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ABSTRACT

In the quest to enhance the performance of conventional high-temperature
alloys, the limitations of existing materials have become apparent. Refractory
high entropy alloys (RHEAs) have emerged as promising candidates, exhibit-
ing exceptional high-temperature properties and offering a novel perspective
on advanced materials for extreme environments. This study systematically
determined optimal process parameters via single-channel laser cladding (LC),
resulting in the development of multi-channel TaNbZrTi RHEA coatings. The
investigation encompassed an in-depth analysis of microstructure and oxidation
behavior across a temperature range spanning from 800 to 1200 °C. The findings
elucidated the complex composition of the coating, characterized by the interplay
of BCC1, BCC2, and Fe,Nb phases. The theoretical yield strength of the coating
was calculated at 1816.1 MPa, with contributions from solution strengthening,
precipitation strengthening, fine crystal strengthening, and alloy foundation
strength, standing at 41.1%, 41.5%, 5.5%, and 11.9%, respectively. At 800, 1000
and 1200 °C, the oxide thickness of the coating is 1.4, 2.9, and 34.5 um, respec-
tively. The transition of BCC2 phase at elevated temperatures and the diffusion
of Fe from the substrate emerged as pivotal factors contributing to catastrophic
oxidation observed at 1200 °C. Importantly, the diffusion of substrate elements
facilitated the formation of Fe,Nb phase, which exhibited robust precipitation
strengthening effects, further enhancing the coating overall strength. However,
the protective role of Fe oxides proved inadequate, leading to the vulnerability
of the oxidation layer and its propensity to fracture, thereby compromising the
high-temperature oxidation resistance of the coating.
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Introduction

As a groundbreaking concept in alloy design, high
entropy alloys (HEAs) have demonstrated their
potential applications across diverse sectors, includ-
ing aerospace, medical instruments, national defense,
nuclear energy engineering, and more [1, 2]. Among
the remarkable HEAs, refractory high entropy alloys
(RHEAS), composed of a versatile array of refractory
metal elements, exhibit exceptional high-temperature
resistance. They hold substantial promise for use as
surface oxidation-resistant coatings for ultra-high-
temperature components [3, 4]. However, RHEAs pose
unique challenges due to their high melting points and
brittleness at room temperature, making their prepa-
ration and forming quality inherently difficult [5, 6].
Various methods have been explored for the prepara-
tion of RHEAs coatings, including laser cladding (LC)
[7], magnetron sputtering [8], electron beam cladding
[9], vacuum arc deposition [10], and line arc addi-
tive manufacturing [11]. Among these methods, LC
stands out due to its simplicity, high energy density,
efficient cladding process, and excellent coating-sub-
strate bonding, rendering it the most widely adopted
approach for RHEA coatings [4, 12].

The high-temperature oxidation resistance of
RHEA coatings has been extensively investigated in
prior research. Di et al. [13] conducted a study on
the oxidation behavior of TizV5Nb,;Hf,; RHEAs at
700-1300 °C. Below 1000 °C, a dense mixed oxide film
was formed on the alloy surface, effectively hinder-
ing the diffusion of O. Above 1000 °C, decomposition
of oxide film led to catastrophic oxidation. Yan et al.
[14] reported the oxidation mechanism of WTaN-
bTiAl alloy at 1000 °C-12 h. The composite oxides
formed at high temperature could effectively prevent
O invasion and the diffusion of metal cation. Zhang
et al. [15] found that the oxidation weight gain of
NbZrTiCrAl RHEAs at 800 and 1000 °C was in line
with parabolic oxidation kinetics, while at 1200 °C,
the oxidation exhibited a linear pattern. Wang et al.
[16] delved into adsorption energy of atoms and O
in AINbTiZr RHEAs based on first principles, and
explained the oxidation mechanism of the alloy. Most
of the alloy oxide layer was Al,O5 because Al-O bond
was stronger than Ti-O bond, but Ti would reduce
the stability of Al,O;. Yurchenko et al. [17] obtained
eutectic, subeutectic and hypereutectic RHEAs by
adjusting the molar ratio of Al and Ti in AICrNbTiZr
RHEAs. They analyzed the mechanisms underlying
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high-temperature oxidation failure and found that
an increase in the Al/Ti ratio resulted in higher Al,O4
content in the mixed oxide layer, reducing oxidation
weight gain but increasing the susceptibility to oxide
layer cracking.

The aforementioned studies have consistently
demonstrated that RHEAs exhibit superior oxidation
resistance compared to conventional alloys, owing
to the delay diffusion effect [13, 18]. However, it is
imperative to emphasize that the formation of a dense
oxide layer is pivotal for ensuring the high-tempera-
ture oxidation resistance of these alloys. Typically, the
oxide layer on RHEAs provides effective protection at
temperatures below 1000 °C. Nevertheless, it is note-
worthy that the occurrence of cracking or volatiliza-
tion of the oxide layer beyond 1200 °C can result in
catastrophic oxidation of the alloy [15, 19, 20]. While
existing research predominantly centers on the oxi-
dation resistance of as-cast RHEAs prepared through
melting processes, there remains a noticeable gap in
the investigation of RHEA coatings prepared using
LC. Additionally, the influence of substrate element
diffusion on the properties of these coatings is often
overlooked.

