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Abstract (CrFeNiCu)100–xTix (x = 0, 3, 5, 7 and 10; at%)

high-entropy alloys have been designed by the considera-

tion of the thermophysical relationship between Ti and

other principal elements to investigate the influence of Ti

on the microstructural evolution and mechanical properties

of (CrFeNiCu)100–xTix high-entropy alloys. The addition of

Ti content in HEAs leads to a change in phase formation

from dual-phase (FCC1 and FCC2, FCC: face-centered

cubic) to the mixture of FCC1, FCC2 phases, and an

additional body-centered cubic (BCC) phase. The yield

strength and Vickers hardness of the alloys are enhanced

from 291 to 1511 MPa and HV 134 to HV 531, respec-

tively, which depends strongly on the volume fraction of

BCC phase. On the one hand, the plasticity of the alloys

reduces from 45.00% to 24.09%, but it could be considered

reasonable plasticity. These results revealed that the addi-

tion of a minor alloying element in high-entropy alloys

with consideration of thermophysical parameters led to the

formation of a multiple solid solution structure with

excellent mechanical properties.

Keywords High-entropy alloy (HEA); Microstructure;

Mechanical properties; Theoretical parameters

1 Introduction

High-entropy alloys (HEAs) have attracted considerable

attention during the last decade by considering the entropy

of materials to develop high-performing metallic materials

[1–3]. HEAs include four or more principal elements with

concentrations in the range of 5 at%–35 at% in equal or

near-equal proportions compared with conventional alloys

with one or two principal elements [1, 3–6]. The high value

of mixing entropy in HEAs induces the kinetically slow

atomic diffusivity, which promotes the development of

simple solid solution phases such as body-centered cubic

(BCC), face-centered cubic (FCC), and mixture solid

solution (BCC ? FCC). It also strongly suppresses the

formation and precipitation of additional stable phases at

room temperature [7]. From the simple solid solution

structure with high solubility, the HEAs have presented

excellent mechanical and physical characteristics, includ-

ing high strength, large ductility [8, 9], high hardness

[10, 11], valuable oxidation [12, 13], and corrosion resis-

tance due to severe lattice distortion and cocktail effects.

New parameters and criteria for phase prediction have

been suggested to design reasonable alloy compositions of

HEAs using mixing enthalpy (DHmix) [14], mixing entropy
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(DSmix) [1, 4, 15], atomic size difference (d) [16], and

valence electron concentration (VEC) [6, 17]. The forma-

tion of a solid solution phase is particularly achievable

when the parameters conform to d B 6.6 and by X C 1.1,

where X is the scale ratio of DSmix to DHmix [14, 16, 18].

Furthermore, competition between the formation of FCC

and BCC phases can be predicted by modulating the VEC

value of alloys [6, 17]. Nevertheless, this criterion has been

not always useful to predict the phase formation in HEA,

considering some aspects of alloy design. Further experi-

mental explorations are required to recognize the suggested

criterion from previous reports. The VEC values of HEAs

decrease from 8.8 to 8.352, indicating a stable FCC region

in (CoCrCuFeNi)100–xMox (x = 0 – 16 at%) HEAs [19].

However, the constituent phases of HEAs change from

single FCC phase to FCC ? BCC phases even though the

VEC values of HEAs are higher than 8. There have been

many approaches for development of HEAs, such as

CoCrFeNi, FeCoNiCrMn, FeCoNiCrMo, FeCoNiCrAl, and

CoCrFeMnNiV [19–21], that help understand the influence

of minor elements on the structural changes and mechan-

ical behavior. As Co, Cr, Fe, and Ni are the major con-

stituents of the HEA, it is expected that the crystal structure

of HEAs will be FCC, BCC, or a combination of both

[4, 15, 22]. The addition of Cu in an HEA usually leads to

the formation of another Cu-rich FCC phase in the inter-

dendrite region [23, 24]. The impact of minor elements

such as Al, V, Ti, and Mo can be observed in unexpected

structural features [20, 25, 26]. These previous studies

suggest that the phase formation, microstructure, and

mechanical characteristics of HEAs can be altered with the

addition of minor elements.

