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Abstract: Nanoscale multilayer coatings (NMCs) with different crystal structures are considered as
capable of self-healing after radiation damage due to the recombination of vacancies and interstitials.
This work is focused on a defect distribution study of NMCs based on Zr/Nb layers (25/25 nm and
100/100 nm) after proton irradiation. Coatings with a total thickness of 1.05 ± 0.05 µm were irradiated
by 900-keV protons using a pelletron-type electrostatic accelerator with an ion current of 2 µA for
durations of 60 min to 120 min. The influence of the irradiation effect was studied by X-ray diffraction
analysis (XRD), glow discharge optical emission spectrometry (GD–OES), and Doppler broadening
spectroscopy using a variable energy positron beam. The results obtained by these methods are
compatible and indicate that defect concentration of Zr/Nb NMCs remains unchanged or slightly
decreases with increasing irradiation time.

Keywords: nanoscale multilayer coating; Zr/Nb; proton irradiation; positron annihilation
spectroscopy; XRD; GD-OES; microstructure; defects

1. Introduction

Radiation-induced defects and the corresponding changes in mechanical properties in irradiated
materials have been carefully studied in recent decades for various multilayer coatings [1–7].
These structures with various crystal structures are widely used as self-healing coatings in radiation
point defects, where vacancies and interstitials can recombine [8–11]. Based on this concept, metals with
various crystal structures (bcc, fcc, and hcp) were combined to produce nanoscale multilayer coatings
(NMCs) with increased tolerance to radiation damage caused by He ion and proton bombardment.

Most of the previous studies have been devoted to multilayer fcc/bcc systems such as Cu/Nb [12],
V/Ag [13], Cu/W [14], and Ni/Fe [15], since the large mismatch of the lattice parameters of the fcc/bcc
interfaces increases the ability to store defects in NMCs [16].

Recently, NMCs based on hcp/bcc systems have begun to attract attention: Mg/Nb [8],
Zr/Nb [17–19], Co/Mo [9], Mg/Ti [10], Cu/Zr [20], etc. Most studies of hcp-based NMCs are focused
on the relationship between the structural and strength characteristics of as-deposited nanoscale
layers. However, there are only a few studies on the defect structure evolution of the hcp-based
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NMCs before and after irradiation [6,7]. The Zr/Nb multilayer system is regarded as promising for the
creation of radiation-tolerant composite nanomaterials for the following reasons: both Zr and Nb are
elements with a low thermal neutron capture cross-section, and are widely used in structural materials.
Zr and Nb have different crystal lattices of hcp and bcc, respectively. The discrepancy between the
parameters and types of the lattices is sufficient to form incoherent or semi-coherent interfaces that act
as sinks for irradiation defects [21]; the Zr/Nb system can form immiscible and thermostable interfaces.
To understand whether the proton irradiation recovery process occurs in the hcp/bcc system, the Zr/Nb
multilayers were subjected to this exposure.

The positron annihilation spectroscopy (PAS) method is a promising nuclear physical method
for investigation and control of structural defects in multilayer coatings. Due to the phenomenon
of “positron capture by defects”, this tool has become for today the most sensitive instrument for
open-volume defect study among all existing methods traditionally used in material science (TEM,
XRD, and so on) [22]. The effectiveness of using the PAS method to study radiation defects and
multilayer coatings has been demonstrated in many papers [23–29]. Topical issues that can be solved
by using the PAS method are the study of mechanisms and dynamics of appearance, transformation,
and elimination of defects on irradiation of charged particles.

The aim of this work is the experimental study of defect evolution and the crystalline structure of
Zr/Nb multilayer system after proton irradiation for the design of radiation-tolerant materials.

