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a b s t r a c t 

Ti-bearing high-entropy superalloys (HESAs) often suffer from severe intergranular embrittlement and 

terrible oxidation degradation at intermediate temperatures. Here we showcase that minor Si addition 

can effectively mitigate the intergranular embrittlement and improve the oxidation resistance of the a 

(Ni 2 Co 2 FeCr) 92 Ti 4 Al 4 HESA at 700 °C simultaneously. Experimental analysis revealed that the intergranu- 

lar G phase induced by 2 at% Si addition can effectively suppress the inward diffusion of oxygen along 

grain boundaries at 700 °C, thus enhancing the tensile ductility of the alloy from ∼8.3% to ∼13.4%. Be- 

sides, the 2 at% Si addition facilitated the formation of a continuous Al 2 O 3 layer during oxidation, con- 

tributing to a remarkable reduction in the growth rate of the oxide scale to a quarter of the Si-free HESA. 

Our results demonstrate that Si can be a favorable alloying element to design advanced HESAs with syn- 

ergistically improved thermal-mechanical performance. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

As a promising material design concept, high-entropy alloys 

HEAs) provide a near-infinite multicomponent phase space that 

an bring about various attractive properties, rendering them 

romising candidates as high-performance structural components 

1–5] . Of particular interest, L1 2 -strengthened HEAs, also known 

s high-entropy superalloys (HESAs), are regarded as potential al- 

ernatives for heat-resistant materials owing to their similar mi- 

rostructure to that of Ni-based superalloys, that is, the ductile 

ace-centered-cubic (FCC) matrix together with the coherently em- 

edded L1 2 nanoparticles [6–10] . Among the HESAs, Ti-bearing 

ystems have attracted substantial interest due to their excellent 

echanical performances in a wide temperature window and re- 

arkable thermal stability [11–16] . During deformation, the high 

attice distortion of the FCC matrix and the high lattice mismatch 
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etween the FCC matrix and L1 2 nanoparticles in the Ti-bearing 

ESAs endow them with high strength [ 17 , 18 ]. At elevated tem- 

eratures, Ti-bearing HESAs manifest superior strength even sur- 

assing that of conventional Ni-based superalloys [ 6 , 13 , 19 ]. For in-

tance, Yang et al. [13] reported that superb tensile strengths of 

bove 800 MPa can be achieved at 700 °C in a Ni-30Co-13Fe-15Cr- 

Al-6Ti-0.1B (at%) HESA, which is higher than that of commercial 

i-based Inconel 617 and Alloy 800H. Meanwhile, the extremely 

mall interfacial energies render the Ti-bearing HESAs extraordi- 

arily sluggish coarsening behavior of the coherent L1 2 nanopre- 

ipitates. For example, the coarsening rate of L1 2 nanoprecipitates 

n the (NiCoFeCr) 94 Ti 2 Al 4 HESA is only a quarter of that of com- 

ercial Nimonic PE16 at 800 °C [15] . Combining the above two 

erits, Ti-bearing HESAs exhibit enormous potential for engineer- 

ng applications at intermediate temperatures. 

However, the Ti-bearing HESAs still suffer from two severe 

roblems at intermediate-temperature regions, i.e., intergranular 

mbrittlement and oxidation degradation. On the one hand, the 

rain boundaries (GBs) of most existing polycrystalline HESAs are 

enerally susceptible to oxygen penetration when tension at 600–
Materials Science & Technology. 

https://doi.org/10.1016/j.jmst.2023.01.044
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2023.01.044&domain=pdf
mailto:jijkai@cityu.edu.hk
mailto:taoyang6-c@my.cityu.edu.hk
https://doi.org/10.1016/j.jmst.2023.01.044


S. Liu, W. Xiao, B. Xiao et al. Journal of Materials Science & Technology 157 (2023) 30–41 

8  

f

t

l

i

t

w  

f

t

s

p

a

s

C

t

s

s

s  

a

a

l

w

e

C

e

i  

t

p

[

i

[

s

t

d

m

h

p

d

i

i

i

[

a

c

f

t

a

e

h

H

(  

c

d

r

u

i

i

2

 

g

p

H

m

9

s

i

w

a

d

S

b

S

7

l

t

m

g

t

t

a

o

s

s

f

c

m

f

p

t

w

a

F

w

s

C

t

i

e

3

3

X

a  

H

t

t

d

l

“

o

t  

t

a

(

2

m

F

p

o  

b

c

00 °C [ 9 , 13 , 20 ]. The resultant premature failure upon tensile de-

ormation due to GB decohesion seriously limits the elevated- 

emperature engineering applications. On the other hand, during 

ong-term exposure at elevated temperatures, the diffusion of Ti 

ons through corundum scales brings about excessive vacancies, 

hus enhancing the overall oxidation rates by promoting the out- 

ard diffusion of cations [ 21 , 22 ]. The dealloying corrosion and sur-

ace strength loss accompanying the severe oxidation may facilitate 

he crack initiation upon stress, thus posing a serious threat to the 

ervice life of structural components [23–25] . 