In this work, we designed (CrFeNiCu)100–xTix HEAs with

x = 0, 3, 5, 7, and 10 at% to investigate the influence of Ti

addition on the microstructure and mechanical properties of

the CrFeNiCu HEA system. Ti was selected as a minor

alloying element considering the thermophysical parameters

(Fig. 1 and Table 1). DHmix, DSmix, Tm, d, and VEC of the

(CrFeNiCu)100–xTix HEAs were estimated in order to

understand the relation between phase formation and ther-

mophysical parameters. Furthermore, the microstructural

evolution, mechanical properties, and deformation behavior

of HEAs were systematically investigated.

2 Experimental

(CrFeNiCu)100–xTix HEA ingots were prepared by using the

vacuum-arc-melting method with high purity Cr, Fe, Ni, Cu

and Ti ([ 99.95 wt% elemental purity). To ensure chemical

homogeneity of alloys, the ingots were re-melted at least five

times on a water-cooled copper hearth in a Ti-getter under

high purity argon atmosphere. The as-cast rod-type samples

were fabricated using the suction casting method into a

water-chilled cylindrical copper mold with 50 mm in length

and 3 mm in diameter. The phase identification of the as-cast

samples was conducted by using X-ray diffraction (XRD,

Empyrean, PANalytical, Malvern, United Kingdom) with

Cu Ka radiation (c = 0.15406 nm) in the 2h scan range of

20� - 80� with step size of 0.026�, time per step of 50 s, a

voltage of 30 kV, and current of 40 mA. The microstructural

observation and chemical analysis of the as-cast samples

were examined using field emission scanning electron

microscopy (FESEM, JEOL JSM-6390; JEOL, Tokyo,

Japan) equipped with energy-dispersive X-ray (EDX,

HITACHI SU-8010, Hitachi, Tokyo, Japan). Transmission

electron microscopy (TEM, Tecnai-F20 G2, FEI Company,

Hillsboro, USA) equipped with energy dispersive spec-

trometry (EDS, BRUKER QUANTAX 400, Bruker, MA,

USA) was conducted to analyze the detailed microstructure

and elemental distribution under an accelerating voltage of

200 kV. Thin specimens for TEM analysis were prepared by

using ion milling under liquid-nitrogen cooling. Mechanical

properties of the as-cast samples were examined by com-

pression test at a strain rate of 1 9 10–3 s-1 using a universal

testing machine (UTM, Z050, Zwick/Roell corporation,

Ulm, Germany), and the cylindrical samples were prepared

with aspect ratio of 2:1 (U3 mm 9 6 mm). The hardness of
Fig. 1 Mixing enthalpy (DHmix) between constituent elements
and atomic radius
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all as-cast samples was measured using the micro-Vickers

hardness tester (HMV-G, Shimadzu corporation, Kyoto,

Japan) with a load of 980.7 mN and a loading time of 10 s at

room temperature. The hardness measurement of each as-

cast sample was repeated more than 8 times. The average

hardness values were calculated and presented in this work.

3 Results and discussion

3.1 Theoretical calculations

The thermophysical parameters have been considered a

factor to predict the crystal structures of HEAs. Previous

studies [1, 4, 6, 14–17] have reported the relationship

between phases and thermophysical parameters: X, DSmix,

DHmix and d. Especially, Zhang et al. [27] and Guo and Liu

[6] have studied the influence of DHmix and DSmix on phase

formation of HEA, which are considered as important ther-

modynamic parameters. The following conditions must be

met simultaneously to form simple solid solutions:

-22 kJ�mol-1 B DHmix B 7 kJ�mol-1, d B 8.5, and

11 kJ�mol-1 B DSmix B 19.5 kJ�mol-1 [3]. If DHmix value

is large positive, phase segregation achieves, whereas large

negative DHmix value leads to forming intermetallic com-

pounds. DHmix between constituent elements and atomic

radius is summarized in Fig. 1. Cu has positiveDHmix values

with Cr, Fe and Ni, indicating possibility of phase separation.

Ti and Ni show a highest positive DHmix value, which imply

possibility on formation of intermetallic compound.

Thermophysical parameters are calculated to predict the

crystal structure of (CrFeNiCu)100–xTix using Eqs. (1–4).