The quest for enhancing the performance of con-
ventional high-temperature alloys has reached its
limits. Against this backdrop, the remarkable poten-
tial of RHEAs and their applications were explored,
offering a fresh perspective on advanced materials for
extreme environments. In this work, appropriate laser
cladding process parameters were determined accord-
ing to coating hardness and element composition,
and TaNbZrTi RHEA coatings were prepared. The
microstructure and element distribution of TaNbZrTi
RHEA coatings were analyzed, and the strengthening
mechanism was discussed. Furthermore, the oxidation
behavior of the coatings at 800, 1000 and 1200 °C was
tested, followed by a detailed analysis of the oxidation
mechanisms.

Experimental procedures
Sample preparation

The substrate was 316 stainless steel tube with
diameter of 60 mm, thickness of 5.5 mm and length
of 900 mm. Its chemical composition is shown in
Table 1. The powder is made of elemental Nb, Ta, Zr
and Ti powder mixed by mechanical ball milling. The
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Table 1 Chemical element
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. . Elements Ni Cr Mo S P Mn Si C Fe
composition of 316 stainless
steel Content/at% 11 18 1.5 0.05 0.06 2 2 0.37 Bal
Table 2 Specifications and - T Nb 7 Ti
thermophysical properties of ements a g !
cladding powders Shape Non-spherical Spherical Spherical Spherical
Size/pm 15-53 15-53 45-100 15-53
Melting point/°C 2996 2468 1852 1668
Boiling point/°C 5425 4742 4377 3260
Latent heat of fusion /kJ/mol 31.6 26.4 16.9 15.5
Latent heat of vaporization /kJ/mol 743 682 58.2 421
4000 Powder ﬂo“\ Laser beam
¢ Ta (BCC) i / Laser motion
3500 - #Nb (BCC) —)
i b (110) vZr (HCP)
3000 #(110) aTi (HCP)
002
¥ 2500 - 10002
8
é 2000 - (103)
*(211)
= 1500 | #(211)
1000 (101)w 'gggg A(004) (
(100) 4 * +(220) ¢(310)
500 (002)%| I (101) v(1MB)  %(220) *(3]0) Molten pool
. (100)y | {102y Je110)w(i12) | e@in)
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Time/s Substrate

Figure 1 XRD analysis of cladded powder.

specifications and thermal properties of the powder
are listed in Table 2. The latent heat of vaporization of
Zr powder is low. The size of 45-100 um was selected
to avoid vaporization in LC. The size of other pow-
ders is 15-53 um. XQM-2A type planetary ball mill
was used to mix powder. The grinding parameters
were: speed of 400 rpm, ball-powder ratio of 3:1, time
of 1.5 h, temperature of 25 °C. The XRD analysis of the
mixed powder is shown in Fig. 1. The powder mixture
consisted of Ta and Nb with BCC structure, as well as
Zr and Ti with HCP structure. The powder was free
of impurities and no phase transformation occurred
during mixing.

The LC experiment utilized LYMRO02-6000W type
fiber laser equipment. Due to the significant difference
in melting point between powder and substrate, high
laser power is easy to cause serious element diffusion.
Therefore, referring to the method of ultra-high speed
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Figure 2 Schematic diagram of laser-powder interaction in LC.

laser cladding, increasing the defocusing amount can
make the laser energy more effective on the powder.
The powder is melted before entering the molten pool
and the thermal effect of the laser beam on the sub-
strate is reduced. Figure 2 presents a schematic dia-
gram of the laser-powder interaction during LC in this
study. D; and D, are the inner and outer diameter of
the powder feeding port. 6, and 6, are the divergence
angle of the powder flow and laser beam, and 6, is
the incident angle of the powder flow. r,, and r are the
powder spot and laser spot radius on the substrate,
"po and 1 are the powder spot and laser spot radius
on the focal plane. The laser-powder interaction can
be divided into three stages. Stage I: the powder con-
verges from the outlet to the focal plane at the distance
of H;. Stage II: The powder enters the laser beam and
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is heated continuously at the distance of H,~H;. Stage
III: the powder is melted and forced into the molten
pool by shielding gas and gravity at the distance of
H;-H,.

In order to determine the appropriate process
parameters of LC, the single-channel LC was used
for pre-test, and four groups of process parameters
were selected. Parameters: laser power was 2000, 2500,
2700 and 2900 W, scanning speed was 5 mm/s, spot
diameter was 3 mm, defocus was +2 mm, powder
delivery speed was 12 g/min, carrier gas flow rate was
12 L/min, shielding gas flow rate was 10 L/min. The
appropriate laser power of 2500 W was determined
by further analysis of the elemental composition and
hardness of the coatings. According to the above
parameters and 50% overlap rate, the multi-channel
cladding layer was prepared to characterize the micro-
structure and high-temperature oxidation resistance.

Characterization methods

Figure 3 shows the flow of coating characterization
and analysis. After LC, the cladding workpieces were
cut into 10 x 10 x 5 mm sample blocks. The sample sur-
faces and cross-sections were mechanically polished
with 80-2000" sandpapers, and were polished by dia-
mond polishing agent with particle size of 0.5 um.
HVS-1000A type microhardness tester was utilized
to measure the hardness distribution on the cross sec-
tion of the coating. The average value of 3 points in

Wire cut 10x10x5 mm sample

. (HNO;: 3HC): 2H20
Coating

A
Substrate Q&ﬁé\ Metallographlc
10mm > corrosion
High temperature
oxidation experiment

Oxide layer

Smm

Pohshed coating
cross section

CrTm

Figure 3 Sample characterization and analysis flow chart.

