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The effect of Ti/Al ratio on the elemental partitioning in the Ni2CoFeCrTixAly high entropy
alloy was studied by atom probe tomography (APT). The APT results indicate that the γ′
nanoparticles have a composition of (NiCoFeCr)3TiAl which is independent of Ti/Al ratio.
The effect of Ti/Al ratio on the partitioning behaviors of Fe and Cr are significantly different
from that of Co. The decreasing of Ti/Al ratio significantly enhanced the incorporation of Fe
and Cr into the γ′ nanoparticles. However, the concentration of Co in the γ′ nanoparticles
declined with the decrease of Ti/Al ratio.
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INTRODUCTION

High entropy alloys (HEAs) or multi-component alloys are currently attracting extensive attention
from the materials science community due to their excellent properties and potential applications in
the aerospace and energy industries. (Gludovatz et al., 2014; Li et al., 2016; Lee et al., 2020; Naeem
et al., 2020; Yang et al., 2020; Wang et al., 2021). Particularly, the face-centered-cubic (FCC) HEAs
exhibit unique properties such as outstanding ductility, (Otto et al., 2013), high radiation tolerance
(Gludovatz et al., 2016) as well as excellent corrosion resistance (Lee et al., 2008). Concerning the
engineering applications, however, the FCC HEAs are not strong enough, especially their yield
strength is insufficient, which severely limits their applications.

The precipitation strengthening by introducing the dispersed hard nanoparticles such as L12-
structured gamma prime (γ′) or D022-structured gamma double prime (γ’’) nanoparticles, into the
FCC matrix (γ phase) has been proved to be one of the most promising methods to enhance the
strength of the FCC HEAs (Shun et al., 2012; He et al., 2016; Gao et al., 2017; Zhao et al., 2017; Liang
et al., 2018; He et al., 2019; Tong et al., 2019; Zhao et al., 2019; Gwalani et al., 2021). It is known that
the composition of the γ′ or γ’’ nanoparticles plays an important role in the structural stability and
mechanical properties of the alloys. For instance, Han et al. found that the Co tends to stabilize the γ′
nanoparticles in the NiCoFeCrTi0.2 HEA (Han et al., 2018a). Yang et al. show that the addition of Co
and Fe can obviously enhance the ductility of γ′ phase (Yang et al., 2018a). Therefore, it is critical to
quantitatively clarify elemental partitioning behaviors in the precipitates-strengthened FCC HEAs.
However, this issue is still lack of research due to the difficulty of accurately
analyzing the composition of the γ′ nanoparticles embedded in the FCC matrix. Although the
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energy-dispersive X-ray spectroscopy (EDS) has been widely
approached to study the material composition, it is unable to
distinguish the composition of the nanoparticles from the
surrounding matrix. Atom probe tomography (APT) is the
only technique which can create the three-dimensional (3D)
atom maps of materials in the real space with the nearly
atomic-scale resolution, which has been proved to be a
powerful method of studying the composition of different
kinds of nanoparticles (Han et al., 2016; Jiao et al., 2016; Zhao
et al., 2017; Han et al., 2018b). Recently, we have successfully
approached APT to study the effect of ageing on the partitioning
of the alloying elements into the γ′ and γ’’ nanoparticles in the
NiFeCoCr-based HEAs (Han et al., 2018a; Han et al., 2018b). In
this work, the effect of Ti/Al ratio on the elemental partitioning in
the Ni2CoFeCrTixAly HEA was studied by APT. The APT results
indicate that the effect of Ti/Al ratio on the partitioning behaviors
of Fe and Cr are significantly different from that of Co.

MATERIALS AND METHODS

Three HEA compositions were Ni2CoFeCrTixAly (x + y = 0.3,
x/y = 2, 1, and 0.5) with the same total Ti and Al concentration
and different Al/Ti ratio. The alloy ingots were made in the
conventional arc-melting furnace by mixing of pure metals

(purity larger than 99.9%). Then, the ingots were drop-casted
make slabs with a dimension of 5 × 10 × 50 mm. Afterward, the
slabs were treated at 1473 K for 2 h (h) and water quenched to
obtain single-phase HEAs. The homogenized slab was cold
rolled until the thickness reduced of 80%. Subsequently, they
were recrystallized at 1373 K for 5 min and water-quenched.
Finally, we performed ageing at 973 K for 24 h.