X ¼ TmDSmix

DHmixj j ð1Þ

Tm ¼
Xn

i¼1

ci Tmð Þi ð2Þ

DSmix ¼ �R
Xn

i¼0

cilnci ð3Þ

DHmix ¼
Xn

i¼1;i 6¼j

Xijcicj ð4Þ

where Tm is the melting temperature, n is the number of

elements in an alloy system, ci and cj are the molar fraction

of the ith and jth elements, respectively, R is the gas con-

stant (8.314 J�K-1�mol-1), and Xij ¼ DHij
mix where DHij

mix

is the mixing enthalpy between the ith and jth elements. To

calculate the DHmix of (CrFeNiCu)100–xTix HEAs, previous

study on DHmix of atomic pairs reported by Takeuchi and

Inoue [14] was used. DSmix, DHmix and X values of

(CrFeNiCu)100–xTix HEAs are listed in Table 1.

d is effective to predict the lattice distortion in the

crystal structure using Eq. (5) [16, 27, 28]:

dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

ci 1 � ri
r

� �2

s
ð5Þ

The value of d is calculated using ci, and ri is the atomic

radius of each element shown in Table 1. The condition of

X[ 1.1 and d\ 6.6 are required to develop a simple solid

solution structure [18]. X and d values of (CrFeNiCu)100–x

Tix HEAs are in a range of 4.93-74.83 and 1.237-5.024,

respectively, with varying Ti content. Therefore, it can be

expected that (CrFeNiCu)100–xTix (x = 3, 5, 7 and 10; at%)

HEAs consist of simple solid solution structure. Although

the formation of a solid solution can be predicted by X and

d, the crystal structure of the solid solution phase cannot be

determined. According to the study of Guo et al. [17], the

phase stability of HEAs can be determined using VEC:

VEC ¼
X

ciVECi ð6Þ

where VEC is the number of valence electrons per element.

Based on previous works [6, 17], it can be concluded that

(1) when VEC C 8, FCC phase is stable, (2) when VEC

B 6.87, BCC phase is stable, and (3) a mixture of FCC and

BCC phases was observed when 6.87 B VEC B 8. The

calculated VEC values of (CrFeNiCu)100–xTix (x = 0, 3, 5,

7 and 10; at%) HEAs are in the range of 8.27–8.75

(Table 1), indicating the formation of FCC phase. Based on

these investigations of thermophysical parameters of

HEAs, it can be predicted that the (CrFeNiCu)100–xTix
(x = 0, 3, 5, 7, and 10 at%) HEAs can be formed as simple

solid solutions.

Table 1 DSmix, DHmix, d, VEC and X values of as-cast (CrFeNiCu)100–xTix

Alloys DSmix / (J�K-1�mol-1) DHmix / (kJ�mol-1) d / % VEC X

CrFeNiCu 11.520 4.750 1.237 8.75 4.930

(CrFeNiCu)97Ti3 12.294 2.490 3.063 8.60 9.159

(CrFeNiCu)95Ti5 12.594 1.057 3.776 8.51 22.130

(CrFeNiCu)93Ti7 12.821 - 0.319 4.342 8.41 74.830

(CrFeNiCu)90Ti10 13.070 - 2.273 5.024 8.27 10.710
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3.2 Microstructure and phase identification

The phase identification of the as-cast (CrFeNiCu)100–xTix
(x = 0, 3, 5, 7, and 10 at%) HEAs was conducted by XRD

analysis, as shown in Fig. 2. The sharp diffraction peaks

corresponding to (111), (200), and (220) planes of the FCC

phase are present in all the samples, as shown in Fig. 2a.

Figure 2b shows two overlapped peaks with different

intensities at 2h range of 43.0�-44.5� (inset XRD trace in

Fig. 2b), which correspond to the FCC phase, indicating a

dual-FCC structure with a similar lattice constant. With Ti

content increasing up to 10 at%, the peaks corresponding to

the FCC phase are presented in all the samples, as shown in

Fig. 2a. The BCC peaks corresponding to (110) and (200)

planes at 2h ranges of 44�–45� and 64�–65� present in the as-

cast (CrFeNiCu)97Ti3 alloy. Thus, the addition of Ti content

to CrFeNiCu HEA induces the formation of the BCC phase.

