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Abstract  

Recent substantial studies indicate that high-entropy alloys (HEAs) possess superior mechanical 

performance, including exceptional strength, high creep resistance, etc. However, additive 

manufacturing (AM), a burgeoning manufacturing method, may induce extraordinary impacts on the 

resulting mechanical properties. For the additively manufactured (AM-ed) HEAs, the nanoscale 

mechanical performance and deformation mechanisms in accordance with the microstructural 

properties remain unclear. In this work, the microstructure and nanomechanical properties of an AM-

ed (CrCoNiFe)94Ti2Al4 HEA were investigated. The local mechanical properties including hardness, 

elastic modulus, and nanoscale creep deformation, were explored by nanoindentation-based 

measurement. Simultaneously, the crystallographic orientation dependence on the mechanical 

behavior of AM-ed HEA was carried out by combining with electron backscattered diffraction (EBSD). 

It is found that the {101}-grain has the highest hardness and elastic modulus, whereas the creep 

resistance of {111}-grain is the greatest, with the indicators of the creep mechanism showing lattice 

diffusion is the dominant mechanism. Two different states of HEA, as-printed and heat-treated, were 

utilized to explore the effect of heat treatment. Heat treatment in the current study can increase the 

hardness and elastic modulus but decrease the creep resistance slightly. This work elucidates the 
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underlying mechanisms of grain orientation dependence on nanomechanical properties and the effects 

of heat treatment. Moreover, it also sheds light on the particular creep behavior at the nanoscale and 

creep mechanism of the AM-ed (CrCoNiFe)94Ti2Al4 HEA. 

Keywords: High-entropy alloys, Additive manufacturing, Nanoindentation, Crystallographic 

orientation, Nanoscale creep behavior 

1. Introduction 

Since thousands of years ago, humans have been tuning metals’ properties by adding a small number 

of alloying elements to a primary element, which is the conventional alloy design philosophy. The 

concept of high-entropy alloys (HEAs) was first proposed in 2004 [1]. Unlike conventional alloys, 

HEAs contain at least four principal elements in an equal or near-equal atomic ratio, and thus there is 

no distinction between solute and solvent atoms in HEAs [2,3]. Such a compositional characteristic 

often leads to increased configurational entropy and hence the formation of multicomponent solid 

solutions (i.e., fcc, bcc, or hcp) [4,5]. In the past decades, HEAs have garnered unparalleled attention 

due to their superior mechanical properties and performance compared to conventional alloys, 

including hardness, yield strength, creep resistance, and wear resistance, etc. [6]. Except for the high 

configurational entropy, sluggish atomic diffusion and large lattice distortion, which are the main 

inherent properties of HEAs, are responsible for their extraordinary mechanical properties. An fcc-

type (CrCoNiFe)94Ti2Al4 HEA was recently reported to have a good strength-ductility synergy, with a 

tensile strength reaching ~1.3 GPa and an elongation reaching 17%, demonstrating potential 

applications for the advanced structural materials [7,8].  

Additive manufacturing (AM), also termed as 3D printing, is an emerging and disruptive technology 

that changes the way of designing and manufacturing products [9]. AM offers numerous advantages 

in comparison with the traditional methods such as rapid fabrication and outstanding shape-design 

freedom, and therefore it has a wide range of application prospects in many fields [10,11]. AM builds 
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up components directly from a 3D model layer-by-layer, AM-ed alloys thereby experience a complex 

thermal history involving repeated melting and rapid solidification as well as subsequent heating-

cooling cycles after solidification [11,12]. Furthermore, the rapid cooling rate during the AM process 

can result in a remarkable solute-trapping effect which in turn minimizes the compositional segregation 

[13]. Therefore, in this study, this attractive (CrCoNiFe)94Ti2Al4 HEA was fabricated via AM, more 

specifically laser engineered net shaping (LENSTM), and its mechanical performance and 

corresponding deformation mechanisms were investigated at the nanoscale. It is worth noting that the 

LENSTM process is a typical laser powder-blown AM technique that has been used to manufacture 

HEAs [14,15].  

On account of the aforementioned unique nature of the AM method, the microstructures and 

mechanical properties of AM-ed HEA consequently appear to be distinct from those obtained by 

traditional manufacturing techniques. Research efforts on this (CrCoNiFe)94Ti2Al4 HEA have focused 

on its macroscopic mechanical properties behavior and oxidation resistance [7,16]. Nevertheless, there 

are still no fundamental understandings of the mechanical behavior and the underlying deformation 

mechanisms of AM-ed (CrCoNiFe)94Ti2Al4 HEA at the nanoscale, which require a deeper exploration 

and understanding.  

As for the study on the nanomechanical behavior of this AM-ed HEA, nanoindentation is a powerful 

technique that can characterize the microscale heterogeneity that exists in the AM-ed samples with 

high sensitivity. Furthermore, nanoindentation tests on one single grain can be regarded as testing of 

a single crystal, which means the mechanical behavior of a single crystal could be extracted from a 

polycrystalline material by nanoindentation. Therefore, combining electron backscattered diffraction 

(EBSD) and nanoindentation can offer the potential to evaluate the local elastic-plastic properties at 

nanoscale and correlate the mechanical response with the local microstructure and crystallography, 
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thus providing new understanding and insights into the deformation behavior of AM-ed alloys and 

some basic deformation mechanisms for further study at larger scales.   

