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A direct laser deposition processing method was applied to construct compositional and microstructural
libraries of AlyCoCrFeNi in an efficient and high-throughput manner. Among the compositions (x = 0.51
—1.25) and quench rates (26—6400 K/s) studied, most of the laser deposited alloys exhibit a cellular
microstructure, similar to the cast materials. The microstructural feature sizes were found to follow a
power law relationship with the quench rate. The dependence of the microhardness on microstructural

length scale was also investigated and observed to follow a Hall-Petch relationship. This study indicates
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that laser processing is an effective method for rapidly and efficiently evaluating multiprincipal element
alloys and their microstructures.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Multiprincipal element alloys (MPEAs), also known as “high
entropy” alloys, are chemically disordered solid solutions with
surprisingly simple crystal structures, in contrast to many ordered
intermetallic compounds [1,2]. Unique properties such as superior
high-temperature strength, wear and oxidation resistance, and fa-
tigue resistance [3—6], are attributed to the lack of a dominant
solvent element, with the effects including severe lattice distortion
and sluggish diffusion [7]. The impressive properties make MPEAs
promising candidates for high-performance structural materials.

It is well-established that grain boundaries, as a planar defect,
inhibit dislocation movement and increase materials’ strength.
However, they also act as preferred diffusion pathways and often
nucleation sites for cracks. The grain size is sensitively dependent
on processing conditions, including the cooling rate. Arc-melting
and casting are frequently used fabrication methods for MPEAs,
followed by a variety of homogenization treatments [8—11]. Fully
characterizing the relationship between structure and processing
via such serial casting and heat treatments requires the investment
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of significant time and resources. As a result, only a few cooling
rate-controlled microstructural studies have been performed on
MPEAs via Bridgman solidification [ 12—14]. An efficient method for
producing and characterizing a wide range of microstructures
could dramatically accelerate the design of these compositionally
complex materials.

In this study, continuously graded compositional libraries of
AlyCoCrFeNi are fabricated with the Laser Engineered Net Shaping
(LENS™) process. Microstructural variations within a single library
are achieved by controlling the laser power and travel speed during
processing. The crystalline structure, microstructure and mechan-
ical properties are characterized as a function of composition and
processing condition and are compared with cast materials [15].
Using this high-throughput methodology, the processing-
microstructure-property relationship in this MPEA is established.

2. Materials and methods

Raw materials including cobalt, chromium, iron and nickel
(purity > 99.95 wt %) were arc-melted in a water-cooled copper
hearth using a tungsten electrode under an argon atmosphere, to
produce ten equimolar alloy buttons. Each button was flipped and
remelted at least 5 times to improve compositional homogeneity.
The buttons were then melted together and cast into a copper mold
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to produce a 20 mm x 12 mm x 4 mm plate. The plate was ground
with 400 grit SiC paper and cleaned with methanol.

Three compositionally graded alloy libraries were prepared us-
ing an Optomec MR-7 LENS™ system. For each library, a 200 W
laser traveling at 12.7 mm/s was used to create a melt pool on the
surface of the CoCrFeNi substrate. Gas-atomized aluminum powder
(Alfa-Aesar) with a reported purity of 99.5% (metals basis) was
sieved to —100 + 325 mesh, resulting in a powder size range of
44—149 um. The powder was deposited into the melt pool in 21
overlapping parallel lines spaced 0.5 mm apart, to form a single-
layer, 19.05 mm x 10.16 mm patch, as shown in Fig. 1(a and b).
Each track overlapped the previous track by approximately 25%. A
continuous Al-content gradation was achieved by incrementally
increasing the powder feed rate from 2.5 to 4.5 rpm over the span
of the 21 parallel lines.

To produce microstructural variations, a total of 11 remelt lines,
oriented parallel to the composition gradient and spaced at least
4 mm apart, were then remelted using different combinations of
laser powers and travel speeds to achieve a desired range of quench
rates, as illustrated in Fig. 1(c and d). These 11 lines were distributed
over the 3 libraries, with 4 lines on two libraries, 3 lines on the
third. The laser parameters for each line are shown in Table 1. The
ratio of the laser travel speed to laser power, V;/P;, has been shown
to correlate with the quench rate in laser processing [16]; T was
calculated via a 3D finite element analysis (ABAQUS) [17] for each
set of processing parameters, using experimentally derived thermal
properties obtained from the literature [18]. These calculated
quench rates are included in Table 1.