The peaks of BCC phase increase gradually by adding Ti

content up to 10 at%, which indicates that the volume frac-

tion of the BCC phase gradually increases with Ti content

increasing while maintaining FCC1 and FCC2 phases. The

peaks of FCC1, FCC2, and BCC phases shift slightly to a

lower 2h values, indicating an increase in the lattice constant

of phases due to the addition of Ti with a larger atomic radius

than that of other elements (Fig. 1). The atomic radius of Ti

(0.147 nm) is larger than those of other constitutional ele-

ments Cr (0.128 nm), Fe (0.126 nm), Ni (0.124 nm), and Cu

(0.128 nm) [29]. The lattice constant of FCC and BCC

phases is calculated from XRD results to identify the change

of lattice constant of each phase in HEAs. The lattice con-

stant of the FCC phase is 1.933 nm in CrFeNiCu HEA. The

lattice constant of FCC and BCC phases increases from

1.993 to 1.951 nm and from 1.549 to 1.582 nm, respectively,

after the addition of Ti. Based on phase formation of HEAs as

identified in XRD result, it can be concluded that the addition

of a small amount of Ti content to CrFeNiCu HEA stabilizes

and increases the compatibility of BCC phase compared with

both FCC phases during solidification. The VEC values of

(CrFeNiCu)100–xTix HEAs are higher than 8, favoring the

formation of FCC phase [6]. Nevertheless, the addition of Ti

content initiates the the formation of the multiple solid

solutions comprising FCC1, FCC2 and BCC phases, which

contradicts VEC rules from previous report [6]. This result

suggests that other thermophysical parameters may play an

important role to modulate phase stability of HEAs. In pre-

vious studies, the exceptions of VEC rules have been often

reported: (i) Wu et al. [30] reported formation of FCC and

BCC phases in CrxFeNiCu HEAs with higher VEC than 8;

(ii) Guo et al. [17] reported formation of sole FCC phase in

AlxCoCrCu0.5FeNi HEAs when VEC value is in the range of

6.87-8.0, favoring mixture of FCC and BCC phases. These

exceptions are considered as deviation from the VEC rules.

Therefore, detailed investigations of the microstructure and

chemical composition of HEAs were conducted to under-

stand the influence of Ti on the microstructural evolution of

(CrFeNiCu)100–xTix HEAs.

The microstructure of as-cast (CrFeNiCu)100–xTix HEAs

was investigated via SEM back-scattered electron (BSE)

micrograph, as shown in Fig. 3. The as-cast CrFeNiCu HEA

shows a typical dual-phase structure of dendrite and inter-

dendrite, as shown in Fig. 3a. XRD analysis (Fig. 2) also

shows both dendrite and intedendrite phases identified as

FCC1 and FCC2 phases for this sample. The spectra of

(CrFeNiCu)100–xTix HEAs with x = 3, 5, 7, and 10 at% shown

in Fig. 3b-e reveal three different phases with dark, gray, and

bright contrast, denoted as 1, 2 and 3, respectively. The small

dark phase is newly formed in (CrFeNiCu)97Ti3 HEA and is

surrounded by the gray phase forming a shell-like structure.

The bright phase (marked by 3) is still located in the inter-

dendrite region. The morphology of the dendrite region

changes to a spherical shape. The phase fraction of the dark

phase gradually increases with increasing Ti concentration up

to 10 at%. However, both gray and bright phases continue to

form in the dendrite and interdendrite regions. The

Fig. 2 a XRD patterns of as-cast (CrFeNiCu)100–xTix (x = 0, 3, 5, 7 and 10; at%) HEAs; b XRD patterns of as-cast CrFeNiCu HEA and
(inset) magnified (111) peaks of FCC1 and FCC2 phases
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morphology of the dendrite region becomes more spherical

with increasing Ti content, but the shell-like structure of dark

and gray phases disappears with dark phase randomly formed

in the whole area. Based on these results with XRD analysis in

Fig. 2, the dark, gray, and bright phases formed in the as-cast

HEAs containing Ti content are identified as BCC, FCC1, and

FCC2 phases, respectively. The volume fraction of con-

stituent phases in the HEAs is measured by the pixel analysis

using Photoshop CS6 as illustrated in Fig. 3f. The volume

fraction of the BCC phase gradually increases with an increase

in Ti content. The volume fractions of FCC1 and FCC2 phases

are 75.1% and 24.9% for as-cast CrFeNiCu HEA, respec-

tively, and decrease to 48.0% and 15.5%, respectively, on

increasing Ti content up to 10 at%. Meanwhile, the volume

fraction of BCC phase gradually increases to 36.5% with Ti

content increasing up to 10 at%. The volume ratios of FCC1

and FCC2 phases have similar values (VFCC2/VFCC1 & 0.32)