Besides the measurement of hardness and elastic modulus, the nanoscale creep deformation can be 

quantitatively characterized by nanoindentation. HEAs have been reported to possess good creep 

resistance because of sluggish atomic diffusion and large lattice distortion [17,18]. However, AM 

usually causes high dislocation density and smaller grain sizes [19], and thus the creep property of 

AM-ed HEAs can conceivably be distinct from that of traditional HEAs. To our best knowledge, little 

work has been done so far on the creep mechanisms of AM-ed HEAs. Contrasting to traditional creep 

tests where creep occurs mainly at elevated temperatures, the nanoindentation creep test can be 

performed at ambient temperature, and it is less time-consuming than conventional macro-scale tests. 

In general, nanoindentation creep tests have two important inherent characteristics which are the 

origins contributing to the disparity between the nanoindentation creep and traditional uniaxial creep 

tests. On one hand, the stress distribution under nanoindentation creep could be much more 

complicated, and the maximum shear stress under the indenter tip exceeds the yield stress of the 

specimen in the process of nanoindentation creep testing, which is the reason for the creep occurrence 

at room temperature [20]. On the other hand, the stress state of the nanoindentation creep technique is 

tri-axially non-homogeneous, and the deformation volume underneath the indenter tip grows steadily, 

which is different from the conventional uniaxial creep tests [21]. 

Based on this background, the LENSTM-processed (CrCoNiFe)94Ti2Al4 HEA, in both as-printed and 

heat-treated states, were studied in terms of nanomechanical behavior in the present work. We firstly 

investigated the microstructure of this AM-ed HEA, and subsequently studied its nanomechanical 

behavior including hardness, elastic modulus, and creep behavior in three typical grain orientations. 

We also discussed the effects of the crystallographic orientation on the mechanical behavior of the 

AM-ed HEA. Furthermore, the heat treatment effects on the microstructure and nanomechanical 

behavior of this AM-ed HEA were also revealed. Our research aims to provide a fundamental 



5 

 

understanding of the deformation mechanism of this AM-ed HEA at nanoscale and lead to insights 

into the internal relation between the microstructure and mechanical properties. 

2. Materials and methods 

2.1. Specimen fabrication via the LENSTM process 

The investigated HEA was polycrystalline with a face-centered-cubic (fcc) structure, and its nominal 

composition was 23.5 Cr-23.5 Co-23.5 Ni-23.5 Fe-2 Ti-4 Al (at.%). The pre-alloyed powders were 

prepared by the plasma rotating electrode process (PREP) and were loaded in the powder hopper. Then 

the powders were blown, via the powder feeding line, to the melt pool, which was established by a 

high-powered laser beam. The workpiece was moved in the x-y direction to deposit a cross-sectional 

geometry, and upon a complete layer was deposited, the deposition head was moved upwards (i.e. z-

direction, also the build direction) to deposit consecutive layers. To ensure the densification of the 

HEA specimens, we performed a series of optimization experiments using diverse process parameters. 

Then the following optimized parameters were used to deposit the HEA specimens: a laser power of 

400 W, a laser scan speed of 10 mm/s, and a hatch spacing of 460 μm. Furthermore, the workpiece 

was scanned in a bi-directional way, and a 90° rotation of the scan direction was adopted when 

depositing the next layer. Such a scan strategy helped to reduce the residual stress and hence the 

cracking susceptibility of the specimens. Moreover, to minimize any potential oxidation, the whole 

deposition process was performed in an argon-purged chamber with an oxygen level below 20 ppm. 

In order to study the effect of the heat treatment, we performed a direct heat treatment: 650 °C/4 h 

followed by water quenching. 

2.2. Materials characterization 

The examined surfaces of the samples (x-z plane) were ground successively up to #4000 emery paper 

followed by 3 µm and 1 µm diamond paste polishing and electropolishing in H2SO4-methanol 

electrolyte at 24 V for 40 s. To further remove the morphology induced during electropolishing, 

polishing with 0.25 µm fumed silica suspension (OP-S, Struers) was used as a final step for sample 
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surface preparation. The roughness of the surface was controlled to a level less than 10 nm in random 

10 × 10 µm2 areas (see supplementary file). The microstructure and surface morphology of LENSTM 

manufactured HEA were investigated by scanning electron microscopy (SEM). The SEM (Quanta 650 

FEG, ThermoFisher) was operated at 20 kV accelerating voltage, and a solid-state backscattered 

electron (BSE) detector was used to characterize the microstructure based on the orientation contrast 

and the atomic number contrast. Electron backscatter diffraction (EBSD) was performed to examine 

the grain sizes of the two HEA samples and to recognize the distribution of grain orientation. The 

NORDIF system was used to obtain the EBSD scans. An accelerating voltage of 20 kV at a working 

distance of ~20 mm was used for the EBSD pattern acquisition. The chemical composition of the 

particles has been checked by energy-dispersive X-ray spectroscopy (EDS) using a Bruker EDS system 

in an Ultra 55 SEM (Zeiss) with 10 kV accelerating voltage, ~10 mm working distance and 60 µm 

aperture.  

