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Abstract. This work presents the results of thermal stability of nanoscale multilayer coatings based
on Zr/Nb. In situ X-ray diffractometry was used for the studies. The thermal stability was investigated
over a large temperature range from 100 to 900 °C. Because of the studies, it was revealed that when
the temperature reached 440-480 °C, the coating delamination from the substrate occurred. This
effect is due to the different thermal characteristics of the silicon substrate and the Zr/Nb coating. At
temperatures of 100 and 300 °C, the layered structure of the coatings was preserved, which is
confirmed by the data from optical emission spectrometry of glow discharge.
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1. Introduction

Nuclear energy systems that are advanced and modern depend heavily on structural materials
that can tolerate high radiation doses [1, 2]. Structural materials exposed to radiation generate a
great deal of interstitial atoms and vacancies, which aggregate to create dislocation loops, stacking
fault tetrahedra, or nanovoids. The formation of swelling, hardening, amorphization, and
embrittlement is facilitated by these fault agglomerates and ultimately results in faster material
deterioration under irradiation [3—5]. The systems with hexagonal-cubic (hcp/bcec and hep/fec)
crystal lattices have the structural difference. Furthermore, because hcp/bee systems have a high
crystal lattice discrepancy, they have a great deal of potential for making composites that are
resistant to radiation. According to recent research [6—11], the significant disparity enables the
incoherent and semi-coherent interfaces of hcp/bee systems to function as an efficient sink for
radiation defects and a barrier to dislocation propagation during deformation. Different sink
efficiencies are expected for incoherent and semi-coherent surfaces with unique crystallographic
orientations, compositions, and structures. In particular, there is active research being done on
Zr/Nb nanoscale multilayer coatings (NMCs) radiation resistance. Studies on the effects of Si* [10],
C' [12], Cu' [13], He" [14] and H' [15] ions on NMC Zr/Nb irradiation reveal that these
nanocomposites are also very radiation resistant.

However, there is not enough information about the structural stability of Zr/Nb NMCs at high
temperatures. Irradiation with various ions can cause heating to high temperatures. Hence, the aim
of this work is to investigate the thermal stability of Zr/Nb NMCs under linear heating in vacuum
using in-situ X-ray diffractometry.

2. Materials and methods

Nanoscale multilayer coatings (NMCs) were deposited by magnetron sputtering, individual
layer thickness was 100 nm, and total coating thickness was 1.1+0.2 um.

An in-situ diffraction study was carried out using a high-temperature chamber HTK 2000N
(Anton Paar, Austria) on a diffractometer XRD-7000S (Shimadzu, Japan). The samples were heated
by resistive method; a platinum plate was used as a heater. The study was carried out under vacuum
conditions 10~ Pa. Heating was performed linearly up to 900 °C with a step of 20 °C. Imaging was
performed in the range of 30.4—47.5° using a high-speed 1280-channel OneSight detector. The
exposure time was 1 min.

Isochronous annealing under vacuum conditions of Zr/Nb NMCs with a thickness of individual
layers of 100 nm was carried out for 1 h at temperatures of 100, 300, 600 and 900 °C in an
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induction furnace. The heating rate was 1 °C/min. The structural changes because of annealing were
also monitored by diffraction method on a XRD-7000S diffractometer (Shimadzu, Japan) using
Bragg-Brentano geometry, investigated angles 10-90°, scanning speed 5.0 deg/min. The
distribution of elements before and after heating was analysed by glow discharge optical emission
spectrometry (GD—OES) on a GD-Profiler 2 spectrometer (Horiba, Japan).

2. Results and discussions

An in situ diffraction study of Zr/Nb NMCs with an individual layer thickness of 100 nm
showed that no intermetallic compounds or other crystalline phases are formed in the coating during
linear heating in vacuum to a temperature of 900 °C. The diffraction reflections of Zr(002) and
Nb(110) remain well distinguishable throughout the heating time, as shown in Fig. 1.
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Fig. 1. Diffractogram of Zr/Nb NMC sample with individual layers thickness of 100 nm obtained
by linear heating in vacuum.

However, during the heating process, in the temperature range of 440480 °C, a simultaneous
sharp shift of the diffraction reflections towards higher angles by more than 2° is observed. This
shift is associated with delamination of the coatings from the substrate, which is confirmed by
visual inspection. The effect of delamination at high-temperature exposure is related to the
difference of thermal characteristics for all components (Zr, Nb, Si) of the coating-substrate system.
Isochronous vacuum annealing in vacuum revealed that heating up to 100 °C in Zr/Nb NMC:s is not
accompanied by structural changes (Fig. 2).

Increasing the annealing temperature to 300 °C leads to a shift of the Nb(110) reflex towards
larger angles, while the Zr(002) reflex shifts towards smaller angles, which may indicate stress
relaxation in the Zr and Nb layers. When the temperature of 600 °C was reached, the presence of
areas of delamination of the coating from the substrate was noted, which affects the shape of the
reflexes. For the annealing temperature of 900 °C it was not possible to carry out a diffraction study
due to the complete detachment of the coating from the substrate. According to GD—OES data, the
distribution of elements in Zr/Nb100 NMCs after vacuum isochronous annealing up to 300 °C does
not change significantly (Fig.3 and 4). Annealing at temperatures above 600 °C leads to
delamination of the coating from the substrate, which makes it impossible to analyses by the GD—
OES method.
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Fig. 2. Diffractograms of initial and annealed for 1 hour samples of Zt/Nb NMCs with thickness
of individual layers 100 nm.
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Fig. 3. Distribution of Zr/Nb NMC layers with Fig. 4. Distribution of Zt/Nb NMC layers with individual
individual layer thickness of 100 nm after isochronous layer thickness of 100 nm after isochronous annealing in
annealing in vacuum for 1 hour at 300 °C. vacuum for 1 hour at 100 °C.

4. Conclusion

The in-situ diffraction study showed the stability of the phase composition of Zr\Nb NMCs
when heated up to 900 °C, no additional phases are detected. In the temperature range 440—480 °C,
a simultaneous sharp shift (> 2°) of diffraction reflexes towards higher angles is observed due to the
delamination of the coating from the substrate. Analysis of the results of X-ray diffraction analysis
and GD-OES at isochronous vacuum annealing showed that heating up to 100 °C has no effect on
the structure and composition of the coating, the layers are not mixed, and the value of
microstresses is at the initial level. At increase of annealing temperature up to 300 °C there is a
multidirectional shift of Nb(110) and Zr(002) reflexes that testify to the process of stress relaxation
in monolayers. Increase of the annealing temperature up to 900 °C is accompanied by delamination
of the coating from the substrate and destruction of the composite.
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