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Effect of Al and Sc on deformation behavior of FeCoNi multi-element alloys
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Abstract: The effects of Al and Sc on mechanical properties of FeCoNi multi-element alloys (MEAs) were investigated by
compressive tests. The microstructures of FeCoNi MEAs with different contents of Al and Sc were characterized and the
strengthening mechanisms were discussed. The results show that FeCoNi MEA with a low content of Al has a face-centered cubic
(FCC) structure. The yield strength increases linearly with the increase of Al content, which is largely caused by solid solution
hardening. Further addition of Sc can promote the formation of a new phase in (FeCoNi);_,Al, MEAs. A minor addition of Sc can
significantly increase the yield strengths of (FeCoNi),_,Al, MEAs with a low Al content and improve the compressive plasticity of

(FeCoNi);_Al, MEAs with a high Al content.
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1 Introduction

Multi-element alloys (MEAs) containing several
major alloying elements with equimolar or near-
equimolar compositions have a good combination of
mechanical properties [1]. Although with multi elements,
the alloys still have simple solid solution structures, such
as face-centered cubic (FCC) or body-centered cubic
(BCC) [2,3]. Previous studies show that MEAs have high
hardness, high oxidation resistance, high wear resistance
and good corrosion properties [4—8]. Moreover, ternary
MEAs mostly exhibit higher mechanical properties than
the quaternary and quinary MEAs [9]. As a typical
ternary MEA, FeCoNi alloy has been widely investigated
and exhibits excellent ductility but insufficient yield
strengths [10].

It is well known that the addition of Al is an
effective approach to improve the yield strength of
FeCoNiCr-based MEAs. It has been revealed that an
increase of hardness in AlLFeCoCrNi was induced by the
increase of Al content [11]. When the Al content
increased from 0.25 to 1 at.%, the yield strength of
Al,CoFeNi MEAs raised from 158 to 967 MPa [12]. The

small amount of Al addition also caused the increase of
the hardness for Al,CoCrCuFeNi MEAs [13]. These
improvements of mechanical properties in FeCoNiCr-
based MEAs are mainly due to the severe lattice
distortion effect and solid solution strengthening from
the addition of Al

Moreover, the addition of Al can promote forming
intermetallic compound that may serve as dispersed
strengthening precipitates in MEAs to enhance the
mechanical properties. HE et al [14] found that the
tensile strength of (FeCoNiCr)yTi,Al; MEAs was
improved significantly with the help of LI,
nano-precipitates. YANG et al [15] indicated that a
small addition of Al and Ti in FeCoNi-based MEAs can
bring the uniform distribution of multi-component
intermetallic nano-particles and enhance the tensile
strength without sacrificing the ductility.

Scandium (Sc) is also a promising element to form
compounds with good thermal stability [16]. A minor Sc
addition in Al matrix can achieve coherent strengthening
precipitates of Al;Sc which improved mechanical
properties of Al-Mg—Sc alloys by precipitation
strengthening [17]. TAENDL et al [18] found that the
Al;Sc precipitates in AlI-Mg—Sc—Zr alloys are fine and
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homogeneous, which help to refine grains. Thus, Al and
Sc elements can be considered as promising candidates
to strengthen MEAs. However, the study on the Al and
Sc-containing MEAs is still rare.

In this work, Al element was added in FeCoNi
MEAs to introduce significant solid solution hardening.
And a minor amount of Sc was added in (FeCoNi);_,Al,
MEAs in order to form strengthening precipitates.
After arc-melting, (FeCoNi);_,Al, and Sc-containing
(FeCoNi);_,Al, MEAs were obtained, and the
compressive properties were tested. The microstructures
were characterized to clarify the strengthening
mechanisms.

2 Experimental

(FeCoNi);_,Al, (x=5-9, 23 at.%) and Sc-containing
(FeCoNi);_,Al, MEAs were fabricated by arc-melting in
argon. The addition of Sc is 0.01, 0.1, 0.3 and 0.5 at.%,
respectively. The purity of raw elements was above
99.9 wt.%. The ingots were flipped and re-melted over
five times to achieve homogeneous mixing. An X-ray
diffractometer (XRD, Rigaku D/MAX—-2250) with Cu K,
radiation was used to identify the phases of MEAs. The
microstructures and chemical composition of MEAs
were characterized by a scanning electron microscope
(SEM) (FEI Nova Nano230) with an energy dispersive
X-ray (EDX) analyzer. The standardized (GB T7314—
1987) ingots with a diameter of 6 mm were shaped by
wire-electrode  cutting. Compressive tests were
performed on an Instron 3369 machine at room
temperature with an engineering strain rate of 5x10 s ™.

