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Abstract: As a key step in intensive additive repair, the design of intensive repair materials im-
mediately needs to be explored. In this work, an intensive additive repair study based on laser
cladding technology was performed using a self-designed Fe20Co25Ni31Cr8Al9Ti7 high-entropy alloy
(HEA) powder and three types of substrates widely used in field equipment (namely, Q235, 17CrN-
iMo6H, and 304 stainless steel). The results revealed that the HEA repair layer (HEA-RL) consists
of a dominant FCC phase and a small amount of BCC phase, and the microstructure shows the
columnar-to-equiaxed grain transition behavior. The metallurgical bonding between the HEA-RL
and the three substrates has almost no defects. Compared with the three substrates, the HEA-RL has
a much higher microhardness (~340 HV) and decent corrosion resistance. Therefore, the underlying
mechanisms for the microstructure and performance of the HEA-RL were also discussed. This work
provides a new idea for the design of intensive repair materials.

Keywords: microstructure; corrosion; hardness; high-entropy alloy; intensive additive repair

1. Introduction

The rapid emergency maintenance of damaged parts is of great significance for ensur-
ing the long-term operation of field equipment. Compared to traditional repair methods,
laser cladding (LC) has high flexibility, high bonding strength, and fast speed, making it
favored in the emergency maintenance of field equipment [1]. However, field equipment is
usually composed of abundant parts with different materials, and the damage is sudden
and random. Considering the flexibility and timeliness of emergency maintenance, it is
almost impossible for the LC repair system to carry a large amount of each repair material
in a wild environment. In response to the problem, the concept of intensive additive repair
came into being, i.e., using a small amount of broad-spectrum high-performance materials
to repair various substrates [2]. Consequently, the exploration of intensive repair materials
is becoming a research hotspot in this field.

As a new class of metal materials emerging in recent years, high-entropy alloys (HEAs)
have gained much attention due to their wide component design space and attractive
properties. Different from the design approach based on a single principal element in
traditional alloys [3], HEAs are composed of five or more principal elements in the content
ranging from 5% to 35at.%, which gives them four unique core effects: high entropy effect,
sluggish diffusion effect, lattice distortion effect, and cocktail effect. Notably, HEAs tend to
form simple solid-solution phases rather than intermetallic compounds, such as the single
face-centered cubic (FCC)/body-centered cubic (BCC)/hexagonal close-packed (HCP)
phase, or their mixed phases, due to the fact that a sufficiently high configurational entropy
can overcome the effect of the enthalpy of compound formation [4]. It is worth noting that
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among numerous reported HEAs, FeCoNiCr HEA and its derivatives hold synergistic solid-
solution, fine-grain, precipitation, and diffusion-strengthening mechanisms, thus showing
high strength, hardness, and corrosion resistance [5,6]. Accordingly, this system HEAs hold
potential application prospects in the field of laser additive repair. For example, Su et al. [7]
successfully repaired tungsten heavy alloy die-casting molds by using LC to prepare the
CoCrFeNiW HEA coating on damaged surfaces and found that CoCrFeNiW0.8 HEA coating
has good tempering stability. Qiu et al. [8] prepared CoCrFeNiMo HEA coating on the
surface of 45 steel. The results revealed that the maximum hardness of the coating can
reach 741 HV resulting from ultrafine microstructures; in this case, the wear resistance is
improved. More importantly, from the perspective of the element compatibility between
the repair material and the substrate [7], this kind of HEAs may be an ideal intensive repair
material, since its elemental composition (such as Fe, Cr, and Ni) can be frequently found
in traditional alloys. Unfortunately, relevant studies have not been reported.

With the above outlook in mind, based on our previous work [5], an ameliorated
Fe20Co25Ni31Cr8Al9Ti7 HEA powder (by reducing Cr and increasing Ni and Al content to
suppress the formation of the brittle Cr-rich phase) was chosen to repair three substrates
widely used in field equipment (namely, Q235, 17CrNiMo6H, and 304 stainless steel
(304SS)) [9,10] to explore the potential of HEAs for intensive repair. Because these substrates
in the service environment tend to undergo damage or corrosion, the microhardness and
corrosion resistance of the HEA repair layer (HEA-RL) were studied. The current study is
expected to broaden the application field of HEA and provide a reference for the design of
intensive restoration materials.

