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A B S T R A C T   

Zr-alloys are used as nuclear fuel cladding tubes in nuclear reactors. Recently, surface coating of conventional Zr- 
alloy tubes has been performed to enhance their resistance to corrosion and high-temperature oxidation. FeCrAl 
is a candidate coating material because of its extremely low oxidation rates and desirable mechanical properties. 
In this study, FeCrAl was deposited directly on a Zr-alloy using 3D printing technology. The processing condi-
tions, such as laser beam power, scanning speed, and powder/gas feed rates, were optimized to attain a dense 
and adhesive FeCrAl layer. The minimum beam power required to melt the FeCrAl source powder was found to 
be 160 W. The FeCrAl layer coagulated when the scanning speed was low and the powder feed rate was high, and 
it became sparse and porous when the scanning speed was high and feed rate was low. The FeCrAl-coated Zr 
samples were tested for oxidation at 1200 ◦C. A thin Al2O3 (2–3 μm) formed on the FeCrAl surface, and a 
diffusion layer developed between the FeCrAl/Zr interfaces. By comparison, a thick ZrO2 (approximately 120 
μm) layer formed in the Zr-alloy without coating. The oxidation resistance of the Zr-alloys increased by 
approximately 50 times by the formation of FeCrAl layer on their surfaces. This 3D printing method is expected 
to improve the safety of Zr fuel cladding tubes.   

1. Introduction 

Zr-alloys have been used as fuel cladding tubes in nuclear power 
plants owing to their excellent corrosion resistance, mechanical prop-
erties, and neutron economy during normal operating conditions. 
However, their durability is affected by rapid oxidation and exothermic 
reactions when exposed in air/steam at high-temperature (>900 ◦C) 
[1,2]. Thus, accident-tolerant fuel claddings are being developed glob-
ally with a demand for nuclear fuels with higher safety under normal 
operation and severe accident conditions. Accident-tolerant fuel clad-
ding has greater resistance to high-temperature oxidation and defor-
mation than conventional cladding; it reduces oxidation-induced 
hydrogen generation, suppressing the risk of hydrogen explosion and 
exposure of radioactive materials due to deformation failure. Studies on 
accident-tolerant fuel cladding include the development of coating 
technologies applicable to current Zr claddings [3–8], and alternative 
materials to replace Zr-alloys [9–11]. In particular, coating technology 
has attracted much interest as an accident-tolerant fuel cladding 
manufacturing technology because it can improve corrosion and 
oxidation resistance without changing the Zr base material, which 

makes it easier than developing a new material. 
The materials considered for coating include Cr [3–7], CrAl [4], and 

FeCrAl [6,8]. Among them, FeCrAl alloy is also considered a promising 
material for replacing Zr cladding [9]. We have sought to improve the 
insufficient high-temperature oxidation resistance of Zr cladding by 
coating it with a FeCrAl material [6]. Previously, FeCrAl was coated 
using a cold spray method. The cold spray method is a fast coating 
method at low temperature using compressed gas; however, it has dis-
advantages such as plastic deformation that increases the strength of the 
coating layer [12], poor adhesive property of the coating layer and the 
base material [13], and the mismatch between the coating layer and the 
theoretical density [14]. In the present study, FeCrAl coating was con-
ducted using a 3D laser printing method to resolve these problems. 

The 3D laser printing method is largely divided into the powder bed 
fusion (PBF) method and the direct energy deposition (DED) method. 
The PBF method forms a laminated structure within a powder bed on the 
stage using a laser heat source, and the DED method laminates and coats 
the powder using the powder feeder through the nozzle directly with the 
laser heat source. The PBF method utilizes a powder bed containing 
uniform spherical particles; therefore, it is possible to fabricate bulky 
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and complex structural parts, but it is impossible to coat them on tubes. 
The DED method is not restricted to the powder shape, and the laser heat 
source is directly applied, which allows for coating on plates and tubes 
regardless of the shape. It also ensures that the lamination and coating 
are as close to the theoretical density as possible. Therefore, the FeCrAl 
coating was performed using the DED method in this study. The pro-
cessing conditions, such as laser beam power, scanning speed, and 
powder/gas feed rates, were optimized to attain a uniform FeCrAl 
coating layer. The microstructural characteristics, adhesion properties, 
and oxidation behavior of the FeCrAl-coated Zr-alloy samples were 
evaluated. 

