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Abstract: A two-layer Fe-Cr-Al-Zr surface alloy was synthesized on a zirconium substrate by 

magnetron sputtering and subsequent low-energy high-current electron-beam (LEHCEB) 

processing. Thicknesses of the top Fe69Cr20Al11 (at.%) relatively large-grained (~1 µm) and transition 

Fe-Zr Cr-Al amorphous layers were about 0.7 and 0.6 µm, respectively. In turn, the amorphous layer 

consisted of two Fe64–54Zr8–22Cr21–17Al8–7 and Fe40–16Zr42–78Cr12–4Al6–2 (at.%) sublayers, differing in both 

zirconium and iron concentrations in wide ranges, which were separated by another nanocrystalline 

interlayer. The Fe-Cr-Al-Zr surface alloy serve as a diffusion barrier, preventing interaction of the 

zirconium substrate with oxygen from an environment. It was thermally stable up to ≈1173 K. 

Keywords: Fe-Cr-Al-Zr surface alloy; low-energy high-current electron beam; amorphous layer; 

diffusion barrier 

 

1. Introduction 

A typical surface alloy (SA) is a coating characterized by the highest level of adhesion to a 

substrate due to the liquid-phase fusion with its top layer. The fundamental difference between SAs 

and conventional PVD coatings is the presence of an interlayer (or transition layer) between the 

coating and the substrate in the first case. In the transition layer, concentrations of the coating 

elements gradually decrease from their core compositions down to zero, while contents of the 

substrate atoms, on the contrary, increases up to 100%. Most physical properties of the intermediate 

layer change smoothly from the coating values to those inherent in the substrate material. In 

particular, an in-depth gradient of the thermal expansion coefficient on the “substrate – SA coating” 

boundary is one-to-two orders of magnitude lower than that for the “substrate – PVD coating” 

boundary. Accordingly, thermal stresses are significantly lower upon heating in this case. For SAs, 

the transition layer formation reduces the likelihood of their delamination from substrates compared 

with similar PVD coatings. Nowadays, SAs are formed on different coating – substrate systems for 

various applications [1–4]. 

It is known that diffusion of zirconium to the surface occurs mainly along the grain boundaries 

of the coating, especially in the case of a columnar or porous coating microstructure [5]. At the same 

time, oxygen penetrates to the zirconium substrate along the coating grain boundaries as well. This 

interdiffusion process, as a rule, results in the formation of an intergranular zirconium-oxide grid, 

facilitating the transport of both oxygen and zirconium and increasing the oxidation rate. 

In this study, it was assumed that a SA had to act as a diffusion barrier (or a protective coating 

resistant to high temperature oxidation) for a zirconium substrate. The SA had to prevent the 

diffusion of oxygen from an environment into the substrate. This task is important from viewpoint 

of the development strategies for accident-tolerant fuels for nuclear reactors in order to reduce the 

risk of the zirconium–vapor reactions. 
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2. Materials and Methods 

Zirconium samples with dimensions of 15×15×2 mm and a purity of 99.95 wt.% were used as 

substrates. Initially, Fe69Cr20Al11 (at.%) films with a thickness of 1 µm were deposited by magnetron 

sputtering. Then, they were mixed in a liquid phase with the substrates by LEHCEB processing (4 

pulses with energy densities of 2.4 or 4.6 J/cm2, according to Table 1). The used equipment, its 

parameters, and mode designation were described in more detail in [2,6]. 

Table 1. LEHCEB modes applied for the formation of the Fe-Cr-Al-Zr SAs. 

No. Mode Designation 

1 Weak melting [M(1.0)+EB(4; 2.4)] × 1 

2 Intense melting [M(1.0)+EB(4; 4.6)] × 1 

Microstructural examinations of thin foils in the cross-section geometry were carried out by 

transmission electron microscopy (TEM). Their chemical compositions were assessed with an EDS 

analyzer. 

In-situ synchrotron X-ray diffraction studies were carried out at the Precision Diffractometry 

Station of the Siberian Center for Synchrotron and Terahertz Radiation. X-ray patterns were obtained 

in the grazing incidence mode at an angle of 5° during linear heating of the samples with SAs from 

30 up to 1543 K at a rate of 15 K/min in vacuum. 

Computer simulation of the dynamics of temperature fields under irradiation with PEBs has 

been carried out using the ‘HEATPACK-1.0’ software package, described in [3,6]. 