in all alloys. Thus, a minor addition of Ti content to CrFeNiCu

HEA induces the formation of BCC phase, indicating that the

volume fraction of BCC phase strongly depends on the

amount of Ti. This result well coincides with previous reports

on AlCoCrFeNiTix and CrFeNiAlxTiy HEAs [26, 31].

The chemical composition of constituent phases in

(CrFeNiCu)100–xTix HEAs was examined by FESEM EDS

analysis as illustrated in Fig. 3g and listed in Table 2. The

dendrite and interdendrite phases in as-cast CrFeNiCu

HEA are considered as CrFeNi-rich FCC1 and Cu-rich

FCC2 phases, respectively. The segregation of Cu in the

interdendrite region of as-cast CrFeNiCu HEA results from

a positive DHmix between Cu and other elements (Fig. 1)

[30, 32–34]. The distribution of elements was separated

into three phases after adding Ti content to form (CrFe-

NiCu)100–xTix HEAs, as shown in Fig. 3g. (i) FCC1 phase

shows a slight decrease in Cr, Fe and Ni with an increase in

Cu and Ti, (ii) the FCC2 phase also exhibits an increase in

Cu with an increased Ti content, and (iii) the BCC phase,

enriched with Cr and Fe, shows that Cr significantly

increases with increasing Ti content. By contrast, Fe in the

BCC phase remains almost constant, whereas Ni and Cu

gradually decrease. This result suggests that an increase in

Fig. 3 SEM-BSE images of as-cast (CrFeNiCu)100–xTix HEAs: a x = 0, b x = 3, c x = 5, d x = 7, and e x = 10, where red arrows
marked by 1, 2 and 3 in b–d indicate BCC, FCC1 and FCC2 phases, respectively; f volume fraction of FCC1, FCC2 and BCC phases
depending on Ti content; g chemical evolution in FCC1, FCC2 and BCC phases depending on Ti content
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Ti content in (CrFeNiCu)100–xTix HEAs leads to forming

Cr(Fe)-enriched BCC phase as a primary phase due to the

high melting temperature of Cr and relatively low negative

DHmix (-7 kJ�mol-1) between Ti and Cr in comparison

with those of Ti and other elements. The remaining liquid

phase after the primary reaction of the Ti-containing HEAs

has a relatively higher Cu content compared to the CrFe-

NiCu HEA devoid of Ti. Therefore, an increase in the

volume fraction of the Cr(Fe)-enriched BCC phase with an

increase in Ti content induces the formation of FCC1 and

FCC1 phases containing a higher amount of Cu.

Based on the results of XRD and SEM, it was difficult to

identify the exact crystal structure of (CrFeNiCu)100–xTix
HEAs because of the complexation of FCC1 and FCC2 peaks

in XRD patterns. (CrFeNiCu)95Ti5 HEA consisting of FCC1,

FCC2, and BCC phases was further analyzed to identify the

detailed structural features. Figure 4a illustrates a TEM

high-angle annular dark field (HAADF) image of the alloy

with three different phases: BCC (dark), FCC1 (gray), and

FCC2 (bright) regions. The phases are marked separately by

yellow dashed lines. Selected area electron diffraction

(SAED) patterns in Fig. 4b, c of FCC1 and FCC2 regions

correspond to the [001] zone axis of the FCC structure and

exhibit similar d-spacing of the (200) plane: 0.186 and

0.179 nm for FCC1 and FFC2 phases, respectively. SAED

pattern of the BCC region in Fig. 4d also confirms the [001]

zone axis of BCC structure, and d-spacing (110) plane is

0.197 nm. The lattice parameters of the FCC1, FCC2, and

BCC phases calculated from SAED patterns are 0.322,

Table 2 Chemical composition of constituent phases in as-cast
(CrFeNiCu)100–xTix HEAs

