of the equality of
the matter velocity in the molecular dynamics calcula-
tion to the velocity dxp(t)/dt shown in Fig. 4 was
imposed on the left boundary xp(t).

( )px t
0
px

Td

+( ) < < (0) .p p xx t x x L

+(0)p xx L
Figure 4 demonstrates the passage of the shock
wave in the 2T-HD calculation through the Lagrang-
ian cell  = 300 nm. The shock wave is formed from
a smooth (i.e., without jump) compression wave in
Figs. 1 and 2. The compression wave overturns
because of a nonlinear effect (focusing of characteris-
tics); i.e., the jump appears (see, e.g., [26]). The rem-
nant of the smooth compression wave travels ahead of
the jump. The amplitude of the jump increases rapidly
with time because of the absorption of the front and
back remnants of the smooth compression wave. The
jump moves at a supersonic velocity, and the remnant
travels ahead at the speed of sound but has a certain
initial margin in the x position of the characteristics.
Only a small part of the remnant is ahead of the SW in
Fig. 4 because the chosen separation/piston position

 in Figs. 3 and 4 significantly exceeds the heating
depth  A rarefaction wave, where the velocity
decreases smoothly, follows the jump (see Fig. 4).

Figures 5 and 6 present the 2T-HD and MD calcu-
lations with the piston shown in Fig. 4. The 2T-HD
code describes the entire field in the x coordinate from

 to ∞, whereas the MD flow is bounded from the
left by the piston at  = 300 nm. The superscript 0
marks the coordinate of the Lagrangian particle x0 on
the Lagrangian coordinate axis. The Lagrangian mark
is independent of the time because the  coordinates
are integrals of motion. Figure 6 shows the HD and
MD stresses in the process of propagation of the laser-
induced shock wave in titanium. Titanium in the MD
simulation is more rigid; for this reason, the MD stress
is higher, and the MD shock front is more right. The
damping rate of the SW in the MD simulation is
slightly higher than that in the HD calculations—cf.
profiles in Fig. 6 at a time of 48 ps.

0
px

0
px

.Td

−∞
0
px

0x
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Fig. 4. Time dependence of the velocity of the separation
piston dxp(t)/dt according to the 2T hydrodynamic calcu-

lation for the Lagrangian particle at  = 300 nm far from
the heating region, cf. Figs. 1 and 2. A weak acoustic pre-
cursor in front of the shock wave and the shock wave are
seen; the shock wave in a short time of 0.6 ps increases the
velocity of the piston to 4 km/s. The origin of the acoustic
precursor is described in the main text.

0
px

Fig. 5. (Color online) Instantaneous velocity field in (black
line) hydrodynamic and (red line) molecular dynamics
calculations. The molecular dynamics f low is limited from
the left by the moving piston. The law of motion is taken
from the 2T hydrodynamic calculation. Vertical straight

segment 1 marks the initial position  = 300 nm of the
Lagrangian particle. The distance between vertical straight
segments 1 and 2 is the displacement of the piston in a time
of 36 ps. As seen, the hydrodynamic and molecular
dynamics velocity fields on the piston are in good agree-
ment. The shock front in the molecular dynamics calcula-
tion is slightly further because titanium in the molecular
dynamics calculation is slightly more rigid.

0
px

Fig. 6. (Color online) Propagation of the laser-induced
shock wave in titanium. The 2T hydrodynamic code covers
the entire f low from the left to the right. The molecular
dynamics f low is to the right of the piston, which pushes
titanium in the molecular dynamics calculation. The
unloaded material is to the left of the coordinate 
130 nm, where the pressure gradient is small. Consequently,
unloaded Lagrangian particles move by inertia, i.e., with the
conservation of the velocity in the Lagrangian particle (see
Fig. 5).