To expedite characterization of the alloy library, all of the
microstructural measurements were performed in the plan view,
i.e. perpendicular to the substrate surface, rather than in cross
section. This saved time, since the samples did not need to be
sectioned, and permitted the full range of compositional and
microstructural variations within a given library to be viewed in a
single microscopy session, on the same prepared surface. The top
surfaces of the libraries were cleaned, ground with up to 1200 grit
SiC paper and finally polished with 0.02 um colloidal SiO, solution.

CoCrFeNi substrate

Due to the strong dependence of the local cooling rate on the po-
sition relative to the free surface [19], the amount of material
removed by grinding and polishing was strictly controlled to be
0.25 mm for all the remelt samples. When necessary to improve
contrast during imaging, samples were etched using an ethanol
solution with 1.5 vol % HNOs3, 2.5 vol % H2S04, and 6 vol % HCI.

The laser processed alloy microstructures were compared with a
limited number of cast rods. Alloys with compositions of interest
were pour-cast into copper molds to produce 3 mm and 4 mm
diameter rods. The rods were cut in transverse sections from the
middle of their length. The cooling rates for the cast cylindrical rods
were estimated to be similar to iron rods with the same dimensions
[20].

The microstructural variations along the centerline of each
remelt line were characterized using a field emission scanning
electron microscope (SEM, JEOL JSM-7001FLV). Care was taken to
focus on the centerline and avoid imaging the heat affected zone
along the edges of each remelted track. The local composition at
each position of interest within the library was obtained using
energy dispersive X-ray spectroscopy (EDS, Oxford Aztec Live X-
Max Energy) on the SEM. Electron backscatter diffraction (EBSD,
Oxford Symmetry) was used to determine the crystal structures of
the observed phases.

To characterize the mechanical properties of the libraries, the
microhardness of the alloys were measured as a function of
composition and cooling rate using a 136° Vickers diamond pyra-
mid (Leitz Miniload). The 200 g load was applied for 17 s. At least 6
indents were made for each composition and processing condition.

3. Results

The powder feed rates employed in the present work resulted in
AlxCoCrFeNi alloys with Al contents of 11.28—23.78 at. %
(x = 0.51-1.25), as is shown in Fig. 2. Although the thermal prop-
erties vary slightly with composition, for a given set of processing
parameters, the finite element analysis of the laser heating process
estimated similar quench rates for the compositions selected for

Increasing quench rate -

Fig. 1. In this schematic of the microstructural library fabrication process, (a) aluminum powder is deposited as the laser and powder nozzles traverse in 21 parallel, overlapping
lines oriented in the x direction. (b) Increasing the powder feed rate in each sequential line produces a patch of alloyed material with the desired compositional gradient in the y
direction. (c) The library is then remelted by the laser moving the in y direction, parallel to the Al concentration gradient. (d) Several well-spaced remelt lines are created using
different combinations of laser power and travel speed to produce the desired range of quench rates.
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Table 1

Laser parameters used to prepare the microstructural library, and the corresponding
calculated cooling rates. To calculate the heat input, the laser spot size, d = 1 mm, is
assumed to be constant with laser power.

Travel speed, Laser Heatl;nput, Cooling rate (K/s)

Vi(mmfs) - power, PL(W) L =g (imm?) L e 100
38.1 100 2.62 6354 6402 5899
254 100 3.94 3472 3781 3805
38.1 150 3.94 4176 3488 4277
254 150 591 2479 2770 3393
12.7 150 11.8 1523 1589 1395
6.35 150 23.6 590 553 558
6.35 175 27.6 556 529 542
6.35 200 315 458 475 492
6.35 225 354 419 432 418
6.35 250 394 370 398 455
3.175 250 78.7 308 313 302
3 mm cast rod 48 48 48

4 mm cast rod 26 26 26

the microstructural study, as shown in Fig. 3.