3 Results

Figure 1(a) shows the XRD patterns of the as-cast
(FeCoNi),-,Al, MEAs. It can be seen that the lowest Al
content (x=5 at.%) MEA has a single FCC crystal
structure. As higher contents of Al (x=6—9 at.%) were
added, the MEAs maintain FCC crystal structure. When
x reached 23 at.%, only BCC phase was detected.
(FeCoNi),_,Al, MEAs (x=6—9 at.%) clearly indicate the
presence of three different major peaks at different 26 of
around 45°, 50° and 70°. The (FeCoNi);_,Al, MEA with
5 at.% Al exhibits only one peak (at 26 of around 50°),
which is different from patterns of the FCC structure in
the specimens (x=6—9 at.%). This may be caused by the
small number of grains in the as-cast (FeCoNi)gsAls.
Figure 1(b) exhibits the influence of Al contents on the
lattice constants of MEAs based on the analysis of XRD
results. It can be seen that the lattice constants increase
linearly with the increase of Al contents. Figure 2 shows
the microstructure of as-cast (FeCoNi);;Al,; MEA. The

MEAs have non-uniformly distributed grains with a large
size of ~460 pm.

Figure 3 shows the compressive strain—stress curves
for as-cast (FeCoNi),_,Al, MEAs performed at room
temperature. The MEA with Al content of 5 at.% has the
lowest yield strength, which is about 89 MPa. When the
content of Al increases from 5 to 9 at.%, the yield
strength increases from 89 to 167 MPa. All the MEAs
with low content of Al (x=5-9 at.%) exhibit the good
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Fig. 1 XRD patterns (a) and lattice constants as function of Al
contents (b) of (FeCoNi);_,Al, MEAs
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Fig. 2 Microstructure of (FeCoNi) 1;Al,; MEA
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Fig. 3 Room-temperature compressive strain—stress curves for
(FeCoNi),—,Al, MEAs

plasticity of over 60%. The MEA with the high content
of Al (x=23 at.%) exhibits the highest yield strength
(~1156 MPa) and the serious degradation of compressive
plasticity (~10%).

Figure 4 presents microstructures of Sc-containing
(FeCoNi)gsAls MEAs examined by the SEM. With
0.06 at.% Sc, the (FeCoNi)y4Als MEA has a single FCC
phase (denoted as A in Fig. 4). When the content of Sc
increases to 0.1 at.%, a new phase (B) forms along grain
boundaries and phase B presents as a shape of dots or

(2)

discontinuous strips. With the increase of Sc content, the
area of phase B expands. The EDS analyses of
Sc-containing (FeCoNi)gsAls MEAs are shown in Table 1.
It can be seen that FCC matrix phase mainly contains Fe,
Co and Ni with nearly equimolar ratios. Phase B mainly
consists of Ni and Sc. The molar ratio of Ni to Sc is
about 2:1, which indicates that phase B may be the Ni,Sc
that is a kind of MgCu,-type intermetallic [19]. The
formation of intermetallic phases usually increases the
strength of MEA with a single phase. Figure 5 shows the
compressive strain—stress curves for Sc-containing
(FeCoNi);—,Al, (x=5-9 at.%) MEAs at room temperature.
The yield strengths of these MEAs are summarized in
Fig. 6. All Sc-containing (FeCoNi);_,Al, (x=5-9 at.%)
MEAs keep good plasticity, which is over 60%. A minor
addition of Sc increases the yield strength of
(FeCoNi);_,Al, MEAsS significantly.

Figure 7 presents microstructures of (FeCoNi);;Aly;
MEAs with different Sc contents. The (FeCoNi);;Al;
MEAs with different Sc contents exhibit the single BCC
phase. When the content of Sc increases to 0.1 at.%, a
new phase (C) begins to precipitate along grain
boundaries. As the content of Sc reaches 0.3 at.%, phase
C can also precipitate in the matrix, as shown in
Figure 7(b). The average particle size of phase C is about
100 nm, and tens of precipitates usually get together in a
special region. Due to the little size of precipitates, the

Fig. 4 Microstructures of Sc-containing (FeCoNi)g,Als MEAs: (a) 0.06 at.% Sc; (b) 0.1 at.% Sc; (c) 0.3 at.% Sc; (d) 0.5 at.% Sc
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Table 1 Chemical compositions of phases in Sc-containing
(FeCoNi),—,Al, MEAs (at.%)