Previous studies have demonstrated that enhanced mechanical 

roperties and oxidation resistance can be simultaneously achieved 

t intermediate temperatures by tailoring the chemical compo- 

itions of Ti-bearing HESAs [ 20 , 21 ]. For example, increasing the 

r concentration in Ni 39.9 Co 20 Fe 30–x Cr x Al 6 Ti 4 B 0.1 HESAs can effec- 

ively promote the formation of a compact Cr 2 O 3 layer at 600 °C, 

ignificantly hindering the oxygen penetration along GBs and thus 

ubstantially improving the tensile ductility [20] . Meanwhile, the 

ubstitution of Ti by Nb in a (Ni 2 Co 2 FeCr) 92 Ti 4 Al 4 HESA brings

bout a significantly improved oxidation resistance by five times 

nd a slightly increased tensile ductility at 700 °C [21] . Neverthe- 

ess, the HESAs optimized by the above strategies are still faced 

ith several challenges. First, without other types of antioxidant 

lements, the oxidation resistance of Ti-bearing HESAs with high 

r concentrations is still insufficient upon prolonged exposure at 

levated temperatures, resulting from the high diffusivity of Ti ions 

n the Cr 2 O 3 oxide [ 21 , 26 ]. Second, Nb-containing L1 2 -precipitates

end to transform into an ε phase above 800 °C, inhibiting the 

ractical application of Nb-bearing HESAs at higher temperatures 

27] . Third, these HESAs still suffer from low tensile ductility, typ- 

cally < 10% elongation, at temperatures of higher than 600 °C 

 9 , 13 , 21 ]. Therefore, further compositional optimization is neces- 

ary to realize superior mechanical properties and oxidation resis- 

ance in Ti-bearing HESAs. 

Among the various compositional tailoring schemes, Si was well 

emonstrated to be an effective alloying element to improve the 

echanical properties and oxidation resistance of HEAs [28–32] . It 

as been reported that Si additions can optimize the mechanical 

erformances of FCC HEAs by solid solution strengthening and re- 

ucing stacking fault energies (SFEs) [ 28 , 29 ]. Besides, several stud- 

es have been conducted to investigate the effect of Si on the ox- 

dation behavior of HEAs with different microstructures, includ- 

ng FCC [30] , body-cubic-centered (BCC) [31] , and eutectic systems 

32] . The results revealed that during long-term exposure, proper 

ddition of Si promotes the formation of a protective SiO 2 or Si- 

ontaining amorphous oxide layer, thus preventing the inward dif- 

usion of oxygen. However, the influence of Si on the tensile duc- 

ility and oxidation resistance of Ti-bearing HESAs at intermedi- 

te temperatures has rarely been systematically investigated so far, 

ven though it is important for properly designing HESAs with en- 

anced high-temperature performance. 

In the present work, we selected a (Ni 2 Co 2 FeCr) 92 Ti 4 Al 4 
ESA to be a model alloy. Si was introduced and a series of 

Ni 2 Co 2 FeCr) 92–x Ti 4 Al 4 Si x ( x = 0, 1, and 2 at%) alloys were fabri-

ated. All the alloy microstructures (e.g., phase constitutions and 

istribution) were carefully characterized. Specifically, the tensile 

esponse and oxidation behavior of the alloys at 700 °C were eval- 

ated in great detail to gain insights into the feasibility of improv- 

ng the strength-ductility combination and oxidation resistance at 

ntermediate temperatures by Si addition. 

. Experimental 

The (Ni 2 Co 2 FeCr) 92–x Ti 4 Al 4 Si x ( x = 0, 1, and 2 at%) HESAs in-

ots were fabricated in an arc-melting furnace filled with high- 

urity argon. The three studied HESAs are hereafter termed 0Si- 
31 
ESA, 1Si-HESA, and 2Si-HESA for simplicity’s sake. During arc- 

elting, the mixture of raw metals with purities of higher than 

9.9 wt% was flipped and re-melted six times to reduce compo- 

itional inhomogeneity. The obtained ingots were then drop-cast 

nto slabs with a dimension of 100 mm × 12 mm × 5 mm in a 

ater-cooled copper mold. After that, the slabs were homogenized 

t 1200 °C for 2 h, followed by cold rolling of ∼65% thickness re- 

uction and then a recrystallization treatment at 1160 °C for 2 min. 

ubsequently, L1 2 -nanoprecipitates were introduced in the alloys 

y isothermal aging at 800 °C for 24 h. 

Tensile tests were implemented employing a Material Testing 

ystem (MTS) tension machine with a strain rate of 10 –3 s –1 at 

00 °C. Dog-bone-shaped specimens with a gauge size of 12.5 mm 

ength, 3.2 mm width, and 1.5 mm thickness were taken along 

he rolling direction from the aged sheets by electro-discharging 

achining. Each side of the specimens was carefully mechanically 

rounded down to 20 0 0-grit finish with SiC paper. To eliminate 

emperature fluctuation during the elevated temperature tensile 

ests, tensile specimens were placed in an electric furnace for an 

dditional 10 min at the testing temperature before tests. 

Prior to the oxidation test, square coupons with a dimension 

f 10 mm × 10 mm × 1.7 mm were sectioned from the aged 

amples by electro-discharge machining. Then all surfaces of the 

amples were mechanically grounded to 4500-grit with SiC papers, 

ollowed by ultrasonic cleaning with absolute ethanol. Isothermal 

yclic oxidation tests were conducted in a conventional resistance 

uffle furnace at 700 °C up to 480 h. The specimens were got out 

rom the furnace to record the weights after a specific oxidation 

eriod and then calculate their weight changes before and after 

he oxidation test. 

Phase structures of the alloys before and after oxidation 

ere identified by X-ray diffraction (XRD, Rigaku) equipped with 

 monochromator. Scanning electron microscope (SEM, Quanta 

EG450) and transmission electron microscopy (TEM, JEM-2100F) 

ere used to characterize the microstructures. Composition analy- 

es were performed with TEM and atom probe tomography (APT, 

AMECA LEAP 50 0 0XR) equipped with an energy dispersive spec- 

rometer (EDS). TEM and APT samples were fabricated using the 

on milling and lift-out technique in a focused ion beam/scanning 

lectron microscope (FIB/SEM, FEI Scios) system. 

