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Abstract
Equiatomic CoCrFeMnNi, one of the well-known high-entropy alloys, possesses 
attractive mechanical properties for many potential applications. In this research, the 
effects of heat treatment on additively manufactured CoCrFeMnNi materials were 
studied. A  pilot experiment was conducted to select two selective laser melting 
(SLM) conditions of different laser scanning speeds based on the density and 
porosity of obtained materials. Thereafter, microstructure, tensile properties, impact 
fracture, microhardness, and corrosion resistance were investigated for the materials 
obtained under the two selected SLM conditions, with and without heat treatment. It 
was discovered that while the texture with a strong <100> alignment was observed 
in both as-built and heat treated materials, the texture of heat treated materials 
was stronger. Also, heat treatment drastically improved the ductility of as-built 
CoCrFeMnNi by 23 – 59% for the selected SLM conditions, while the ultimate tensile 
strength showed only negligible change. The increase of ductility was believed to 
result from the release of residual strain and the increase of average grain size after 
heat treatment. Moreover, heat treatment was able to bring noticeable improvement 
in energy absorption for the as-built CoCrFeMnNi, reflected by 11 – 16% more energy 
absorption. Besides, all studied materials showed signs of ductile fracture, but more 
signs of brittle fracture, such as cleavage facets, were found in the as-built materials 
as compared with the heat-treated materials. In addition, higher laser scan speed was 
found to cause moderate reduction in corrosion resistance. Effect of heat treatment 
was also negative and mild for lower scanning speed case. However, the highest 
reduction in corrosion resistance was observed after heat treatment of the high laser 
scanning speed case.

Keywords: CoCrFeMnNi; High-entropy alloy; Additive manufacturing; Selective laser 
melting; Properties; Microstructure

1. Introduction
Until recently, the main strategy used in material engineering to produce alloys was 
choosing a principal element and adding several secondary elements to it. Such principal 
element approach considerably limits the scope of alloy development[1]. Common 
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metallurgy knowledge suggests certain correlation between 
the number elements in a multicomponent system and the 
number of phases and intermetallic compounds formed 
in such system. In 2004, Yeh et al.[2] showed that single 
or double solid solutions can become stabilized when 
multiple elements are mixed in an appropriate ratio. This 
can happen because configurational entropy of mixing 
such elements is high enough to overcome the enthalpy 
of compound formation[1]. This new class of materials 
was named as high-entropy alloys (HEAs). HEAs can 
be defined with respect to composition or entropy. For 
composition-based definition, HEAs are usually the alloys 
containing at least four dominant elements with atomic 
percentage between 5% and 35%, in which additional 
minor elements are allowed if their atomic percentage is 
<5%. For entropy-based definition, entropy of mixing is 

calculated for alloys[1]: S R x lnxmix
i

n

i i= −
=
∑

1

, where R is the 

gas constant and xi is the molar fraction of the i-th element 
in the mixture, and the alloys with entropy higher than 
1.5R are considered HEAs[4].

A major type of HEAs has been developed based on 
the parent alloy of CoCrFeNi, which consist of a single 
face-centered cubic unit cell (FCC) solid solution without 
segregation[5]. The addition of more elements to this HEA 
can reduce the diffusion, which enhances microstructure 
and mechanical properties such as creep resistance. For 
instance, CoCrFeMnNi, which also consists of a single-
phase FCC, was first studied by Cantor et al.[6], and 
now it is known as “Cantor alloy.” This alloy is one of 
the most thoroughly investigated HEAs, and it exhibits 
some attractive mechanical properties, such as unusual 
combination of high yield strength, high ultimate tensile 
strength, high ductility and fracture toughness at cryogenic 
temperatures[7]. The damage-tolerance can be attributed to 
the low stacking fault energies (SFEs) ranging from 18.3 
to 27.3  mJ/m2∙m−2 at room temperature[8]. The Cantor 
alloy was also shown to exhibit good radiation resistance. 
Damage-tolerance also rises from high lattice friction stress 
which results from the apparently random distribution of 
the solutes. This forms a true solid solution down to atomic 
scale which leads to high resistance to dislocation motion.