2. Experimental procedures 

2.1. 3D printing laser equipment 

Fig. 1 shows a photograph of the 3D laser printer equipment utilized 
in this study, which consists of a laser beam module (nozzle, lens as-
sembly, optical fibers, and laser source) and a powder feeding module. 
The laser source (PF-1500F, HBL Co., Korea) used a continuous wave 
diode laser with a maximum output of 250 W. The quality of the laser 
(size, density and shape) was controlled by lens assembly. It was applied 
the circular beam with diameter of 240 μm (D = 0.24 mm) in this 
experiment. When using 3D laser coating, the important parts of the 
equipment are the nozzle and powder feeder, because the coating uni-
formity and adhesion property can be varied based on the combination 
of the two parts [5]. The nozzle allows for positioning powders at the 
center of the laser beam, and the powder feeder provides a consistent 
amount of powder. In addition, a tubular sample is mounted on the 
stage, and it is designed so that cooling water can be supplied into the 
tube to suppress the microstructural change and deformation caused by 
the laser beam heat source. To prevent surface oxidation of the cladding 
during coating, Ar gas was supplied through the nozzle. 

2.2. Materials and processes 

Commercially available Zr-alloy (Zircaloy-4, Zr-1.5Sn-0.2Fe-0.1Cr, 
wt%) tubes with an outer diameter of 9.5 mm and a wall thickness of 
0.57 mm were used as substrate tubes. The initial microstructure of the 
tube was stress-relieved. Prior to coating, the tubes (400 mm in length) 
were cleaned with ethanol and acetone to remove debris or stains and 
then dried in a vacuum oven. FeCrAl powder (APMT, Sandvik AB, 
Sweden) with a composition of Fe-22Cr-5Al-3Mo (wt%) and purity of 
99.9% was used as the coating raw material. The particle size of the 
powder was 20–40 μm. Fig. 2 shows a scanning electron microscopy 
(SEM) image of the powders used in the experiment. The shape of the 
powder was spherical and the measured composition was consistent 
with the APMT composition. 

The 3D laser coating processing conditions were 140–220 W of the 
applied laser beam power, 5–10 mm/s range of scan speed, 0.7–2.5 g/ 
min range of powder supply, and a flow gas (Ar) amount variable of 
3.0–3.6 L/min. The rough surface was polished after 3D printing. The 
polished samples were subjected to high-temperature oxidation tests 
using a thermo-gravimetric instrument. For the high-temperature 
oxidation test, Zr-alloy tubes with and without FeCrAl coating were 
cut along the axial direction to a length of 10 mm. The samples were 
cleaned with ethanol under ultrasonication for 5 min and dried. Then, 
the samples were mounted in the test instrument. The temperature of the 
sample was increased up to 1200 ◦C at a heating rate of 50 ◦C/min while 
flowing Ar gas in order to prevent oxidation during the heating lamp. 
Then, a mixed gas of steam and Ar was supplied at a flow rate of 10 mL/ 
min at 1200 ◦C for 2000 s. After the oxidation test, the microstructures of 
the samples were observed using an optical microscope and a scanning 
electron microscope. 

3. Results and discussion 

3.1. 3D printing of FeCrAl on Zr-alloy 

Fig. 3 shows images of the 3D laser printing process parameters and 
selected samples after FeCrAl coating under various laser processing 
conditions. For the FeCrAl coating, 3D printing parameters, such as laser 
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Fig. 1. Laser equipment for 3D printing consisting of a laser beam module and 
powder feeding module. 

Fig. 2. Appearance and chemical compositions of as-received FeCrAl particles 
used for the 3D printing. 
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beam power, scanning speed, and powder/gas feed rates, were investi-
gated. The applied laser beam power was varied in the range of 140–220 
W. It was found the minimum required power level was 160 W. It is 
suggested that the threshold value for the melting of FeCrAl particles is 
160 W. The scanning speed was varied in the range of 5–10 mm/s. As the 
scanning speed increased from 5 mm/s (A) to 10 mm/s (F), the coating 
thickness decreased and the surface roughness appeared to improve. The 
powder feed rate and flow gas were varied in the range of 0.7–2.5 g/min 
and 3.0–3.6 L/min, respectively. The effects of the powder feed rate and 
the flow gas amount were strongly correlated. As the powder feed rate 
increased, the coating thickness increased, but agglomerates appeared. 
Meanwhile, the coating thickness decreased and became sparse as the 
flow gas amount increased. The abundant flow gas was not desirable, as 
shown in Fig. 3(F–I). As the flow gas was increased from 3 L/min (F) to 
3.6 L/min (I), only a small amount of powder was stuck on the surface of 
the Zr tube. It is considered that increasing the amount of gas led to a 
decrease in the amount of melted powder as the powder was spread out 