The nanoindentation tests were carried out on the polished EBSD examined surfaces (also x-z plane) 

using Hysitron Tribo-indenter TI 950 with a Berkovich indenter tip at ambient temperature. Three 

typical grain orientations close to {111}, {001} and {101} in the samples were selected for detailed 

characterization. The detailed procedures for ensuring the indentations performed on these grain 

orientations are shown in the supplementary material. The nanoindentation characterization was 

conducted on a load-controlled mode with the maximum loads of 10 mN, and each test ran at the 

constant loading rate of 0.5 mN/s. The creep properties are studied in the holding stage where the 

holding time was set as 500 seconds, and thus the creep tests are under constant load. At least 50 

indents were performed in the interior of each grain orientation, and a 5 µm indentation spacing was 

used to avoid the possible effects of the overlapping plastic zones. 
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3. Results 

3.1. Microstructure analysis 

The microstructural characteristics of the as-printed and heat-treated HEA observed by electron 

channeling contrast imaging (ECCI) are shown in Fig.1. Representative ECC images of (a)(c) as-

printed sample and (b)(d) heat-treated sample. The theoretical details of this technique can be found 

in [22]. This is a powerful tool to investigate the microstructure of various metallic materials with a 

high resolution down to dislocation level [26,27]. The microstructure of the studied HEAs mainly 

consists of columnar grains, and the layered structure formed during the layer-by-layer deposition 

process, as shown in Fig.1(a) (b). Furthermore, Fig.1(c) (d) show high-magnification ECC images of 

the two samples, in which some nano-sized particles can be observed, as shown by the white arrows 

in the figures. The chemical composition of the particles checked by EDS are shown in Figure S3, 

which indicates a (Al,Ti)-rich and (Co,Cr,Ni,Fe)-lean composition. In the as-printed specimen, an 

underlying dislocation cell structure produced during deposition can be observed (polygons indicated 

by the dashed lines in Fig.1(c)), which is consistent with the results from other AM-ed materials such 

as austenitic steels [26]. On the contrary, the heat-treated specimen does not show such cells but instead 

shows densely distributed dislocations in the grain interior (Fig.1 (d)). 

The normal direction – inverse pole figure (ND-IPF or IPF-Z) maps in typical areas of the two samples 

are displayed in Fig.2. The grain size distribution are analyzed in detail, as shown in Fig. R2. The grain 

size of the heat-treated specimen is slightly smaller than that of the as-printed one in the median, mean 

and the interquartile range, and therefore the heat treatment in this work does not change the grain size 

significantly. However,  the grains of HEA in both states are much finer than that of the casted HEAs 

with various compositions (~50 µm) reported in the literature [18,27]. This observation is in line with 

previous studies that AM methods distinctly refine the microstructure [12,28]. The finer grain size of 

the AM-ed components can be influenced by several factors, and the most important variable in 

determining the grain size is attributed to the ultrafast cooling rate during the AM process, which leads 
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to shorter growth time for the grain [12]. However, the grain size will not has influence on the 

nanomechanical properties in the following sections, since the indentations are performed in the 

interior of the grain. 

 

Fig.1. Representative ECC images of (a)(c) as-printed sample and (b)(d) heat-treated sample. The white dash 

lines in (a)(b) represent the layered structure; the white arrows in (c)(d) show the nano-sized (Al, Ti)-rich 

particles; the polygons indicated by the dashed lines in (c) represent the underlying dislocation cell structure.  
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Fig.2. Representative ND-IPF (IPF-Z) maps of (a) as-printed, and (b) heat-treated sample showing the 

orientation distribution. Building direction upwards. (digital version in color) 

3.2. Hardness and elastic modulus 

The hardness and elastic modulus of the as-printed and the heat-treated HEA are determined from 

nanoindentation testing. The used calculation methods were the recognized Oliver and Pharr (O-P) 

methods [29,30]. The averaged values of the two samples are exhibited in Fig.3. As shown in Fig.3, 

the hardness values of the two samples for grain orientation {100}, {111}, and {101} are: 2.05±0.16, 

2.11±0.12, and 2.20±0.12 GPa for the as-printed sample; 2.76±0.23, 2.83±0.33, and 2.89±0.27 GPa 

for the heat-treated sample. Compared to the as-printed samples, the hardness of the heat-treated 

samples increases by 25.7%, 25.4%, 23.9% in the three orientations, respectively. In addition, the 

elastic modulus of {100}, {111}, and {101} grains were also calculated: 185.97±10.11, 191.85±7.67, 

and 200.66±7.61 GPa for the as-printed sample; 193.73±11.76, 222.03±21.07, 235.02±20.35 GPa for 

the heat-treated sample. The elastic modulus increases by 4.0%, 13.6%, 14.6% in the three orientations, 

respectively. Therefore, both hardness and elastic modulus have the same tendency of grain orientation 

dependence. The averaged hardness and elastic modulus of {101}-grain are the largest, followed by 

the {111}-grain and then {001}-grain. These results are inconsistent with previous literature reports 

[31], in which {111}-grain often exhibits the highest hardness and elastic modulus, and it will be 

discussed further below. The hardness values of the heat-treated sample are shown to be an average of 

25% higher than those of the as-printed sample, which indicates significant strengthening effects of 

heat treatment on the hardness of the AM-ed HEA. The values of elastic modulus of the heat-treated 

sample are also relatively larger than those of the as-printed sample with an increasing percentage of 

4%-15%, thus the heat treatment also increased elastic modulus to some extent. On the basis of these 

results, it can be concluded that the heat treatment in this study has a strengthen effect on the hardness 

and elastic modulus of the AM-ed HEA. 
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Fig.3. (a) Hardness and (b) Elastic modulus of {100}, {111}, and {101} grains in the as-printed HEA and the 

heat-treated (650℃-4h) HEA.  