3. Results and Discussion 

Figure 1 shows in-depth element distributions on the samples after LEHCEB processing. Their 

nature was fundamentally different for modes (1) and (2). For mode (1), two layers were observed: 

first of a given elemental composition and second - a transition layer located at depths of 0–0.7 and 

0.7–1.3 µm, respectively. In the first layer, concentrations of the SA elements, namely, iron, chromium 

and aluminum, remained constant and coincided with the concentrations of elements in the pre-

deposited film, while the zirconium content was close to zero. The second layer was transitional, in 

which the zirconium content increased from 0 up to 100%, while the concentrations of the coating 

elements, vice versa, reduced to zero. 

For mode (1), it followed from its in-depth element distribution that the molten layer thickness 

had been about 1.3 µm upon LEHCEB processing, since the zirconium content was less than 100% 

down to this distance from the sample surface. The calculations give very close result (see Figure 2) 

which is, nevertheless, about 30% less. The difference between the calculations and experiments may 

be explained by the effect of the energy density dispersion from pulse to pulse [6]. According to the 

calculation results, the duration of melt existence had been 1.9µs. During this period, zirconium had 

diffused into the liquid phase from a depth of 1.0 up to 0.5 µm, but without reaching the surface. 

Accordingly, the zirconium linear diffusion rate could be estimated as ≈0.26 m/s under these 

nonequilibrium conditions. The iron diffusion rate into the zirconium substrate was approximately 

the same. 
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Figure 1. The TEM/EDS in-depth element distributions for the zirconium samples with the Fe-Cr-Al-

Zr SAs: a – mode (1); b – mode (2). 

For mode (2), the SA formation process had been completely different upon LEHCEB processing. 

A single layer up to 3 µm thick was found at the sample surface, the composition of which varied 

significantly from that of the pre-deposited film. Compared to the SA formed according to mode (1), 

which composition was about Fe69Cr20Al11 (at.%), the contents of all constituent elements decreased 

by about a factor of two for mode (2), characterized by intense melting. At the same time, a great 

zirconium concentration (more than 50 at.%) was observed on the sample surface, which had diffused 

in the liquid phase. Accordingly, the SA had been formed not only from the elements of the pre-

deposited film, but also from the substrate material, representing the Fe-Cr-Al-Zr system. 

According to the Fe-Zr state diagram, the iron partition coefficient in the zirconium 

concentration range of 35–70 at.% was 𝑘ᇱ = 𝐶௦𝐶௟ > 1 

where Cs and Cl were the iron concentrations in the solid and liquid phases, respectively. It 

followed from the above fact that, at the crystallization front of the binary Fe-Zr molten mixture, not 

iron atoms but zirconium ones had been displaced to the sample surface, which was observed 

experimentally. 

 

Figure 2. Thickness of the molten layer vs time for the Fe-Cr-Al-Zr system LEHCEB irradiated in 

mode (1). 

Figure 3 shows a bright-field TEM image and a scheme of the cross-section of the Fe-Cr-Al-Zr 

SA formed on the zirconium surface using mode (1). The top layer ≈0.7 µm thick consisted of 
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rectangular grains with thicknesses of about 0.6 µm and widths of 0.5–0.8 µm, oriented perpendicular 

to the surface. 

 

Figure 3. The bright-field TEM image (а) and the scheme (b) of the cross-section of the Fe-Cr-Al SA 

formed on the zirconium surface using mode (1). 

The second transition layer ≈0.6 µm thick was characterized by an inhomogeneous amorphous 

structure. It consisted of several sublayers with a different structure: the first amorphous one ≈0.15 

µm thick, followed by a sublayer of nanosized particles with the same thickness of ≈0.15 µm, and 

another bottom amorphous sublayer ≈0.3 µm thick, in which single nanocrystals with dimensions of 

about 10 nm were observed. Thereby, the amorphous layer was divided by the sublayer of nanosized 

particles into two unequal parts. This sublayer consisted of particles with sizes of ~10 nm, 

corresponded to different phases (highly likely, it was a mixture of the bcc-Fe, hcp-Zr, Fe2Zr, and 

FeZr2 nanoparticles). 