I Phase analysis ‘
Cross section
hardness distribution Strengthening
- ‘ mechanism of HEA
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each depth plane test is the hardness of coatings. The
load was 300 g and the load retention time was 10 s.
Metallographic corrosion was carried out on the sec-
tion of the sample, the caustic agent was dilute aqua
regia (HNO;: 3HCI): 2H,0) (Tianjin Damao Chemical
Reagent Factory), the time was 20 s. The micromor-
phology of the samples was observed by MAIA3 LMH
type mode field emission scanning electron micro-
scope (FSEM), and the element composition and dis-
tribution of the samples were analyzed by energy dis-
persion spectrometer (EDS). The phase composition of
both the powder and the coating was analyzed using a
D8 ADVANCE type X-ray diffractometer (XRD) with
Cu-Ka radiation (A =1.5406 A). The identification of
phases was conducted using Jade 6 software with the
Level-1 PDF XRD database.

The high-temperature oxidation experiments were
conducted using an AS2L-17 type mulffle furnace. The
oxidation duration was set to 1 h, with a heating rate
of 10 °C /min. Three different temperatures, namely
800, 1000, and 1200 °C, were employed for the experi-
ments. The experiments were carried out in an air
atmosphere. The furnace temperature was gradually
raised to the specified test temperature, and the sam-
ple block was subsequently introduced. Post-exper-
iment, the sample block was allowed to cool within
the furnace. For analysis of the oxidation mechanism,
XRD, FSEM, and EDS were applied. The cross-sec-
tions of the coatings were mechanically lapped and
polished. FSEM and EDS mapping were employed to

l Microstructure

‘ Element distribution ‘

‘ Oxidized product |

Morphology of oxide

layer High-temperature
oxidation mechanism

[ Oxide layer thickness

Oxide layer element
composition
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characterize the oxide thickness and oxygen diffusion
within the coatings. These analyses collectively aim
to reveal key insights into the oxidation mechanism
of TaNbZrTi RHEA coatings under high-temperature
conditions.

Results and analysis
Laser power selection

In order to select the appropriate laser power, EDS
analysis was performed on the 2000, 2500, 2700 and
2900 W single-channel coating surfaces, as shown in
Fig. 4. The analysis revealed significant variations in
the contents of Fe and Cr within the TaNbZrTi RHEA
coatings as the laser power increased. The high dilu-
tion rate resulting from the high energy density had
a pronounced impact on both coating composition
and properties [21]. In the case of the 2000 W coating,
the low content of Ta and Nb indicated that the laser
power was insufficient, leading to only partial melting
of high-melting-point Ta and Nb particles. Conversely,
the coatings produced at 2700 and 2900 W exhibited
low contents of Ti and Zr, suggesting that these coat-
ings had been subjected to over-burning, resulting
in the vaporization of some Zr and Ti. Additionally,
the observation of a severe “splash” phenomenon
during LC confirmed that the laser power was exces-
sively high. This phenomenon was characterized by

oL 21% 2.5% 3.6% 4.2% Cr
6.1% 849, ch
14.3% Ti
24.3% Zr
> 80| 18.1%
< 34.7% I [122% Nb
@D 5.5% Ta
F 60} 205%| (1397 |12.1%
5
2
- 28.3% 26.1% 20.3%
40 1 1243% °
20+ |18.5%
| f262%| [209%| [336%
10.3%
2000 2500 2700 2900
Laser power/W

Figure 4 EDS analysis of single-channel coating surface with
different power.
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a low-pressure area near the rapidly moving metal
vapor, which induced the surrounding Ar gas to infil-
trate the molten pool, leading to reverse splashing.
When the recoiling air force surpassed the gravita-
tional force acting on metal particles and the tractive
force of the shielding gas, the molten pool experienced
splashing [22]. The reverse splashing, driven by the
rapid evaporation of the metal solution, caused the
ejection of metal droplets containing Ti and Zr with
low melting points, as well as micro-molten powder
particles composed of Ta and Nb with high melting
points. Among these coatings, the composition of
the coating prepared at 2500 W closely aligned with
expectations, making it the most suitable choice for
intended application.

Figure 5 shows the microhardness distribution of
2000, 2500, 2700 and 2900 W single-channel coating
cross-sections. The corresponding average hardness
of the coating and the substrate was 433 + 16, 631 + 24,
511+23, 51521, and 181 +7 HV 5, respectively. The
primary strengthening mechanism observed in TaN-
bZrTi RHEAs is solution strengthening. The random
arrangement of Ta, Nb, Zr, and Ti elements in equal
molar ratios forms a BCC solid solution [23]. Varia-
tions in atomic properties lead to lattice distortions,
making the material more resistant to dislocation
slip, resulting in enhanced strength [24]. However, all
coatings produced using different laser power settings
contained impurity elements, leading to significant
variations in coating composition. Impurity elements

700 - —o—2000W
—o—2500W
600 - —o— 2700W
- —o— 2900W
>O
g 500 -
w2
5]
£ 400 |
5
T
300 +
200 2 5
1.5 12 09 06 03 0.0 —-03 —-0.6
Distance/mm

Figure 5 Microhardness distribution of single-channel coating
cross-section with different power.
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can disrupt the ideal lattice structure and introduce
defects, thereby diminishing the effectiveness of solu-
tion strengthening. The composition achieved with
a 2500 W laser power setting was the closest to the
expected composition and exhibited the highest hard-
ness. Consequently, 2500 W laser power was selected
to prepare multi-channel coating.

