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ABSTRACT. The work is devoted to the study of the Zr-1Nb alloy in coarse-
grained and ultrafine-grained states under laser-induced shock-wave loading.
This material is of interest due to the application for the manufacture of
shells for fuel elements of nuclear reactors. The properties of this alloy in the
ultrafine-grained state is attracted for the reliability improvement of fuel rods
in wide range of load intensity. Shock wave loading was carried out using a
Beamtech SGR-Extra-10 high-energy nanosecond laser. The free surface
velocity profiles were registered by the VISAR system. Mechanical
characteristics are obtained using velocity profiles. It is shown that the spall
strength and dynamic elastic limit for the coarse-grained state are higher than
for the ultrafine-grained state. In general, the Zr-1Nb alloy in the ultrafine-
grained state is more susceptible to spall fracture, including laser shock
peening. Numerical simulation of the process under study has been carried
out using statistically based nonlinear model of solid with defects and finite
element method to describe the deformation behavior and fracture of the
material under shock-wave loading. Simulation results are qualitatively
consistent with experiments in the prediction of the conditions of spall
failure.
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INTRODUCTION

coating irradiation and is considered as effective treatment of metallic surface layer by Laser Shock Wave (LSW)

[1-5]. This loading provides the improvement of fatigue life and the resistance of foreign object damage (FOD) [6-
8]. Nanosecond duration of laser-beam induced intensive pulse under LSP conditions leads to specific mechanisms of
structure evolution, when the shock wave (SW) exceeds the Hugoniot elastic limit (HEL) and the micro-structure of the
surface layer changes resulting multiscale damage and residual stress [9-12]. The internal damage as the precursor of spall
fracture is induced by the interaction of a compressive and tensile waves [13].
LSP treatment reveals problems being applied to thin structures, for instance, the thin edge of aviation blades [14], when
spall fracture occurs near the free surface of the specimen due to the damage accumulation in the rarefaction wave that
leads to rapidly decrease the fatigue life of the components. This phenomenon has been observed after LSP experiments
by [15-18] for aluminum alloys and by [19-21] for titanium alloys due to the nucleation, growth and coalescence of the
micro-voids.
The laser-induced spall fracture of pure aluminum, copper and iron were studied by Eliezer [22] and Boustie [23]. Righi
[24] reported the influence of the grain size and the strain rate on spall strength in pure iron through LSW treatment.
Zhang [25] established the links of the spall fracture characteristics of 90W—-Ni— Fe alloy with the nucleation of initial
damage during laser-induced shock load. Wu [20] reported the over peening effect due to internal spall fracture of
medium thick Al7050 plates with continued multiple shocks LSP.
The understanding of mechanisms of LSW treatment of titanium alloys represents the interest for aeroengines
applications (fan blades, components of pressure compressors), due to their mechanical properties, including the
resistance to fatigue, high temperature and corrosion [27]. Titanium components are frequently subjected also to extreme
conditions, such as foreign object damage [28, 29], which reduce the service life and affect the reliability of aero engines.
The laser shock peening (LSP) being the surface layer treatment technique by nanosecond pulse laser could provide the
microstructure the delaying the crack initiation and decelerating the crack propagation rate. It was reported, that the
fatigue striation spacing in LSP treated specimen is narrower than unpeened ones [30] and the fatigue crack propagation
(FCP) rate in the initial fatigue crack growth stage of 6061-T6 aluminum alloy is decreased.
LSP induced deceleration in the FCP rate during the propagation in AA2024-T351 aluminum alloy was studied by
Kashaev [31], but the structural explanation of the nature of deceleration zone on the fracture surface remains unclear.
Therefore, it is of necessity to understand this phenomenon to develop models of crack advance with LSP structure
modification. It was shown in shows the evolution of the monotonic plastic zone under LSP leads to the decreasing of
plastic zone size combined with grain refinement with the shape of equiaxed grains even nanograins in the surface layer of
materials [32-34]. This refinement provides more grain boundaries for impeding dislocation movement and increasing the
difficulty for dislocations traversing grain boundaries.
Particular attention is paid to laser shock peening as the method of surface hardening for materials in the fine-grained
states to eliminate the recrystallization factor in the conventional thermal treatment [35].
This work is devoted to studying the behavior of the Zr-1Nb alloy under laser induced shock-wave loading. Several works
are devoted to the study of zirconium-based alloys during LSP [36-39]. The Zr-1Nb alloy is used for the manufacture of
fuel element claddings for nuclear reactor fuel rods [40]. Therefore, this material is used in aggressive environmental
conditions, including shock-wave (SW) loads. The behavior of this material under SW-loading was carried out in the
works [40-42]. However, works devoted to the study of the Zr-1NDb alloy under SW loading in the ultrafine-grain (UFG)
state have not been found in the literature. A significant increase in the strength characteristics of this material after severe
plastic deformation is noted in the works [43-44]. In this regard, the idea of additional hardening of the Zr-1Nb alloy in
the UFG state by LSP represents the interest.
Thus, the purpose of this work is to study the unique Zr-1Nb material in various structural states under laser-induced
shock-wave loading,.