Unfortunately, the applications of HEAs are often 
plagued by the availability of manufacturing methods. 
Traditional manufacturing approaches are either expensive 
or inefficient in dealing with complex shapes, while additive 
manufacturing (AM) technology is well positioned to 
overcome such challenge thanks to its nature of layer-wise 
fabrication and significantly simplified process steps[8-

10]. Compared with other AM techniques, selective laser 
melting (SLM), featured with high geometrical accuracy and 

product surface finish, has become a major AM technique 
for making complex metal components. Note that SLM 
belongs to the general powder bed fusion (PBF) group of 
AM processes according to the ISO/ASTM classification. 
In SLM, localized laser heating and high laser scanning 
speed result in extreme short duration of laser-material 
interaction[11]. The resultant rapid cyclic heating and cooling 
process is the root cause for the unique microstructure and 
mechanical properties of SLMed materials. SLM process 
may also produce favorable properties for HEAs. For 
instance, it was discovered that CoCrFeNi HEA obtained 
from SLM possess much higher yield strength compared 
with that produced by arc melting[12]. Li et al.[13] investigated 
SLM-produced CoCrFeMnNi and observed that elongated 
columnar grains grew epitaxially with a <001> orientation 
parallel to the build direction. The elemental distribution 
was homogeneous except Mn, which was present in 
higher concentration in the boundary of melting pool. 
Chen et al.[14] studied the feasibility of in situ alloying of 
elemental Mn with pre-alloyed CoCrFeNi in SLM. Only 
a single FCC phase was found in the resultant materials. 
The microstructure was characterized to be coarse 
columnar growing through more than 10 layers in the 
build direction, and a strong <001> texture was detected. 
Guo et al.[15] investigated machinability of SLM-produced 
CoCrFeMnNi. It was found that some machining operations 
led to compressive stress in machined surface in the cases of 
milling and grinding, or an increase in tensile stress in the 
case of wire electrical discharge machining (EDM). Savinov 
et al.[16] evaluated CoCrFeMnNi HEAs obtained from two 
major metal AM methods, that is, SLM and laser directed 
energy deposition (DED) processes. It was shown that both 
AM methods led to a single-phase FCC material, but the 
average grain size of DED-produced materials was twice 
that of SLMed materials.

Tensile properties of CoCrFeMnNi alloy were 
investigated by Li et al.[13], which showed the increase of 
ultimate tensile strength with the increase of volumetric 
energy density until 123  J/mm3, followed by a flattened 
pattern beyond that. Zhang et al.[17] observed little effect 
of layer rotation strategy on yield and ultimate tensile 
strength, which were about 550 and 650 MPa, respectively. 
Chew et al.[18] studied CoCrFeMnNi manufactured by 
laser DED. Its tensile strength was found to be higher than 
the counterpart fabricated by SLM (660 MPa). Besides 
tensile properties, fracture toughness is also an important 
material property, which measures how good a given 
material hinders crack propagation at high-rate loading 
and is related to the service life and safety of many load-
bearing components[19]. Together with high ductility, 
toughness is especially important when the SLM-produced 
HEAs are used as structural materials[20]. Low toughness 
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materials generally fail in a brittle manner, which occurs 
rapidly almost with no plastic deformation[21], which 
should be avoided to prevent catastrophic failures. Kim 
et   al.[22] used vacuum induction method (VIM) to 
fabricate CoCrFeMnNi HEA and showed that its absorbed 
energy was significantly higher than that of many other 
alloys. A similar study was performed by Xia et al.[23] who 
used vacuum levitation melting to produce CoCrFeNi 
HEA with varying amount of Al addition. It was observed 
that addition of Al lowered the impact energies at room 
temperature, and at Al concentrations close to that of Mn 
in CoCrFeMnNi, toughness dropped from 287.44 J to 1.28 
J compared to pure CoCrFeNi. Bi et al.[24] investigated 
impact toughness of CoCrFeMnNi produced by laser DED. 
The impact toughness at 0°C was found to be four time 
smaller compared to the same alloy made by VIM. Kim 
et al.[25] obtained excellent impact toughness performance 
at cryogenic temperatures for CoCrFeMnNi produced 
by SLM, and they attributed the high performance to the 
formation of many deformation twins.