Alloys Phases Content / at%

Cr Fe Ni Cu Ti

CrFeNiCu FCC1 33.9 24.2 28.7 13.2 –

FCC2 16.0 11.4 19.4 53.2 –

(CrFeNiCu)97Ti3 BCC 38.2 31.1 19.8 9.0 1.9

FCC1 29.6 29.8 25.9 11.9 2.8

FCC2 10.8 10.8 15.7 59.9 2.8

(CrFeNiCu)95Ti5 BCC 38.0 31.8 18.5 8.4 3.3

FCC1 26.1 27.9 27.4 13.9 4.7

FCC2 10.8 12.6 21.0 49.4 6.2

(CrFeNiCu)93Ti7 BCC 43.3 32.1 14.9 5.8 3.9

FCC1 27.2 24.7 23.7 17.2 7.2

FCC2 7.2 8.9 15.5 62.1 6.3

(CrFeNiCu)90Ti10 BCC 51.7 31.5 10.2 3.4 3.2

FCC1 25.2 24.6 23.2 18.2 8.8

FCC2 5.6 3.3 11.9 72.7 6.5

Fig. 4 a TEM-HAADF image of as-cast (CrFeNiCu)95Ti5 HEA; b–d SAED patterns corresponding to FCC1, FCC2, and BCC region,
respectively; e higher-magnified TEM-HAADF image of BCC region in a; f, g HRTEM images corresponding to regions in e with inset
being FFTs
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0.325, and 0.279 nm, respectively. Interestingly, the bright

nanoprecipitates with size of 10-60 nm are found in BCC

region in Fig. 4a. The SAED pattern in Fig. 4d also reveals

weak satellites (marked by yellow arrows) corresponding to

nanoprecipitates around diffraction spotty of the BCC phase.

A higher-magnified TEM-HAADF image of BCC region

(Fig. 4e) clarifies the formation of bimodal-shaped bright

nanoprecipitates (marked by yellow squares) embedded in

the BCC phase. High resolution (HR) TEM images in

Fig. 4f, g display a relatively large nanoprecipitate of ‘f’

region and the small nanoprecipitete of ‘g’ region in Fig. 4e.

The fast Fourier transform (FFT) patterns obtained from

HRTEM images in the insets reveal that: (i) diffraction spots

corresponding to [001] zone axis of FCC (mark by yellow

arrows) and BCC (mark by white arrows) structures, as

shown in Fig. 4f and (ii) diffraction spots of super lattice of

L12 structure (marked by red arrows) near the diffraction

spots of BCC (mark by white arrows), as shown in Fig. 4g.

This result indicates that the nano-scale solute partitioning

occurs in BCC phase during solidification, which forms two

different nanoprecipitates with FCC and L12 structure. Ti,

known as the strong L12 formers, is a favored choice for L12

formation [35]. Moreover, Cu element contributes on the

stabilization and nucleation of the L12 phase [35, 36]. The

L12 precipitate with BCC phase is also found in the AlxCr-

CuFeNi2 and Al0.5Cr0.9FeNi2.5V0.2 HEAs [37, 38].

The elemental distributions in each phase of (CrFeNi-

Cu)95Ti5 HEA are measured using TEM-EDS elemental

maps. Figure 5a shows HAADF image obtained from the

same area as the HAADF image in Fig. 4a. The corre-

sponding EDS elemental maps of Cr, Fe, Ni, Cu and Ti are

shown in Fig. 5b-f. Cr and Fe are concentrated mainly in

BCC and FCC1 phases, whereas Ni and Ti are mainly

distributed in FCC1 phase. Cu is strongly segregated in

FCC2 phase of the interdenrite region. Regarding the

TEM-EDS analysis, FCC1, FCC2 and BCC phases are

identified as CrFeNi-rich, Cu-rich, and CrFe-rich phases,

respectively. From the previous studies [39, 40], it is

reported that the segregation of Ti in CrFeNi-enriched

phase is caused by a large negative DHmix value of Ti and

Ni pairs compared to those of elements. Alternately, the

high concentration of Cu in the interdendrite region results

from the positive DHmix value between Cu and Cr, Fe, and

Ni, and the low melting temperature of Cu compared with

those of other constituent elements [14, 41].