I aser shock peening (LSP) is generated by a laser beam of high energy intensity and short pulse width with ablative

MATERIAL

zirconium doped with 1% niobium. The UFG state was formed by the combined method of severe plastic
deformation (SPD), which included free abs-pressing and multi-pass rolling in grooved rolls, followed by pre-
recrystallization annealing. The specimens were annealed at a temperature of 580 °C for three hours in a vacuum before

T he Zr-1Nb alloy also known as E110 alloy in coatrse-grained (CG) and ultrafine-grained states was studied. This is
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deformation processing. The CG state was obtained by recrystallization annealing of specimens in the UFG state. This
unique material was provided by the Laboratory of Physics of Nanostructured Biocomposites of the Institute of Strength
Physics and Materials Science of the Siberian Branch of Russian Academy of Sciences. The method of obtaining,
mechanical testing, as well as structural studies of this material are presented in detail in the works [45-49].

EXPERIMENTAL STUDIES

Extra-10 high-energy nanosecond laser. The laser parameters were as follows: pulsed Nd: YAG laser; emission

wavelength is 1064 nm; pulse energy up to 10 J; frequency is 1-5 Hz; pulse width is 11 +/- 1 ns; divergence: up to
3 mrad. The laser beam was focused on the target surface into a square spot with size of 1 mm. The fixture with the
sample was mounted on a STEP SR50 industrial robotic 6-axis manipulator, which ensures the positioning accuracy of the
sample relative to the laser is no worse than 0.1 mm. The velocity of the rear surface of the specimen was measured using
a laser Doppler velocimeter (laser interferometer) FDVI Mark IV (VISAR - velocity interferometer system for any
reflector). The used interferometer has the following technical characteristics: the radiation wavelength is 1550 nm; range
of measured speeds from 15 to 15000 m/s; the error is 0.1%; time resolution from 0.8 to 50 ns (it depends on the range
of measured speeds).

T he scheme of the experiment is shown in Fig. 1. The shock wave loading was carried out using a Beamtech SGR-

Figure 1: Scheme of the experiment. The numbers in the figure mean: 1 - detachable tooling for fixing the specimen; 2 - specimen; 3 -
water curtain (laminar flow); 4 - laser impact zone.

A shock wave generated by a laser pulse that creates compressive stresses travels through the test sample material and is
reflected from the rear surface. Tensile stresses are produced inside the sample material as a result of the interference of
the incident and reflected waves, and their magnitude may be sufficient to cause damage to the material or even to build a
circular plate. The optical part (objective) of the VISAR interferometer was mounted on a manipulator, on which a holder
with a target-specimen was attached. This was done to ensure the accuracy of positioning and alignment of the beams of
the loading laser and the VISAR measuring laser. The energy of the laser pulse in all experiments is 9.4 J. Specimen
diameter is 13 mm. Other specimen parameters and characteristics measured in the experiment are shown in Tab. 1.

# State hymm @m/s gm/s okg/m® oa MPa €,,1001/s  oppr, MPa o, MPa E, GPa
#1 CG 0.91 3024 3932 6404 1500 1.95 453 487 99
#2 CG 0.91 700 0.22 461 -
#1 UFG 0.83 2411 2863 6222 900 0.64 377 - 51
#2 UFG 0.78 1000 3.36 374 325

Table 1: Specimen parameters and mechanical characteristics of materials.
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The signals received from the VISAR and oscilloscope systems were processed in a computer program [50]. Due to the
specific loading conditions and due to the preparation of the sample surface, the type of velocity profiles varied from
experiment to experiment. An example of the constructed profile is shown in Fig. 2.