2. Experimental Section

In this work, a self-designed HEA powder, which is spherical or ellipsoidal with a
particle size distributed between 47 and 118 µm, was prepared by vacuum melting and
high-pressure atomization. Specifically, in the preparation, the HEA ingot with a nominal
composition of Fe20Co25Ni31Cr8Al9Ti7 (at.%) was first prepared by vacuum-melting a
mixture of pure metals (>99.95%, wt.%). These pure metals were provided by Boyu Metal
Co., Ltd., Shenyang, China. To ensure the uniformity of element distribution, the HEA ingot
was repeatedly melted 3 times. Then the ingot was re-melted at 1500 ◦C in an induction
crucible, and the melted liquid metal was delivered to the tip of the atomization nozzle
through a melt pour tube with 3 mm in internal diameter and was subsequently split into
small droplets by high-pressure (about 5 MPa) Ar gas stream. The chemical composition of
the finally prepared HEA powder in wt.% is 20.67 Fe, 27.27 Co, 33.67 Ni, 7.69 Cr, 4.49 Al,
and 6.20 Ti (Figure 1). Additionally, the chemical compositions of the three substrates
utilized in the test are also given in Table 1. Prior to the deposition, the surfaces of these
substrates were mechanically polished with 200# and 400# sandpapers to remove any
oxides and oil stains, followed by cleaning with acetone solution and drying. To obtain
HEA-RL, a YDFL-6000-CW-MM fiber laser was used. The repair process was implemented
in a high-purity Ar environment. Based on a systematic orthogonal exploration of the LC
process, the optimal process parameters were as follows: a laser power of 600 W, a scanning
speed of 120 mm/s, a feed rate of 0.5 mg/min, and an overlap rate of 50%.

Table 1. Compositions (wt.%) of different substrates.

Type of Substrates C Si Mn P S Cr Ni Mo Fe

Q235 0.15 0.35 1.20 0.045 0.050 - - - Bal.
304SS 0.08 1.00 2.00 0.045 0.030 18.0–20.0 8.0–11.0 - Bal.

17CrNiMo6H 0.20 0.40 0.60 0.035 0.035 1.50 1.70 0.35 Bal.
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Figure 1. SEM images (a,b), particle size distribution (c), and EDS mapping (d) of the HEA powder.

The crystal structure of the HEA-RL was characterized by X-ray diffraction (XRD,
Bruker D8, Bruker-AXS Company, Karlsruhe, Germany) with Cu-Kα radiation and scan-
ning in the range of 20◦~100◦. The microstructures and the chemical compositions of the
HEA-RL were identified by using scanning electron microscopy (SEM, ZEISS SUPRA55,
Carl Zeiss Co., Ltd, Oberkochen, Germany) equipped with energy-dispersive spectroscopy
(EDS) and electron backscatter diffraction (EBSD) system. Note that the EBSD data were
analyzed using the commercially available HKL Channel 5 software (Version 2007). The
microhardness was determined using a Q10A+ Vickers hardness tester (Qness GmbH
Company, Salzburg, Austria) at room temperature using a 100 g load for 15 s, starting from
the HEA-RL near the repair interface and moving down to the substrate.

The corrosion performance of the samples was evaluated via the electrochemical tests
in a 3.5 wt.% NaCl solution using a Reference600+ GAMRY electrochemical workstation
(Gamry Instruments, Warminster, PA, USA) with a standard three-electrode electrochemical
cell. Before testing, the samples were sequentially polished using 400 to 2000-grit SiC
abrasive papers and then rinsed with deionized water. To ensure that the work electrode
reached a relatively stable state during the tests, open-circuit potential tests were performed
for 1 h. Then the electrochemical impedance spectroscopy (EIS) tests with a frequency from
100 kHz to 10 mHz and a sinusoidal amplitude of 10 mV were conducted. Finally, the
potentiodynamic polarization (PDP) test was positively scanned with a sweep speed of
0.5 mV s−1. The potentiostatic polarization (PSP) tests for 304SS and the HEA layer were
performed at 0 VSCE. Mott–Schottky test was conducted from 0.4 VSCE to −0.3 VSCE with a
potential scan with a rate of 20 mV s−1. Furthermore, the corrosion morphologies of the
HEA-RL and the substrates were also observed by SEM.