Microstructure analysis
XRD analysis of coating

Figure 6 displays XRD pattern of the multi-channel
TaNbZrTi coating surface. The coating was composed
of the main phase BCC1, the secondary phase BCC2,
and the intermetallic compound Fe,Nb. BCC1 + BCC2
phase represents the TaNbZrTi RHEAs phase struc-
ture. In this structure, Fe from the substrate diffused
into the coating and combined with Nb to form Fe,Nb
(PDF #17-0908). Notably, due to the low concentration
of Cr, a corresponding diffraction peak for Cr was not
observed.

Microscopic morphology

Figure 7a—d illustrate the microscopic morphologies
of various cross-sections of the TaNbZrTi coating,
including the top, middle, bottom, and lap areas. The
top section of the coating predominantly featured
fine cellular crystals, while the middle section exhib-
ited coarser dendritic structures, and the lap area
displayed strip-like grains. These variations in grain

700
¢ +BCCl1
600 &BCC2
vFe,Nb
8 500 -
g i
=
o
G.E) 400
—
300 -
200 1 1 1 1

20 30 40 50 60 70 80 90
Time/s

Figure 6 XRD analysis of muti-channel coating surface.
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morphology within the coating can be explained by
considering the non-equilibrium solidification charac-
teristics inherent to LC [6]. The significant difference
in grain size between the top section and the middle as
well as bottom sections could be attributed to the high
cooling rate experienced by the molten pool surface
during the LC process. To measure the average crystal
size, a cutting line method was employed, revealing
an average size of 5.71 pm in Fig. 7a. Quantifying the
grain size of the dendrites in the middle and bottom
sections was challenging due to their irregular second-
ary dendrite arms.

Additionally, the coating exhibited distinct primary
phase BCC1 (bright regions) and secondary phase
BCC2 (dark regions). To quantify the area of the BCC1
phase, the gray threshold module in Image-J software
was utilized, as depicted in Fig. 7e. The ratio of BCCl1
phase content at various locations within the coating
was as follows: 77.2% at the top, 75.8% at the mid-
dle, 72.7% at the bottom, and 75.5% at the lap area.
The higher content of the BCC1 phase at the top of the
coating can be attributed to the compact arrangement
of fine cellular crystals and the presence of small inter-
granular gaps. This specific microstructure contributes
to improved mechanical properties and enhanced
structural integrity within the coating.

Element distribution

To gain further insights into the microstructure of the
TaNbZrTi coating and to elucidate the solidification
characteristics of the molten pool, EDS mapping anal-
ysis was conducted on various regions of coatings. Fig-
ure 8 illustrates the results of the EDS analysis within
the cellular crystal region. In the EDS mapping, Ta and
Nb were found to be enriched within the BCC1 phase,
whereas Zr and Ti exhibited higher concentrations
within the BCC2 phase, as depicted in Fig. 8c. Dur-
ing the solidification process of the molten pool, ele-
ments with high melting points, such as Ta (2996 °C)
and Nb (2468 °C), were preferentially precipitated.
These high-melting-point elements combined with
other alloy constituents to form a BCC simple solid
solution, rich in Ta and Nb [25]. In contrast, elements
with lower melting points, namely Zr (1852 °C) and
Ti (1668 °C), were present in higher quantities in the
liquid phase. They filled the interstitial spaces within
the primary BCC1 phase, resulting in the formation
of the secondary phase BCC2, which was rich in Zr

@ Springer
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Figure 7 Microstructure of TaNbZrTi coating: a Microstructure
of coating at the top; b Microstructure of the coating at the mid-
dle; ¢ Microstructure of the coating at the bottom; d Microstruc-

and Ti. Figure 8b provides an overview of the element
content within the cellular crystal region. Notably,
when compared to the 2500 W single-channel coat-
ing, the multi-channel coating exhibited a significant
reduction in the contents of impurity elements, such
as Fe and Cr, as evidenced in Fig. 4. This reduction in
impurity elements can be attributed to the fact that
during multi-cladding, a portion of the laser energy
was utilized to re-melt the preceding coating. Conse-
quently, the actual dilution rate of the multi-channel
coating was lower than that of the single cladding
process [6]. Figure 8a reveals the presence of small
particles with a diameter of 0.3 um scattered within
the grains. EDS analysis confirmed these particles to
be Fe,Nb phases, as indicated in Table 3. Notably, the
shear modulus of Fe,Nb phase significantly exceeded
that of the TaNbZrTi solid solution. The presence of
these Fe,Nb phases contributed to dispersion strength-
ening, thereby enhancing the overall hardness of the
coating. This phenomenon was one of the key factors
behind the higher hardness observed in the coating

@ Springer

ture of the coating lap; el—e4 respectively correspond to the dis-
tribution of BCC1 phases (bright area) in (a)—(d).

in this study when compared to the as-cast TaNbZrTi
RHEASs mentioned in the reference [26].