≈x

Fig. 7. (Color online) Temperature distribution. It is seen
that the region covered by the molecular dynamics calcu-
lation is expanded far beyond the hot region with high
temperatures. Vertical straight segments 1 and 2 are the
same as in Fig. 5 and mark the path of the piston. Vertical
straight segments 2–5 in the molecular dynamics calcula-
tion are described in the main text.
The temperatures calculated in the HD and MD
codes are presented in Fig. 7, where it is seen that MD
temperatures are slightly higher possibly since the heat
capacity is slightly underestimated because of the
incomplete inclusion of electron degrees of freedom at
temperatures of 4–5 kK. The reference melting tem-
JETP LETTERS  Vol. 115  No. 9  2022
perature of titanium at low pressures is Tm(p = 0) =
1.941 kK. The melting temperature in the MD calcu-
lation is related to the interatomic potential and is
Tm(p = 0) = 1.59 kK. The effect of the boundary con-
dition on the piston is manifested in the region
between vertical straight segments 2 and 3 in Fig. 7.
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Fig. 8. (Color online) Evolution of the order parameter
profiles  averaged over the cross section of the sample
from melting in the shock front to melting in the unloading
tail. The corresponding  distribution maps are
given at the top. The liquid phase corresponds to the
parameters  i.e., below the dashed line. An
increase in  at the left edge is due to the ordering of
atoms on the piston.

6( )Q x

6( , )Q x y

6 < 0.43,Q
6Q
The piston in the MD simulation is described by a
steep repulsive potential. The decrease in the tempera-
ture between vertical straight segments 3 and 4 is due
to the entropy distribution. Lagrangian particles near
vertical straight segment 3 passed through the more
intense SW and, therefore, have a higher entropy. This
effect exceeds the opposite effect caused by a decrease
in the pressure in the rarefication wave in the direction
from vertical straight segment 4 to vertical straight
segment 3 (see Fig. 6 with the pressure profile). The
structure 4–5 in Fig. 7 corresponds to the SW. A
nucleus of the elastic precursor is seen.

3. ON THE CALCULATED THICKNESS
OF THE MELT LAYER

The transformation of the laser-induced SW from
fast melting in the shock wave to slow melting in the
unloading tail behind the SW is illustrated in Fig. 8.
The SW melts titanium to about 40 ps, resulting in a
sharp transition from the solid to liquid phase imme-
diately behind the shock front. The structure of the
shock front in this regime is shown by vertical straight
segments 4 and 5 in Fig. 7 (see also the 43.2-ps profile
in Fig. 8). Melting and establishment of equilibrium
temperature of the melt occur in the region between
vertical straight segments 4 and 5 in Fig. 7. Melting is
manifested in a decrease in the local atomic order
parameter  below 0.43. The profile of the parame-
ter  has a deep dip in the melt region, as seen in
Fig. 8. The definition of  and its values for various
crystal lattices are given in [28].

The shock and melting fronts are separated after
40 ps. Then, a layer with a width up to 50 nm is
formed, where the parameter  increases from the
value for the liquid phase to the value for the solid
phase. The parameter  in plastically compressed
solid titanium is larger than that in cold (at room tem-
perature) unperturbed titanium ahead of the SW. The
reason is that initial uncompressed titanium has a hex-
agonal close packed lattice corresponding to the min-
imum parameter  among all lattices; hence, aver-
aged  values in plastically deformed titanium having
numerous defects of the initial lattice are larger.

Thus, the plastically deformed titanium layer after
50 ps shown in Fig. 8 is bounded from two sides by
wide transient regions. The right bound is the SW and
the left bound is the structure between the liquid and
solid phases of titanium. The transient structure at the
direct melting stage in the SW is thin (see the 43.2-ps
profile in Fig. 8). It is noteworthy that the formation of
the metastable supercooled liquid because of mechan-
ical melting in the plastic shock front [20] with subse-
quent crystallization lasts a certain time, which is
manifested in the sharp decrease in the parameter 
and its recovery immediately behind the plastic shock
front (see 52.8–81.6 ps profiles in Fig. 8).

6Q
6Q

6Q

6Q

6Q

6Q
6Q

6Q
Further, the SW penetrates deep in solid titanium,
the melt layer slowly expands, and the dip of the
parameter  becomes deeper already inside the layer
covered by the SW (see the profiles in Fig. 8). The
expansion of the melt layer and the deepening of this
dip are due primarily to a decrease in the pressure in
the rarefaction wave. Correspondingly, the melting
temperature Tm(p), which monotonically depends on
the pressure, decreases. As seen, the melting layer
thickness, i.e., the maximum penetration depth of the
melting front into titanium, is approximately 550 nm.