The transmission electronmicroscope (TEM) specimenwasmade
by mechanically grinding and ion-milling (PIPS, Model 695, Gatan).
The TEM (2100 PLUS, JEOL) was operated under 200 keV. The
specimens for APTmeasurement weremade by gallium focused-ion-
beam (Scios, FEI) by the conventional lift-out technique. (Miller et al.,
2005). The local electrode atom probe (LEAP5000 XR, CAMECA)
was used to perform the APT measurement. The voltage mode was
run at a specimen temperature of 50 K, and 200 kHz pulses at a pulse
fraction of 20%. An Integrated Visualization and Analysis Software
(IVAS) protocol was used to analyze the APT data. (Vurpillot et al.,
2013).

RESULTS AND DISCUSSION

To confirm the crystal structures and morphologies of the γ′
nanoparticles, the TEM analysis was performed before the APT
measurement. Figures 1A–C shows the dark field TEM (DF-TEM)

FIGURE 1 | (A–C) The DF-TEM images of the alloy Ni2CoFeCrTi2Al1, Ni2CoFeCrTi1.5Al1.5, and Ni2CoFeCrTi1Al2 respectively. The insets are the SADP along zone-
axis z = [001]. (D–F) The size distributions of the γ′ nanoparticles in the corresponding DF-TEM images.
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images of the alloy Ni2CoFeCrTi2Al1, Ni2CoFeCrTi1.5Al1.5, and
Ni2CoFeCrTi1Al2 which were obtained from superlattice diffraction
spotsmarkedwith the yellow circles in the inset selected area diffraction
patterns (SADP). In the DF-TEM images of the three kinds of the
sample, the γ′ nanoparticles with spherical shapes can be clearly
observed. Moreover, from the inset SADP along [001] zone axis, it
can be confirmed that thematrix has anFCCstructure (γphase), whilst
the nanoparticles own a L12 superlattice structure (γ′ phase). Figures
1D–F shows the size distributions of the nanoparticles of the three
kinds of alloys. The size of the nanoparticles was measured from the
length of the nanoparticles along their long axis in theDF-TEM images
using ImageJ software. It can be found that the average nanoparticle
size is 13 ± 2 nm in both alloy Ni2CoFeCrTi2Al1 and
Ni2CoFeCrTi1.5Al1.5, while the average nanoparticle size in alloy
Ni2CoFeCrTi1Al2 is slightly decreased to 12 ± 2 nm. This result
indicated that the average nanoparticle size is almost not affected
by the Ti/Al ratio. Moreover, the hardness of the alloys
Ni2CoFeCrTi2Al1, Ni2CoFeCrTi1.5Al1.5, and Ni2CoFeCrTi1Al2 are
352.3, 413.1 and 377.6 HV respectively. Although the nanoparticle
sizes are almost the same in the three kinds of alloy, the alloy
Ni2CoFeCrTi1.5Al1.5 shows the highest hardness. Furthermore, the
nanoparticle shows excellent thermal stability in all the three kinds
of alloy, which have been systematically studied in our previous report.
(He et al., 2020).

Figure 2 shows the APT results of the elemental partitioning in
the alloy Ni2CoFeCrTi2Al1. From the atommaps (Figure 2A), it can
be clearly observed that the γ′ nanoparticles are rich in Ni, Ti, and Al
while depleted in Co, Fe, and Cr. The elemental partitioning behavior
can be readily extracted from the atom map using the proximity
histogram (Figure 2B). From the proximity histogram, we can find
that the Ni, Ti, Al tend to partition into the γ′ phase, but the Co, Fe,
Cr trend to partition into the γ phase. It is worth noting that the Co
concentration is much higher than that of Fe and Cr in the γ′ phase,
which indicated that Co element shows a stronger tendency to
partition into the γ′ phase compared with Fe and Cr. In addition,

the APT results also suggested that the γ′ phase is (NiCoFeCr)3TiAl
as the total concentration of Ti andAl in the γ′ phase is 25 at%. This is
consistent with our previous results that the γ′ phase with the
composition of (NiCoFeCr)3Ti formed in the NiCoFeCrTi0.2 alloy
(Han et al., 2018a). Similar elemental partitioning behavior is also
observed in the alloy Ni2CoFeCrTi1.5Al1.5, and Ni2CoFeCrTi1Al2.
Table 1 summarized the detailed chemical composition of the γ′
nanoparticles and matrix of the three kinds of alloys.