Phase Fe Co Ni Al Sc
A 31.69 30.68 31.56 5.52 0.55
B 8.97 16.85 46.93 2.71 24.54

composition of phase C is hard to be analyzed by EDS in
the SEM. However, based on the bright contrast in the
backscatter electron images in Fig. 7, phase C may be
AlSc phase [16]. Figure 8 shows compressive strain—
stress curves of different Sc-containing (FeCoNi),;Aly
MEAs at room temperature. According to the compressive
strain—stress curves, the addition of Sc has little effect on
yield strength. As 0.1% and 0.3 at.% of Sc are added, the

compressive plasticity of (FeCoNi);;Al,; MEA are
enhanced from 8 % to 18%.

4 Discussion

4.1 Effect of Al on mechanical behavior of FeCoNi

MEAs

As shown in Fig. 3, the addition of Al enhanced the
yield strength of FeCoNi MEAs and the yield strength
increased with the content of Al element. Strengthening
mechanisms in FeCoNiAl, can be summarized into
several aspects, including solid-solution hardening (o),
grain-boundary hardening (o), precipitation hardening
(oppe) and dislocation hardening (oy4is). In general, the
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Fig. 5 Room-temperature compressive strain—stress curves for Sc-containing (FeCoNi);_,Al, (x=5-9 at.%) MEAs
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Fig. 6 Yield strength as function of Sc content in Sc-containing
(FeCoNi),_,Al, MEAs

yield strength (o) can be calculated by microstructure-
related equation [14]:

ay:0A+o'ss+o'ppt+Udis+Ugb ( 1 )

According to the microstructures measured by SEM
and XRD, no precipitate formed in the matrix. As the
FeCoNiAl, MEAs were prepared by arc-melting, the
sizes of grain were around identical and there was almost
no dislocation in the matrix. Therefore, the contributions
of yield strength caused by precipitation strengthening,

(2)

dislocation  strengthening and  grain
strengthening can be neglected.

In this work, o, can be calculated by the simplified
equation:

boundary

0, y=0-A+O- ss (2)

where g, is the yield strength of the FeCoNi prepared by
casting and the value of g, is 77 MPa [20]. The solid
solution hardening is usually analyzed in dilute solution
alloys. However, for MEA, it is hard to define the solute
element and solvent element. Some researchers have
attempted to predict the effect of solid solution hardening
in MEAs [21,22]. A simple approach is treating the MEA
with a single phase as a solvent matrix. In this work,
FeCoNi MEA is treated as the matrix and Al element is
considered as the solute. The analysis of substitutional
solid solution strengthening is based on dislocation—
solute elastic interactions. In FeCoNiAl, MEAs, Al plays
a key role in solid solution strengthening and o can be
calculated by equation as [14]

G€3/201/2
R ©

where M is the Taylor factor, which can convert shear
strength to normal strength. The Taylor factor for a
polycrystalline matrix is treated as 3.06. G is the shear
modulus for the FeCoNi MEA, and c¢ is the molar

Fig. 7 Microstructures of Sc-containing (FeCoNi);;Aly; MEAs: (a) 0.06 at.% Sc; (b) 0.1 at.% Sc; (c, d) 0.3 at.% Sc
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Fig. 8 Room-temperature compressive strain—stress curves for
Sc-containing (FeCoNi);,;Al,; MEAs

fraction of Al element. ¢ is the interaction parameter and
it can be calculated by equations:

G
& =———-3¢ 4
P o1+05e, 0 ° @
1 oG
&g =—— 5
“ TG )
1 Oa
it 6
" (6)

where eg and ¢, represent the effects caused by elastic
and atomic size mismatches, respectively. a is the lattice
constant for the FeCoNi MEA.

The &, can be calculated from the lattice parameters,
as shown in Table 2. Compared with parameter of ¢,, the
value of ¢g is small and can be neglected. The solid
solution hardening (oy) is calculated and the results are
given in Table 2. Figure 9 shows the comparison between

the predicted (op.) and experimental yield strength (ogyp).

It can be seen that the increments of yield strength of
FeCoNiAl, MEAs are largely attributed to solid solution
strengthening. With the increase of Al content from 5 to
9 at.%, the predicted and experimental yield strength
increase almost linearly [23]. The slope of op,. is slightly
higher than that of og,,. This may be caused by other
strengthening mechanism.