2. Materials and Research Methods

The Zr/Nb NMCs were deposited on single-crystal Si (110) substrate via direct current (DC)
magnetron sputtering. The residual pressure in the vacuum chamber was 10−3 Pa. Before deposition,
the Si substrates were etched by Ar ions at 0.1 Pa for 15 min. For deposition, two balanced magnetrons
(90 mm in diameter) with Zr (99.95%) and Nb (99.9%) targets equipped with a DC power supply
(APEL-M-5PDC, Tomsk, Russia) were used. The operation pressure was 0.25 Pa (Ar), while the
distance from targets to the substrate was 100 mm. The target power density was 15 W/cm2 [30,31].
The Zr/Nb NMCs with individual layer thickness of about 100 ± 10 nm (named as Zr/Nb100) and
25 ± 2 nm (named as Zr/Nb25) were deposited. A total thickness of coatings was 1.05 ± 0.05 µm. After
deposition, the substrates with Zr/Nb multilayers were cut into 10 mm × 10 mm plates and exposed
to a perpendicular 900-keV H+ beam for 60, 90, and 120 min with ion current of about 2 µA. Thus,
the radiation dose was in the range from 9 × 1016 to 1.8 × 1017 ion/cm2. Irradiation was performed
on the pelletron-type electrostatic accelerator with a magnetic energy analyzer. An 11 µm thickness
aluminum energy degrader covered the samples of Zr/Nb NMCs. The proton energy and foil thickness
were chosen according to the SRIM calculation to place the Bragg peak position and stop the majority
of ions in NMCs. This part of the research was performed at the large-scale IRT-T research reactor
facility (Tomsk, Russia).

The cross-section of samples was observed by scanning electron microscopy in secondary electron
mode using Mira II (Tescan, Brno, Czech Republic). The structural evolution of native and irradiated
Zr/Nb multilayers was investigated by X-ray diffraction on a Shimadzu XRD-7000S diffractometer
(Shimadzu, Kyoto, Japan) in a Bragg-Brentano (Theta-2Theta) configuration with Cu Kα radiation
(λ = 0.154 nm) [32]. The layer-by-layer distribution of the Zr and Nb elements was investigated
using glow discharge optical emission spectrometry [33,34]. GD–OES is a method with a high depth
resolution and low detection limit of chemical elements. The depth profiling was carried out on a
GD-Profiler 2 (Jobin Yvon Emission Horiba Group, France) with a 4 mm anode using the following
parameters: pressure, 650 Pa; power, 40 W; frequency, 4 kHz; duty cycle, 25%. The electrical resistivity
of unirradiated and irradiated Zr/Nb NMCs was measured using the four-point probe technique
conducted at a temperature of 20 ◦C [35].

The defect-free reference, as well as the irradiated samples, were studied using the PAS method,
Doppler broadening of the annihilation line (DBAL) using the variable positron energy at the JINR
DLNP in Dubna, Russia [36,37]. A monoenergetic flux of positrons with a diameter of 5 mm with an
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intensity of 106 e+/s was used. The energy range of the implanted positron ranged from 0.1 keV to 36 keV.
Annihilation γ radiation was detected by an HPGe detector (model GEM25P4-70 AMETEK ORTEC,
USA) with an energy resolution of 1.20 keV, interpolated for the energy of 511 keV. The obtained
DBAL spectra were analyzed by extracting the S and W parameters, defined as the zone below
central or wing part of annihilation line divided by total area below this line, respectively. The S
parameter represents numbers of positrons which annihilate with low-energy electrons and increase
with defect concentration (CD). In contrast, the W parameter decreases with CD and annihilate with
high-momentum electrons.

Most applications of positron beams require knowledge of the implantation characteristics for
an appropriate interpretation of the experimental data. It is generally recognized that the positron
implantation profile for a monoenergetic positron beam in a semi-infinite solid can be expressed by the
Gaussian derivative, which is described in general terms by the so-called Makhovian profile:

P(z) =
m× zm−1

zm
0

× exp(−
(

z
z0

)m

), (1)

where z is the depth of penetration of the positron from the surface; and m and z0 are parameters that
are determined experimentally for each material [38].