rather than gathered in the middle. An appropriate flow gas was 
required for a given powder feed rate in order to obtain a uniform 
coating by dispersing the supplied powder. 

Fig. 4 illustrates the schematic trajectory of the powder supply dur-
ing 3D printing. Powders are supplied through the rim of the nozzle head 
and concentrated at the focal position of the beam to obtain the 
maximum efficiency of powder consumption. Samples for 3D printing 
are usually located at the focal position. In Fig. 4, the areal density of the 
powders is also presented by assuming their normal distribution with 
respect to the height between the nozzle head and focal point. As the 
distance from the nozzle increases, the ridge of the powder density be-
comes close. At the depth of the focal point, the distribution of powders 
can be interpreted as a two-dimensional normal distribution: 

g(x, y) =
1

2πσ2e−
x2+y2

2σ2 (1) 

where σ is the standard deviation of the distribution. The amount of 
powders within the beam area can be obtained by integrating Eq. (1), 
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Fig. 3. Map of controlling parameters for 3D printing process and selected samples showing various morphologies of FeCrAl coatings depending on laser pro-
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Fig. 4. Distribution of powders supplied from the nozzle head to a sample surface.  
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bounded by the beam radius (D/2). 

w =

∫∫
1

2πσ2e−
x2+y2

2σ2 dxdy =

∫∫ D/2

0

1
2πσ2e−

r2
2σ2 drdθ (2) 

Fig. 5(a) shows the area of the beam and powder coverage depending 
on the distance from the nozzle head. Because of the convergence of the 
beam and powder trajectory, the areal coverages decrease with distance. 
Fig. 5(b) shows the amount of powder within the beam area calculated 
numerically using Eq. (2). When the distance from the nozzle is small, 
the amount of powder is small because most of the powder is outside of 
the beam area. The amount increases with distance as the powder 
concentrates to the focal point. However, the amount decreases when 
the distance from the nozzle approaches the focal length. This is because 
the beam diameter is very small (D = 0.24 mm) compared to the powder 
coverage. 

By varying the standard deviation of the powder density distribution, 
the experimental conditions were deduced, as shown in Fig. 5(c). From 
the experimental results, the spot of the coating had a cylindrical shape 
with a diameter of 0.24 mm (D = 0.24 mm) and height of about 200 μm 
when the carrier gas flow was 3.0 L/min. The mass of the spot was 6.47 
× 10− 5 g when applying a density of 7.15 g/cm3. If the scanning speed 
was 10 mm/s, the rate of mass for the FeCrAl coating would be 0.0388 g/ 
min. According to Fig. 5(c), this processing condition matches the case 
when σ2 = 0.46. This condition indicates that approximately 40% of the 
powder is concentrated within a diameter of 1.35 mm (±σ) and 86% 
within 2.71 mm (±2σ) [15]. In Fig. 5(d), the coating thickness was 
estimated depending on the scanning speed and standard deviation of 
the powder density. As the scanning speed increased, the thickness of 
single-layer coating decreased. The standard deviation is correlated with 
the carrier gas flow: a larger value (σ2 of 0.55) indicates the broadening 
of powder coverage and results in decreased coating thickness, and a 
smaller value (σ2 of 0.40) indicates the concentration of powder 
coverage and results in increased coating thickness. 

Fig. 6 shows the FeCrAl-coated Zr tube sample and its cross-sectional 

Fig. 5. Measured and estimated processing parameters for 3D printing DED: (a) areal coverage of beam and powder with respect to the distance from the nozzle 
head, (b) amount of powder within beam coverage with respect to the distance from the nozzle head, (c) amount of powder in reaction on sample surface, and (d) 
coating thickness depending on the scanning speed and standard deviation of the powder distribution. 