In general, the as-built alloy components from SLM 
processes need to receive some form of heat treatment 
for stress relieving and other purposes. Little information 
is available regarding heat treatment of additively 
manufactured CoCrFeMnNi HEA in the literature, 
and thus, the limited existing research on heat treating 
CoCrFeMnNi fabricated from other manufacturing 
processes is summarized in the following. Vaidiya et al.[26] 
showed that single FCC phases in arc melted CoCrFeNi and 
CoCrFEMnNi could be retained after thermal exposure 
at least up to 1373 K for an extended period of time, and 
the thermal exposure caused no disturbance to elemental 
distribution. In another study of the same group[27], a Cr7C3 
contamination was found whose phase fraction did not 
change significantly with temperature, suggesting little 
dissolution of this phase during the thermal exposure up to 
1373 K. Laplanche et al.[28] studied inductively melted and 
casted CoCrFeMnNi that was annealed at 870 – 1270 K 
for 1 h. Slight increase in hardness was found in materials 
annealed at lower temperature, which dropped rapidly due 
to the onset of recrystallization and grain growth. Sathiaraj 
et al.[29] investigated how heating rate affects microstructure 
evolution of heavily cold-rolled CoCrFeMnNi HEA. The 
studied temperature range was between 700°C and 1000°C 
using high (10°C/s) and low (~0.13°C/s) heating rates. It 
was found that heating rate significantly affected grain size 
and grain distribution; low rates led to larger grains with 
wider size distribution, which is a consequence of early 
activation of potential nucleation sites.

How a given HEA reacts in a corrosion environment 
depends on its microstructure, alloying elements, and 

processing methods. In recent years, corrosion resistance of 
CoCrFeMnNi HEA was investigated for samples produced 
by conventional methods[30-33], DED[34] and SLM[35-38]. Xu 
et al.[38] compared the corrosion properties of SLMed 
and as-cast CoCrFeMnNi and found that the former 
exhibit better corrosion resistance due to homogeneity 
of components and grain refinements. It was found that 
the corrosion resistance of HEA thin film in sea water 
benefits form heat treatment[33]. However, studies on bulk 
SLMed HEAs of AlxCoCrFeMnNi showed that corrosion 
resistance declines after heat treatment[35]. Xiang et al.[39] 
showed that corrosion resistance of SLMed Ti-6Al-4V is 
dependent upon the laser power and laser scanning speed. 
However, the trend in relationship between a process 
parameter and corrosion resistance was not linear, for 
example, it increased with scan speed up to certain value 
after which higher scan speeds caused lower corrosion 
performance while the linear increase of laser power led to 
oscillating behavior of the resistance.

The critical literature analysis indicates that although 
CoCrFeMnNi is one of the most studied HEAs, the majority 
of published works focus on such materials obtained 
by the conventional processes, such as casting and thin 
film deposition. For the existing works on CoCrFeMnNi 
obtained by AM processes, most investigated the as-built 
materials, but the effects of heat treatment on properties, 
such as impact fracture and corrosion resistance, remain 
uncharted. In reality, heat treatment is critical for metal 
AM in that it provides the stress relief and homogenization 
for metal alloys after the highly non-equilibrium melting 
and solidification in the laser AM processes. To bridge the 
gap, the current work investigates CoCrFeMnNi obtained 
from the dominant metal AM process, SLM, with a focus on 
the comparison of microstructure and properties between 
the as-built and heat-treated materials. It is expected 
that the findings can shed light on the understanding of 
CoCrFeMnNi HEA obtained from the complete SLM 
process, followed by heat treatment.