3. Results and Discussion

Figure 2a–c shows SEM images of the cross-sections of the HEA-RL obtained by single-
layer single-pass cladding for three types of substrates. Clearly, regardless of the substrate,
a good metallurgical bond can be formed between the substrate and the HEA-RL, and no
obvious defects are found in the HEA-RL (Figure 2a–c), indicating the rationality of the
currently selected process parameters. High-magnification observations reveal that the
bottom of the HEA-RL is dominated by columnar crystals (Figure 2(a1,b1,c1)), while the top
regions show obvious equiaxed crystal features (Figure 2(a2,b2,c2)). Such a columnar-to-
equiaxed transition behavior has also been reported in other studies [11,12]. As pointed out
by Kurz et al. [13], the occurrence of this transformation is closely related to two important
solidification parameters: temperature gradient G and solidification rate R. The molten



Coatings 2024, 14, 1068 4 of 12

pool formed by the LC is usually semicircular, and its heat dissipation direction is from the
bottom of the molten pool to the top. The bottom and top areas of the melt pool have the
highest G and R, respectively [14]. A high G provides the driving force for the growth of
columnar crystals along the gradient direction [15]. With increasing deposition height, the
heat accumulation at the top of the melt pool increases, leading to a decrease in the G/R
value, which corresponds to an increase in the degree of constitutional undercooling [16].
Consequently, the growth of crystals with the preferred orientation will be inhibited, thus
promoting the formation of equiaxed crystals.
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Overall cross-sectional profiles (a,b,c), bottom regions (a1,b1,c1), and top regions (a2,b2,c2) for the
17CrNiMo6H (a), Q235 (b), and 304SS (c) substrates.

Furthermore, six-layer multi-pass cladding tests are also carried out, and the cross-
section morphologies of the HEA-RL are shown in Figure 3a–c. It can be seen that only
a small number of small-sized pores appear on the cross-sections of the cladding layers.
Meanwhile, EDS mapping (Figure 3d–f) reveals that the overall distribution of the elements
in the HEA-RL is relatively uniform. Benefiting from the sluggish diffusion effect of
HEA [3], the spread of the elements in the additive prosthesis to the substrate is limited.

Taking the 304SS substrate as an example, Figure 4a shows the XRD pattern of HEA-
RL. As seen, the HEA-RL mainly consists of an FCC phase (pdf#14–6032) and a BCC phase
(pdf#23–8047). This is also supported by the SEM observations. As shown in Figure 4b,
the HEA-RL exhibits a typical dual-phase structure, where the dark irregular phases are
embedded into the bright matrix. The EDS line scanning results indicate that the dark-
contrast phase is enriched with Ni, Ti, and Al, whereas Fe and Cr are enriched in the
bright-contrast matrix (Figure 4c). Co displays a nearly uniform distribution, although
a weak partitioning towards the latter is still visible. According to reference [17], the
matrix and dark-contrast phase were defined as FCC and BCC phases, respectively. To
quantitatively evaluate the phase composition in the alloy, EBSD was performed. Clearly,
the proportions of FCC and BCC phases in the HEA-RL are approximately 96.4% and 3.6%,
respectively (Figure 4d).
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According to previous studies [18], some criteria based on the Hume-Rothery rules
and thermodynamic parameters were employed to gain insights into the phase selection of
the HEA-RL, including the mixing enthalpy (∆Hmix), mixing entropy (∆Smix), atomic size
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difference (δ), valence electron concentration (VEC), and thermodynamic parameters (Ω).
These empirical parameters could be calculated by the following equations [19]:

∆Hmix = 4∑
i<j

cicj∆Hij (1)

∆Smix = −R
n

∑
i=1

ci ln ci (2)

Ω =
Tm∆Smix

|∆Hmix|
, Tm =

n

∑
i=1

ci(Tm)i (3)