. Results 

.1. Initial microstructure 

The initial structures of the studied HESAs were identified by 

RD and SEM, as shown in Fig. 1 . The XRD results in Fig. 1 (a 1 –

 3 ) reveal that only FCC and L1 2 peaks can be observed for all the

ESAs. The representative SEM images in Fig. 2 (a 1 –a 3 ) show that 

he addition of Si has no significant influence on the grain size of 

he HESAs, evidenced by the similar grain sizes of about 60 μm 

etermined by the linear intercept method for all the studied al- 

oys. After being aged for 24 h at 800 °C, a typical dual-phase 

L1 2 + FCC” microstructure, i.e., high-density spheroidal continu- 

us L1 2 -precipitates embedded in the FCC matrix, was formed in 

he grain interiors of all HESAs ( Fig. 3 (a 1 –a 3 )). The volume frac-

ions of the L1 2 -precipitates were estimated to be 23.6%, 23.8%, 

nd 19.6% by CALculation of PHAse Diagrams (CALPHAD) method 

see Supplementary Materials) for the 0Si-HESA, 1Si-HESA, and 

Si-HESA, respectively. Notably, remarkable differences in the GB 

orphologies are found in the HESAs with different Si contents. 

or the 0Si-HESA and 1Si-HESA, abundant L1 2 -type discontinuous 

recipitates (DPs) with lamellar-like or short-rods shapes can be 

bserved in the vicinity of GBs ( Fig. 1 (c 1 , c 2 )). These DPs grow

y consuming the matrix near the initial GBs to form a classi- 

al double-seam morphology, similar to several existing Ti-bearing 
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Fig. 1. (a 1 –a 3 ) XRD patterns, (b 1 –b 3 ) low-magnification SEM images, and (c 1 –c 3 ) high-magnification SEM images of the as-fabricated HESAs with different Si contents. 

Fig. 2. Microstructures of the GB and grain interior of the 2Si-HESA: (a) DF-TEM image showing the L1 2 -precipitates distribution. (b) APT maps showing the elemental 

partitioning between the matrix and L1 2 -precipitates. Scale bar, 20 nm. (c) Proximity histogram across the interfaces between the matrix and L1 2 -nanoparticles. (d) BF-TEM 

image showing the intergranular precipitate and the corresponding SADP. (e) STEM-EDS mapping displaying the elemental distribution of the intergranular precipitate. (f) 

STEM-EDS line-scanning profiles across the matrix and the intergranular precipitate. 

32 
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Fig. 3. (a) Uniaxial tensile curves and (b) the corresponding SEM fractographic images of the studied HESAs tested at 700 °C in air. 

Table 1 

Chemical compositions of different phases in the 2Si-HESA. 

Phases 

Concentration (at.%) 

Ni Co Fe Cr Ti Al Si 

Matrix 20.16 ± 0.93 33.84 ± 0.85 20.07 ± 0.55 19.68 ± 0.52 1.63 ± 0.22 2.12 ± 0.28 2.49 ± 0.20 

L1 2 -precipitate 53.62 ± 0.90 16.26 ± 0.72 3.66 ± 0.37 2.91 ± 0.40 13.12 ± 0.68 9.01 ± 0.58 1.42 ± 0.26 

G phase 33.26 ± 0.33 18.28 ± 0.26 1.13 ± 0.08 0.89 ± 0.07 20.63 ± 0.28 0.31 ± 0.11 25.50 ± 0.37 
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ESAs [ 16 , 33 , 34 ]. With the Si concentration increasing to 2 at%,

dditional blocky precipitates with micron sizes are found to be 

rregularly dispersed along GBs ( Fig. 1 (b 3 , c 3 )). These intergranular- 

ype precipitates are predicted to be G phase by CALPHAD (see 

upplementary Materials). 

The initial microstructure of the 2Si-HESA was further charac- 

erized by TEM and APT, as shown in Fig. 2 . Representative dark- 

eld (DF) TEM images in Fig. 2 (a) reveal the distribution of the 

pherical L1 2 -precipitates in the grain interior of the 2Si-HESA. The 

nserted superlattice spots in the selected area diffraction pattern 

SADP) recorded at the [001] zone axis manifest the L1 2 -ordered 

tructure of the nanoprecipitates. Atom maps of all elements ana- 

yzed by APT, and corresponding quantitative proximity histograms 

cross the interface between the FCC matrix and L1 2 -precipitates 

re presented in Fig. 2 (b, c), respectively. Obviously, Ni, Ti, and 

l are partitioned to the L1 2 -precipitates significantly, whereas Co 

nd Si are marginally depleted and Fe and Cr are strongly depleted. 

he detailed elemental composition of each phase is summarized 

n Table 1 . Meanwhile, the TEM-EDS results in Fig. 2 (d, e) further

eveal the morphology and chemical composition of the intergran- 

lar particles in 2Si-HESA. In the bright-field (BF) TEM image, an 

rregular-shaped intergranular precipitate can be clearly observed 

 Fig. 2 (d)). The inserted SADP further identifies the nature of the 

CC-type G phase of the intergranular precipitate. Based on the 

TEM-EDS mapping analysis ( Fig. 2 (e)), the intergranular precipi- 

ate is enriched with Ni, Ti, and Si, which is further determined 

o be (NiCo) 16 Si 7 Ti 6 -type G phase by EDS line-scanning analysis 
33 
 Fig. 2 (f)). The detailed composition of the G phase is also listed 

n Table 1 . 