2. Materials and methods

2.1. SLM experiments

Spherically shaped pre-alloyed particles of equiatomic 
CoCrFeMnNi, made by gas atomization, were acquired 
for this study. The particle size distribution ranged from 15 
to 53 μm, with an average diameter of 30 μm. A Concept 
Laser Mlab machine was adopted for SLM fabrication of 
HEA samples. In the SLM operation, argon was filled in 
the build chamber to avoid oxidation, and the substrate 
material is a stainless steel plate. There are two stages of 
SLM experiments. In the first stage, the appropriate SLM 
process condition for CoCrFeMnNi on the particular 
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SLM system was to be obtained. For this purpose, laser 
power (P), hatch spacing (H), and layer thickness (T) 
were fixed at 100W, 60 μm, and 20 μm, respectively, 
while the laser scanning speed (V) was varied from 200 
to 800 mm/s. While this study intends to obtain various 
energy density input by adjusting the scanning speed 
alone, it is well recognized that other parameters may have 
significant effect on the obtained properties[40,41]. Note that 
the coding of sample conditions combines the numerical 
value of SLM laser scanning speed and the status of heat 
treatment. For instance, 450 AB indicates the condition of 
450  mm/s. The resultant volume energy density, defined 
as P/(V•H•T), ranged 104.2 – 416.7  J/mm3. As a result, 
seven small cubes of 5 × 5.6 × 5  mm were obtained, as 
shown in Figure 1. Based on the porosity observation 
and relative density measurement, the appropriate laser 
scanning speeds were determined for the next stage. In the 
second stage, with the same settings on laser power, hatch 
spacing, and layer thickness, two laser scanning speeds 
were selected for building larger specimens for mechanical 
property evaluation. Tensile test pieces were produced as a 
scale-down version of the subsize rectangular tensile test 
specimen according to ASTM E8/E8M. Their length is 
56.4 mm. The length of the specimens was oriented along 
scan direction (SD), width along the deposit direction 
(DD), and thickness along transverse direction (TD), as 
shown in Figure 2. Charpy specimens were prepared in 
accordance with the ASTM E23 standard, as shown in 
Figure 3. Each block for Charpy test is 55 mm in length, 
10 mm in width, and 10 mm in height.

To investigate the effects of heat treatment (annealing) 
on the microstructures and mechanical properties, half 
of the fabricated Charpy samples and half of the tensile 
samples were heat treated in a vacuum tube furnace 
(Model: KJ-T1700-60IC). This heat treatment strategy, 
adopted from other studies[26,29], consisted of ramping at 
the rate of 10°C/min up to 1000 °C/min, dwell time of 2 h, 
and then quenching in water.

Electrochemical corrosion experiments were conducted 
in 3 M NaCl solution at room temperature. Corrosion 
samples were ground to 1200 grit sandpaper and then 
polished with 1 μm diamond slurry. Electrochemical studies 
were performed with a potentiostat (WaveDriver 100) 

equipped with a 3-electrode system, which consists of HEA 
sample working electrode, a Ti wire as a counter electrode, 
and Ag/AgCl reference electrode. Area of 10 × 10  mm 
was exposed to the electrolyte. To ensure a steady-state 
potential, an open circuit potential (OCP) was measured 
for 1  h. Potentiodynamic polarization curves were 
performed at a scan rate of 5  mV/s. Five measurements 
were performed for each condition to ensure the accuracy 
of the results, which was evaluated by calculating the 
standard error of these measurements.