The formation of amorphous layers upon LEHCEB processing of various metallic materials was 

reported in a number of papers [7–10]. The studied case differed from the previous ones by the fact 

that the formed amorphous layer was located not on the top surface, but at the depths of 0.7–1.3 µm. 

The reason was chemical compositions of the layers. As mentioned earlier in [8], the high cooling 

rates did not contribute necessarily to the amorphization of metallic materials, since it was required 

to fulfill a number of other conditions in each specific case. Obviously, in our case such a condition 

was the presence of zirconium, and the amorphous layer had formed in two ranges of its 

concentrations of 8–22 and 42–78 at.%. Comparing Figures 1 and 3, it was possible to determine the 

compositions of the two synthesized amorphous sublayers as Fe64–54Zr8–22Cr21–17Al8–7 and Fe40–16Zr42–

78Cr12–4Al6–2 at.%. The first one was located closer to the surface. In the zirconium concentration range 

of 22–42 at.%, an amorphous layer had not been formed, but finely dispersed phases with a 

nanocrystalline structure were found. 

In terms of preventing intergranular diffusion of oxygen from the environment into the substrate 

and zirconium in the opposite direction, the Fe-Cr-Al-Zr SA synthesized using mode (1) was an 

‘ideal’ coating. In the first crystalline layer, the number of grain boundaries was negligible compared 

to that of the pre-deposited film, while grain boundaries were absent in the second Fe-Cr-Al-Zr 

amorphous sublayer. In such a way, SA has to act as a diffusion barrier (or a protective coating 

resistant to high temperature oxidation) for a zirconium substrate. 

The in-situ study of the evolution of the phase composition was carried out for the Fe-Cr-Al-Zr 

SA formed using mode (1). X-ray patterns obtained upon the sample heating are presented in Figure 

4 as waterfall charts. 
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Figure 4. The X-ray patterns obtained upon heating and cooling of the sample with the Fe-Cr-Al-Zr 

SA formed using mode (1). 

As followed from Figure 4, no changes in the phase composition were observed up to 1173 K, 

i.e. the SA structure was thermally stable. The reflections of the main α-Zr and α-Fe phases were 

shifted towards lower angles due to an increase in the lattice parameters as a result of thermal 

expansion. In the range of 1173–1223 K, new phases were found, which could be attributed to the 

FeZr2 compound with a cubic or tetragonal structure. Signs of the α-Zr→β-Zr phase transition were 

detected at ≈1253 K, which was about 100 K greater than the known reference data [11]. The intensity 

of the new phases enhanced with rising temperature up to ≈1523°K, which indicated an increase in 

their contents. At a temperature of ≈1543 K, almost all reflections were negligible in the X-ray 

diffraction patterns, reflecting the SA amorphization. This phenomenon could be associated with 

melting of the surface layer. Concerning the thermal stability of the obtained amorphous transition 

layer, it has been expected that this structure is preserved upon heating by minimum of hundreds of 

degrees, since a similar pattern was observed for a Ti-Ta-Ni SA synthesized by the authors of [12]. 

4. Conclusions 

1. Two SA types had been formed by LEHCEB processing. The first type, after weak melting, was 

characterized by the chemical composition corresponding to that of the pre-deposited film. In 

the second SA, the film atoms had been mixed with the substrate ones, displaced to the surface 

in the liquid phase during intense melting. 

2. As a result of LEHCEB processing of the initial (Fe-Cr-Al)/Zr film–substrate system, the two-

layer SA of 1.3 µm in thick was synthesized. It included the surface Fe69Cr20Al11 at.% relatively 

large-grained (~1 µm) layer and another amorphous one below, consisted of two Fe64–54Zr8–22Cr21–

17Al8–7 and Fe40–16Zr42–78Cr12–4Al6–2 (at.%) sublayers.  

3. In the zirconium concentration range of 22–42 at.%, an amorphous layer had not been formed, 

but the finely dispersed phases with the nanocrystalline structure were observed. 

4. In terms of preventing intergranular diffusion of oxygen from the environment into the substrate 

and zirconium in the opposite direction, the Fe-Cr-Al-Zr SA synthesized using mode (1) was an 

‘ideal’ coating, because in the first crystalline layer, the number of grain boundaries was 

negligible compared to that of the pre-deposited film, while grain boundaries were absent in the 

second Fe-Cr-Al-Zr amorphous sublayer. Moreover, the structure of SA synthesized was 

thermally stable. 
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