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Deformation behavior of a high-entropy alloy (HEA) was investigated by in situ tensile

deformation with neutron diffraction. It was found that the face-centered cubic (FCC) HEA alloy

showed strong crystal elastic and plastic anisotropy, and the evolution of its lattice strains and

textures were similar to those observed in conventional FCC metals and alloys. Our results

demonstrated that, in spite of chemical complexity, the multi-component HEA behaved

like a simple FCC metal and the deformation was caused by the motion of mixed dislocations.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863748]

Multi-component alloys (usually contain> 5 compo-

nents) with an equiatomic element distribution constitute a

unique class of metallic materials, denoted as high-entropy

alloys (HEAs).1,2 These alloys have several extraordinary

characteristics, e.g., high entropy, highly distorted lattice,

sluggish diffusion,2,3 and easy formation of extended solid

solution.4–6 Also, they often exhibit a simple single-phase

crystal structure, such as face-centered cubic (FCC), body-

centered cubic (BCC) with the constituent elements distrib-

uted in a disordered or random fashion. Though a large

amount of investigations have been conducted on the forma-

tion and mechanical properties of HEAs,7–10 studies of de-

formation mechanisms of HEAs are quite limited.11–14 The

representative BCC or FCC unit cell of a HEA is usually dis-

torted and the interatomic distance varies along the three per-

pendicular crystallographic directions.15 As a result, the

magnitude of Burgers vector in a HEA becomes ill-defined.

By contrast, lattice parameter of the major constituent

uniquely determines the magnitude of Burgers vector in a

conventional alloy. The unique structural characteristics

caused by the multiple equiatomic components are expected

to increase slip resistance, thus affecting the plastic deforma-

tion of HEAs. In fact, Zhu et al.16 recently showed that the

activation energy and volume for the onset of plasticity (or

dislocation nucleation) in a high-entropy FeCoCrNiMn alloy

were relatively higher than that in conventional FCC alloys.

It has been demonstrated that, during elastic stretching,

the softest direction is usually along h100i in conventional

FCC crystals resulting from the lowest-density atomic pack-

ing on the (100) plane and the largest interplanar distance.17

For HEAs, the individual bond length varies in the three per-

pendicular crystallographic directions. The atomic interac-

tion also varies from atom to atom, therefore, it would be

intriguing to find out whether they elastically behave in a

similar fashion as the conventional FCC alloys. In this paper,

we carried out in situ neutron diffraction experiments to

measure lattice structural evolution in a high-entropy alloy,

FeCoNiCrMn, under tensile loading, to elucidate the elastic

as well as plastic deformation behavior in the alloy.

Ingots with a nominal composition of Fe20Co20Ni20Cr20

Mn20 (at. %) was obtained by arc-melting a mixture of pure

metals (purity> 99 wt. %)in a Ti-gettered high-purity argon

atmosphere. The melted alloys were then drop-cast into a

mold with a dimension of 60� 10� 10 mm. Tensile speci-

mens with a gauge dimension of 25� 5� 2 mm for the neu-

tron diffraction experiments were first cut by an electronic

discharge machine and then ground and polished to a mirror

finish. Microstructures of the as-cast and fractured specimens

were examined using a ZEISS SUPRA 55 scanning electron

microscope (SEM) equipped with energy-dispersive spec-

trometry. In situ neutron diffraction measurements under ten-

sion were conducted on the VULCAN diffractometer18 using

a MTS load frame, at the Spallation Neutron Source, Oak

Ridge National Laboratory (ORNL). Time-of-flight (TOF)

diffraction patterns were recorded simultaneously by two

690� detector banks for the axial and radial directions. Due

to the high penetration capability of neutrons, neutron dif-

fraction measurements provide structural information repre-

sentative of the bulk, rather than from the surface. The

collected neutron diffraction data were refined and analyzed

using the Rietveld method as implemented by the GSAS

(General Structure Analysis System) program. To investigate

structure of deformed HEA, transmission electron micros-

copy (TEM) samples were carefully extracted from the

gauge length by diamond saw and grounded down to 50 um

with fine SiC paper. The foils were then twin-jet polished for

TEM imaging. TEM investigation was conducted in a

Tecnai G2 F30 S-TWIN microscope.

