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Abstract

High-pressure torsion (HPT) and thermal annealing were applied to a face-centered cubic
as-cast Alp3CoCrFeNi high entropy alloy. Processing by HPT produced a nanostructure
with a higher incremental hardness than in most HPT single-phase materials and
subsequent annealing at appropriate temperatures gave an ordered body-centered cubic
secondary phase with an additional increase in hardness. The highest hardness after HPT
and annealing was approximately four times higher than for the as-cast alloy.
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1. Introduction

High entropy alloys (HEAS) contain five or more principal elements with each
elemental concentration between 5 at.% and 35 at.% [1] and the materials are attractive
because of their unusual structural properties [2-9]. While extensive efforts have been
made to explore the effects of alloying on the phases, phase transformations during
thermal processing and the mechanical and corrosion properties of coarse-grained (CG)
HEAs [2-6], there are only a few reports describing the influence of ultrafine grains on the
mechanical properties and thermal stability [7-9].

Refining grains to the submicrometer or even the nanometer scale may lead to
superior properties including a combination of high strength and reasonably good
ductility [10, 11]. Severe plastic deformation (SPD) is an efficient way to fabricate bulk
ultrafine-grained (UFG) and nanocrystalline (NC) materials [12-15] and processing by
high-pressure torsion (HPT) is especially effective because it can impose an
exceptionally high strain [16]. Using a thermal treatment to form secondary phases (for
example, fine precipitates) is another important method for achieving strengthening [17,
18]. In practice, the inherent sluggish diffusion effectin CG HEAs hampers the growth of
secondary phases during thermal treatment and this leads to high densities of fine grains
of the secondary phases that strengthen the HEAs [1, 2, 19]. Thus, it appears that a
combination of HPT and thermal treatment may significantly improve the strength of
HEAs and make these alloys more attractive for many structural applications.

To investigate this possibility, the present research was initiated to investigate HPT
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processing and thermal treatment of an Aly3CoCrFeNi (atomic ratio) HEA having a
face-centered cubic (FCC) structure. The alloy was processed by HPT at room
temperature and then subjected to thermal annealing at various elevated temperatures.
The resulting high values of hardness and the mechanism of microstructural evolution are

examined in this report.

2. Experimental material and procedures

The Alg3CoCrFeNi HEA was prepared by vacuum induction melting of the
constituent elements having at least 99.9 wt.% purity. The alloy was melted five times to
improve its chemical homogeneity. The as-cast alloy was machined into discs with a
diameter of 10 mm and a thickness of ~0.8 mm for HPT processing. The processing was
performed at room temperature using a quasi-constrained HPT facility [20] under an
applied pressure of 6.0 GPa and a rotation rate of 1 rpm for 8 revolutions in order to
achieve a steady-state grain size and a reasonably homogenous microstructure. This HPT
HEA is henceforth designated NC-RT denoting nanocrystalline at room temperature.

Specimens with diameters of 3 mm were cut from the edges of the HPT discs for
further thermal processing. Thermal annealing was carried out at temperatures of 573,
673, 773,873 and 973 K for 1 h; these HEA samples are referred to as NC-573, NC-673,
NC-773, NC-873 and NC-973, respectively. For comparison, the CG as-cast samples
were also annealed at these temperatures.

The hardness was measured using a DHV-1000 Vickers microhardness tester with an

applied load of 200 g and a dwell time of 15 s. The reported values are the average of at
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least seven datum points. X-ray diffraction (XRD) was conducted using a Bruker D8
Advance diffractometer equipped with a Cu target. The dislocation density, p, was