.2. Mechanical properties and deformation microstructures 

Representative engineering stress–strain curves for the three 

ESAs tested at 700 °C are displayed in Fig. 3 (a). With the 2 at% Si

ddition, the yield strengths of the HESAs decrease slightly from 

45 to 619 MPa, resulting from the reduced volume fraction of 

1 2 precipitates. However, simultaneously enhanced ultimate ten- 

ile strength and ductility are revealed in the Si-doped HESAs. 

ompared with the 0Si-HESA, the ultimate tensile strength of the 

Si-HESA increased from 808 to 870 MPa, while the ductility im- 

roved from ∼8.2% to ∼13.4%. The SEM fractography of the 0Si- 

ESA and 1Si-HESA in Fig. 3 (b) presents a fully intergranular frac- 

ure mode, as evidenced by the massive smooth cleavage facets on 

he fracture surfaces. Although also dominated by the intergranu- 

ar fracture mode, the decoration of abundant fine dimples on the 

leavage facets of the 2Si-HESA indicates the stronger GB cohesion 

t 700 °C. 

Representative TEM images of the deformed 0Si-HESA and 2Si- 

ESA are shown in Fig. 4 . Clearly, parallel sets of stacking faults 

SFs) along the (111) slip planes can be observed in both alloys 

 Fig. 4 (a, b)). The SFs reveal intermittent configurations, and their 

xtension is thought to be blocked at the matrix/L1 2 -precipitates 

nterfaces. This indicates that the L1 2 nanoprecipitates serve as 

trong barriers toward dislocation movement, which is the dom- 
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Fig. 4. Bright-field TEM micrographs displaying the deformation microstructures of the fractured (a) 0Si-HESA and (b) 2Si-HESA. (c) Representative HR-TEM image of SFs in 

(b). (d) Dark-field TEM image and corresponding SADP indicating the occurrence of deformation twinning in the 2Si-HESA. 

Fig. 5. Oxidation kinetics curves of the three studied HESAs after the exposure at 700 °C up to 480 h: (a) mass gains plots and (b) fitted lines of squared mass gain. 
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nant strengthening mechanism at the current deformation tem- 

erature. The high-resolution (HR) TEM image in Fig. 4 (c) fur- 

her gives a close-up view of the SFs of the 2Si-HESA. The in- 

erted fast Fourier transform (FFT) patterns also indicate that the 

CC matrix is sheared by SFs. Notably, in addition to SFs, a few 

rains of the 2Si-HESA underwent twinning as part of the de- 

ormation process. The TEM images in Fig. 4 (d) and the corre- 

ponding SADP clearly capture deformation twins with an average 

hickness of ∼25 nm. Micro-twins are normally found in superal- 

oys with low SFEs during deformation at elevated temperatures 

35] . In previous studies, Si additions have been widely demon- 

trated to reduce the SFEs of FCC-type HEAs, especially at ele- 

ated temperatures due to the potential Suzuki segregation of Si 

toms to stacking faults [36] . Meanwhile, the intergranular pre- 

ipitation of the G phase in the current study depletes Ni in the 

CC matrix ( Fig. 2 ), therefore further decreasing the SFE. Hence, it 

s reasonable to deduce that the occurrence of deformation twin- 
t

34 
ing in the 2Si-HESA can be attributed to the reduced SFE via Si 

ddition. 

.3. Oxidation kinetics 

The mass-change curves of the studied HESAs after exposure 

t 700 °C for 480 h are displayed in Fig. 5 (a). The mass gain per

rea increased with the exposure time and no spallation was found 

or all the HESAs. Apparently, the mass gain value decreases with 

he increased Si content in the HESAs. After the 480-h oxidation 

t 700 °C, the total mass gains per area are measured to be 0.74, 

.59, and 0.36 mg cm 

–2 for the 0Si-HESA, 1Si-HESA, and 2Si-HESA, 

espectively. This indicates a significantly improved oxidation resis- 

ance by increasing the Si concentration of the Ti-bearing HESAs. 

ig. 5 (b) displays the relationship between the square of mass gain 

nd oxidation time of the three HESAs. The oxidation kinetics of 

he three HESAs follow a parabolic-rate law, as expressed by the 
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Fig. 6. XRD patterns of the three studied HESAs after oxidation at 700 °C for 480 h. 
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ollowing equation [37] : 

 

�m/A ) 
2 = k p t + C (1) 

here �m / A is the mass gain per unit area of the oxidized sam-

les, k p represents the parabolic rate constant, t is the correspond- 

ng exposure time, and C is a constant. The linear fit to the square

f mass gain vs oxidation time for the three HESAs is also exhib- 

ted in Fig. 5 (b). After adding 1 at% Si to the initial alloy, the k p 
alue decreases from 1.02 × 10 –3 mg 2 cm 

–4 h 

–1 for the 0Si-HESA 

o 7.04 × 10 –4 mg 2 cm 

–4 h 

–1 for the 1Si-HESA. Among the three 

ESAs, the 2Si-HESA displays the lowest k p value, which is only a 

uarter of the 0Si-HESA, i.e., 2.54 × 10 –4 mg 2 cm 

–4 h 

–1 . The oxi- 

ation resistance of the 2Si-HESA is comparable to the commercial 

nconel 617 and Inconel 738 superalloys, indicating its potential ap- 

lication as practical structural materials [38] . 

.4. Microstructure of the HESAs after long-term oxidation 

.4.1. Phase identification 

Fig. 6 comparatively exhibits the XRD profiles conducted on the 

urface of the three oxidized HESAs. The recognition of FCC peaks 

erived from the matrix indicates that the oxide layers from out- 

ide to the inside of all three HESAs can be well identified by XRD. 

ith the Si additions, the intensity of FCC peaks increases, im- 

lying the decreased thickness of the oxide scale. After the ox- 

dation at 700 °C for 480 h, diffraction peaks corresponding to 

e 2 (Ni,Co)O 4 , Cr 2 O 3 , Al 2 O 3 , and TiO 2 can be observed in all three

ESAs. In addition, NiO and Co 3 O 4 can be identified in the 0Si- 

ESA and 1Si-HESA, and the corresponding diffraction intensity 

ecreases with the addition of Si. Notably, diffraction peaks of NiO 

nd Co 3 O 4 are missing in the 2Si-HESA. Meanwhile, SiO 2 formed in 

he HESAs after the introduction of Si. The stronger diffraction in- 

ensity of SiO 2 in the 2Si-HESA compared to the 1Si-HESA indicates 

hat a higher concentration of SiO 2 was formed as the increasing 

i content after long-term exposures. 