Fig. 6. Cross-sectional microstructures of FeCrAl coating layer formed on a 
Zircaloy-4 tube using laser 3D printing technology. 
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microstructure. The sample was fabricated using the F condition shown 
in Fig. 3, i.e., 200 W power, 10 mm/s scanning speed, 2.5 g/min powder 
feeding, and 3.0 L/min flow gas. The specific energy for this DED process 
was P/vD = 83.3 J/mm2 or P/w = 309.2 J/mg, and interaction time was 
D/v = 0.024 s. The surfaces of the 3D printing samples were rough; thus, 
they were polished for further microstructural and oxidation examina-
tions. The final thickness of the coated FeCrAl layer was approximately 

90 μm. The dense coating layer indicated well-established 3D printing 
conditions. The morphology of the FeCrAl/Zr interface was rough and 
irregular due to interfacial mixing of the materials. It is suggested that 
the FeCrAl coating layer has a high adhesion strength. In addition, the 
shape of the coated tube was circular and straight, as shown in Fig. 6. 
Because the laser heat can easily deform thin-walled tubes, it is essential 
to cool the tube during the 3D printing process. Therefore, the cooling 

Fig. 7. (a) Interfacial microstructure and elemental profiles (Fe, Cr, Al, and Zr) for the coated FeCrAl layer on a Zr tube, and analysis results of (b) EBSD mapping and 
(c) crystallographic mapping of the sample. 

Fig. 8. Cross-sectional microstructures of (a) FeCrAl-coated Zr and (b) fresh Zr samples after a high-temperature oxidation test at 1200 ◦C for 2000 s in a steam 
environment. 
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water effectively reduced the temperature rise of the tubes during the 
fabrication process. 

The compositional change of FeCrAl was investigated before and 
after 3D printing. The average elemental composition of the FeCrAl 
coating was 66 wt% Fe, 23 wt% Cr, 7 wt% Al, and 4 wt% Mo. This 
composition is consistent with those of APMT and the original powder. 
According to the X-ray diffraction patterns for the FeCrAl source powder 
and FeCrAl coating layer, the phases of FeCrAl did not change during the 
3D printing. The major α-Fe peaks were observed in the samples because 
the FeCrAl alloy is a solid-solution of Fe with Cr and Al. The DED process 
is a direct physical deposition of the original material onto the substrate; 
therefore, the phases of FeCrAl were unchanged during 3D printing.1 

Fig. 7 shows the microstructural and crystallographic characteristics 
of the FeCrAl-coated Zr tube sample. SEM images with elemental ana-
lyses (Fig. 7(a)) indicate that an FeCrAl layer formed on the Zr substrate. 
An interfacial mixing zone was observed between FeCrAl and Zr, as well 
as partial diffusion of Zr into the FeCrAl side. The crystallographic 
properties were measured using an electron back-scattered diffraction 
(EBSD) method. The FeCrAl layer possessed elongated grains aligned 
along the coating’s through-thickness direction. The average grain size 
was approximately 100 μm in length and 20 μm in width. The grains 
have a random orientation, as shown in Fig. 7(b). The FeCrAl layer 
matched with single-phase Fe (BCC) (Fig. 7(c)). In the Zr substrate, it 
was observed to possess a random microstructural orientation with very 
fine grains. The texture aligned to the (0001) basal pole is typical for Zr 
material; however, the texture was not developed on the Zr side. The 
random orientation can be caused by the martensitic phase trans-
formation due to the laser thermal energy [16], which is consistent with 

our previous report. However, the dark colored band between FeCrAl 
and Zr is noticeable in Fig. 7(b) and (c). The region appears black 
because it does not correspond to Fe (BCC) or Zr (HCP). Thus, it is 
considered that intermetallics and/or amorphous phases are formed at 
the interface owing to the high thermal energy. 