Figure 6 shows the TEM-EDS analysis of nanoprecipi-

tates formed in BCC phase, as shown in Fig. 4e. HAADF

image in Fig. 6a displays bimodal-shaped nanoprecipitates

embedded in BCC phase, and the corresponding EDS

elemental maps of Cr, Fe, Ni, Ti, and Cu are shown in

Fig. 6b-f. The dark region of the BCC phase mainly

consists of Cr and Fe with a small amount of the Ni and Cu.

In contrast, irregular and spherical shaped nanoparticles

(marked by ‘i’ and ‘ii’ in Fig. 6a) are identified as Ni(Ti)-

rich and Cu-rich phases. The precipitation of Ti(Ni)-rich

and Cu-rich nanoprecipitates in the CrFe-rich BCC phase is

also considered as a result of the high negative DHmix value

between Ti and Ni and the positive DHmix value of Cu with

Fig. 5 TEM-EDS elemental distribution of as-cast (CrFeNiCu)95Ti5 HEA: a HAADF image and selected region for elemental mapping;
b–f corresponding EDS elemental maps of Cr, Fe, Ni, Cu and Ti
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Cr, Fe and Ni. The addition of Ti and Cu can promote the

precipitation of L12-Ni3Ti type phase and Cu-rich FCC

phase in HEAs; fine L12-Ni3Ti type precipitates with the

size of 20–100 nm were homogeneously distributed in

dendritic regions [42–45]. Based on TEM results in

Figs. 4–6, it is concluded that the large negative and pos-

itive DHmix values of alloying elements result in the solute

partitioning or segregation, which induces the nanopre-

cipitation of L12 and Cu–rich FCC phases in BCC phase

[46–49]. It is well known that nanoprecipitation in BCC

phase is effective to enhance the mechanical properties of

HEAs [50].

3.3 Mechanical properties

The compressive engineering stress - strain curves of as-

cast (CrFeNiCu)100–xTix HEAs and the yield strength and

Vickers micro-hardness as a function of volume fraction of

BCC phase are shown in Fig. 7a, b. Mechanical charac-

teristics, such as yield strength (ry), ultimate strength

(rmax), plastic strain (ep), and the Vickers micro-hardness

values are summarized in Table 3. The yield strength of the

as-cast CrFeNiCu HEA with FCC1 and FCC2 phases is

291 MPa and deforms plastically more than 40% without

fracture. The yield strength increases from 578 MPa in

Fig. 6 TEM-EDS elemental distribution of BCC phase in as-cast (CrFeNiCu)95Ti5 HEA: a highly magnified HAADF image of BCC
phase; b–f corresponding elemental maps of Cr, Fe, Ni, Ti and Cu

Fig. 7 a Compressive engineering stress-strain curves of as-cast (CrFeNiCu)100–xTix HEAs; b yield strength (ry) and Vickers
hardness values as a function of volume fraction of BCC phase
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(CrFeNiCu)97Ti3 HEA to 1511 MPa in (CrFeNiCu)90Ti10

HEA after the addition of Ti. Moreover, the hardness of the

alloys is enhanced approximately 4 times (from HV 134.3

to HV 531.2) with the addition of Ti. Figure 7b illustrates

the change in yield strength and Vickers hardness as a

function of the volume fraction of the BCC phase including

a number of nanoparticles. The yield strength and hardness

values exhibit almost linear increasing tendency with

increasing volume fraction of the BCC phase. Thus, the

strength of the as-cast (CrFeNiCu)100–xTix HEAs depends

strongly on the volume fraction of BCC phase. However, a

high volume fraction of over 34% of BCC phase reduces

plasticity. CrFeNiCu, (CrFeNiCu)97Ti3, and (CrFeNi-

Cu)95Ti5 HEAs deform plastically more than 40% without

fracture with an increase in the volume fraction of BCC

phase to 29%. By contrast, (CrFeNiCu)93Ti7 and (CrFe-

NiCu)90Ti10 HEAs fail during plastic deformation. Never-

theless, (CrFeNiCu)93Ti7 and (CrFeNiCu)90Ti10 HEAs

show acceptable plasticity of 32.5% and 24.1%, respec-

tively. In conclusion, introduction of BCC phase with

nanoprecipitates in CrFeNiCo HEA with FCC1 and FCC2

phases plays an important role to enhance the strength of

HEAs with reasonable plasticity.