.4.2. Surface morphology 

After being oxidized at 700 °C up to 480 h, two distinctly differ- 

nt types of oxides in terms of morphology and elemental compo- 

ition formed through the entire surface of the 0Si-HESA, as shown 

n Fig. 7 (a). The surface region with an area fraction of more than

6% was covered by Co-rich oxide humps in the 0Si-HESA, and the 

est area was dominated by Cr- and Ti-rich planar oxides. These 
35 
o-rich oxides were determined to be Co 3 O 4 [21] , which is con- 

istent with the XRD results in the current study. After adding 1 

t% Si, despite that the aforementioned two types of oxides can 

till be observed, the area fraction of the Co-rich oxide humps was 

ignificantly reduced to ∼37% ( Fig. 7 (b)). This is also in line with

he current XRD results wherein the diffraction intensity of Co 3 O 4 

ecreases with the increased Si content. Meanwhile, peaks of Si- 

ontaining oxides appear in the regions of planar oxides. As the Si 

ontent increases to 2 at%, the formation of Co-rich oxide humps 

as completely suppressed during the long-term exposure in the 

i-bearing HESAs. As can be seen in Fig. 7 (c), nearly even oxidation 

ccurs, and the constituent elements of oxides distribute almost 

niformly through the whole surface of the oxidized 2Si-HESA. 

.4.3. Cross-sectional STEM-EDS analysis 

To better understand the Si effect on the oxidation behavior, the 

ross-section of the oxide scales of the three HESAs after long-term 

xposure at 700 °C was further analyzed by STEM-EDS. The mi- 

rostructure, elemental distribution, and phase analysis by SADP of 

he oxide layers after the long-term exposure at 700 °C for 480 h 

re shown in Figs. 8–10 . The EDS maps reveal the distribution of 

ll the elemental constituents in the oxide scale and the beneath 

lloy substrate. The formation and growth of the oxide scale con- 

umed a certain amount of L1 2 -forming elements of the neighbor- 

ng alloy substrate, leading to the formation of an L1 2 -depletion 

one beneath the scale of all the HESAs. For the 0Si-HESA, the 

ross-sectional examination was conducted on the Co-rich oxide 

egions considering their frequent distribution on the oxide scale. 

he results in Fig. 8 show that the 0Si-HESA has multiple sub- 

ayers in the oxide scale with a total thickness of about 5.3 μm. 

t the gas/oxide interface, a Co-rich oxide layer is formed. Some 

egions of the Co-rich oxide layer are embedded with the Fe-rich 

xide phase, which shows similar compositions with the oxides 

eneath the Co-rich oxide layer. Those Co-rich and Fe-rich oxides 

ere determined to be spinel-structured Co 3 O 4 and Fe 2 (Ni, Co)O 4 

xide phases by SADP ( Fig. 8 (b)), which were also identified by 

RD ( Fig. 6 ). Meanwhile, Ni-rich (Ni, Co)O oxides were observed 

o intermittently distribute above or embed in the Fe 2 (Ni, Co)O 4 

xide layer. Several pores formed within the above oxides, which 

an serve as short-circuit paths for oxygen diffusion. Below the 

e 2 (Ni, Co)O 4 oxide layer, a Cr 2 O 3 oxide layer with a thickness of 

p to 2.1 μm can be observed. As a solid-solute component, Ti and 

l elements were observed to frequently mix in the Cr 2 O 3 layer, 

hich is similar to previous studies [ 21 , 22 ]. Some erose TiO 2 and

l 2 O 3 oxides are irregularly distributed within the Cr 2 O 3 layer, as 

videnced by the EDS maps and SADPs. Meanwhile, discrete Al 2 O 3 

nternal oxides were found to form below the Cr 2 O 3 scale. The dis- 

ontinuous Al 2 O 3 cannot effectively hinder the inward diffusion of 

xygen anions and the outward diffusion of metal cations. 

Fig. 9 (a) displays the typical STEM image and the correspond- 

ng EDS maps of the oxide scale with a total thickness of ∼1 μm 

t the planar oxide region of the 1Si-HESA. The oxide constitu- 

ion of the scale was identified by SADP, as shown in Fig. 9 (b). In

his case, the Fe 2 (Ni, Co)O 4 spinel oxide is covered with a layer of 

iO 2 at the outermost of the scale, and Cr 2 O 3 and Al 2 O 3 formed

n the inner layer. Notably, discrete SiO 2 oxides were found to dis- 

ribute above the Al 2 O 3 layer, as shown in Fig. 9 (c). Similar to that

n the 0Si-HESA, irregular distribution of granular TiO 2 oxides was 

lso observed in the Cr 2 O 3 and Al 2 O 3 layers. As the Si content fur-

her increases to 2 at%, the scale constitution of the alloy oxidized 

or 480 h remains unchanged compared to planar oxides of the 

Si-HESA, while the thickness decreases to ∼650 nm, as shown 

n Fig. 10 (a, b). Unlike the 0Si-HESA and 1Si-HESA, a continuous 

nd compact Al 2 O 3 layer with good adherence to the alloy sub- 

trate is revealed in the 2Si-HESA. The growth of the Fe 2 (Ni, Co)O 4 

pinel layer is significantly suppressed in the 2Si-HESA compared 
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Fig. 7. Surface morphologies and corresponding elemental distributions of the (a) 0Si-HESA, (b) 1Si-HESA, and (c) 2Si-HESA after the oxidation at 700 °C for 480 h. 