4. EXPERIMENT
The laser radiation parameters (absorbed fluence,

wavelength, and pulse duration) are presented in the
Introduction. The laser beam was obliquely incident
on the surface and the illuminated spot on the target
surface had the shape of an ellipse with semiaxes of
35 and 42 μm at the 1/е level, which are much larger
than the propagation depth of the SW in the bulk of
titanium (see Fig. 8). Consequently, the one-dimen-
sional approximation is applicable in calculations.

Figure 9 shows electron microscopy images of the
microstructure of the thin foil from the cross cut of the
surface layer (lamella) of technically pure ВT1-0 tita-
nium obtained in a Tecnai Osiris transmitting electron
microscope at an accelerating voltage of 200 kV. The
method of preparation of the lamella is described in
[29] and includes the preparation of the cross cut by a
focused ion beam in the column of the electron micro-

6Q
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Fig. 9. Dark-field image of the microstructure of the sur-
face layer: (А) initial material, (B) surface layer coated
from the left with the protective platinum coating, and (C)
crystallites oriented perpendicularly to the surface. The
analysis of the image shows that titanium in layer В passed
through the liquid state.
scope and its subsequent thinning to a thin foil
(lamella). The protective platinum coating is prelimi-
narily deposited (Platinum coating in Fig. 9).

The dark-field image (Fig. 9) clearly demonstrates
nanocrystal layer B with a thickness of 300–600 nm,
which significantly differs in microstructure from the
initial recrystallized state marked by letter A. The ini-
tial structure consisted of large 35-μm crystallites. The
part of the substance shown in Fig. 9 was a single crys-
tal before the laser impact. Layer B has an inhomoge-
neous plate nanocrystalline grain–subgrain structure
with crystallites 5–200 nm wide and plates with
lengths from 100 to 600 nm in the direction perpen-
dicular to the sample surface (see thin arrows from cir-
cle С in Fig. 9). Crystallites marked by arrows from
circle С whose plates in the reflecting position are ori-
ented toward the transmitting electron beam have light
contrast; otherwise, dark. Correspondingly, light and
dark strips alternate in layer В in Fig. 9.

Crystallites, which are elements of the grain–sub-
grain structure, in layer B are elongated in the direc-
tion perpendicular to the sample surface. Heat dissi-
pation along the temperature gradient is maximal in
this direction. The white dashed line marks the
boundary between the main material А from the
surface layer B with the modified structure and is a
large-angle misorientation boundary (grain bound-
ary). Electron microdiffraction data recorded from
regions А (crystal structure of the initial material with
an average grain size of about 35 μm) and B (with
JETP LETTERS  Vol. 115  No. 9  2022
nanocrystalline structure) belong to different crystal-
lographic zones.

The analysis of the electron diffraction patterns of
region B shows that mutual misorientations at inter-
grain boundaries of nanograins can be both small- and
large-angle. Consequently, it is appropriate to suggest
that this structure is formed after the nanocrystalliza-
tion of the laser-melted surface layer of titanium with
the formation of nanograins elongated along the max-
imum heat dissipation direction.

The thickness dm of the surface layer melted and
then crystallized determined according to the signa-
tures indicated above is in good quantitative agree-
ment with the calculated value.

CONCLUSIONS

Melting and solidification are important because
they sharply change the initial polycrystal structure.
Melting by a strong SW has been considered likely for
the first time in this work in application to the technol-
ogy of ultrashort laser shock peening. Melting ends
when the amplitude of the shock wave decreases to
about 1 Mbar.

The melting layer at a high initial pressure is suffi-
ciently extended. Its thickness in the case under con-
sideration is an order of magnitude larger than the
thickness of the layer heated by heat conduction.

The thickness of the melting layer numerically cal-
culated is in good agreement with the experimental
data obtained in this work.
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