Figure 1(a) shows a neutron diffraction pattern of the

as-cast FeCoNiCrMn HEA, indicating that this alloy mostly

consists of a single FCC phase, which is consistent with the

previous reports.13,14 Tensile true stress-strain curve of the

dog-bone shaped sample is shown in Fig. 1(b). Typical

deformation characteristics of normal FCC metals are evi-

dent, including low yield strength (i.e., �200 MPa), large

a)Author to whom correspondence should be addressed. Electronic mail:

luzp@ustb.edu.cn
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tensile plasticity, and significant work-hardening. Work-

hardening coefficient was calculated to be 0.47, which is

similar to that observed in the FCC copper. SEM images of

the lateral surface of the fractured specimens indicate that

numerous slip bands were formed during deformation, owing

to extensive cooperative plastic deformation that occurred in

differently orientated grains. The origins and evolution of

lattice strains are apparently important for understanding the

deformation behavior of the current HEA alloy.

The lattice strain during loading, ehkl, can be calculated

from the shift of a diffraction peak position as

ehkl ¼
dhkl � dhkl;0

dhkl;0
; (1)

where dhkl is the d-spacing determined from the hkl reflection

for a given load, and dhkl;0 refers to the value for zero load, a

reference state of the experiment.17–19 Evolution of the lat-

tice strain during deformation of the current HEA is shown

in Fig. 2(a), which illustrates that the lattice strain change is

strongly dependent on the grain orientations, indicative of

strong elastic anisotropy. The {200} grains exhibit the larg-

est elastic strain along the loading direction and a significant

shift relative to their linear elastic response, which manifests

the elastic-plastic transition.20,21 The {311} grains have the

second largest elastic strain but maintain nearly a linear

response. The {220}, {331}, and {111} grains, on the other

hand, have a lower elastic strain, indicating that they have a

larger elastic stiffness. Elastic moduli of different crystallo-

graphic planes are listed in Table I, and it can be seen that

the {200} planes have the lowest elastic modulus while the

{331} planes have the highest value. The ratio, rE, of the

elastic stiffness in the h111i direction over that in the h100i
direction is a measurement of the elastic anisotropy of FCC

metals and was termed as Young’s Modulus anisotropy.20–22

For the current HEA, rE is estimated to be 1.98 (see

Table II), which is close to that of pure nickel (i.e., 2.17),23

but is much smaller than that of a typical austenitic stainless

steel (i.e., 3.20).20,21 This trend indicates that the current

HEA exhibits the elastic behavior similar to that of simple

FCC metals.

Deformation-induced changes of the peak intensity

corresponding to differently orientated grains are shown in

Fig. 2(b). After the macroscopic yielding, the peak

FIG. 1. Neutron diffraction pattern of the as-cast FeCoNiCrMn HEA (a),

and the corresponding tensile stress-strain curve (b). The inset in (b) is the

lateral surface image of fractured samples.

FIG. 2. Evolution of lattice strain (a) and intensity (b) of the current HEA as

a function of applied stress during tension.

TABLE I. Elastic modulus of differently orientated crystals in the current

HEA (unit: GPa).

E[200] E[220] E[111] E[311] E[331]

112.2 223.2 222.6 163.5 266.7

051910-2 Wu et al. Appl. Phys. Lett. 104, 051910 (2014)



intensities of the {220} and {200} reflections decreased,

while that of the {111} reflections increased, indicating the

development of a textured structure during the tensile de-

formation. Textural evolution of the current HEA during

tension appears to be similar to those of typical FCC metals

and alloys, for example, polycrystalline copper with colum-

nar grains.24

To understand the elastic deformation of the current

alloy, the well-known Kroner’s models for analyzing the dif-

fraction elastic moduli were applied in the current

research.25–28 As aforementioned, the elastic response of dif-

ferently orientated grains varies due to the crystallographic

elastic anisotropy. The dependence of the diffraction elastic

modulus on the cubic elastic anisotropy factor, Chkl, is

shown in Fig. 3, where Chkl ¼ h2k2þk2l2þl2h2

ðh2þk2þl2Þ2 . In Kroner’s

model, the diffraction elastic modulus (i.e., Y-axis in Fig. 3)

has a correlation with the single-crystal elastic constants

through Chkl. By regressing the experimental data with

Kroner’s self-consistent model, elastic constants of the cur-

rent HEA can then be derived.25–28 The detailed calculation

process can be found in supplementary material.29 It was

found that the Kroner model was able to describe the diffrac-

tion elastic constants reasonably well for our HEA. The sin-

gle crystal elastic constants of the current HEA were

determined to be C11¼ 172.1 GPa, C12¼ 107.5 GPa, and

C44¼ 92.0 GPa, from which the shear anisotropy,

A0 ¼ 2C44=ðC11 � C12Þ, can be calculated as 2.84. To

compare with other multicomponent alloys, a ternary

Fe71Cr19Ni10 alloy with less components but a non-

equiatomic composition was chosen. As shown in Table II,

the shear anisotropy value of the current quinary HEA is

much smaller than that of the ternary FeCrNi alloy (i.e.,

3.77),30 but is close to the pure FCC-Ni (i.e., 2.51),31–34

further manifesting that the elastic anisotropy behavior

of the current HEA is close to that of its FCC component,

i.e., pure Ni.