It is well known that only z0 depends on the energy of the positron implant E (in keV) as follows:

z0 =
A

ρ× Γ(1 + 1
m )
× En, (2)

where ρ is the density of the material; A and n are constants; and Γ is the Gamma function, which can
be expressed as:

Γ(z) =

∫
∞

0
xz−1e−xdx; (3)

The parameter z0 can be associated with mean positron implantation depth z according to
the formula:

z = Γ
(
1 +

1
m

)
× z0. (4)

3. Results and Discussion

3.1. SEM of As-Deposited Zr/Nb Multilayer Coatings

Figure 1 shows the microstructures of the as-deposited Zr/Nb coatings with layer periodicities of
25 nm (Zr/Nb25) and 100 nm (Zr/Nb100). Analysis of the thickness measurements in different areas
showed that the total thickness for both coatings was 1.05 ± 0.05 µm. Minor deviations in thickness of
individual layers (up to approximately 10%) were observed. The grain size of the Zr/Nb25 coating did
not exceed the thickness of the individual layers (Figure 1a). The Zr/Nb100 coating had a pronounced
columnar structure in which grains continued to grow from one layer to another (Figure 1b). The width
of the columns increased as the coating grew. The individual layer boundaries were visible for the
Zr/Nb25 coating. In contrast, the layer boundaries for the Zr/Nb100 coating were mostly determined
by contrast due to the difference in Zr and Nb densities. However, it should be noted that in the final
layers of the Zr/Nb25, the boundaries became hardly distinguishable. In general, it can be concluded
that an increase in periodicity (reduction of monolayer thickness) leads to inhibited grain growth and a
less pronounced column structure of the coating.
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Figure 1. Cross-section SEM images of the as-deposited Zr/Nb nanoscale multilayer coatings 
(NMCs): 25/25 nm (a) and 100/100 nm (b). 
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The SRIM-2013 [39] calculation of H+ irradiation was performed on Zr/Nb multilayered 
systems with individual layer thicknesses of 25 nm and 100 nm and a total thickness of 1 µm 
(Figure 2). The simulation was carried out using ion distribution and a quick calculation of damage 
mode with perpendicular 900 keV H+ beam, where the total number of incident particles was 5 × 
105. The presence of an 11 µm aluminum energy degrader was taken into account. 
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Figure 2. Distribution versus penetration depth of a 900-keV proton beam for Zr/Nb100 (a) and 
Zr/Nb25 (b) simulated in SRIM-2013. Zr/Nb25: Zr/Nb coatings with a layer periodicity of 25 nm; 
Zr/Nb100: Zr/Nb coatings with layer periodicity of 100 nm.  

Figure 1. Cross-section SEM images of the as-deposited Zr/Nb nanoscale multilayer coatings (NMCs):
25/25 nm (a) and 100/100 nm (b).

3.2. SRIM Calculations

The SRIM-2013 [39] calculation of H+ irradiation was performed on Zr/Nb multilayered systems
with individual layer thicknesses of 25 nm and 100 nm and a total thickness of 1 µm (Figure 2).
The simulation was carried out using ion distribution and a quick calculation of damage mode with
perpendicular 900 keV H+ beam, where the total number of incident particles was 5 × 105. The presence
of an 11 µm aluminum energy degrader was taken into account.
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Figure 2. Distribution versus penetration depth of a 900-keV proton beam for Zr/Nb100 (a) and
Zr/Nb25 (b) simulated in SRIM-2013. Zr/Nb25: Zr/Nb coatings with a layer periodicity of 25 nm;
Zr/Nb100: Zr/Nb coatings with layer periodicity of 100 nm.

The simulation shows that the chosen energy and energy degrader thickness provided H+

implantation with deposition peak at depth of approximately 800 nm below the surface of the coating.
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Due to the difference in stopping power of Zr and Nb, there were dips and peaks on the graph
that corresponded to Zr and Nb layers. A small number of ions were stopped in the Si substrate.
Nonetheless, the majority of ions were stopped in the Zr/Nb NMC.