Consistent with the microstructural observations in our prior
work [15] and other work in the literature [21—24], at intermediate
Al contents, AlyCoCrFeNi alloys have a duplex FCC + BCC micro-
structure. As can be seen in Fig. 4(a—c) (x = 0.56, T = 3472 K/s),
cellular FCC crystals are embedded in a BCC matrix. A similar
microstructure was obtained for all quench rates at this composi-
tion (Fig. 5(b—d)). This duplex structure is very sensitive to
composition at higher quench rates, however. For a slightly higher
Al fraction of x = 0.60, very little FCC phase was observed for
quench rates exceeding 553 K|/s, as shown in Fig. 4(d—f). The
detailed FCC + BCC microstructural evolution with cooling rate for
these compositions is shown in Fig. 5 and Supplementary
Figs. S1(a—c). Based on SEM image contrast and EBSD, the BCC
fraction was plotted against quench rate in Fig. 6.

At higher Al contents (e.g. Supplementary Figure S1(d-f),
x = 1.00), the alloy also forms a cellular microstructure, however in
this case both the interior and walls of the cells contain coherent
BCC and B2 phases [15]. Consistent with prior work, the cell walls
are enriched in Fe and Cr and have a woven BCC/B2 microstructure,
while the interior of the cells consists of dispersed spherical BCC

Position (mm)
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Fig. 2. The composition range of an AlCoCrFeNi library determined by EDS, as a
function of Al powder feed rate and position relative to the edge of the library. Each
point corresponds to at least 4 measurements on each remelt line. Error bars indicate
standard deviation.
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Fig. 3. Cooling rates for each alloy composition at 0.25 mm depth from the surface of
the deposit, calculated using a finite element model, as a function of the inverse heat
input.

nanoscale precipitates embedded in the B2 matrix (Supplementary
Fig. $2) [15].

Vickers microhardness data obtained for each combination of
composition and cooling rate is presented in Fig. 7(a). The BCC/B2
structure is generally observed to have a higher microhardness
than the FCC + BCC structure. The hardness of both microstructures
increases with cooling rate.

4. Discussion
4.1. Formation of the FCC + BCC microstructure at low Al content

Cellular and dendritic solidification are associated with consti-
tutional undercooling of the liquid, which promotes the rapid,
directional growth of small perturbations at the solid-liquid inter-
face. In general during laser processing, different dendritic mor-
phologies, from equiaxed, to tree-like structures with secondary
branches, to cellular, can be obtained depending on the combina-
tion of the temperature gradient, G, and the velocity of the solid-
liquid interface, R [25,26]. It has been shown experimentally that
R is on the order of the laser travel speed [27]. The magnitude of the
temperature gradient is a function of the laser heat input, which in
turn depends on both the laser power and travel speed. The
gradient can be resolved into two vector components, one parallel
to laser travel direction, and the other normal to the substrate. The
cellular microstructure obtained in this study can be attributed to a
high G, resulting in highly directional growth, and moderate R, such
that the transient secondary dendritic arms are given sufficient
time to fully ripen and form columnar cells. Because the region of
observation is well below the surface, at approximately at the mid-
thickness of the melt pool, the columnar cells are primarily aligned
perpendicular to the substrate, as reported in Ref. [26]. In this case,
the cell growth direction is determined by both preferential crys-
tallographic orientation as well as the direction of heat flow, which
is anti-parallel to G.

Finer cellular microstructures were observed with increasing
quench rate. As shown in Fig. 5(a), the size of the cellular structures,
A, observed in the FCC + BCC microstructures varies inversely with
quench rate according to a power law, A = AT™" [28]. The fitting
parameters, A and n, are presented in Table 2 [16,29—32], where
they are compared with the values obtain from the literature for a
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Fig. 4. Backscattered electron micrographs and their corresponding inverse pole figures and phase maps of (a—c) Alps¢CoCrFeNi processed at a cooling rate of 3472 K/s and (d—f)
Alp s0CoCrFeNi processed at a cooling rate of 3781 K/s. Note that the slight increase in Al content destabilizes the formation of the FCC phase at this cooling rate.
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Fig. 5. The microstructural evolution with cooling rate for AlsCoCrFeNi. (a) A
decreasing trend in feature size with cooling rate for all the compositions is seen. The
data for each composition were fitted to a power law relationship; fitting parameters
are provided in Table 2. Backscattered electron images of X = 0.56 were obtained on (b)
a3 mm cast rod, and (c—d) the laser-processed library. The corresponding cooling rates
are also indicated. Note that at higher cooling rates, a transition from FCC + BCC to
BCC/B2 structure is observed at this composition. Similar micrographs for x = 0.60 and
x = 1.00 are provided in Supplementary Fig. S1.

number of other alloys. Notably, the exponent n is approximately 1/
3 for all of the alloys surveyed, including non-MPEAs. That is, all of
the materials show a similar sensitivity to cooling rate, regardless of
the compositional complexity of the alloy. Noting that the quench
rate within the melt zone, T, can be expressed as the product of G
and R [26,33,34], models have been proposed that relate the
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Fig. 6. The change in BCC fraction with cooling rate, as measured by the area fraction
observed in SEM and EBSD. For x = 0.56, BCC fractions are relatively constant; for
x = 0.60, the structure transitions to fully BCC at higher cooling rates.
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Table 2

Fitting parameters describing the relationship between feature size and cooling rate,
. —n . .