There were several un-melted particles with a
radius of approximately 15 pm in the coating, as
illustrated in Fig. 9a. Heterogeneous nucleation also
occurred on the surfaces of these un-melted particles,
providing evidence that these particles remained un-
melted within the molten pool rather than precipi-
tating during the solidification process [27]. Further
analysis using EDS confirmed that these particles were
composed of un-melted Ta, as depicted in Fig. 9b, c.
These un-melted Ta particles had a significant impact
on the microstructure of the adjacent coatings. The
presence of un-melted Ta particles resulted in a reduc-
tion in the Ta content within the molten metal liquid
phase. This reduction, in turn, led to a decrease in the
content of the BCC1 phase (bright region). Notably,
Nb was substantially enriched in the heterogeneous
nucleation sites that were adjacent to the un-melted Ta
particles, while the Ta content remained relatively low.
Additionally, the relative concentrations of Zr and Ti
in the molten metal liquid phase increased. Zr became
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Cr Lal,2

™ opm ! opm ! opm !

Figure 8 EDS analysis of the cellular crystal: a Scanning position of EDS plane; b Element content statistics; ¢ EDS mapping.

Table 3 Components of

Elements Ta Nb Zr Ti Fe Cr
BCC1, BCC2 and Fe,Nb
(at%) BCCl1 472 27.1 10 12.7 2.7 0.3
BCC2 8.1 14.2 39.6 31.3 5.2 1.6
Fe,Nb point 10.5 32.1 3.6 2.5 51.3 -

predominantly isolated within the BCC1 phase, and anticipated composition of the nearby coating, thereby
the content of the BCC2 phase increased. Overall, having a detrimental effect on the coating structural
the presence of un-melted Ta particles disrupted the  integrity and intergranular fluidity.
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10um 10pum
Nb Lat

10um 10pum

Fe Lal,2

| ST -rmSE——
10pum

Cr Lat,2

10um

Figure 9 EDS analysis of un-melted Ta particles: a Scanning position of EDS plane; b Element content statistics; ¢ EDS mapping.

Figure 10 presents EDS analysis of the dendrite
region within the coating. The elemental distribution
within the dendritic structure exhibited similarities
to that observed in the cellular crystals. Notably,
there was a prominent enrichment of Ta within the
dendritic crystal, with limited distribution of Nb
extending beyond the crystal boundaries. Within
the dendrites, the secondary dendrite arm spac-
ing was relatively large, and this led to significant

@ Springer

enrichment of Zr outside the crystal boundaries. The
distribution of Ti was less pronounced in this region.
It is worth highlighting that impurity elements such
as Fe and Cr were evenly distributed throughout
the dendritic region, and their concentrations were
elevated. This phenomenon could be attributed to
the more conspicuous diffusion of elements from
the substrate occurring in the central region of the
molten pool.
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Figure 10 EDS analysis of the dendrite region: a Scanning position of EDS plane; b Element content statistics; ¢ EDS mapping.

High temperature oxidation resistance
XRD analysis of oxide layer

Figure 11 presents the XRD analysis of the TaNbZrTi
coating surface following oxidation experiments con-
ducted at 800, 1000, and 1200 °C. Prior to oxidation, the
TaNbZrTi coating exhibited a BCC1 + BCC2 + Fe,Nb
structure. However, the high-temperature oxida-
tion led to the formation of distinct oxide products,

primarily consisting of Fe,O; (PDF #33-0664), TiO,
(PDF #79-1640), and Nb,O5 (PDF #19-0864). In the
case of the 800 °C oxidation coating, the oxide layer
observed was relatively thin. The XRD analysis of this
coating revealed the presence of BCC1, BCC2, and
Fe,Nb phases. Notably, the intensity of the oxide dif-
fraction peak was relatively low in this instance. Con-
versely, the surfaces of the 1000 and 1200 °C oxidation
coatings were noticeably covered with oxide layers.
This suggests that the oxidation process became more
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Figure 11 XRD analysis of TaNbZrTi coating surface for oxida-
tion experiments at 800, 1000 and 1200 °C.

pronounced at higher temperatures, resulting in a
thicker and more extensive oxide layer formation on
the coating surface.

Oxidation morphology of coating surfaces

Figure 12 depicts the oxide morphology and EDS
analysis of the TaNbZrTi coating surface following
high-temperature oxidation. At 800 °C, some granu-
lar oxides accumulated on the coating surface. The
surface of BCC1 phase appeared relatively flat, while
the BCC2 phase surface exhibited an evident lamel-
lar oxide layer, as illustrated in Fig. 12a. Upon closer
inspection in the enlarged image, Fig. 12d reveals
cracking of the oxide layer on the BCC2 surface. EDS
mapping of the 800 °C coating surface is presented in
Fig. 12g. The BCC1 surfaces exhibited a low oxygen
content, whereas the BCC2 surfaces were covered by
oxides, primarily composed of TiO,, Fe,O3, and trace
amounts of Nb,Os. In contrast, the surfaces of the
1000 °C and 1200 °C coatings were fully covered with
oxides, as shown in Fig. 12b, c. Upon magnification,
the oxide layer of the 1000 °C coating was seen to be

@ Springer
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lamellar, while that of the 1200 °C coating was gran-
ular, as displayed in Fig. 12e, f. The granular oxide
layer was no longer effective in preventing oxygen
diffusion into the interior of the coating, leading to
catastrophic oxidation of the coating [28, 29].