3.3. XRD Structure Analysis

The XRD investigation performed for the initial and proton-irradiated Zr/Nb100 and Zr/Nb25
NMCs revealed that Zr/Nb100 have Zr (100), Zr (002), and Nb (110) orientation: for Zr/Nb25 only Zr
(002) and Nb (110) diffraction peaks were detected.

In the case of Zr/Nb100 multilayers (Figure 3a), no peak shift was observed up to 90 min of
irradiation, whereas after 120 min of irradiation, diffraction peak shifts to a lower 2θ angle (for Zr) and
to a higher 2θ angle (for Nb) occurred. In contrast for Zr/Nb25 multilayers (Figure 3b), Zr diffraction
peaks remained stable at all irradiation times, and Nb diffraction peaks shifted remarkably to a
higher 2θ angle over 90 min of irradiation. After reaching 120 min, no peak shifting was observed.
The observed variations in the position of diffraction peaks indicate a change in interplanar spacing
(d-spacing) and the presence of residual stresses on a scale larger than the grain size (macrostresses).
The d-spacing was calculated using Bragg’s equation:

d =
λ

2sin θ
. (5)
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Figure 3. XRD patterns for the initial and proton-irradiated Zr/Nb100 (a) and Zr/Nb25 (b) multilayers.

Figure 4 presents the changes in d-spacing (∆d) caused by H+ irradiation. It should be mentioned
that the as-deposited Zr/Nb NMC coatings showed smaller d-spacing than the unstressed ideal crystals.
In ideal unstressed crystal, d-spacing is 2.798 Å for Zr (100), 2.574 Å for Zr (002), and 2.334 Å for Nb
(110). In this work, d-spacing in Zr/Nb100 NMCs was 2.735 Å for Zr (100), 2.566 Å for Zr (002), and
2.319 Å for Nb (110). In Zr/Nb25 NMCs it was 2.567 Å for Zr (002) and 2.328 Å for Nb (110). Hence,
it can be seen that in all multilayers there was a presence of tensile macrostresses. It should be noted
that d-spacing for Zr/Nb100 NMCs was more stable at lower irradiation times (60 min and 90 min) and
considerably changed at 120 min of irradiation. Such changes are attributed to formation of tensile
macrostress in the Nb layer and compressive macrostress in the Zr layer, causing their opposite shift.
In contrast, d-spacing for Zr/Nb25 experienced lesser changes over 120 min of irradiation. However,
it can be clearly seen that peaks corresponding to 120 min of irradiation became wider and less intensive
in relation to the formation of residual stresses that vary on the scale of a grain (microstresses).
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To estimate peak broadening due to changing of microstress on H+ irradiation, the relation between
full width on half maxima of irradiated (FWHM) and initial (FWHM0) samples versus irradiation time
was built. The analysis of peak broadening showed that for Zr/Nb100 multilayers with irradiation
times of 60 min and 90 min the Zr (100) diffraction peak became broader, with a maximum at 60 min,
while those of Zr (002) and Nb (110) remained stable (Figure 5a). After reaching 120 min of irradiation,
both Zr diffraction peaks became narrower, and the Nb (110) diffraction peak slightly broadened.
For Zr/Nb25 multilayers, changes in full width on half maxima were more intensive. As shown by
Figure 5b, over 60 min and 90 min of irradiation the full width on half maxima value decreased
remarkably, and slightly increased at 120 min of irradiation. From peak shifting and broadening it
can be noted that Zr/Nb NMCs responded to irradiation by the formation of macro- or microstresses.
NMCs that showed formation of macrostresses (Zr/Nb100: 120 min; Zr/Nb25: 60, 90 min) did not
show the formation of microstresses, and vice versa. The decrease in full width on half maxima value
indicates a microstress decrease in the coatings due a probable reduction of defectiveness with some
kind of restoration process. This could be related to the motion of existing dislocations to the interfaces
triggered by ion bombardment. This motion of existing dislocations and irradiation-induced defects
with further accumulation can shear interfaces [40], causing macrostresses to occur. The appearance
of macrostresses in Zr/Nb25 NMCs at shorter irradiation times is associated with a higher volume
density of the interfaces; consequently, it is easier for defects to reach them. Further accumulation of
damage on the interfaces may lead to non-uniform distribution of stress that appears in wide and less
intensive peaks on XRD for Zr/Nb25 NMCs exposed to 120 min of irradiation.
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3.4. Resistivity Measurements