0 ) . t, us ( 1 ) t, us
0.02 004 006 0.08 0.1 0.12 a 0 0.05 0.1 015 p

Figure 2: Free surface velocity profile for Zr-1Nb alloy in the CG (a) and UFG (b) state.

Physical and mechanical parameters of the studied materials are presented in Tab. 1. Young's modulus E was measured in
work [49]. Initial mass density gy measured in this study. The longitudinal speed of sound ¢ is calculated by the formula
[51]:

E
¢ = |—
P

The volumetric speed of sound ¢ was estimated using the formula [51]:

1

07N 1

bw ¢

where At is the duration of the first pulse until the spall pulse front reaches the surface, which is determined on the free
surface velocity profile; 4y is the average thickness of the spall plate (the distance from the free surface of the target to the
spall).

The amplitude of the compression pulse o4 and the strain rate €, of the plastic front of the compression wave were

determined from the velocity profiles of the free surface using the formulas [51]:

6, =0.5¢p1

. _AV 1
A A 2¢,

where 1) is the velocity value at the first peak of the free surface velocity profile (Fig. 2); Al” and Az are increments of
velocity and time on the linear section of the plastic front of the compression wave.

The dynamic Hugoniot elastic limit ongrr. and the spall strength o, were also determined from the free surface velocity
profiles using the formulas [51]:

Sy, = 0.5¢,0)V 1.
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S, =05cp (V, =17,

where I"yEr is the elastic precursor amplitude (Fig. 2); 17 is the velocity reached before the spall pulse.
STRUCTURAL STUDIES

sanding paper with a grain size from P320 to P2500 until a mirror surface was obtained. For the samples

subjected to shock-wave loading, metallographic sections were produced in a plane perpendicular to the shock
wave front to detect internal material defects (Fig. 3). The laser impact zone was in the plane of the metallographic
section. The phases of material in the impact zone was examined with successive displacement of the cut plane occurring
during repeated grinding and polishing in the direction affected area size (Fig. 3). Fig. 3 presents options for the potential
development of interior damage to samples following shock-wave exposure.

B efore the start of the experiment, the surfaces of the samples were subjected to stepped mechanical grinding using
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NS S T o R -0
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Figure 3: Variants of internal damage to the sample after shock-wave impact (a - no damage, b - single local damage of small size, c -
accumulation of single damages; d - accumulation of large damages; e - single large damage.) and the probability of their detection
depending on position of the plane of the metallographic section.

The formation of a single local discontinuity of the material (Fig. 3, b) due to the damage localization or extended damage
localization areas (Fig. 3, c, d, €) as a result of the interference of the incident and reflected waves (spall failure).

a b o
Figure 4: Characteristic types of the tested specimens of Zr-1Nb alloy CG state (a, b) and UFG state (c, d).

Fig. 4 (b) demonstrates that in the coarse grain (CG) state an internal damage zone can be seen forming in specimen at a
distance of roughly 0.1 mm from the free surface of the specimen. Large-sized pores have accumulated to generate this
structure. This zone is around 0.7 mm long overall. There are specimens as well where no indications of internal damage
were discovered (Fig. 4, a). There are also indications of spall failure for the material in the UFG state (Fig. 4, d). It should
be noticed that the developed zone of internal damage measures around 0.9 mm in length and is situated approximately
0.13 mm from the specimen’s free surface. This damage has a different morphology from those in the CG state of the
material. These are not a build-up of big pores, but rather a build-up of tiny, twisting fractures. Probably the differing
structural state of the material is to blame for this occurrence.
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Internal damage was found on the specimen in the CG state and on the specimen in the UFG state. Spall failure was not
detected on other specimens. This fact raises the question: why was a different result obtained under the “same” loading
conditions? One possible explanation is the following. Ensuring a constant and uniform laminar fluid flow over the target
surface is impossible in the above scheme (Fig. 1) due to the loading features. The loading pulse is formed due to the
formation of plasma, which appears due to ablation due to laser exposure. The amplitude and shape of the loading pulse
may vary significantly from experiment to experiment due to the very short exposure time. The amplitudes of the
compression pulses and the characteristic strain rates obtained from the profiles of the free surface prove this assumption.
The amplitudes of strain rates in specimens with observed spalling are many times greater than in specimens without
spalling (Tab. 1). The compression pulse amplitudes are also higher. Thus, the loading conditions are not known for
certain. Numerical simulation of the process under study was carried out in order to have an approximate idea of the
amplitudes of the loading pulse. And also, to find out the conditions under which spalling occurs or does not occur.