Oxygen diffusion analysis of coating cross-sections

In high-temperature oxidation experiments, changes
in mass due to substrate oxidation inevitably impact
the reliability of the coating weight gain curve.
Therefore, the oxidation behavior of TaNbZrTi
RHEAs at different temperatures was quantitatively
characterized using the oxidation depth of the coat-
ing cross-section and the distribution of O. Figure 13
illustrates the oxide morphology and EDS analysis
of TaNbZrTi coating cross-sections after exposure to
high temperatures. At temperatures of 800, 1000, and
1200 °C, the oxide thickness of the coatings meas-
ured 1.4, 2.9, and 34.5 um, respectively. At 800 °C,
the oxide layer appeared dense and tightly bonded
to the coating, providing excellent protection. How-
ever, at 1000 °C, the oxide layer thickness increased,
and while it remained relatively dense, the emer-
gence of cracks at the interface between the oxide
layer and the coating suggested a risk of cracking
and potential spalling [30]. Notably, at 1200 °C, the
oxide layer exhibited numerous cracks and pores. It
had lost its ability to hinder O diffusion, leading to
severe internal oxidation of the coating [29]. Internal
oxidation not only accelerates the oxidation process
within the coating but also increases the risk of sur-
face peeling.

In the O distribution diagram, it was observed that
O distribution below the oxide layer originated from
airborne oxygen, while another part resulted from the
diffusion of external oxygen into the coating in the
high-temperature environment [31]. Furthermore, it
was evident that the O content in the BCC2 phase was
higher than that in the BCC1 phase. This phenomenon
was particularly pronounced in the O distribution
diagram of the oxidized coating at 1000 and 1200 °C,
as depicted in Fig. 13b, c. At 1200 °C, the protective
oxide films, such as TiO, and Cr,O;, experienced dete-
rioration, leading to increased O atom diffusion rates
within the coating and ultimately resulting in cata-
strophic oxidation [29, 32].
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Fe Lal,2

Spm
Cr La1,2

Elements | Content/at%
Ta 16.6
Nb 15.1
Zr 13.8
Ti 10.2
Fe 5.7
Cr 1.8
(o) 36.8

Figure 12 Surface morphologies and EDS analysis of TaNbZrTi
coatings at 800, 1000 and 1200 °C: a, b and ¢ surface morphol-
ogies of TaNbZrTi coatings at 800, 1000 and 1200 °C, respec-

Discussion
Strengthening mechanism

Based on the experimental results presented above,
it is evident that the diffusion of substrate elements
significantly altered the coating properties compared
with the literature. However, it is important to note

tively; d, e and f are the enlarged images of the corresponding
oxide layer; g EDS mapping of the TaNbZrTi coating surface
oxidized at 800 °C.

that the formation of a metallurgical bond between
the coating and the substrate during LC inherently
leads to the diffusion of substrate elements. As a
result, it is essential to analyze the strengthening
mechanism of HEAs.

Firstly, the mixing entropy (AS,;,), mixing
enthalpy (AH,,;,), atomic size difference (6) and aver-
age valence electron concentration (VEC) of alloys
were calculated, the formula for [6]:
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Figure 13 Morphologies and EDS analysis of TaNbZrTi coat- 800 °C; b High temperature oxidation layer at 1000 °C; ¢ High
ing cross-sections at 800, 1000 and 1200 °C for high tempera- temperature oxidation layer at 1200 °C.
ture oxidation experiments: a High temperature oxidation layer at
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n
Asmix =—-R Z C; In C;
i=1

n
AHmiX = Z 4HABCiCj
i=1
i#]

©)

VEC = CZ'(VEC)I'

(4)

n

i=1

where R is the gas constant; c; is the mole fraction of
the i-th element; G is the mole fraction of the j-th ele-
ment and i #j; H,p is the mixing enthalpy between A
element and B element; and 7; is the radius of the i-th
atom; 7 is the molar average atomic radius, 7 = Y\ ¢;7;

Table 4 displays the property parameters for coat-
ing elements, T, is the melting point of elements.
Table 5 presents results obtained using Egs. (1)-(4).
Among these, A-HEA, the TaNbZrTi alloy with impu-
rities, exhibited larger values for AS,;,, 6, VEC and
T,, when compared to the theoretical TaNbZrTi alloy
(T-HEA) lacking impurities and featuring equimolar
element ratios. Furthermore, the presence of impuri-
ties, specifically Fe and Cr in the coating, led to a tran-
sition from positive to negative AH, ;.. These findings
suggest that impurity atoms enhanced both the high
entropy and lattice distortion effects in the coating,
increasing the propensity for intermetallic compound
formation. Consequently, A-HEA formed the Fe,Nb
phase and exhibited higher hardness. Additionally,
BCC2 demonstrated a greater 6 than BCC1, indicating
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Table 5 Thermodynamic parameters of theoretical TaNbZrTi
alloy (T-HEA) and actual TaNbZrTi alloy (A-HEA) containing
impurities, BCC1 phase and BCC2 phase

Properties AS;,/J/(mol K) AH_; /kJ/mol 6/% VEC T,/K
T-HEA 11.53 25 475 45 2527
A-HEA 12.72 —-1.28 6.03 4.78 2612
BCC1 10.93 -03 429 486 2815
BCC2 11.89 -2.57 6.71 446 2240

more pronounced lattice distortion [24]. Furthermore,
T, of BCC1 exceeded that of BCC2, signifying superior
high-temperature performance.