3.2. Oxidation-resistance of FeCrAl-coated Zr-alloy 

Fig. 8 shows SEM images of Zr tubes with and without 3D printing 
FeCrAl layer after the high-temperature oxidation test in steam atmo-
sphere at 1200 ◦C for 2000 s. As shown in Fig. 8(a), the FeCrAl coating 
layer on the Zr tube was maintained without delamination or severe 
oxidation. A thin Al2O3 layer (2–3 μm) was formed on the FeCrAl surface 
due to oxidation. The Al2O3 layer was stable and protective; thus, it 
suppressed further oxidation of the FeCrAl and resulted in an improved 
resistance to oxidation. Meanwhile, a thick ZrO2 oxide (~120 μm) was 
formed on the inner side without coating. In contrast to the stable FeCrAl 
coating layer, the interface of FeCrAl/Zr was unclear because of the 
diffusion zone formed by the inter-diffusion of constituent atoms. The 
diffusion layer is elucidated in Fig. 9. In the case of the fresh Zr tube 
(Fig. 8(b)), ZrO2 was formed on the inner and outer sides due to the 
oxidation of Zr. The thickness of the oxide layer formed on the Zr surface 
was approximately 120 μm. Below the ZrO2 layer, a large-grained 
α-phase and fine-grained prior β-phase of Zr were observed. Because 
the oxidation test was conducted at temperatures higher than the α → β 
phase transformation temperature of Zr (863 ◦C) [17], the prior β-phase 
is noticeable in the middle of the samples. The prior β-phase is a general 
term for the phase that underwent the diffusionless phase trans-
formation from the β-phase by cooling. In contrast, α-phase was the 
phase that did not undergo phase transformation during the oxidation 
test. The α-phase can be stabilized up to 2130 ◦C by accommodating O 
atoms [17]. The grains below the ZrO2 layer maintained the α-phase by 
absorbing oxygen diffused from the surroundings. The formation of the 
oxygen-stabilized α-phase (α-Zr(O)) is typical during high-temperature 
oxidation of Zr-based alloys [18–20]. According to the microstructure 
of FeCrAl-coated Zr (Fig. 8(a)), the α-Zr(O) phase was not formed at the 
interface of the Zr matrix and FeCrAl coating layer. It is suggested that 
oxygen penetration through the FeCrAl coating layer in the high- 
temperature oxidation experiment was effectively prevented. 

Fig. 9 shows the energy dispersive spectroscopy (EDS) image of the 
FeCrAl-coated Zr after high-temperature oxidation. A diffusion layer 
was observed. The depth of FeCrAl diffusion through Zr was approxi-
mately 300 μm. The elemental analysis results confirmed the formation 
of various types of intermetallic compounds, such as FeZr2, Zr(Fe,Cr)2, 
and Zr(Fe,Cr)2 + Zr, in the Zr substrate. Previously, it was reported that 
when FeCrAl was coupled with Zr, the inter-diffusion of Zr and Fe and 
the formation of Zr–Fe intermetallic compounds occurred at high 
temperatures [21–23]. However, the FeCrAl coating layer remained 
intact without any delamination or weight loss after the oxidation test. 
The FeCrAl coating protected the Zr substrate against severe oxidation. 
It is concluded that the FeCrAl coating using a 3D printing method is 
highly applicable for the enhanced oxidation resistance of Zr-alloys. 

4. Conclusions 

In this study, FeCrAl was coated on a Zr tube using a 3D printing DED 
method to prevent the severe oxidation of Zr at high temperatures. The 
FeCrAl-coated Zr samples were fabricated based on a parametric study 
of the processing conditions. The optimal process conditions were 200 W 
(laser beam power), 10 mm/s (scanning speed), 2.5 g/min (powder 
supply), and 3 L/min (gas flow). The microstructure of the samples 
revealed elongated grains of FeCrAl and fine random grains of Zr. The 
interfacial diffusion zone was observed between FeCrAl and Zr; how-
ever, the FeCrAl coating was dense and adhered to the Zr substrate. In a 
high-temperature oxidation test at 1200 ◦C for 2000 s, a thin protective 
Al2O3 oxide layer was formed on the surface, which prevented the 

Fig. 9. Elemental analyses across FeCrAl-coated Zr samples showing the 
diffusion layer and oxide layer that formed after the high-temperature oxida-
tion test. 

1 These results are provided in supplementary data that are available online. 
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penetration of oxygen into Zr, leading to an improved oxidation resis-
tance. It is expected that 3D printing technology can be widely utilized 
to improve the accident-resistance of conventional Zr-alloys. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.surfcoat.2021.126915. 
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