NUMERICAL SIMULATION

Laser Shock loading according to the statement by [53-55] using the set of the balance equations and constitutive
relations in the following form:

ﬁ model based on the statistical theory of defects [52] is applied to simulate the damage-failure transition under

ov=V-o 1)
o+oV-v=0 2
D:l(vv+va) 3)
2
1
0:0;+°d’°’;:g°:E 4)
6" =A(D:E)E+2G(D—¢” —p) (5)
6"=6-R-R" -6+0-R-R’ ©)
¢’ =¢r (T, 6-T a—F) %

p= ‘é()p (rpao_rp g) (8)
F 2 2 G-
F_:%_]ZD_&+[1P+[21H<[3+€4P+pz)_—;Gp )

m

where: o is the mass density; vis the velocity vector; 6 is the stress tensor; V is the nabla operator; «» is the scalar product;
D is the velocity strain tensor; o, and o6, are the spherical and deviatoric parts of the stress tensor; «» is the double scalar
product; E'is the unit tensor; ()R is the Green-Naghdi derivative, R-derivative; A, G are the elastic material constants; e is
the plastic strain tensor; p is the tensor of microshears density, which in its physical sense is the strain induced by defects;
()7 is the transposition operation; R is the orthogonal tensor of the polar expansion of the deformation gradient; ., #, are
the constants responsible for the rate sensitivity of the material; I';, I';y, I, are the kinetic coefficients, material constants;
Fis the free energy; 8 is the structural scaling parameter; ¢/-¢4, I, are the approximation constants.
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The material constants of the model are determined according to the developed experimental-numerical procedure [53].
Constants I's, I'gy, I'y are defined by the solution of problem of minimizing the deviation between the experimental and
calculated stress-strain diagrams under quasi-static loading. Experimental stress-strain diagrams from the work [48] were

used. An illustration of the solution is shown in Fig. 5.

o, MPa o, MPa
800
600
400
200
0 — : £ — —— &
0.00 0.05 0.10 0.15 a 0.01 0.03 0.05 b

Figure 5: Stress-strain diagrams for the Zr-1Nb alloy in the CG and UFG states. The calculation is indicated by a solid line. Dots are

expetimental data [48].

Dynamic yield strength data was used to determine the constants responsible for the rate sensitivity of the material.
Hugoniot elastic limit was used to estimate the dynamic yield strength by the relation [51]:

2
Gy =156, 1—(”—1’]

¢y

The complete set of material constants is presented in Tab. 2.

Parameter CG-state UFG-state

X 49 GPa 48 GPa

G 39 GPa 19 GPa

9 6404 kg/m?3 6222 kg/m?>
T, 4.53:10° (Pas)! 1.47-10° (Pa-s)!
e 0.32:10° (Pas)! 0.62-10 (Pas)!
r, 0.02-10 (Pas)! 0.03-10 (Pas)!
[/A 0.975 0.99

7 0.975 0.99

13 1.15 1.4

¢ —0.00535972 —0.00535972
& 0.519 0.519

¢ 0.581 0.581

¢ 0.006 0.006

Table 2: Material parameters.
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The failure criterion o,, = 05 was used, where o,, is the equivalent von Mises stress, oy is the spall strength (values are
presented in Tab. 1).