The theoretical yield strength of the alloy (o) can
be represented as:
%y ~ (O-O~2)mix +Ac ®)
where (0 5)mix i the base strength estimated from the
yield strength of pure metals using the mixing rule.

(002) iy = Z €i%0.2()

where 0 5; is the yield strength of pure metal.

Ao takes into account grain boundary strengthen-
ing g, solid solution strengthening o, precipitation
strengthening o, and dislocation strengthening o4:

(6)

AO’=6g+O'5+O'P+Gd

)

For BCC structure RHEASs, the contribution of dis-
location strengthening to alloy strength is negligible
[33]. Among them, grain boundary strengthening is
expressed as:

1

o, =kd 2 )

where k is constant, k=240 MPa pml/ 2 from HfNbTa-
TiZr [34]; d is the average grain size; 0, =100.4 MPa.

Table 4 Property parameters

) Element AH,; /kJ/mol VEC A T /K
of coating elements
Ta Nb Zr Ti Fe Cr

Ta - 0 3 1 —15 -7 5 1.43 3290
Nb - - 4 2 -16 -7 5 1.43 2750
Zr - - - 0 =25 —12 4 1.6 2128
Ti - - - - -17 -7 4 1.46 1941
Fe - - - - - -1 8 1.24 1811
Cr - - - - - - 6 1.25 2182
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Solution strengthening is expressed as:

o, = (ZAgcchff)é ©)

where A is a constant, A =0.04 [23]; G is the shear mod-
ulus, G = Y ¢;G;; f; is expressed as:

fi=Jo?8? + 8% (10)

where a is determined by the dislocation type con-
stant, @ =9 [34]; 6,; and §; is atomic mismatch and
modulus mismatch, expressed as:

2<r'—r»>
9 i~
% = g Zchr,» 4
2(@-—@)
9 i
% =529 G TG, (12

TaNbZrTi is a double BCC structure,
0s = Y104 + W05, 04 and oy, corresponding BCCl1
and BCC2 phase of solid solution strengthening, 1,
and ¢, corresponds to the volume fraction of them
[35]. BCC1 phase of solid solution strengthening
04 =740.5 MPa, solid solution strengthening of BCC2
phase 0, =777.1 MPa, total solid solution strengthen-
ing contribution was 747.5 MPa.

With Fe,Nb precipitation strengthening phase in
the coating, precipitation strengthening o, contri-
bution could not be ignored. g, can be divided into
coherent strengthen (¢.;), modulus of strengthening
(0,,¢) and orderly strengthening (o) [36]:

1
3 rf 2
2 Py
UCS = Mag(Gp£C> <W> (13)
3 2f % T 3Tm_l
O = 0.0055M(AG)? <G—”> <3”> (14)
r
f 1
v, [ 3T 2
Goy = O.81M2—Z<Tp> (15)

where M is the Taylor factor, M=2.73 [37]; r, and f,
are the average radius and volume fraction of pre-
cipitation, which are 186 nm, and 2.3%, respectively;
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a, is constant, @, =2.6; ¢_ is constraint lattice mis-
match strain, e, = %5 =0.003; b is the Burgers vec-
tor, b = ﬁa =(0.233 nm, a is the lattice constant; m is a
constant, m =0.85; AG is the shear modulus difference
between the precipitated particles and the alloy; G, is
the shear modulus of precipitated particles, and the
shear modulus of Fe,Nb is 91.8 GPa [38]. y, is pre-
cipitation antiphase-boundary energy, y,=0.2 J/m?
[36, 39].

According to Eq. (13), (14) and (15), and calculated
the 0, =648.8 MPa, 0,,,=57.7 MPa, o,,=44.6 Mpa,
0y =0 + Oy + 04, = 751.1 Mpa. Figure 14 shows
the calculated yield strength of A-HEA (this work),
T-HEA and As-HEA (As-HEA) [26]. Yield strength
of T-HEA was 1051.1 MPa, which was consistent
with the yield strength of as-cast TaNbZrTi RHEA
(1100 + 90 MPa) [26]. It has been reported that the
yield strength of RHEAs is about 3 times that of
Vickers hardness [23]. The theoretical yield strength
of A-HEA was 1816.1 MPa, which was basically in
line with practice. The contribution of solid solution
strengthening, precipitation strengthening, fine crys-
tal strengthening and alloy foundation strength to
yield strength was 41.1%, 41.5%, 5.5%, and 11.9%,
respectively. The high yield strength of the alloy
was mainly due to solid solution strengthening and
Fe,Nb precipitation strengthening.

B3 (09.2)mix
20000 18161 =8 %
- £3 o
& 1600 - L1 o,
= 751.1 [ 1 Experiment [26]
<
éDIZOO - 1051.1 1100+90
=t
% 800 |
L 747.5 729.4
>
400
100.4 100.4
21[7.1 22[1.3
A-HEA T-HEA As-HEA

Figure 14 Yield strength of A-HEA (this work), T-HEA and
As-HEA. The experimental yield strength of As-HEA is derived
from [26].
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High-temperature oxidation mechanism

The following results were obtained from the high-
temperature oxidation experiment:

¢ The oxidation resistance of BCC1 phase was better
than that of BCC2 phase.

¢ O element was mainly propagated internally by
BCC2.

¢ Cracks appeared in BCC2 oxide film.