Fig. 8. (a) STEM image and corresponding elemental maps of the oxide layers of the 0Si-HESA after the oxidation at 700 °C for 480 h. (b) SADPs of the marked regions in 

(a). 

36 



S. Liu, W. Xiao, B. Xiao et al. Journal of Materials Science & Technology 157 (2023) 30–41 

Fig. 9. (a) STEM image and corresponding elemental maps of the oxide layers of the 1Si-HESA after the oxidation at 700 °C for 480 h. (b) SADP of the oxide scale in (a). (c) 

STEM image revealing the distribution of Al and Si elements in the oxide scale, with the Si-rich oxides marked by white dotted lines. 
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o the other two HESAs, evidenced by its distinctly reduced thick- 

ess. Meanwhile, Si is also rich in the inner layer with a more 

mount than that in the 1Si-HESA. Unlike the 1Si-HESA, the SiO 2 

xides in the 2Si-HESA are observed to mix with the Al 2 O 3 layer 

 Fig. 10 (c)). It is worth noting that metal (Ni, Co, Fe) particles were

bserved between the Cr 2 O 3 and Al 2 O 3 layers in the 0Si-HESA and 

Si-HESA, but not in the 2Si-HESA. The presence of these metal 

articles can be attributed to the outward diffusion of Ni, Co, and 

e ions from the matrix through the Al 2 O 3 layer, resulting from 

he large compressive stresses generated by the volume increase 

elated to the discontinuous Al 2 O 3 [39] . This phenomenon further 

emonstrates the effective protectiveness against the outward dif- 

usion of cations of the SiO 2 and Al 2 O 3 layers in the 2Si-HESA. It is

lausible that the thickness reduction of the oxide scale with the 

ncreasing Si content in the HESAs was attributed to the formation 

f SiO 2 and continuous Al 2 O 3 layers, which effectively retards the 

utward diffusion of metal cations and inward diffusion of oxygen 

nions. 

. Discussion 

In the present study, we systematically investigated the oxi- 

ation behavior and mechanical properties of Si-doped Ti-bearing 

ESAs. The results demonstrate that Si is an ideal alloying ele- 

ent for improving both tensile ductility and oxidation resistance 

t 700 °C. As a result, rationalization of the above findings is nec- 

ssarily required to uncover the underlying mechanisms. 

.1. On the intermediate-temperature ductility 

The severe embrittlement of alloys at intermediate tempera- 

ures can generally be attributed to the environmental oxygen at- 

ack [ 20 , 40 , 41 ]. At elevated temperatures in the air, high-energy

Bs usually act as preferential diffusion paths for oxygen pene- 

ration [41–43] . The segregation of the embrittling oxygen atoms 
37 
ould lead to the decohesion of metallic bonds, giving rise to the 

remature onset of intergranular cracking at local GBs during ten- 

ile deformation [ 44 , 45 ]. Such a phenomenon has also been widely 

bserved in conventional pure Ni, superalloys, and intermetallic 

lloys [ 41 , 46 , 47 ]. For example, compared with the commercially 

ure Ni270 after being exposed to air at elevated temperatures, 

he same material treated with similar conditions but exposed to 

acuum displayed much higher tensile ductility at temperatures 

rom 25 to 10 0 0 °C, with the ductility minimum occurring around 

00 °C for both materials [46] . Further investigations indicated that 

he formation of external oxide along GBs can be the main reason 

or this embrittlement. Meanwhile, previous studies revealed that 

ompared to superalloys deformed in the air at intermediate tem- 

eratures, substantial ductility recovery can be achieved when the 

aterials were deformed in an inert argon atmosphere [40] . The 

limination of external oxidation damages would restrain the dy- 

amic intergranular embrittlement, thus remarkably reducing the 

tress concentration along GBs upon tensile loading. 

Based on the above analyses, we investigated the elemental dis- 

ribution near the GBs of the 1Si-HESA and 2Si-HESA after 10 min 

f exposure in the air at 700 °C, as shown in Figs. 11 and 12 , re-

pectively. For the 1Si-HESA, a two-layer oxide scale with an av- 

rage thickness of ∼80 nm, consisting of the outer Fe 2 (Ni, Co)O 4 

ayer and the inner Cr 2 O 3 layer, was formed on the surface of the 

rain bulk. Notably, an oxide protrusion can be observed to extend 

nward to a depth of ∼110 nm near the GB. On the front of the ox-

de protrusion, oxygen continues to penetrate inwards along the GB 

o as far as ∼623 nm apart from the oxide-metal interface. As the 

i content increases to 2 at%, the initial scale constitution on the 

urface of the grain bulk is the same as that of the 1Si-HESA, but 

ith a slightly reduced thickness of ∼65 nm. A Ti-rich oxide island 

as formed on the top of the intergranular G phase, attributed to 

he high Ti concentration in the G phase ( Fig. 2 ) and the low Gibbs

ormation energies of TiO 2 (i.e., –767.6 kJ mol –1 , O 2 at 700 °C [48] ).

n strong contrast with the 1Si-HESA, no internal extended oxide 
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Fig. 10. (a) STEM image and corresponding elemental maps of the oxide layers of the 2Si-HESA after the oxidation at 700 °C for 480 h. (b) SADP of the oxide scale in (a). 