It is generally known that during irradiation the electrical resistance should increase in proportion
to the defect concentration, indicating the presence of a defect structure. The following equation
determined the resistivity of unirradiated and irradiated Zr/Nb NMCs:

ρ = 4.53×
U
I

t, (6)

where 4.53 is the constant related to the distance between probes, U and I are probe voltage and current,
respectively, and t is the coating thickness.

The dependence of resistivity on irradiation time showed that there was no increase in resistivity
of the Zr/Nb NMCs after irradiation (Figure 6a,b). For Zr/Nb100 irradiated for 60 min and 120 min,
decreases in resistivity of 10% and 26% were detected, respectively. For Zr/Nb25, no apparent changes
in electrical resistivity were noted. Hence, the concentration of defects in the irradiated samples was
the same or lower than in unirradiated ones, proving the recovery process during irradiation.
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3.5. Variable Energy Positron Beam Spectroscopy

Figure 7 shows the dependence of S parameters on the energy of incident positrons for Zr/Nb100
and Zr/Nb25 after and before proton irradiation. The upper axis was calculated using Equation (4) and
parameters for Nb: m = 1.733, n = 1.662, and A = 2.87 [41], taking into account different densities of
Nb and Zr. The S parameter for 100 nm system firstly increased with positron energies up to 9 keV.
This increase was caused by the difference in S parameter for Zr and Nb films. The S parameter was
higher for Zr, and this rise is linked with the number of positrons annihilated in the Zr layer. When the
energy of positrons was sufficient to reach the third layer (over 13 keV), a drop in the S parameter could
be observed. The depth resolution decreased with positron energy and was caused by comprehensive
implantation profile, according to Equation (3). For energies higher than 15 keV due to poor resolution,
the following layers could only be described by the mean S parameter. In other words, positrons
annihilate in several layers at once. It could also be seen that the S parameter increased when positrons
reached the substrate Si region at about 30–32 keV. Performed studies indicated that S parameter of the
initial sample decreased with irradiation time and was the lowest for samples irradiated for 120 min,
especially at a depth of 800 nm corresponding to Bragg peak position (see Figure 2). This was caused
by lower defect concentration than in the initial sample.
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As for the dependency of S parameter in the 25 nm system, when the energy of positrons increased
from 0.1 keV to 3 keV, there was a similar gradual increase in the S parameter in all samples, caused by
the implantation of positrons to the second layer. The end of the second layer was blurry. The decrease
in layer size made it difficult to recognize the boundary of layers. This could be for two reasons.
Firstly, a depth resolution is not sufficient to observe a single 25 nm layer. Secondly, positrons can
easily diffuse to the boundary of films and annihilate on its surface, causing S parameters to be almost
constant over all layers. Only small increase of S parameter could be noted when positrons reached the
silicon after an energy of 33 keV, similar to the Zr/Nb100. The S parameter differences for initial and
irradiated samples were minimal. Additional defects were not observed. Furthermore, at a depth of
around 800 nm the S parameters for irradiated and unirradiated samples were within the uncertainty
range. The PAS measurements indicated that for both layer systems the defect evolution was similar
and did not change much with irradiation time in the Bragg peak area. To analyze types of defects it is
necessary to consider the dependence of S (W).