The problem was solved numerically for axi-symmetric case by the finite element method (FEM). The loading conditions
are shown schematically in Fig. 6. The radius of the laser pulse area was taken equal to 0.5 mm, which corresponds to the
experiment. Shock-wave loading, which is a consequence of laser exposure, was simulated by setting a triangular pressure
pulse with a duration of 50 ns (Fig. 0). It was shown in [12] that the pressute pulse loading the specimen under the action
of a laser has a duration of ~100 ns. This time is longer than the characteristic effect of the laser itself. The symmetry
conditions are set on the lower boundary of the computational domain. It is depicted by the dotted line in Fig. 6. The free
surface conditions are set on the remaining boundaries of the computational domain. The Abaqus software was used for
numerical calculations. Elements of the CAX4R type were used in the calculation: 4-node bilinear axisymmetric
quadrilateral, reduced integration, hourglass control. The size of the elements was chosen so that there were 1000
elements along the length of the target. The mesh was divided into 200 segments along the radius to reduce the estimated
time. It is shown that such a partition is sufficient. Macroscopic fracture is implemented by removing elements from the
computational domain in which the failure criterion is reached. In this case, a new free surface is formed at the place of

removal of the element.
PB/P,
1.0/ &
0.6
0.2
- #, ns
Pressure ‘

Figure 6: The geometry of the problem and the loading conditions.

The calculation on a sample 1 mm thick with a loading pulse amplitude of 1 GPa was carried out first. These conditions,
as the authors see, are most consistent with the conditions of the experiment. Calculations for all states of the material
showed the absence of spall fracture. Then the amplitude was substantially increased up to 50 GPa. Multiple damage
inside the specimen is observed at this amplitude, however, spalling does not occur (Fig. 7, a). The situation in which a
part of the target has been torn off, for example, as shown in Fig. 7 (c), is called a “spalling” in this context. However, it
must be understood that spalling is unlikely for the specified geometry, since the target diameter is much larger than the
impact diameter. Therefore, the detachment of a part of the specimen is possible only with a very powerful impact. The
failure scenario seen in Fig. 7 (a) cannot be considered physical. First, the loading conditions are clearly higher than those
realized in the experiment. Secondly, the intensity of the impact is such that it goes beyond the applicability of the model
used. Therefore, the hypothetical amplitude of the loading pulse was reduced to 10 GPa. Spalling does not occur, but
internal damage is observed (Fig. 7, b) at this amplitude. This damage scenario is qualitatively similar to the situation
observed in the experiment.

- N-n
a b

Figure 7: Results of numerical calculations for CG state. a - the sample thickness is 1 mm, the pulse amplitude is 50 GPa, b - the
sample thickness is 1 mm, the pulse amplitude is 10 GPa, ¢ - the sample thickness is 0.1 mm, the pulse amplitude is 10 GPa
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Comparison of results for UFG and CG states is shown in Fig. 8. Modeling qualitatively predicts an increase in the length
of the damage region under the same loading conditions (target thickness 1 mm, pulse amplitude 10 GPa). The length of
the damage zone turned out to be 0.53 mm for the CG state and 0.66 mm for the UFG state.

Figure 8: Comparison of damage region length for UFG and CG states. The top picture is the CG state. Bottom picture is the UFG
state.

Finally, the calculation with an amplitude of 3 GPa was carried out. None of the above calculations led to the detachment
of part of the target. Therefore, calculations with smaller thicknesses were carried out to identify this possibility. The
calculations were carried out for all states. All results are shown in Tabs. 3 and 4. The situation in which spalling occurs at
a sample thickness of 0.1 mm and a pulse amplitude of 10 GPa is the most physical.

Pressure amplitude /

S — 1 GPa 3 GPa 10 GPa 50 GPa
Multiple internal
1 mm No damage Internal damage Internal damage damage. No spall
fracture
0.3 mm Internal damage Internal damage Internal damage Spall fracture
0.1 mm Internal damage Internal damage Spall fracture The target has been
broken
Table 3: Simulation results for CG state.
e it 1 GPa 3 GPa 10 GPa 50 GPa
Target thickness
Multiple internal
1 mm No damage Internal damage Internal damage damage. No spall
fracture
0.3 mm Internal damage Internal damage Spall fracture Spall fracture
0.1 mm Internal damage Internal damage Spall fracture The target has been
broken

Table 4: Simulation results for UFG state.