¢ Oxide film had protective effect at 800 and 1000 °C,
but it was failure at 1200 °C, resulting in serious
internal oxidation of the coating.

Based on the aforementioned results, a compre-
hensive analysis of the high-temperature oxidation
mechanism can be elucidated. Primarily, the BCC2
phase, characterized by its rich Zr and Ti content,
underwent a transformation from BCC structure
to HCP structure above the temperature thresh-
old of 800 °C [35, 40]. It is important to note that
these distinct phases possess varying atomic pack-
ing densities, with BCC, FCC, and HCP phases hav-
ing densities of 68%, 74%, and 74%, respectively [6].
Consequently, HCP phase occupies a smaller volume
compared to BCC phase while containing the same
number of atoms. This phase transition results in
a volume shrinkage within BCC2 phase, accompa-
nied by phase transition stress. Notably, this transi-
tion disrupts the bond between the BCC1 and BCC2
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phases, creating a pathway for the facilitated diffu-
sion of O inward along BCC2 phase. Concurrently,
the volume shrinkage exerts greater constraint
stress on the oxide layer attached to BCC2 phase,
ultimately leading to its rupture. Furthermore, it is
essential to consider the thermodynamic aspects of
the structural transition. BCC structures generally
exhibit lower total energy levels, signifying superior
thermodynamic stability [6]. Following the transfor-
mation to HCP structure, the BCC2 phase becomes
more susceptible to oxidation, further exacerbating
the oxidation process.

Figure 15 presents a schematic diagram of the
high-temperature oxidation mechanism, highlight-
ing the significance of the protective effect of the
oxide layer in determining the high-temperature
oxidation resistance of the coating. The oxide layer
was mainly composed of TiO,, Nb,Os, and Fe,O;,
and its oxidation reaction was [41]:

4Nb + 50, = 2Nb,O5 (17)
4Fe + 30, = 2Fe,0; (18)

Whether dense oxide layer can be formed is calcu-
lated according to the Pilling-Bedworth ratio (PBR).
PBR of 1-2 indicates that the oxide layer has protec-
tive effect. PBR is expressed as [41]:

Oxide layer

Substrate

o o o [+) [+} o (+] [+ (+) (+] (+} (+)
o o o o o o o o [+) (] o o
. ° ~ ° Cracks . Cracks o P, Pores

o
° Oxide layer P

Substrate

1200°C

°\° o Oxide layere o o o
° o © ° °

Substrate

Figure 15 Schematic diagram of high-temperature oxidation mechanism.
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MoPA
PBR = ————— 19
naoMaro (19

where M and M, are the molar mass of oxide mol-
ecule and metal atom; py and p, are the density of
oxide and metal; 11, is the number of metal atoms in
an oxide molecule.

TiO,, Nb,O5 and Fe,O; exhibited PBR values of
1.8, 2.74, and 2.14, respectively, as calculated using
Eq. (19). Consequently, Nb,O5 and Fe,O; did not pro-
vide a protective effect, and the oxidation reactions
became more facile with increasing temperature. The
elevated content of Nb,O5 and Fe,O; contributed to
heightened internal stress within the mixed oxide
layer, resulting in the fracture of the oxide film and
subsequent catastrophic oxidation. On one hand, the
diffusion of substrate elements led to the formation of
the Fe,Nb precipitate phase, thereby enhancing the
coating strength. On the other hand, Fe diffusion had
an adverse effect on the coating oxidation resistance
at high temperatures. This dual effect underscores the
intricate factors influencing the high-temperature oxi-
dation behavior of the coating.

Conclusion

In this study, the appropriate process parameters
were determined through a series of single-channel
LC experiments. Subsequently, a TaNbZrTi RHEA
coating was fabricated by LC, and the microstructure
and strengthening mechanism of the coating were ana-
lyzed. Finally, the high-temperature oxidation behav-
ior of the coating in the temperature range of 800 to
1200 °C was discussed, along with an analysis of the
high-temperature oxidation mechanism. The conclu-
sion is described as follows:

1. The coating is composed of the primary BCC1
phase, rich in Ta and Nb, the secondary BCC2
phase, rich in Zr and Ti, and the intermetallic com-
pound Fe,Nb. The top layer of the coating exhibits
a fine cellular crystal morphology (with a size of
5.71 pm), while the central region displays gross
dendrites, and the overlapping area features plate
strip grains.

2. The theoretical yield strength of the coating is
calculated to be 1816.1 MPa. The contributions to
yield strength from solid solution strengthening,
precipitation strengthening, fine crystal strength-
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ening, and alloy foundation strength are estimated
to be 41.1%, 41.5%, 5.5%, and 11.9%, respectively.
Notably, the Fe,Nb phase, formed as a result of
substrate element diffusion, demonstrates signifi-
cant precipitation strengthening effects, contrib-
uting to the overall enhancement of the coating
strength.

3. At temperatures of 800, 1000, and 1200 °C, the
oxide layer thickness on the coating measures 1.4,
2.9, and 34.5 um, respectively. During high-tem-
perature exposure, the BCC2 phase undergoes a
transition from BCC to HCP, resulting in reduced
thermal stability and the development of phase
transition stress, ultimately leading to the fracture
of the oxide layer. Additionally, the diffusion of
Fe elements increases the PBR of the oxide layer,
causing a loss of protective effectiveness at 1200 °C
and resulting in catastrophic oxidation.
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