A=AAT ~ [28]. Results from the present work are compared with other materials

and processing techniques from the literature.

Source Alum n Material Condition  DAS type

Al-0.1 wt% Ti DS CS
Al-0.5 wt% Ti

Giindiiz [29] 288 032
339 0.29
Kaya [30] 39.6 028  Al-2 wt.% Li DS (&
Katayama [31] 25 0.28  310SS (Steel) Laser PDAS, CS
80 0.33 SDAS
Bertoli [16] N/A 033  316L (Steel) Laser (&)
Luo [32] 44.75 0.28 Mg-0.60 wt% Gd DS (&
5496 0.27 Mg-1.38 wt% Gd
62.83 0.31 Mg-2.35 wt% Gd
This work 1244 031 Alp 56CoCrFeNi Laser (&)
18.25 0.36  AlggoCoCrFeNi
1466 035  AlCoCrFeNi
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Fig. 7. Vickers microhardness as a function of (a) cooling rate and (b) inverse square
root of microstructural feature size. Each data point corresponds to the average of at
least 6 indents, and error bars indicate the standard deviation. With increasing cooling
rate, the hardness increases for both structures. Notably, for x = 0.60 there is sudden
increase in hardness values due to a change in the dominant phase. The microhardness
is fitted to a Hall-Petch relationship in (b).

characteristic microstructural feature size to these parameters.
Hunt [35] and Kurz and Fisher [36] considered the effect of the
dendrite tip shape on the stability and spacing of the dendrite
growth. Both models suggest that, in the velocity range of interest
in this study, A«G~1/2R-1/4, Several studies have reported that
systems that adopt cellular structure with this dependency can also
be satisfactorily fitted with a Aec(GR)~/3 power law, for instance
aluminum [29,37] and magnesium alloys [32]. Indeed, Kirkaldy and
Venugopalan [38] considered surface tension in addition to
compositional segregation, and derived a formula with the form A«
G~1/3R-1/3, While the power law exponent in the present study is
very similar to other systems and in general agreement with these
models, the prefactor of the power law relationship, A, is much
smaller for the MPEA compositions studied here, even in compar-
ison to other laser processed materials. This suggests slower
growth kinetics, probably due to the compositional complexity of
the near-equiatomic liquid.

For x = 0.56, the BCC and FCC fractions are insensitive to cooling
rate; only the size of the FCC features changes. In contrast, for
x = 0.60, high quench rates suppress the formation of the cellular
FCC features, most likely due to the slow diffusion of Al. Fig. 6 shows
the BCC area fraction in AlgsgCoCrFeNi and AlggoCoCrFeNi as a

PDAS/SDAS: primary/secondary dendrite arm spacing (dendrites with side
branches), CS: cellular spacing, DS: directional solidification.

function of quench rate. For x = 0.60, the BCC fraction remains
relatively constant at low quench rates, before a sudden jump to
nearly 100% BCC for cooling rates of greater than 553 K/s. The
resulting structure is similar to the BCC/B2 structure observed at
higher Al contents. The sensitivity of the formation of the FCC phase
to the Al content at high quench rate is most likely due to the severe
lattice distortions associated with the addition of Al, which has a
large atomic radius relative to the other constituents, to the FCC
structure. This tends to stabilize the BCC/B2 structure, which has
lower packing efficiency, and prevent significant growth of the FCC
phase at high quench rates. Notably, the x = 0.60 BCC/B2 micro-
structure solidifies into a fully woven spinodal microstructure
(similar to Supplementary Fig. S2(b)), in contrast to the combina-
tion of woven and nanoparticle structures described below for
higher Al content. The lattice strain at x = 0.60 is apparently high
enough to destabilize the FCC structure, but insufficient to promote
significant coarsening of disordered BCC nanoparticles.