3.3. Nanoscale creep behavior at room temperature 

Creep is an important plastic property and it is regarded as one of the most important aspects of 

engineering application. The creep property acts as a critical indicator of component performance, and 

the research on the creep behavior may lead to a better understanding of the underlying mechanism of 

their time-dependent plasticity [32]. Nanoscale creep behaviors, besides the hardness and elastic 

modulus, are also studied in these three grain orientations. 

Fig.4a shows the typical load versus displacement curve from the current nanoindentation study, which 

includes loading, holding, and unloading stages. The creep occurs in the holding stage, and the increase 

in the penetration depth with holding time was monitored. Then the curves of displacement and strain 

rate in the holding stage as a function of holding time are plotted in Fig.4b. This creep curve exhibits 

two stages with different curve slopes: transient creep and steady-state creep. During the transient stage, 

the displacement increases rapidly with the holding time, and then the increase rate of the creep 

displacement slows down approaching a constant value, where the creep curve turns to be a steady-

state stage. It is noteworthy that, unlike traditional creep, the indentation creep testing does not have a 

tertiary stage because materials do not thoroughly fail during indentation creep testing.  
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This creep curve is suggested to be fitted by the commonly used empirical formula [33,34] that was 

developed for metals: 

ℎ = ℎ0 + 𝑎(𝑡 − 𝑡0)
𝑏 + 𝑐𝑡                                                                                                                                  (1) 

where h is the instantaneous indenter depth, h0 refers to the displacement at the starting of creep, t is 

time in the holding stage, and t0, a, b, and c are fitting constants. In addition, t0 is normally regarded 

as the beginning time of the creep deformation happens. We rearrange the creep initiation time as the 

starting point, then t0 becomes 0 here. As a result, this empirical fitting formula used in this study 

becomes: 

ℎ = ℎ0 + 𝑎𝑡𝑏 + 𝑐𝑡                                                                                                                                  (2) 

As shown in Fig.4b, the fitting curve as a function of hold time fitted very well and it has a correlation 

coefficient R2 of 0.99532. 

For depth-sensing indentation creep tests with a self-similar pyramidal indenter, strain rate 𝜀̇ can be 

estimated by the broadly used equation which was firstly proposed by Mayo and Nix [35,36]: 

𝜀̇ =
1

ℎ

𝑑ℎ

𝑑𝑡
                                                                                                                                                 (3) 

The creep strain rate-holding time evolution curve shown in Fig.4b consists of the transient creep stage, 

where the creep strain rate decreases rapidly with time, and the steady-state creep stage, where the 

creep strain rate remains almost constant. Specifically, as shown in Fig.4b, during the holding period, 

the proceeded strain rate of the penetration is relatively high, but the strain rate rapidly decreases with 

the holding time, and it subsequently reaches the constant creep strain rate at approximately 5 × 10−5 

s−1 in the steady-state stage. For crystalline materials, the primary creep stage is considered as the 

viscous behavior related to the dislocation dynamics [37]. The decreasing creep strain rates are 

proposed to be caused by work hardening effects and enhanced dislocation recovery (rearrangement 

and annihilation of dislocations), the creep strain rate decreases with time until eventual exhaustion 
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[38]. As a result, there is a dynamic equilibrium between dislocation generation (ρ̇ +) and annihilation 

(ρ̇ -) in the steady-state stage, and the final net rate of dislocation generation �̇� is small for coarse 

grained metals at ambient temperature [39].  

 

Fig.4. (a) Representative Load-Displacement curve under a constant load of 10 mN, (b) Displacement curve 

and strain rate in the holding stage as a function of holding time. 

According to Tabor’s empirical law, the effective stress σ is estimated from instantaneous hardness H 

as H/C, where C is the constraint factor, which is typically ~3 for metals [40]. The instantaneous 

hardness is taken as the applied load P divided by the projected contact area A and can be estimated as 

P/(24.5h2) for Berkovich indenter, where h is the instantaneous displacement. 

During the creep deformation in uniaxial tests, the steady-state creep behavior can be described by the 

empirical power-law creep equation [36,41,42]: 

𝜀̇ = 𝐵𝜎𝑛exp⁡(−
𝑄

𝑅𝑇
)                                                                                                                             (4) 

where the pre-coefficient B is a microstructure-dependent constant, Q is the activation energy for creep, 

n is the creep stress exponent for the steady-state regime, R is the gas constant, and T is the temperature. 

This equation relates the strain rate to applied stress during the steady-state creep stage. Therefore, the 

creep stress exponent (n) can be deduced as: 
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𝑛 =
𝜕𝑙𝑛�̇�

𝜕𝑙𝑛𝜎
                                                                                                                                               (5) 

The value of the creep stress exponent can be regarded as an indication of the creep resistance of the 

metallic materials. To obtain the values of the creep stress exponent, the curves of lnσ-ln𝜀̇ are plotted. 

As the representative curve is shown in Fig.5, the slope of the curve decreases with decreasing stress, 

and the end of the holding period is the steady-state stage where the slope becomes constant, so the 

creep stress exponent can be obtained by this slope.  

 

Fig.5. Representative strain rate versus stress curve showing the calculation of creep stress exponent. 