(c) STEM image revealing the distribution of Al and Si elements in the oxide scale, with the Si-rich oxides marked by white dotted lines. 
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rotrusion can be clearly observed in the 2Si-HESA. Oxygen only 

iffuses inward to a total distance of ∼204 nm along the GB of the 

Si-HESA, by forming Ti-rich oxide (presumably TiO 2 ) on the side 

f the G phase. It has been reported that the continuous TiO 2 ox- 

des formed alongside the crack tip can act as a protective layer 

o hinder further oxygen penetration [41] . Apparently, the G phase 

n the 2Si-HESA can serve as an effective barrier for the inward 

iffusion of oxygen along GBs. During deformation, tensile stress- 

ssisted oxygen diffusion tends to be facilitated along GBs ahead 

f the crack tip [ 44 , 49 ]. The dynamic embrittlement of GBs result-

ng from such a stress-controlled oxygen penetration will lead to 

ast brittle intercrystalline crack propagation. It is suggested that 

ompared with the other two HESAs, the oxygen-induced dynamic 

mbrittlement behavior in the 2Si-HESA tends to be alleviated due 

o the existence of the intergranular G phase. Therefore, the in- 

ergranular crack initiation and propagation can be suppressed to 

ome extent, resulting in improved strength-ductility synergy in 

he 2Si-HESA at intermediate temperatures. 

.2. On the long-term oxidation mechanism 

Based on the aforementioned results, the scale constitution 

ormed on the Ti-bearing HESAs was optimized by Si additions. 

he STEM-EDS results revealed that a transition from complex 

xide compositions dominated by both spinel-type (Co 3 O 4 and 

e 2 (Ni, Co)O 4 ) and corundum-type (Cr 2 O 3 and Al 2 O 3 ) oxides to-

ard simpler ones dominated by corundum-type (Cr 2 O 3 and 

l 2 O 3 ) oxides was affected by the presence of Si. Meanwhile, the 

ntroduction of Si in the HESAs facilitates the formation of SiO 2 be- 

ow the Cr 2 O 3 layers, which promotes a compact oxide scale and is 

dvantageous to the improvement of oxidation resistance [50–52] . 

Thermodynamically, the standard Gibbs formation energies 

 �G 

o 
f 
) of the relevant oxides at 700 °C were reported to be

n the following sequence: Al 2 O 3 (–913.4 kJ/mol, O 2 ) < TiO 2 

–767.6 kJ/mol, O ) < SiO (–735.8 kJ/mol, O ) < Cr O (–
2 2 2 2 3 

38 
88.7 kJ/mol, O 2 ) < Fe 2 O 3 (–378.8 kJ/mol, O 2 ) < CoO (–

31.2 kJ/mol, O 2 ) < NiO (–303.7 kJ/mol, O 2 ) < Co 3 O 4 (–

68.2 kJ/mol, O 2 ) [48] . Theoretically, the formation of Al 2 O 3 and 

iO 2 is relatively easy due to the strong oxygen affinity of Al and 

i. However, the related oxides did not form at the preliminary 

xidation process stage, which can be attributed to the low con- 

entration of Al and Si elements in the HESAs. Due to the kinetics 

easons, oxygen atoms chemically absorb on the surface of mate- 

ials and react with principal element cations to form the Cr 2 O 3 

nd Fe 2 (Ni, Co)O 4 oxide scale initially ( Figs. 11 and 12 ). During

he inward migration of oxygen, the oxide scale consumes the 

enetrative oxygen gradually, generating an oxygen potential gra- 

ient along the penetration depth. With prolonged exposure, the 

utermost oxide scale grows continuously and oxygen transporta- 

ion through the scale becomes considerably difficult, leading to 

 decreased oxygen pressure at the oxide-to-metal interface. Sub- 

equently, the diffusion-controlled internal oxidation of SiO 2 and 

l 2 O 3 occurs at a low oxygen partial pressure. 

The advantageous role of Si addition on the oxidation resis- 

ance of the studied HESAs can be attributed to several factors. 

he rapid growth of unprotective Fe-rich oxides has been widely 

evealed to be one critical factor for the inferior oxidation resis- 

ance of many HEA systems [ 22 , 53 , 54 ]. Huang et al. [53] reported

hat the formation of Fe-rich oxides at the outmost oxide layer 

f an Al 0.3 CuCrFeNi 2 HEA at 600 °C can be attributed to the fast 

iffusion coefficient of Fe cations through the Cr 2 O 3 layer. In the 

urrent study, both the existence of SiO 2 and Si-rich intergranular 

recipitates can suppress the outward diffusion of Fe cations dur- 

ng oxidation. The diffusion coefficient of Fe in SiO 2 and Cr 2 O 3 can 

e given as the following equations [ 55 , 56 ]: 

 

Fe 
SiO 2 = 6 × 10 

−3 exp 

(−288960 

RT 

)
(2) 

 

Fe 
Cr 2O3 = 7 × 10 

−4 exp 

(−2450 0 0 

RT 

)
(3) 
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Fig. 11. STEM image and corresponding elemental maps near the GB of the 1Si-HESA after the oxidation at 700 °C for 10 min. 
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here R is the molar gas constant, and T is the temperature. 

t the current studied temperature of 700 °C (973 K), D 

Fe 
SiO2 

is 

.845 × 10 –18 cm 

2 s –1 and D 

Fe 
Cr2O3 

is 4.930 × 10 –17 cm 

2 s –1 . Appar- 

ntly, SiO 2 displays a more significant blocking effect than Cr 2 O 3 

owards the outward diffusion of Fe. Meanwhile, the intergranular 

 phase can act strong diffusion barrier of Cr and Fe cations be- 

ause of the extremely low solubility of Cr and Fe in the G phase

 Fig. 2 (e, f)), thus their outward diffusion via GBs is significantly 

uppressed in the 2Si-HESA. At the current studied temperature, 

.e., 700 °C, GBs are regarded as the primary channels for the out- 

ard transportation of metal cations [ 57 , 58 ]. Hence, the growth of

r 2 O 3 and Fe 2 (Ni, Co)O 4 tends to be remarkably restrained during 

ong-term exposure. 