δ =

√
n

∑
i=1

ci

(
1 − ri

r

)2
× 100%, r =

n

∑
i=1

ciri (4)

VEC =
n

∑
i=1

ci(VEC)
i

(5)

where ci and cj are the atomic fractions of elements i and j, ∆Hij is the ∆Hmix between
elements i and j, R is the gas constant (8.314/(mol·K)), Tm is the melting temperature of
the alloy, (Tm)i is the melting point of element i, ri is the atomic radius of element i, r is the
weighted average radius of the elements, and (VEC)i is the valence electron concentration of
element i. Based on these criteria, a dual-phase solid solution composed of FCC + BCC struc-
ture tends to form when ∆Smix > 1.5R (~12.47/(mol·K)), −15 KJ/mol < ∆Hmix < 5 KJ/mol,
δ ≤ 6.6%, 6.87 <VEC < 8, and Ω ≥ 1.1 [20]. As shown in Figure 5a, all parameters of the
current Fe20Co25Ni31Cr8Al9Ti7 HEA are well within the acceptable values for maintaining
an FCC + BCC dual-phase solid solution rather than an intermetallic compound, which is
consistent with the current experimental results. It is worth noting that the VEC value of the
Fe20Co25Ni31Cr8Al9Ti7 HEA is about 7.98, which is very close to the formation condition
of a single FCC solid solution HEA (i.e., VEC ≥ 8). This is also why only a small amount of
BCC phase is formed in the HEA-RL. In addition, this composition separation is reasonable
from a thermodynamic point of view, as Al and Ti have a strong affinity with Ni due to the
large negative ∆Hmix between them. For example, the ∆Hmix for Ti-Ni and Al-Ni is −35
and −22 kJ/mol [21], respectively (Figure 5b), meaning that Ti, Ni, and Al are prone to join
together to form the BCC phase (which is similar to the Al-Ni solid-solution phase). On the
contrary, other atoms with poor chemical affinities would be excluded from the BCC phase,
leading to the formation of an FCC matrix rich in Fe and Cr.
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Figure 6a–c shows the microhardness profile near the repaired interface between the
substrate and the HEA-RL. Some common features can be observed, which are character-
ized by the following: (1) The distribution of microhardness can be clearly divided into three
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zones: HEA-RL, transition zone, and substrate. (2) The overall microhardness of HEA-RL
is greater than that of the substrate. As seen, the average hardness of HEA-RL is approxi-
mately 340 HV, which is equivalent to 1.1, 2.1, and 1.6 times that of the 17CrNiMo6H, Q235,
and 304SS substrates, respectively (Figure 6d). Meanwhile, the microhardness value of the
HEA layer is relatively stable, reflecting a uniformly distributed microstructure. (3) The
highest microhardness values (~400 HV) all occur in the transition zone. These features are
largely attributed to the following reasons. First, as shown in Figure 4d, the current HEA-RL
is mainly composed of dominant FCC (~96.4%) and a small amount of BCC (~3.6%) phases.
Therefore, from the perspective of strengthening mechanisms, solid-solution strengthening
is expected to play a key role in improving microhardness. As is well known, the effect
of solid-solution strengthening strongly depends on the lattice distortion caused by the
difference in atomic radius between solvent atoms and solute atoms in the alloy [22]. The
greater the lattice distortion, the more significant the solid-solution strengthening effect
is usually. Taking the Q235 steel as an example, its composition is almost all Fe. In this
case, the solid-solution strengthening effect is limited. On the contrary, the large difference
of atomic radii in the HEA-RL (the radii of Ti and Al are 1.45 and 1.43 Å; those of Fe, Co,
Cr, and Ni are 1.27, 1.25, 1.27, and 1.24 Å, respectively) will cause severe lattice distortion,
contributing to a strong obstacle to dislocation slip, thus exhibiting the high microhardness.
Second, it is generally accepted that the hardness of the BCC phase is higher than that of
the FCC phase due to the fewer movable slip systems. Therefore, the presence of these
hard BCC phases not only increases the strength of the cladding layer on their own but also
induces the precipitation-strengthening effect [23]. Moreover, potential grain refinement
caused by the rapid heating and cooling during the LC also provides a further guarantee
for improving the microhardness of HEA-RL [24]. The much higher microhardness in the
transition zone may be because some elements in the HEA-RL are diluted into the transition
zone, resulting in the formation of new solid-solution phases with higher hardness [25];
however, further study is still needed. In summary, the above results strongly demonstrate
the enormous potential of the current HEA coating in improving the wear resistance of
traditional alloys such as the Q235 steel.
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Figure 7a shows the PDP results of the repair layer and three substrates. The 17CrN-
iMo6H and Q235 substrates display active dissolution during the anodic polarization
process, while the HEA-RL exhibits spontaneous passivation due to the absence of active–
passive transition regions in the polarization curves, indicating that the corrosion resistance
of HEA-RL is far superior to that of these two substrates. This high corrosion resistance is
closely attributed to the formation of a protective passive film on the surface of the HEA-RL.
Notably, the HEA-RL exhibits corrosion resistance comparable to that of the 304SS substrate
due to their similar passive density and pitting potential, although the Cr content in the
former is less than half of that in the latter.
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To further compare the corrosion properties of the HEA-RL and three substrates, EIS
tests were carried out. The EIS data reveal that the radius of the capacitive arc (Figure 7b)
decreases in the following order: 304SS > HEA-RL > Q235 > 17CrNiMo6H, confirming the
decent corrosion resistance of HEA-RL. Figure 7c shows the changes in impedance and
phase with the EIS test frequency. In these plots, the high-frequency intercept corresponds
to the electrolyte resistance while the low-frequency impedance reflects the corrosion
resistance of the samples. The impedance amplitude at low frequency (i.e., 10 mHz)
decreases in the same order as the radius of the capacitive arc, confirming the decent
corrosion resistance of HEA-RL. The electrical equivalent circuit (EEC) shown in Figure 7b
was selected to fit and analyze the EIS results. In this EEC, Rs, Rf, and Rct represent the
resistance of solution, passive film, and charge transfer, respectively. Meanwhile, CPEf
and CPEdl represent the corresponding capacitance response of the film and double layer,
respectively. The EEC suggests that the superior corrosion resistance of HEA-RL is due
to the formation of a protective passive film on the coating surface. This is because the
existence of the Cr element in the HEA is beneficial for the formation of Cr-rich oxide, which
is considered to play a critical role in determining corrosion resistance [26]. Importantly,
the preferential dissolution of Al and Ti elements promotes the nucleation of Cr2O3 on
the surface of Al2O3/TiO2 nuclei under heterogeneous nucleation, thereby significantly
facilitating the nucleation rate of Cr2O3 [27]. This may give the HEA-RL comparable
corrosion resistance to the 304SS substrate though it contains little Cr content. As shown in
Figure 7d–g, there was no obvious corrosion for the HEA-RL and the 304SS substrate after
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polarization to 0 VSCE, while severe corrosion can be clearly observed on the 17CrNiMo6H
and Q235 substrates.