Since the microstructures of the AM-ed HEA in this study are non-uniform, at least 50 indents are 

performed on each grain and most values of n fall in the range 0-10. The fitted statistic creep stress 

exponent distributions of the indentations in {001}, {101}, and {111} grains are plotted in Fig.6. A 

lognormal distribution model is used to fit the data to better visualize the distributions, and the mode 

is the most representative value for the lognormal distribution. The mode values of these distributions 

are summarized in Table 1. The results of the creep stress exponent of the as-printed sample in Fig.6a 

indicate a great grain orientation anisotropy. The {111}-grain has the largest n, followed by {100}, 

{101}, that is to say, {111}-grain has the highest creep resistance. For the heat-treated sample, the 
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dependence of creep stress exponent on grain orientation in Fig.6b is not as strong as that of the as-

printed sample, but the {111}-grain also has the largest n. On the other hand, the values of n of the 

heat-treated sample decrease a little by comparing with that of the as-printed sample, the mode values 

of the as-printed sample are in the range of 1.54-2.95, while 1.14-1.50 for the heat-treated sample. 

Moreover, the anisotropy of creep stress exponent of the heat-treated HEA seems to be diminished 

significantly compared with the as-printed sample, which suggests that the heat treatment can 

effectively eliminate the nanoscale creep anisotropy. As a whole, although the heat treatment increases 

the hardness and elastic modulus, it has a slightly negative effect on the creep resistance of the AM-

ed HEA. The mechanism behind it will be discussed further later. 

 

Fig.6. Creep stress exponent distributions of three grain orientations of (a) as-printed HEA and (b) heat-treated 

HEA. 

3.4. Microstructure analysis after deformation 

The deformation mechanisms are suggested by correlation with the observation of the microstructure 

of the deformed surface. Fig.7 shows the typical microstructure after the indentation deformation in a 

tested {111}-grain of the heat-treated specimen. The wall-like patterns in bright contrast mainly show 

the solidification structure (i.e. compositional inhomogeneity) from the AM procedure. A note can be 

given that, to reveal the microstructure for better positioning the indents under an optical microscope, 
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the topography from electropolishing due to the solidification structure was not further removed. To 

lessen the topographical influence on the results, multiple indentations were performed to reduce the 

error and confirm the reproducibility of the results. From Fig.7a, each indent is surrounded by a bright 

area which can be correlated with the plastic deformation (material pile-up) from the indentation. 

Fig.7b shows the plastic deformation zone consists of deformation in several different directions in the 

form of slip bands, as indicated by the dashed lines. In terms of the dislocation slip theory, the 

dislocations in an FCC lattice are slipping along <110> directions on {111} planes. The observation 

direction of Fig.7 is <111>, and based on the crystallographic relationship (shown in the bottom-right 

corner of Fig.7b), the <110> slip traces on this plane will form a triangle that corresponds well with 

the slip bands observed in Fig.7b, confirming the well-defined slip behavior during the nanoindentation 

procedure. Furthermore, the slip lines were not intervened by the shape of the Berkovich indent, 

meaning that the microscale deformation is dominated by the crystallography-controlled slip but not a 

tip-geometry-controlled process.  

 

Fig.7. Exemplary ECC images of a tested {111} grain of the heat-treated specimen: (a) overview showing 

multiple indents; (b) magnified image showing the microstructure in the vicinity of the indent. The dashed 

lines indicate the slip lines. The white arrows indicate the nanoscale (Al-Ti)-richparticles. The cube in the 

bottom-right corner shows the investigation plane/ slip plane {111} intersected with the FCC unit cell by the 

slip directions <110>. 
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4. Discussion  

4.1. Grain orientation dependence 

In order to achieve a better understanding of nanoscale elastic-plastic behaviors, as well as optimize 

the microstructure and nanomechanical properties of the AM-ed HEAs, the investigation of grain 

orientation dependence is essential.  

Hardness represents the measurement of the ability of plastic deformation during nanoindentation. The 

orientation dependence of the hardness is often explained and studied by the easy-slip model, which 

gives an insight into the activation of slip and twinning systems from Schmid's law. This model 

suggests the hardness is in proportion to the reciprocal of the maximum Schmid factor [43]. The 

minimal stress value (σmin) under the indenter for initiating the slips is determined by the critical 

resolved shear stress (CRSS) which is a constant of crystal material, and the corresponding formula is: 

𝜎𝑚𝑖𝑛 =
𝜏𝐶𝑅𝑆𝑆

𝑆𝑚𝑎𝑥
                                                                                                                                                  (6) 

where 𝜏𝐶𝑅𝑆𝑆 is the critical resolved shear stress (CRSS), and it is the minimum shear stress required 

for a slip to happen; Smax is the maximum Schmid factor. Compared to the uniaxial deformation 

condition, the stress state of nanoindentation is more complicated. The stress σ under the indenter is 

related to the hardness in the following form: 

σ =
𝐻×𝐴𝑐

𝐴
                                                                                                                                                  (7) 

where 𝐴𝑐 is the contact area, A is the projected area. 