According to solid solution hardening mechanism,
the opre of FeCoNiAly; is about 525 MPa. But the oy, of
FeCoNiAl,; is about 1150 MPa, which is significantly
larger than op.. Therefore, for FeCoNiAl, with high
content of Al, solid solution hardening is not the
dominant hardening mechanism. In FeCoCrNiMnAl,
MEA, when the content of Al is in the range of
8—16 at.%, the phase transformation occurred and BCC
phases began to form in FCC matrix. The yield strength
increases drastically and a good linear relationship is
observed between increment of yield strength and

volume fraction of BCC phase. The increment in yield
strength per volume percent of BCC is 27.3 MPa [24].
That means that, for FeCoNiAl, with high content of Al,
the formation of BCC plays the dominant role in the
improvement of yield strength.

Table 2 Composition of Al (c), lattice constants (a), solid-
solution hardening (o) and predicted yield strength (o)) for
FeCoNiAl, MEAs

Alloy c/at.% alA o/MPa  g,/MPa
FeCoNiAlg s 5 3.5879 20.8 97.8
FeCoNiAly s 6 3.5903 27.5 104.5
FeCoNiAly o7 7 3.5955 419 118.9
FeCoNiAlgs 8 3.5997 56.3 133.3
FeCoNiAlg g9 9 3.6033 70.9 147.9
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Fig. 9 Experimental and predicted yield strength of FeCoNiAl,
MEAs

4.2 Effect of Sc on mechanical behavior of FeCoNiAl

MEA

For the Sc-containing (FeCoNi);_,Al, (x=5-9 at.%)
MEAs, the increment of yield strength is caused by solid
solution hardening (o) and secondary phase hardening
(0sp). When the content of Sc is 0.06 at.%, Sc-containing
(FeCoNi);_,Al, MEAs keep a single FCC phase. Solid
solution hardening plays the dominant role in the
increment of yield strength. As the content of Sc
increases to 0.1 at%, MgCu,-type intermetallic phase
forms. With fewer available slip systems, intermetallic
phase is more brittle but stronger than FCC matrix.
Therefore, the volume fraction and strength of Ni,Sc
have a significant effect on the yield strength of
Sc-containing (FeCoNi),—,Al, MEAs. As the strength of
the duplex alloy is generally described by the simple
rule-of-mixture, the yield strength of Sc-containing
(FeCoNi);_,Al, MEAs can be calculated by [24]

Oy=0fcc Vfcc+0-sp Vsp (7)

where oy, and oy, are the yield strengths of the FCC
phase and secondary intermetallic phase, respectively.
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Viee and Vg, are the volume fractions of the FCC phase
and secondary intermetallic phase, respectively.
Consequently, with the increase in the content of Sc, the
volume fraction of secondary intermetallic phase
increases and the volume fraction of FCC phase
decreases. Since the yield strength of secondary
intermetallic phase is larger than that of FCC phase, the
yield strength increases.

For the Sc-containing (FeCoNi);;Al,; MEAs, the
addition of Sc has little effect on yield strength. In fact,
with the high content of Al (23 at.%), the solid solution
hardening of (FeCoNi);;Al,; MEA has reached a high
level. According to Eq. (7), the volume fraction of AlSc
phase is too small and the increment of yield strength
contributed by secondary phase hardening can be
neglected. Furthermore, the formation of AlSc phase in
special region may lead to the stress—strain
concentrations. As the size of AlSc is as fine as around
100 nm, it makes the fracture hard to occur. The AlSc
phase may help to impede the propagation of
micro-cracks and the compressive plasticity is improved.

5 Conclusions

(1) (FeCoNi)_,Al, (x=5-9 at.%) MEAs have a
single FCC crystal structure. The lattice constants
increase linearly with the increase of Al content.

(2) In (FeCoNi)_,Al, (x=5-9 at.%) MEAs, the
predicted values and experimental values of the yield
strength increase almost linearly with the increase of Al
content. The increment of yield strength of FeCoNiAl,
MEAs is largely contributed by solid solution hardening.

(3) In Sc-containing (FeCoNi);_,Al, (x=5-9 at.%)
MEAs, Ni,Sc intermetallic phase can form at the grain
boundaries. In Sc-containing (FeCoNi);;Al,; MEAs, the
precipitates can form at grain boundaries and in the
matrix.

(4) In Sc-containing (FeCoNi);,Al, (x=5-9 at.%)
MEAs, a minor addition of Sc can significantly increase
the yield strength. In Sc-containing (FeCoNi);;Aly;
MEAs, the addition of Sc has little effect on yield
strength but can improve the compressive plasticity.
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