In addition, Figure 8a,b shows the PSP curves at the potential of the 0 VSCE for the HEA-
RL and three substrates. The current densities for the 17CrNiMo6H and Q235 substrates
monotonously increase with the polarization time (Figure 8a), confirming the perishing
corrosion resistance of these two alloys. Differently, the current densities for the HEA-RL
and 304SS drop rapidly over time initially. Subsequently, the current densities decline
gradually and stabilize at a relatively constant level (iss) (Figure 8b), indicating a relatively
intact passive film formed upon the 304SS substrate and HEA-RL. The value of iss for the
HEA-RL is slightly higher than that of 304SS, reflecting the degradation of the protective
property for the passive films. Generally, the property of a passive film is closely related to
its semiconductor characteristics. Therefore, Mott–Schottky measurements were carried
out after the PSP tests to compare the difference between the passive films formed on 304SS
and the HEA layer, and the results are shown in Figure 8c. Each plot of the HEA layer
and 304SS exhibits a linear region with a positive slope in the passive range, meaning that
the surface passive films on the two alloys exhibit n-type semiconductor properties in the
3.5 wt.% NaCl solution. The main point defects contained in an n-type semiconductor
are oxygen vacancies and metal interstitials; they are the donors in the process of ionic
charge migration through the passive film [28]. The measured capacitance of the n-type
semiconductor in this work can be expressed as follows [29]:

1
C2 =

2
εrε0eAND

(
E − EFB − kT

e

)
(6)

where εr is the dielectric constant of the film, ε0 is the vacuum permittivity, ND is the donor
density in an n-type passive film, e is the charge of an electron, E is the applied potential,
EFB is the flat band potential, T is the temperature in Kelvin, A is the test area of the sample,
and k is the Boltzmann constant. Through the calculated results, the average value of ND
for the HEA layer is higher than that of 304SS, as shown in Figure 8d, reflecting a relatively
more porous passive film formed on the surface of the HEA layer. Conversely, the average
value of EFB for the HEA layer is a little lower than that of 304SS, implying a lower energy
barrier for electron escape of the passive film on the HEA layer. These results indicate the
protectiveness of the passive film on the HEA layer is slightly worse than that of 304SS.
Therefore, it is still necessary to optimize the composition of the current HEA-RL, such as
appropriately increasing the Cr content or adjusting the Al/Ti content. Nevertheless, the
current study still demonstrates the great potential of HEA in intensive additive repair.

However, before concluding this article, it is necessary to emphasize that due to the
rapid and repeated heating and cooling by high-energy laser beams and the unique thermal
distribution induced by the layer-by-layer construction approach, the LC coatings possess
potential microstructural anisotropy, including grain morphology, size, and orientation [30].
Generally speaking, grains have a preferred growth orientation along the temperature
gradient, resulting in the formation of coarse columnar grains with {001} texture oriented
along the build direction. This is also supported by the current research findings (Figure 2).
Such a columnar structure tends to exhibit an equiaxed morphology on the transverse
section (perpendicular to the build direction). This microstructural difference will result in
the anisotropy of mechanical properties due to the difference in slip distances of dislocations
in different directions. For example, along the transverse direction, higher strength is
observed at the expense of reduced plasticity, whereas along the longitudinal direction,
plasticity increases but strength decreases [31]. More importantly, it has been suggested
that grain orientation has a significant impact on the propagation of sound [32] and light
waves [33], as well as magnetic domains [34], resulting from the directional dependent
feature of properties [35,36]. Consequently, further research is needed for the intensive
repair of anisotropic materials.
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4. Conclusions

This paper explores the intensive additive repair capability of an ameliorated
Fe20Co25Ni31Cr8Al9Ti7 HEA by selecting three substrates (namely, 17CrNiMo6H, Q235,
and 304SS), and the microstructure, microhardness, and corrosion properties of the HEA-RL
were characterized. The main conclusions are presented below:

(1) The HEA-RL prepared by laser cladding forms a metallurgical bond with the three
substrates. The cladding layer is composed of a dominant (Fe, Cr)-rich FCC phase
and a small amount of (Ni, Ti, and Al)-rich BCC phases. The high ∆Smix of the HEA-
RL promotes the formation of simple solid-solution phases, but the strong affinity
between Ti, Al, and Ni leads to the formation of BCC phases.

(2) Compared to the three substrates, the HEA-RL shows much higher hardness, about
340 HV, which is 1.1, 2.1, and 1.6 times higher than the average hardness of the
17CrNiMo6H, Q235, and 304SS substrates, respectively. Such delightful hardness is
attributed to the solid-solution strengthening effect and the dispersion-strengthening
effect of the BCC phase.

(3) The evaluation of corrosion performance reveals that the HEA-RL holds a corrosion
resistance comparable to 304SS, which is much better than that of the 17CrNiMo6H
and Q235 substrates, despite the fact that the Cr content in the HEA-RL is only half of
that in 304SS. The presence of relatively high concentrations of Ti and Al is believed
to play a key role in empowering the corrosion resistance of HEA-RL by promoting
the heterogeneous nucleation of Cr2O3. Mott–Schottky’s analysis suggests that the
passive film upon HEA-RL displays an n-type semiconductor property.
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