2\3<e2=1/2

estimated from the XRD patterns using the relationship [21,22] p = , Where d

is crystallite size, < £2 >1/2 is microstrain, and b is the absolute value of the Burgers
vector of % < 110 = for FCC metals. The errors for the dislocation density and lattice

parameter measurements, as assessed by scanning each specimen three times, were less
than 10% and 0.0005 nm, respectively. Transmission electron microscopy (TEM)
observations were performed using a JEM-2100 microscope operating at 200 kV. The
average grain sizes were statistically estimated by measuring at least 200 grains along two

orthogonal axes from the TEM images.
3. Results and discussion

Figure 1 shows the Vickers hardness of the as-cast and HPT HEA before and after
annealing at different temperatures. The as-cast HEA, having a typical CG structure with
grain sizes ranging from ~100 to ~1100 um (average ~350 um), had a hardness of ~150.
After HPT, the hardness increased to ~530. This incremental increase in hardness of ~380
converts to an increase of ~3.7 GPa which is higher than the HPT-induced hardness
increments of most single-phase materials where the increases are generally lower than
~3.1 GPa: a summary of these numbers is given by Edalati et al. [23]. For conventional
single-phase alloy systems, introducing solute atoms can enhance solid-solution

hardening and produce greater grain refinement compared to pure metals [23]. Since all
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principal elements acting as solute atoms were introduced to HEAs [1, 2], it is reasonable
to anticipate that HEAs should have a strong potential for strengthening via SPD. This is
readily proven by the experimental data in Fig. 1.

Annealing at different temperatures showed different effects on the Vickers hardness
of the HPT HEA. Therefore, the annealing temperature range was divided into three
regions as shown in Fig. 1. Annealing up to 573 K in region | produces no change in
hardness but increasing the annealing temperature to 773 K in region Il leads to increased
hardness and a peak value of ~615 which is about 4 times higher than the hardness of the
as-cast HEA. Further increasing the annealing temperature to region Il reduces the
hardness monotonously. The results demonstrate that a combination of HPT and
annealing at appropriate temperatures is an effective method for improving the strength of
HEAs. By comparison, the effect of annealing on the hardness of the as-cast HEA is also
presented in Fig.1. Generally, the results for the as-cast CG material show a similar trend
but the hardness starts to increase at a higher temperature of about 773 K.

Figure 2 shows XRD patterns of HPT HEA before and after annealing at different
temperatures. Only the single FCC phase was detected when annealing at or below 573 K.
At 673 and 773 K, new peaks appear at 26 =~ 30° and 26 ~ 45° and they are identified as
100 and 110 diffraction of the ordered body-centered cubic (BCC) phase in the alloy [4].
The 100 peak reaches its highest intensity at 773 K suggesting an increase in the amount
of the BCC phase at least until 773 K. The 100 peak disappears at higher temperatures
and this is probably caused by the variation of preferred orientation of the ordered BCC

phase because the 110 peak remains and selected-area electron diffraction (SAED)
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patterns (see Fig. 3) confirm the ordered BCC phase at higher temperatures. The XRD
data suggest the coexistence of two phases after annealing at or above 673 K.

Figure 3 shows the microstructure of the HPT HEA after annealing in different
temperature regions. In region I, nanoscale equiaxed grains with ill-defined grain
boundaries (GBs) were observed (Fig. 3a). This type of GB structures is very similar to
earlier reports of other SPD materials and it is due to the presence of non-equilibrium GB
configurations with the presence of non-geometrically necessary dislocations at the GBs
[13, 24, 25]. In region 11, the GBs became sharp and well-defined (Fig. 3b). This change
in GB morphology is associated with dislocation annihilation. Figure 3c shows the
formation of a secondary phase preferentially in the vicinity of the matrix GBs. A Fourier
transformation of a high-resolution TEM image of the secondary phase in Fig. 3c
confirms that the secondary phase is the ordered BCC phase. In region I11, grain growth
clearly occurs for both the matrix and the secondary phase (see Fig. 3d and Table 1) and
the SAED patterns (insets in Fig. 3d) confirm the co-existence of the FCC matrix and the
ordered BCC secondary phase. An electron energy dispersive spectroscopy analysis
(results shown in Fig. 3d) reveals that the secondary phase contains significantly more Al
and Ni than in the matrix. A similar Al- and Ni-rich ordered BCC phase was reported in
other CG Al-contained HEA systems [5, 18] and the ordered BCC phase is more brittle
and stronger than the FCC matrix [4, 5].