2.2. Material characterization

Cubic specimens obtained in the first stage of SLM 
experiment were analyzed by measuring their density and 
by visually analyzing their polished side whose normal 
is perpendicular to DD. Density of these cubes were 
measured with Archimedes method according to ASTM 
B962[42] and compared to the bulk density of 8.05 g/cm3 for 
CoCrFeMnNi[36]. Furthermore, the optical micrographs of 
polished cubic specimens were processed by the software 
ImageJ, and thus the porosity of obtained materials was 
obtained. For the specimens obtained in the second stage 
of SLM experiments, they were cutoff the build plate after 
SLM using wire EDM. For the Charpy test, V-notch was 
cut by wire EDM on the surface parallel to DD for the 
Charpy block specimens. The impact tests were performed 
using a JBS-300B Charpy Impact Testing Machine. Since 
the absorbed impact energy of CoCrFeMnNi does not 
significantly change within a broad temperature range[22], 
Charpy test in the current study was performed only at 
room temperature. Besides the measurement of absorbed 
impact energy, the lateral expansion on the compression 
side of the specimens was also evaluated[43]. For the tensile 
specimens, tensile tests were performed on a Shimadzu 
Autograph AGS-X 50 kN machine at a crosshead speed 
of 1  mm/min at room temperature. Furthermore, 
Vickers microhardness was obtained on the cross-section 
(as defined in Figure 2A) of as-built (AB) and heat-treated 
(HT) samples. The applied load was 0.1 kg with dwell time 
of 15 s. Nine indentations were made in the matrix array 
with indentations being 0.5 mm apart from each other.

Metallographic samples were cut, ground, polished 
and then etched with a solution consisting of C2H5OH 
(25 mL) + HCl (25 mL) + CuSO4.5H2O (5 g). A scanning 
electron microscope (model: FEI SCIOS) with electron 
backscatter diffraction (EBSD) capability was adopted for 
microstructure and texture analysis. For obtaining reliable 
results, three EDS area scans at different heights along DD 
were obtained and the averages were taken. Meanwhile, for 
phase identification, X-ray diffraction (XRD) profiles were 
obtained for the materials obtained in the second stage of 
SLM experiment, using a X’Pert Pro X-ray diffractometer 

Figure 1. Selective laser melting-produced CoCrFeMnNi test cubes for 
scanning speed selection.
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equipped with Cu target. The scan was performed in the 
2θ range of 35° to 100° and with tube voltage and current 
of 40  kV and 44  mA, respectively. The fracture surfaces 
of Charpy V-notched samples were also characterized 
by surface appearance as seen in the scanning electron 
microscopy (SEM) images.

3. Results and discussion

3.1. Effect of scanning speed on relative density and 
porosity

The criterion for selecting the proper scanning speed was 
based on the porosity or the density of the SLM-produced 
materials. Figure 4A shows the optical micrographs of 
the cross sections of cubic samples obtained under the 
seven scanning speeds. It is clear that the density and size 
of pores increase as the scanning speed decreases. This 
phenomenon can be explained by the following. It is well 
known that incorrect choices of laser energy density in SLM 
often result in formation of defects. Depending on defect 
types, the energy density domain for SLM can be split 
into three regions. Low energy densities in the first region 

usually cause lack of fusion (LOF) defects as laser fails to 
provide sufficient energy to generate full melting of powder 
layers, which leads to the formation of pockets of unmelted 
powder particles or even delamination from the previously 
deposited layers[44]. The second region of energy density 
domain is the target for process parameter optimization 
and can be characterized by the reduced porosity fraction. 
In the third region, excessive overheating caused by high 
energy density generates surface temperatures that exceed 
the evaporation point of an alloy causing particles and 
molten material to eject from heat-affected zone, resulting 
in large spherical pores[45]. Strong vaporization and spatter 
lead to shortage of molten metal to fill the molten track. 
As a result, a printed part is left with many voids[46]. 
Moreover, high energy density may cause vaporization of 
low melting elements, which becomes entrapped and leads 
to the formation of pores. Inert gas dissolved in the molten 
metal and released during solidification as well as moisture 
present on the surface of powder particles may also be the 
source of gaseous porosity[45].