To further study the effect of Ti/Al ratio on the elemental
partitioning, the concentration of each element in the γ′
nanoparticles as a function of Ti/Al ratio was depicted in Figure 3.
As the main composition of the γ′ nanoparticles, the concentration of
Ni is almost independent of the Ti/Al ratio. The concentration of Ti
decreased and the concentration of Al increased respectively with the
decrease of Ti/Al. This is reasonable because Al only substitutes the Ti
lattice site in the γ′ nanoparticles, so the change of Ti/Al ratio does not
affect the concentration ofNi. In comparison to themain composition
of the γ′ nanoparticles, the variation of the depleted elementals (Co,
Fe, and Cr) is more interesting. The concentration of Fe and Cr
increased dramatically in the γ′ nanoparticles when the Ti/Al ratio
decreased. In contrast, the concentration of Co declined in the γ′
nanoparticles with the decrease of Ti/Al ratio. This phenomenon is
caused by three reasons. Firstly, Fe and Cr atoms stabilize the Ni3Al-
type γ′ nanoparticles by lowering the valence electron concentration
(Yang et al., 2018b). On the other hand, Fe and Cr atoms are rejected
from the Ni3Ti-type γ′ nanoparticles because they cannot form stable
chemical bonds with Ti. Thirdly, Co. only tends to stabilize Ni3Ti-type
γ′ nanoparticles by forming strong Co-Ti chemical bonding (Han
et al., 2018b). Therefore, the concentration of Fe and Cr increased but
Co declined in the γ′ nanoparticles with the decrease of Ti/Al ratio.

In summary, the effect of Ti/Al ratio on the elemental
partitioning in the FCC-based γ-γ′ dual-phase
Ni2CoFeCrTixAly HEA was studied by APT. The
measurement of γ′ nanoparticles composition by APT
indicates that the γ′ nanoparticles have a composition of

FIGURE 2 | (A) The atom maps of Ni, Co, Fe, Cr, Ti, and Al of the alloy Ni2CoFeCrTi2Al1. (B) The Proximity histogram of concentration profiles of the γ′
nanoparticles.
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(NiCoFeCr)3TiAl which is independent with Ti/Al ratio. In
addition, as the main composition of the γ′ nanoparticles, Ni
is almost constant but Ti decreased and Al increased in the γ′
nanoparticles respectively with the decrease of Ti/Al. On the
other hand, Fe and Cr increased dramatically but Co declined
in the γ′ nanoparticles with the decrease of Ti/Al ratio. Our
results are expected to play an important role in the
composition control of the γ′ nanoparticles during the
HEAs design.
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TABLE 1 | Chemical composition of γ′ nanoparticles and matrix (at%).

Ni Co Fe Cr Ti Al

Ni2CoFeCrTi2Al1 γ′ 68.4 ± 0.16 5.2 ± 0.09 1.0 ± 0.04 0.3 ± 0.03 18.0 ± 0.13 7.0 ± 0.10
Matrix 33.0 ± 0.4 19.9 ± 0.2 20.2 ± 0.2 23.6 ± 0.2 1.9 ± 0.03 1.4 ± 0.05

Ni2CoFeCrTi1.5Al1.5 γ′ 68.8 ± 0.16 4.9 ± 0.09 1.4 ± 0.04 0.5 ± 0.03 15.4 ± 0.13 10.0 ± 0.10
Matrix 35.9 ± 0.4 18.9 ± 0.2 17.8 ± 0.2 22.7 ± 0.2 2.2 ± 0.03 2.4 ± 0.05

Ni2CoFeCrTi1Al2 γ′ 67.4 ± 0.16 4.6 ± 0.09 2.0 ± 0.04 0.9 ± 0.03 14.0 ± 0.13 11.1 ± 0.10
Matrix 37.4 ± 0.4 19.3 ± 0.2 18.0 ± 0.2 21.3 ± 0.2 3.1 ± 0.03 3.5 ± 0.05

FIGURE 3 | The concentration of each elements in the γ′ nanoparticles as a function of Ti/Al ratio.
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