Table 1 lists the dislocation densities and lattice parameters obtained from the XRD
analysis and average grain sizes from the TEM measurements. The dislocation density

decreases monotonously with increasing annealing temperature and this is responsible for
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the formation of well-defined GBs in region Il. The evolution of lattice parameters
reflects the change in the compositions of the two phases. At or below 573 K, the lattice
parameter of the FCC phase remains almost constant indicating an absence of elemental
diffusion. At 673 K and above, the lattice parameter of the FCC phase first decreases and
then stabilizes while that of the ordered BCC phase shows an opposite trend. These lattice
parameter evolutions are due to a partitioning of Al from the FCC phase to the ordered
BCC phase. No major grain growth is observed in region | but there is a minor increase in
the grain sizes of the two phases in region Il and very significant growth in region I11. The
average grain sizes of the FCC and the ordered BCC phases at 973 K are ~7 and ~6 times
larger than those at 773 K, respectively.

The results show that grain refinement plays an most important role for the hardness
increment since it contributes ~82% of the increment after HPT and annealing at 773 K.
The contribution of the dislocation density to the hardness is almost negligible for the
nanocrystalline alloy since a reduction of ~42% in the dislocation density after annealing
at 573 K gave no significant change in the hardness. The formation of the hard secondary
order BCC phase contributes about 18% of the total hardness increment at 773 K. The
slight increase in grain size at this temperature appears to have only a minor effect on the
hardness. As annealing temperature further increases above 773 K, the significant grain
growth in both the FCC and the ordered BCC phases becomes more predominantly

responsible for an overall hardness reduction because of the Hall-Petch effect [26, 27].

4. Summary and conclusions
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The results demonstrate that a combination of HPT processing and thermal
annealing significantly strengthens the hardness of an Aly3CoCrFeNi HEA. The highest
hardness achieved is approximately 4 times larger than the original hardness of the as-cast
HEA. Mechanical testing and structural characterization shows that most of this
incremental increase in hardness is due to grain refinement to the nanometer range. The
formation of a hard secondary phase during thermal annealing, where this is Al- and
Ni-rich and of an ordered BCC structure, further increases the hardness. Nevertheless,
annealing at very high temperatures gives grain growth in both the matrix and the

secondary phase and this reduces the overall hardness.
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Figure captions
Fig. 1 The dependence of Vickers hardness of the as-cast and HPT HEA on the annealing

temperature.

Fig. 2 XRD patterns of the HPT HEA before and after annealing.

Fig. 3 TEM images taken from: (a) a NC-RT sample; (b) a NC-773 sample; (c) a
high-resolution image also from a NC-773 sample. A white square in (c) indicates an area
where secondary phase formed, as evidenced by the Fourier transformation of the area at
the top-left inset; (d) a NC-973 sample. Two circles in (d) indicate the places where
electron energy dispersive spectroscopy data and SAED patterns were obtained. <011>
SAED patterns from the matrix and the secondary phase were presented at the top-left

and top-right insets, respectively.
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Table 1 The calculated dislocation density ( p) in the FCC matrix, the lattice parameters
of the FCC and ordered BCC phases (2Fcc and @scc ), and the TEM observed average
grain sizes (drcc and dscc) of the HPT HEAs before and after annealing at different

temperatures.

Samples Region | Region 11 Region 11l

NC-RT NC-573 NC-673 NC-773 NC-873 NC-973

p(m?) 1.1x10T° 6.4x10™ 3.8x10® 7x108°  3x10® 1x10B

arcc (nm) 03595  0.3596 0.3593 0.3583 0.3579 0.3580

agcc (nm) - - 0.2836  0.2844 0.2870 0.2871
drcc (nm) 30 30 33 40 90 280
dgcc (nm) - - 8 10 30 60
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Figure 2
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Figure 3
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