The hardness, therefore, can be associated with the Schmid factor. The calculation of the Schmid factor 

is dependent on the slip system at a specific crystal position. Previous studies have investigated the 

maximum Schmid factors for fcc slip and twinning systems under compressions along with the 

directions of <111>, <101>, and <100>, where the Schmid factors along <111> are the lowest, 

indicating the highest hardness, <100> has the largest Schmid factor thus <100> are regarded as the 
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soft orientation [31,44]. However, this is not consistent with our experimental results that {101}-grain 

has the largest hardness. It should be pointed out that, twinning, as a deformation mechanism, was not 

observed visibly in this material according to the SEM micrographs, thus the slip systems dominated 

this model in the current work. To explain this interesting finding, we might consider that Schmid's 

law is a simple approximate law, and it is based on the basic assumption that the material is defect-

free so that the deformation behavior is only dominated by dislocation slipping. Nevertheless, in the 

two samples of the current work, the dislocation density and defect density are deemed to be enhanced 

by the AM process, thus the impact of dislocation and defects should not be ignored. It is suggested 

that the measured hardness of different orientations can also be affected by the dislocation density and 

the associated dislocation nucleation and emission on the {111}, {101}, and {100} planes [44]. 

Furthermore, a previous study has proposed that the {111}-grain is more sensitive to the influence of 

defects and less sensitive to the influence of crystallography, while {100}-grain is less sensitive to the 

influence of defects [45]. Therefore, the AM method might cause the change of dislocation density in 

different orientations, which can contribute to the associated finding. Besides, it is clear that the 

hardness showed the orientation dependence in the current work, but the dependency is not very strong. 

The dislocation nucleation and the maximum shear stress for initiate plasticity in one HEA have also 

been found to be insensitive to the crystallographic orientation [46]. An alternative explanation for this 

trend is that the fcc structure of HEAs is relatively different from that of traditional fcc metals and 

alloys, and it is a distorted lattice structure due to the different atomic sizes of the elements. The 

sluggish diffusion effect of the multiple dominant elements and the lattice-strain effect are present in 

HEAs, which could lead to different deformation behavior under similar conditions [6]. 

The orientation dependence of the elastic modulus can be attributed to the anisotropy independent 

compliances of a cubic crystal system [31,47,48]. It is suggested that the anisotropy of the elastic 

modulus (Eh k l ) is dependent on an anisotropy factor Ah k l, which is defined as: 
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𝐴ℎ⁡𝑘⁡𝑙 =
ℎ2𝑘2+𝑘2𝑙2+𝑙2𝑘2

(ℎ2+𝑘2+𝑙2)2
                                                                                                                           (8)   

where h, k, l are the Miller indices obtained by Euler’s angles. As a consequence, A1 0 0 is equal to 0, 

A1 1 0 is 1/4, and A1 1 1 is 1/3. Subsequently, the anisotropy dependence of the elastic modulus (Eh k l ) is 

given by: 

1

𝐸ℎ⁡𝑘⁡𝑙
= 𝑆11 + (2𝑆12 − 2𝑆11 + 𝑆44)𝐴ℎ⁡𝑘⁡𝑙                                                                                              (9)         

where S11, S12, and S44 are the anisotropy compliances of the tested material. Since the HEA used in 

this work is a novel type of HEAs, there is no corresponding literature to calculate the compliances for 

the time being. Further investigation and prediction, therefore, are required to elucidate the anisotropy 

compliances of this kind of HEAs, which might be used to give a rational explanation to this finding. 

Moreover, lattice distortion, as a crucial characteristic of HEAs, may lead to heterogeneous local lattice 

strain that is attributed to incommensurate elasticity. In a recent study, the effect of electron density 

inconsistency in HEAs was discovered to play a primary role in the anisotropic elasticity, and the 

elastic anisotropy of HEA is relatively low in their calculation [49]. 

Considering the orientation dependency of the creep deformation, {111}-grain had the greatest creep 

resistance. As will be shown later, the creep mechanism of the HEA in both states is likely to be lattice 

diffusion dominant, so the easy-slip model would not applicable anymore for rationalizing the 

orientation-dependent creep behavior. Nevertheless, so far, there are few studies devoted to the 

mechanism behind it. Further efforts are required to understand the mechanism and clarify this novel 

finding, a detailed investigation for the mechanism behind the results is beyond the scope of the current 

work. 

4.2. Nanoscale creep behavior and creep mechanism of AM-ed HEA 

By comparing previous studies on the nanoindentation creep behavior of HEAs [27,50–52], the values 

of the creep stress exponent extracted in this work are much smaller, which means the nanoscale creep 
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resistance of AM-ed HEAs is not comparable to that of conventional HEAs. Owing to the inherent 

nature of HEAs involving sluggish atom diffusion and severe lattice distortion, the movement of the 

dislocations in the HEAs can be retarded readily [37], the creep resistance can be therefore enhanced 

exactly as many HEAs have been reported that have outstanding creep resistance. Nevertheless, the 

AM method usually causes high dislocation density, which decreases the creep resistance. Therefore, 

the constraints of the creep behavior of AM-ed HEAs can be a trade-off, and the relatively inferior 

creep resistance of the AM-ed HEA specimens might be attributed to the high dislocation density.  

It is crucial to estimate the principal creep mechanism for better understanding the time-dependent 

viscoplasticity of HEAs at the nanoscale. Creep stress exponent (n) is regarded as one of the useful 

indicators for estimating the predominant creep mechanism. It has been well accepted in the 

conventional creep tests and most indentation creep tests have been using this as the indicator although 

there is controversy about it for the time being. For estimating the creep mechanism by this indicator, 

n=1 for diffusion creep, such as Coble creep by grain boundary (GB) diffusion and Nabarro-Herring 

creep by lattice diffusion, n=2 for GB sliding, and n=3–8 for dislocation creep, n>10 for the 

dislocation-precipitate interaction creep [53]. 