To understand the detailed deformation behavior of non-

fractured and fractured HEAs, the lateral surface of as-

deformed (CrFeNiCu)95Ti5 and (CrFeNiCu)90Ti10 HEAs is

examined by SEM, as shown in Fig. 8a, b. Highly dense

wavy shear bands (marked by yellow-dotted circles) are

found in as-deformed (CrFeNiCu)95Ti5 HEA, indicating

severe plastic deformation. By contrast, as-deformed

(CrFeNiCu)90Ti10 HEA exhibits the linear propagation of

relatively low dense shear bands along the maximum shear

stress direction (h = 45� with uniaxial stress). According to

the microstructural observation in Fig. 3, it is believed that

wavy shear bands in (CrFeNiCu)95Ti5 HEA propagate

along the boundary of the spherical FCC1 dendrite which

can retard its propagation. Moreover, the strong interaction

between shear bands also retards its propagation. On the

other hand, (CrFeNiCu)90Ti10 HEA containing a high

volume fraction of the BCC phase yields at a much higher

stress level and is difficult to suppress the propagation of

shear bands along the maximum shear stress direction.

According to the investigations in the microstructure

and mechanical characteristics of present (CrFeNiCu)100–x

Tix (x = 0, 3, 5, 7 and 10; at%) HEAs, it is concluded that

the minor addition of Ti with a large negative DHmix value

between constituent elements forms CrFe-rich BCC,

CrFeNi-rich FFC1 and Cu-rich FCC2 phases. Although

VEC value of the alloys is found to be higher than 8, BCC

phase is stable and has higher compatibility than FCC1 and

FCC2 phases. The formation of BCC phase significantly

improves the yield strength of (CrFeNiCu)100–xTix HEAs.

Therefore, it is believed that the minor addition of an

alloying element by considering the thermophysical

parameter (DHmix) plays an important role in developing

the microstructure with solid solutions, which improves the

mechanical properties of HEAs.

4 Conclusion

In this work, the influence of the Ti content on phase for-

mation, microstructure, and mechanical properties of the

(CrFeNiCu)100–xTix (x = 0, 3, 5, 7 and 10; at%) HEAs was

systematically investigated. CrFeNiCu HEA consisted of a

dual-phase structure with CrFeNi-rich FCC dendrite and

Cu-rich interdendrite phases. The addition of Ti to the

Table 3 Mechanical properties of as-cast (CrFeNiCu)100–xTix
HEAs

Alloys ry /
MPa

rmax / MPa ep / % Hardness
(HV)

CrFeNiCu 291 Not
fractured

Not
fractured

134.3

(CrFeNiCu)97Ti3 578 Not
fractured

Not
fractured

270.4

(CrFeNiCu)95Ti5 913 Not
fractured

Not
fractured

347.4

(CrFeNiCu)93Ti7 1094 2358 32.57 403.2

(CrFeNiCu)90Ti10 1511 2404 24.09 531.2

Fig. 8 SEM images of lateral surfaces of as-deformed a (CrFeNiCu)95Ti5 and b (CrFeNiCu)90Ti10 HEAs
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(CrFeNiCu)100–xTix HEAs led to forming multiple solid

solutions: (i) primary CrFe-rich BCC phase, (ii) CrFeNi-

rich FCC1 phase, and (iii) Cu-rich FCC2 phase. Ti element

was segregated primarily in the CrFeNi-rich FCC phase

because of a large negative DHmix between Ti and Ni

(- 35 kJ�mol-1). The relatively low negative DHmix value

between Ti and Cr (- 7 kJ�mol-1) induced the formation

of the Cr-rich BCC phase. The volume fraction of the BCC

phase gradually increased to 36.5% with the increase in Ti

content up to 10 at%, whereas the volume ratio of FCC1

and FCC2 phases was constant (VFCC2/VFCC1 & 0.32). The

yield strength and hardness of HEAs were significantly

enhanced from 291 to 1511 MPa and HV 134.3 to HV

531.2, respectively, with the Ti content increasing up to 10

at%. Moreover, HEAs with 29 vol% BCC exhibited

excellent plastic strain of more than 40% without fracture.

However, the plasticity of HEAs was reduced to 24.09%

when the volume fraction of the BCC phase increased to

36.5%.
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