In addition to the formation of SiO 2 and intergranular Si-rich G 

hases, the introduction of Si promotes the continuity of Al 2 O 3 . 

enerally, fast internal oxidation progress of Al 2 O 3 would occur 

t the oxide-metal interface in alloys with a low Al concentration 

hen the oxygen activity is relatively high, leading to the forma- 

ion of discontinuous Al 2 O 3 [ 22 , 59 ]. In the current study, the for-

ation of SiO 2 below the Cr 2 O 3 can significantly reduce the oxy- 

en partial pressure due to the high affinity between Si and O, re- 

ulting in low partial oxygen pressure across the oxide film and 
39 
atrix interfaces. Meanwhile, sufficient SiO 2 particles formed at 

he early oxidation stage can serve as nucleation sites for the for- 

ation of Al 2 O 3 , as evidenced by Fig. 10 (c). That is, adequate Si

ddition can increase the selective oxidation of Al, reducing the 

ritical concentration of Al and enhancing the formation of con- 

inuous Al 2 O 3 . The outward diffused cations tend to be suppressed 

ramatically due to the formation of a continuous mixture of SiO 2 

nd Al 2 O 3 in the 2Si-HESA. The suppressed outward diffusion of 

ations, especially Ti and Fe cations ( Fig. 10 ), would reduce the 

iffusion channels by decreasing the number of vacancies left by 

ations, subsequently restraining the inward diffusion of oxygen 

nd thus improving the oxidation resistance. It is reasonable that 

he oxidation resistance of the low Si-containing HESA, i.e., the 

Si-HESA, cannot be significantly improved due to the inadequate 

mount of SiO 2 , which cannot effectively restrain the diffusion of 

oth metal cations and oxygen anions, and also provide insufficient 

ucleation sites for the formation of continuous Al 2 O 3 . Even if not 

ery continuous, the SiO 2 particles formed in the 1Si-HESA still re- 

uced the oxidation rate when compared to the 0Si-HESA. Mean- 

hile, the addition of Si was also reported to be beneficial for the 

ormation of a more homogeneous and compact Cr 2 O 3 film [60] . 

his is consistent with the current results that the Cr O layer ex- 
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Fig. 12. STEM image and corresponding elemental maps near the GB of the 2Si-HESA after the oxidation at 700 °C for 10 min. 
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2.54 × 10 mg cm h . 
ibits fewer gaps in the HESAs with higher Si contents, which sup- 

resses the cation diffusion from the matrix to the oxide, and also 

he inward diffusion of oxygen anions through the gaps. 

Based on the above discussion, the existence of Si in the matrix 

nd the formation of Si-rich intergranular precipitates in the Ti- 

earing HESAs can both effectively hinder the outward diffusion of 

etal cations. This can offset the degradation effect of Ti, thus im- 

roving the overall oxidation resistance of the HESAs. The findings 

n the current study are suggested to be supportive of the future 

ngineering design of high-performance HESAs for elevated tem- 

erature applications through elaborate alloying design. 

. Conclusion 

In this study, the effect of minor additions of Si on the mechan- 

cal properties and oxidation behavior of (Ni 2 Co 2 FeCr) 92–x Ti 4 Al 4 Si x 
 x = 0, 1, and 2 at%) HESAs at 700 °C were systematically investi-

ated. Microstructures of the studied HESAs were carefully charac- 

erized by combining SEM, APT, and TEM. The results demonstrate 

hat Si addition is an effective alloying scheme to simultaneously 

mprove the tensile ductility and oxidation resistance of Ti-bearing 
40 
ESAs at intermediate temperatures. Based on our observations, 

he conclusion can be reached as follows: 

1) The microstructure analyses reveal that a typical “FCC + L1 2 ”

dual-phase structure can be obtained in the current 

(Ni 2 Co 2 FeCr) 92 Ti 4 Al 4 and (Ni 2 Co 2 FeCr) 91 Ti 4 Al 4 Si 1 HESAs. 

As the Si content increases to 2 at%, (Ni, Ti, Si)-rich G phase 

precipitates on the GBs. 

2) The intergranular G phase in the (Ni 2 Co 2 FeCr) 90 Ti 4 Al 4 Si 2 
HESA can effectively suppress the long-distance inward diffu- 

sion of oxygen along GBs, thus improving the intermediate- 

temperature embrittlement to some extent. Compared with 

(Ni 2 Co 2 FeCr) 92 Ti 4 Al 4 HESA, the ultimate tensile strength of the 

(Ni 2 Co 2 FeCr) 90 Ti 4 Al 4 Si 2 HESA increased from 808 to 870 MPa, 

and the ductility increased from ∼8.3% to ∼ 13.4%. 

3) The formation of SiO 2 during long-term oxidation and the in- 

tergranular G phase in (Ni 2 Co 2 FeCr) 90 Ti 4 Al 4 Si 2 HESA can effec- 

tively suppress the outward diffusion of cations, thus signifi- 

cantly improving the oxidation resistance by suppressing the 

growth of spinel-type oxides and chromium oxides. Compared 

to the (Ni 2 Co 2 FeCr) 92 Ti 4 Al 4 HESA, the parabolic-rate constant of 

the (Ni 2 Co 2 FeCr) 90 Ti 4 Al 4 Si 2 HESA decreases from 1.02 × 10 –3 to 
–4 2 –4 –1 
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