Figure 8 shows the dependence of the S (W) parameter for the 100 nm and 25 nm Zr/Nb NMCs.
As can be seen from Figure 8a, defects arose from proton irradiation in all samples and were almost
identical. The S-W points for treated samples lay on a straight line but with a lower position than initial
ones. That indicates that defects type changed slightly during irradiation. More significant differences
were observed for Zr/Nb25 samples (see Figure 8b). Here, in all samples the defect type drastically
changed and depended on irradiation time. This suggests that with the increasing number of interfaces
between coatings, the process of defect evolution depends on the dose and becomes more complicated.Metals 2020, 10, x FOR PEER REVIEW 9 of 13 
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3.6. Investigation of NMCs Zr/Nb by Beam Positron Spectroscopy and GD–OES

When analyzing coatings by the GD-OES method, a layer-by-layer correlation of data with beam
positron spectroscopy was discovered, which led us to consider these results in more detail. Figure 9
shows graphs of the dependence of the Zr and Nb emission intensity on the sputtering depth of the
initial sample with a coating of 100 ± 10 nm and the relationship of the positron energy with the
S parameter of the initial and irradiated samples. The results obtained by GD–OES were in good
agreement with the results of the positron beam spectroscopy. One can note a certain tendency: during
the sputtering of the niobium layer, the S parameter increased, and during the sputtering of the
zirconium layer, the S parameter decreased. Furthermore, this cycle was repeated throughout the
entire measurement range; this behavior of the S parameter was caused by different lattices of these
metals. Hence, peaks and drops began at the layer interface, as confirmed by the results of GD–OES.
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Figure 10 shows dependence of the Zr and Nb emission intensity on the sputtering depth of the
initial sample with a coating of 25 ± 2 nm and the relevance of positron energy on the S parameter of
the initial and irradiated samples. In this case, the cycle was repeated over the entire measurement
range as in the graphs above; this behavior of the S parameter is also explained by different lattices of
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Therefore, when analyzing multilayer coatings based on Zr and Nb, it can be assumed that the
defective structure of these NMCs does not increase upon proton irradiation; the interfaces do not mix
either before or after irradiation.

4. Conclusions

The Zr/Nb-based NMCs with thicknesses of individual layers of 100 ± 10 nm and 25 ± 2 nm
were successfully deposited by DC magnetron sputtering. The obtained NMCs were irradiated with
900 keV protons for various times periods (60 min to 120 min). As a result of the work, the following
conclusions can be drawn:

(1) The study of the distribution of layers and chemical elements of Zr/Nb NMCs using GD–OES
before and after irradiation with 900 keV photons with different irradiation duration times from
60 min to 120 min showed that the structure of the NMCs did not change as a result of irradiation,
and the layers did not mix;

(2) A study of the distribution of defects in Zr/Nb NMCs before and after irradiation with protons
using positron beams with variable energy by Doppler broadening spectroscopy method showed
that the defect structure of the samples before and after irradiation was approximately on the
same level; in some cases at a depth around 800 nm corresponding to Bragg peak there was a
slight decrease in defectiveness in irradiated samples;

(3) Microstructure evolution of Zr/Nb NMCs after irradiation examined by XRD study showed good
radiation tolerance against 900 keV H+ irradiation. However, detected some minor changes were
detected in diffraction peak positions and full width on half maxima values. Zr/Nb25 showed
higher sensitivity to doses at 60 min and 90 min of irradiation, and Zr/Nb100 was more sensitive
to doses at 120 min;

(4) Investigation of electrical resistance showed nearly zero changes of resistivity after irradiation for
most regimes. For Zr/Nb100 irradiated during 60 min and 90 min decreases in resistivity of 10%
and 26%, respectively, were observed;

(5) Studies showed that irradiation of Zr/Nb NMCs with H+ did not lead to any severe damage
and in some cases the structure of the coatings became more ordered than in the native ones.
This phenomenon can be attributed to the fact that at such doses, the defect formation rate is
suppressed by the high volume density of defect sinks and is not sufficient for the formation
of a stable defective structure. Moreover, the macrostresses on the interfaces occurring during
irradiation stimulate the diffusion mobility of defects, leading to the reduction of the overall
defect level.
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