4.2. Formation of the BCC/B2 microstructure at high Al content

In contrast to the FCC + BCC microstructure at lower Al contents,
at x = 1.00, both the cells and interdendritic regions exhibit BCC/B2
structures. Although the image contrast between the cells and
matrix in Supplementary Figs. S1(d—f) results primarily from a
microstructural transition, from BCC nanoparticles embedded in
the B2 matrix within the cells to a woven spinodal sub-structure in
the matrix, this cellular growth is still driven by constitutional
undercooling; compositional variations between the cell interior
and matrix have been reported elsewhere for both cast and laser-
processed materials, where it was shown that Al and Ni segregate
to the cell interior, while Fe and Cr are enriched in the cell walls
[22,39]. It is therefore reasonable that the cell size, A, follows a
similar power law relationship as the FCC + BCC structure with n
~1/3. Surprisingly, both the low Al content (FCC + BCC structure)
and high Al content (BCC/B2 structure) alloys have similar pre-
factors, A, for the power law relationship (Table 2), again reflecting
the small cell size at a given quench rate. This insensitivity of the
cell size to Al content, even for different crystal structures, suggests
that the overall contributions of diffusivity, solute partitioning
fraction, and freezing range to cell growth rate do not change
significantly over the Al content range investigated.

4.3. Microstructural length scale effects on mechanical behavior

The Vickers microindention method used in this study produces
indent sizes on the order of 25—40 um, which is an order of
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Table 3

Hall-Petch parameters for AlyCoCrFeNi multiprincipal element alloys, where H is
overall intrinsic hardness, k¢ is the overall Hall-Petch coefficient, and k¢ is the Hall-
Petch coefficient for FCC-BCC phase boundaries. For reference, the microstructure-
related parameters such as continuous phase fractions (foc and fs.) and degree of
separation (F;), are also listed. For more information regarding how the topological
parameters are measured and calculated, refer to Ref. [45]. For x = 0 (CoCrFeNi
alloy), the overall intrinsic hardness (Hj) and overall Hall-Petch coefficient (k) are
from Ref. [42].

fo fg fac fge Fs  HG(GPa) k°(GPapm'?) k*¥(GPa pm'2)
x=0 1 0 1 0 0 116 162 -
X =056 0.86 014 021 007 072 121 165 1.66
X =060 080 020 003 0.06 090 139  1.70 171

x=1 0 1 0 1 0 3.77 1.65 -

magnitude larger than the microstructural features for all quench
rates considered in this work. Thus, the microhardness measure-
ments are capable of capturing the influence of length scale
refinement within the microstructural library. There is an overall
increasing trend for hardness with quench rate for all of the com-
positions investigated. Notably, as shown in Fig. 7(a), the x = 0.60
BCC/B2 structure obtained at higher cooling rates exhibits hardness
values comparable to the equimolar composition cooled at similar
rates, which agrees with our previous study showing that the
nanoindentation hardness of the BCC/B2 structure is relatively
insensitive to the Al content [15].

As shown in Fig. 7(b), the microhardness follows a Hall-Petch
relationship with cell size, H = k-A705 4 Hp. Here, k is the Hall-
Petch coefficient, which describes the material’s sensitivity to
grain boundary strengthening, and Hp is the material’s intrinsic
hardness. These fitting parameters are provided in Table 3 for the
three compositions considered in this work. Compared to the
FCC + BCC cellular structure, BCC/B2 has higher intrinsic hardness
because of the reduced available dislocation slip systems relative to
FCC, as we observed in our previous nanoindentation study of this
alloy [15]. The intrinsic hardness of the FCC + BCC dual phase
structures increases slightly from x = 0.56 to x = 0.60, which can be
attributed to the higher fraction of the BCC/B2 phase.

The Hall-Petch relationship has only been established for a
limited number of MPEAs. These studies have mainly considered
single-phase FCC alloys, with the grain size controlled by different
Bridgman solidification conditions [14] or by different annealing
time and temperature [11,40—42]. Laser processing provides a way
to quickly synthesize MPEA microstructural libraries and analyze
the structure-property relationship. Although the intrinsic rapid
solidification may give rise to thermal stresses, a relatively uniform
shift is expected which should not affect the overall trend in the
behavior.