What is noteworthy is that the nanoindentation creep is performed in the interior of each grain and at 

a very small volume, namely, the size of the indentation contact is much smaller than the grain size. 

Therefore, the creep process can be hardly influenced by grain boundary, in this case, grain boundary 

sliding or Coble diffusional creep processes existing in the bulk may not be considered. In this study, 

the results of the two samples show that the value of n varies from 1-3. So here for nanoindentation 

creep, the dominant creep mechanism for the AM-ed HEA is likely to be Nabarro-Herring creep by 

lattice diffusion. 

The thermal activation volume is another essential indicator for understanding the creep mechanism 

because the creep deformation is a thermally activated process [54]. The apparent activated volume 
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V* represents the physical volume involved in plastic deformation, the applied stress acts on this 

volume, helping to deform by reducing the energy barrier [55]. The thermal apparent activation volume 

V* is estimated by this equation [56]:  

𝑉∗ = 𝑀𝑘𝑇 (
𝜕𝑙𝑛�̇�

𝜕𝜎
) =

√3𝑛𝑘𝑇

𝜎
                                                                                                                     (10) 

where M is the Taylor factor estimated with von Mises relation (M=√3), k is Boltzmann’s constant, 

and T is the temperature in Kelvin. The apparent activation volume should be obtained at the steady-

state creep stage in order to avoid any microstructure change due to work hardening [57]. 

Different deformation mechanisms usually involve specific activation volumes. In fcc metals, the 

diffusion creep (lattice or GB diffusion) or dislocation climb becomes the dominate mechanism when 

V*~b3; for V*=10b3-100b3, the creep mechanism is Cross-slip; when V*=100b3-1000b3, the dislocation 

glide is the controlling mechanism [18,55,58]. 

By employing the representative n from ‘mode’ data points, the V* is calculated and normalized to the 

cube of Burgers vector, the Burgers vector b for HEA is b=0.25 nm [18]. The results of the activation 

volume are summarized in Table 1. The values for different orientations of two samples become the 

same tendency, that is, {111}-grain shows the largest activation volume, the following is {100}-grain, 

then is {101}-grain, so {111}-grain shows the greatest creep resistance. However, all of the values of 

activation volume are around 1b3, which indicates the diffusion mechanism is likely to be the 

controlling creep mechanism. This is in agreement with the estimated values of n in this study, which 

indicate the same dominant creep deformation mechanism. It was proposed by Wang et al. [59] that 

tip-sample interfacial diffusion could be the dominant creep mechanism for relatively shallow 

indentation (the critical indentation depth is ~12 nm), whereas when indentation depth becomes deeper, 

the interfacial diffusion effects could be neglected so that conventional creep mechanisms related to 

microstructural activities will dominate the creep mechanism. In this work, the indentation depths are 
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all larger than 300 nm, which are deep enough to neglect the interfacial diffusion, so the creep 

mechanism of HEA in the current case is lattice diffusion. 

Table 1. Creep stress exponent and activation volume of different grain orientation 

Sample 

Grain 

orientation 

Creep stress 

exponent (n) 

Activation 

volume (V*) 

As-printed 

{100} 2.52 1.68b
3

 

{101} 1.54 1.02b
3

 

{111} 2.95 2.15b
3

 

650℃-4h 

{100} 1.14 0.81b
3

 

{101} 1.41 0.71b
3

 

{111} 1.50 1.06b
3

 

 

4.3. The effect of heat treatment 

In AM, post-process heat treatment has been widely investigated to remove residual stress caused by 

complex thermal history, and meanwhile, improve the comprehensive mechanical properties [60], thus 

it is important for further industrial applications. 

In this work, the heat treatment at 650℃ for 4 hours has been found to have an obvious effect on the 

nanomechanical properties of AM-ed HEA. To be specific, the hardness and elastic modulus of the 

heat-treated HEA increase to some extent. One possible mechanisms may account for this finding,   

which is due to the existence of the short range ordered (SRO) domains in the HEAs. Evidence from 

other studies suggests that SRO domains of the HEAs have a great influence on the dislocation 

mediated plasticity by increasing the activation energy barrier, which will further reinforce the effect 

of solid solution strengthening [61–63]. In addition, studies have shown that the heat treatment could 
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increase the degree of SRO domains and in turn induce the strengthening effect [63,64]. Therefore, the 

increasing hardness of the heat-treated sample can be explained by this mechanism.  

On the other side, for the heat-treated sample, there is a slight reduction in the creep resistance at the 

nanoscale in comparison with the as-printed sample, which is the opposite trend of the hardness and 

elastic modulus results. Moreover, the anisotropy of creep behavior of the heat-treated HEA reduced 

significantly than that of as-printed HEA, which means the heat treatment, could eliminate the 

nanoscale creep anisotropy. This is an interesting finding, as several studies have found that applying 

heat treatment could improve the creep resistance of AM-ed alloys by conventional creep testing [65–

67], the reasons for which remain unclear currently. However, there is a recent study reporting that the 

creep rate of the aged sample is faster than the non-aged sample, which suggests the precipitation 

affected by the heat treatment could effectively block the mobile dislocations and then increase the 

creep rate [68]. So far, little evidence is available for the reason how heat treatment influences the 

nanoscale creep behavior, and this issue is considered as a potential area for further study. 