THE DISCUSSION OF THE RESULTS

he empirical dependence of the spall strength of the Zr-1Nb alloy in the CG state on the characteristic strain rate
was obtained in [40]: 6, = 40.2-10° -&™'%* . The spall strength varies in the range from 388 MPa to 505 MPa for

the range of strain rate from 10 s to 5:10¢ s, These values are in good agreement with the result obtained in the
present study (op = 487 MPa, € ; = 1,95-10¢ s1). It should be understood that the amplitude of the strain rate at the
plastic front and the characteristic strain rate during spalling are not the same value. However, these quantities are of the
same order. In addition, another way of loading and initiating shock waves was used in the work [40]. Thus, the reliability
of the results obtained is confirmed by the correspondence with the results of other authors.
It is shown that the dynamic elastic limit for the CG state is higher than for the UFG state. The spall strength for the CG
state is also higher. It was shown in [48] that the ultimate strength under quasi-static loading for the Zr-1Nb alloy in the
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UFG state is higher than for the CG state. It is difficult to compare static yield strengths. This is due to the fact that it is
problematic to determine the yield strength for the UFG material from its loading diagram (Fig. 5, b). However, the
average plastic flow stress for the UFG state is clearly higher than for the CC state. Thus, we can conclude that the Zr-
INb alloy in the UFG state is more susceptible to fracture at high strain rate (~10¢ s1), including spall fracture during
LSP, despite the higher strength characteristics under quasi-static loading. The longer section of the destruction area also
confirms this fact. However, the greater length of the damage zone can be caused by the smaller specimen thickness, since
the radius of influence decreases as it goes deeper into the target. At the same time, numerical simulation showed a
qualitative increase in the radius of the damage zone for the same thicknesses for the UFG material. Therefore, an
increase in the size of the damage region for the UFG state may result from a combination of two factors. Damage,
including micropores and microcracks, accumulates in the material during severe plastic deformation. A significant
decrease in the Young's modulus is also explained by a significant accumulation of damage. Naimark [54, 56] showed that
it is micropores and microcracks that are the type of defects that make a decisive contribution to spalling formation.
Perhaps the reason why the Zr-1Nb alloy in the UFG state, obtained by the method described in [49], has reduced
strength characteristics at high strain rate.

The observed internal damages differ for the CG and UFG states. The characteristic damage size is larger for the CG
state. Perhaps this is due to the different characteristic sizes of the structural elements. Despite the lower value of the spall
strength, the nature of the damage for the UFG material is apparently less critical for the strength of the specimen
(structure) as a whole.

The failure scenarios obtained in numerical calculations turned out to be so due to the specifics of the implementation of
macroscopic failure. A more physical scenario of destruction, which would be more like an experiment, cannot be
obtained in this case. A single large crack does not look like what is shown in Fig. 4 (b, d). However, if we continue the
calculation and let the system come to a state of equilibrium, then the resulting picture would be much more plausible.
The problem is that such a calculation takes orders of magnitude more time. This is due to the fact that the characteristic
relaxation times are orders of magnitude longer than the exposure times. Therefore, such a calculation is impossible.
However, some qualitative matches were obtained. Internal damage that does not come to the surface, as in the
experiment, is observed. The length (radius) of this damage area is not quantitatively described. In this formulation, that
was impossible, because the shape and amplitude of the loading pulse are unknown. Based on the goals of modeling, it
can be concluded that the range of amplitudes of the loading pulse, which is formed under laser exposure, is in the range
from 1 to 3 GPa. Spall fracture at the indicated ratio of the diameter and the area of laser impact is possible only with a
sufficiently small sample thickness (0.1 mm) and an unnaturally large amplitude of the loading pulse (10 GPa). Thus, such
a phenomenon will not occur during laser shock peening. But the appearance of internal damage is quite possible.

CONCLUSIONS

loading have been obtained. It is shown that the dynamic elastic limit and spall strength in the CG state are higher.

The value of the dynamic elastic limit is ~460 MPa for the coarse-grained state and ~370 MPa for the ultrafine-
grained state. The spall strength is ~490 MPa and ~330 MPa, respectively. Thus, the Zr-1Nb alloy in the UFG state is
more susceptible to spall fracture, including LSP.
Approximate amplitudes of the loading pulse generated by the laser action are established by means of numerical
simulation. The conditions under which spall fracture will occur have been identified. It is shown that internal spall
damage does not occur at loading pulse amplitudes less than 1 GPa. The effect of increasing the damage area for the UFG
state in comparison with the CG state under the same loading conditions is qualitatively described.

T he physical and mechanical characteristics of the Zr-1Nb alloy in the CG and UFG states under shock-wave
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