To further unveil the deformation mechanism of the

current HEA alloy, an analysis of the diffraction peak width

following the analysis scheme outlined by Ungar35 was

adopted. It is known that inhomogeneous strain field can pro-

duce considerable broadening of the diffraction peaks. For

heavily deformed materials, it is also recognized that sub-

grain structure inhomogeneity mainly results from the self-

assembly of dislocations rather than the intergranular strain

variations and consequently produces the strain fluctuations

responsible for peak broadening.19 The experimentally deter-

mined peak broadening data, b2
int, as a function of Chkl was

shown in Fig. 4(a). Following the Wilkens’s theory and its

extension,35,36 the dislocation contribution to bint can be

estimated as

bint ¼
b
ffiffiffiffiffiffi
Cq
p

FðRe
ffiffiffi
q
p Þ ; (2)

where b is the value of Burgers vector, C is the contrast fac-

tor, q is the density of dislocation, and F is an integral factor

over the Wilkens’s profile which accounts for the outer cut-

off radius of the dislocation strain field, Re, defined by

ln Re
b

� �
¼ 2p.37 The contrast factor, Chkl is given by

Chkl ¼ C0ð1� qChklÞ: (3)

Combining Eqs. (2) and (3), one can have

b2
int ¼

C0

F� e4p
ð1� qChklÞ: (4)

The contrast factor can be calculated using the program

ANIZC.38 For the current FCC HEA, two types of disloca-

tions maybe generated during deformation, namely, the

h110i{111} edge dislocation, and the h110i screw disloca-

tion. For these two types of dislocations, all 12 possible slip

systems were calculated and averaged. The value of q

TABLE II. Single-crystal elastic constants and anisotropy of the current HEA in comparison with those of its constituents and the steels.

C11 C12 C44

Shear

anisotropy

2 C44/(C11-C12) E[111] E[100]

Young’s

modulus

anisotropy

E[111]/E[100] Ref.

HEA-FCC 172.1 107.5 92 2.84 222.6 112.2 1.98 This work

Fe-BCC 237 141 116 2.41 272.7 125 2.18 31–33

Co-HCP 307 165 103 1.45 31–33

Ni-FCC 246.5 147.3 124.7 2.51 262 121 2.17 23, 31–33

Cr-BCC 339.8 58.6 99 0.7 31–34

austenitic stainless steela 299.8 93.8 3.20 20 and 21

Fe-19Cr-10Ni 204.6 137.7 126.2 3.77 30

aComposition: Fe-18.25Cr-13.42Ni-3.66Mo-1.48Mn-0.44Si-0.02C.

FIG. 3. Plot of elastic modulus of differently orientated crystals vs. elastic

anisotropy factor and the fit with the Kroner model.

051910-3 Wu et al. Appl. Phys. Lett. 104, 051910 (2014)



depends on the dislocation type, and for the aforementioned

dislocation systems, q was found to be 1.492 and 2.298,

respectively. Additional details of the calculation can be

found in Ref. 19. Linear fit of the dependence of b2
int on

Chkl in Fig. 4(a) gives the slope of q as 2.189, which

seems like a balancing value of q for the edge and screw

dislocations, but close to that of the h110i screw disloca-

tion. Therefore, it is reasonable to infer that the dislocation

type of the FCC HEA is a mixture of edge and screw

dislocations.

To identify the specific type of dislocations operating

during plastic deformation of the current FCC HEA,

deformed samples were systematically studied by tilting

experiments in TEM under two-beam diffraction conditions.

Figure 4(b) shows a representative bright field image with

wiggled dislocations in a deformed specimen, suggesting a

mixed dislocation characteristics, which is consistent with

the neutron diffraction results.

In summary, structural evolution of a FCC-structured

high-entropy FeCoNiCrMn alloy during tensile loading was

investigated by in situ neutron diffraction experiments. The

anisotropic behavior of the alloy including the lattice strain

and texture was found to be similar to that of the simple FCC

metals and alloys. In addition, single crystal elastic constants

of the current HEA were evaluated using the Kroner model

and the shear anisotropy was found to be similar to that of its

FCC constituent component. The plastic deformation of the

current HEA was most likely resulted from the operation of

mixed dislocations.
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