For the three compositions of interest in this study, the values of
the Hall-Petch coefficient, k, are quite similar, ranging 1.65—1.70.
Wau et al. [43]. compared Hall-Petch coefficients of several different
nanocrystalline metals and found that BCC-structured metals
generally have larger k than FCC and HCP, due to a higher resolved
shear stress required in BCC to operate a dislocation source near the
grain boundary if using the dislocation pile-up model [44]. How-
ever, for two-phase materials, additional complexity can be antic-
ipated. There are not only frictional stresses on the boundaries
between grains of the same phase, but also interphase boundary
contributions to hardness. Following Fan et al.’s extension of Hall-
Petch relationship to two-ductile-phase alloys [45,46], the non-
intrinsic hardness of the dual phase alloy (referred to as the a
and P phases) is the summation of contributions from a-o and -8
grain boundaries as well as o-f interphase boundaries. The
strengthening effects from all kinds of boundaries are linearly ad-
ditive; however, in terms of influence on the Hall-Petch coefficient,

the friction on the «-f phase boundaries could have a larger
contribution. This is the case for the microstructural library in the
current study, as shown in Table 3, where Hg is the overall intrinsic
hardness, and k¢ represents the overall Hall-Petch coefficient, cor-
responding to the fitting parameters in Fig. 7(b). At x = 0 (from
Ref. [42]) and x = 1 (this work), k¢ results solely from FCC and BCC/
B2 grain boundaries, respectively, i.e. k|,_o = k% and k°|,_; = k.
The Hall-Petch coefficient for the phase boundaries may be calcu-
lated using the following equation:

oK — Kuc — KO

S

k(X

where fy and fg. (the continuous phase fractions) and Fs (degree of
separation) are topological parameters which are calculated based
on the phase fractions (f, and fg) and amount of phase boundaries
(Table 3) [45,46]. The average values across all cooling rates for the
three compositions considered are used in this calculation. The
parameter k*® is indicative of the effectiveness of strengthening of
FCC-BCC phase boundaries; it is independent of phase fraction and
composition, as can be seen in Table 3. All of the phase-fraction-
related parameters in Table 3 are also listed; readers are referred
to Fan et al.’s original work for additional details of the analysis
[45,46].

To validate the parameters calculated in Table 3, the Vickers
hardness as a function of feature size was calculated using Fan
et al.’s model and compared with experimental values obtained
from the laser-processed libraries at x = 0.51. The hardness was
calculated from the Hall-Petch relationship,

HE = H§ + k¢-17%2

where H{j and k¢ were evaluated using Fan’s parameters:

H§ = Hyfac + Hofse + HEPFs

KE = k%fpe + KB foc + kB F,

Again, f,, fﬂc and F; can be obtained from the microstructures,
and the phase-related Hall-Petch coefficients and intrinsic hard-
ness are assumed to be insensitive to composition (here we used
the average of values for x = 0.56 and 0.60). As shown in Fig. 8,

3.2

28 |

24 F

22

Exp. Vickers Hardness (GPa)
o
[}
[ ]

2 L ) L 1 L
2 2.2 2.4 2.6 2.8 3 3.2

Predicted Vickers Hardness (GPa)

Fig. 8. Comparison between the Vickers hardness of AlpsCoCrFeNi calculated using
Fan et al.’s model [45] and the experimentally obtained results.
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there is excellent agreement between the calculated and experi-
mental results.

5. Conclusions

Compositional and microstructural libraries of AlyCoCrFeNi
were successfully fabricated using a high-throughput laser depo-
sition technique. The quench rate was varied over a range of
26—6400 K/s by adjusting the laser power and travel speed during
remelting of the compositional library. The resulting cellular mi-
crostructures were very similar to those observed in cast materials,
with the dual FCC + BCC structure observed at low Al contents
transitioning to a BCC/B2 structure at near the equimolar compo-
sition. Microstructural and microhardness variations with quench
rate were characterized using the libraries. The observed cellular
microstructure becomes finer with increasing cooling rate,
following a power law of the form A = A-T~ ', similar to many
other alloys. Microstructural refinement results in increasing
microhardness, following a Hall-Petch relationship. The relative
contributions of grain and interphase boundaries to the hardness of
the dual phase FCC + BCC structures were also resolved in this
study. The significant reduction in the time required to produce a
wide array of compositions and microstructures gives laser pro-
cessing the potential to accelerate the study of processing-
microstructure-mechanical property relationships for complex,
multicomponent alloys.
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