5. Conclusion 

By aid of nanoindentation and SEM, the microstructure and orientation-dependent nanomechanical 

behaviors of an AM-ed (CrCoNiFe)94Ti2Al4 HEA were systematically investigated in the current work. 

Furthermore, two states of HEA including as-printed and heat-treated were used to study the effect of 

heat treatment in AM. The fundamental understanding of the unique mechanical properties and the 

creep deformation mechanism of AM-ed HEA at the nanoscale were consequently afforded. The major 

results are summarized as follows. 

1. The microstructure of the studied AM-ed HEA mainly consists of columnar grains, and some 

nano-sized precipitates can be observed. Both as-printed and heat-treated HEA show finer grain 

size than the casted HEAs, which is attributed to the ultrafast cooling rate during the AM 

process. 



23 

 

2. Both hardness and elastic modulus of HEA in two states have the same tendency of orientation 

dependence, that is, {101}>{111}>{100}. Furthermore, the creep resistance of the two samples 

shows different orientation dependencies, and {111}-grain has the highest creep stress 

exponent for both samples indicating the highest creep resistance. This interesting trend brings 

to light the potential distinctive mechanism responsible for the orientation dependence of the 

AM-ed HEAs. 

3. The values of the creep stress exponent are in the range of 1-3. Evaluation of the creep stress 

exponent and the activation volume suggests that the controlling creep mechanism of AM-ed 

HEA in the present study is the Nabarro-Herring creep by lattice diffusion.  

4. Heat treatment of AM-ed HEA in the current case can increase the hardness and elastic 

modulus, but decrease the creep resistance slightly and eliminate the nanoscale creep 

anisotropy. 

Insights into these results are expected to contribute to a better understanding of the characteristic 

nanomechanical properties of AM-ed HEAs, and therefore be a reference for further optimization of 

material design and manufacturing process for potential applications.  
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 The microstructure and crystallographic orientation-dependent nanomechanical performance 

of an AM-ed HEA are explored. 

 The grain {101} has the highest hardness and elastic modulus, whereas the creep resistance of 

grain {111} is the greatest. 

 The dominate creep mechanism of the AM-ed HEA is lattice diffusion. 

 Heat treatment of AM-ed HEA in the current case can increase the hardness and elastic 

modulus, but decrease the creep resistance slightly. 
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1. The grains in the three orientations were chosen precisely by the following steps.  

1) Firstly, three micro-indents were made on the sample as reference points for the location in 

both EBSD and nanoindentation. 

2) EBSD scans covering the microindents were performed to determine the desired grain 

orientation (Fig.S1a). The initial point for nanoindentation was determined and its distance to 

the center of the microindent was accurately measured using SEM (Fig.S1b). Those indents 

close to the grain boundary were not included in the analysis.  

3) Based on the distance measurements, the same location was identified by the optical 

microscope attached in the nanoindentation testing platform (Fig.S1c). Moreover, the grain 

boundary morphology of the sample could easily be recognized by the optical microscope, 

which assisted us to choose the desired crystal orientation to perform the nanoindentation.   

 

Fig.S1: a) ND-IPF map of the tested area; b) the distance measurements for nanoindentation 

test; c) optical microscope image under nanoindentation testing platform. The yellow rectangle 

indicates the tested grain. 

 

2. Grain size distribution from the EBSD data 

From the bar chart in Figure S2a, the smaller grains have the higher count in both the as-printed 

specimen and the heat-treated specimen, where the heat-treated specimen shows a slightly 

higher count in the smaller grain size range. If we plot the data in a box and whisker chart as 

Figure R2b, the distribution can be more clearly described. The parameters describing the 

distribution of the obtained results and are described by the median, mean, first quartile (Q1; 

the 25th percentile), third quartile (Q3; the 75th percentile), the interquartile range (IQR which 

is the difference between Q3 and Q1), and outliers (data that lies 1.5 x IQR below or above Q1 

or Q3, receptivity) as shown in the illustration in Figure R2c (from ref. [1]). It can be seen that 

the box and whisker distribution for the as-printed and the heat-treated specimens are rather 



similar, showing a slightly higher value in grain size (in diameter) of the as-printed specimen 

in the median, mean and the interquartile range (25% to 75%). 

 

Figure S2: a) bar chart of grain size distribution; b) box and whisker chart of grain size 

distribution; c) illustration of the box and whisker. 

Reference: 

[1] A. A. Freeman, D. Wan, C. Bertolin, Examining the effect of indentation separation on the 

properties of proteinaceous adhesive films made bone gelatine, Proc. Struct. Integr. (2021), (in 

progress). 

 

3. EDS results showing the (Al,Ti)-rich particle 

The chemical composition of the particles has been qualitatively checked by energy-dispersive 

X-ray spectroscopy (EDS) shown in Figure R3, which shows (Al,Ti)-rich and (Co,Cr,Ni,Fe)-

lean composition. The EDS measurement was conducted in an Ultra55 scanning electron 

microscope (Zeiss) using a Bruker EDS system. The SEM was operated with 10 kV 

acceleration voltage, 60 µm aperture and ~10 mm working distance. 

 

Figure S3: EDS results showing the (Al,Ti)-rich particle. 