In the present study, energy density optimization was 
performed by varying the scanning speed, and the scope 

Figure 2. Selective laser melting (SLM)-produced CoCrFeMnNi tensile samples. (A) Selected tensile samples attached to the build plate after SLM; 
(B)  dimensions of tensile samples.

BA

Figure 3. Charpy test of selective laser melting-produced CoCrFeMnNi. (A) Schematic orientation of Charpy specimen during the test (ASTM E23); (B)  a 
Charpy specimen before and after test.

BA
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of chosen values revealed only the latter two regions of 
energy density domain as explained above. As shown in 
Figure  4A, laser scanning at slower than 400 mm/s resulted 
in severe porosity. Notice the top surfaces of the samples are 
not flat. This is a result of high energy density input used 
to produce samples in Figure 4. High energy input causes 
two phenomena that take place in a molten pool. First, 
the liquid viscosity is too low to keep up the integrity of 
the melt pool[47]. Melt pool agitates violently which results 
in a non-uniform top surface[48]. Second phenomenon 

is a steep thermal gradient that develops due to the high 
energy input and causes the higher cooling rate. As a 
result, the molten material does not have enough driving 
force and time to spread to become flattened. This leads 
to a big wavy surface at the top of samples[49]. Figure 4B 
summarizes the quantitative characterization by means 
of measured density of cubic samples and visual analysis 
of percent porosity as observed on their cross section. An 
overall trend can be observed, that is, higher scanning 
speeds (within the investigation range) are beneficial for 

Figure 4. Effect of scanning speed on density and porosity of selective laser melting-produced CoCrFeMnNi. (A) Optical micrographs showing cross 
sections of printed cubes for process optimization, and (B) density of the cubes measured according to ASTM B962 and porosity measured through image 
processing.

B

A
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densification of SLM-produced CoCrFeMnNi. It is clear 
that a scanning speed between 700 and 800  mm/s can 
lead to very low porosity, and thus the scanning speed of 
750 mm/s was chosen to produce samples for mechanical 
property evaluation. Meanwhile, a scanning speed between 
400 and 500 mm/s exhibit acceptable porosity, and thus the 
scanning speed of 450 mm/s was chosen for comparison 
purpose. Additional relative density measurements show 
that the relative density values for 450 mm/s and 750 mm/s 
are 93.8% and 97.4%, respectively.

3.2. Microstructure analysis

Figure 5 shows the results of XRD analysis for the SLM-
produced CoCrFeMnNi using the two scanning speeds 
of 450 and 750  mm/s before and after heat treatment. 
FCC single phase was detected in all the four conditions. 
The XRD results obtained in this study are typical for 
CoCrFeMnNi produced by laser AM processes, such as 
SLM[13,14] and laser DED[50,51]. No significant shift in peak 
locations was observed among the studied materials, 
indicating that the chosen range of scan speed as well as 
heat treatment had negligible effect on crystal structure 
and phase composition of the studied materials.

Figure 6 shows SEM images of the DD-TD section of 
CoCrFeMnNi samples before and after heat treatment. The 
450 AB sample consists of layer-wise microstructure, but 
the melt pool marks are not regularly stacked due to the 
frequent change of SD. The microstructures of samples 
before and after heat treatment are very similar, while 
there is a small difference in average size of melt pools. 
The average melt pool length of 450 AB condition is about 
140 μm, while that 750 AB condition is approximately 
120 μm. The smaller size of melt pools of 750 AB sample 
can be explained by the lower energy density applied in the 
SLM process. Consequently, less material is melted at the 
faster scanning speed sample. Heat treatment provides the 

homogenization effect, and thus the melt pool boundaries 
are no longer clearly revealed. However, a similar pattern 
can be observed in terms of elongated grains. The average 
grain width of 450 HT sample is approximately 85 μm, while 
that of 750 HT sample is between 50 and 80 μm. Although 
SEM observations found no such particles, some powder 
did not fully melt in the SLM process. This is evident from 
the fact that unmelted particles are present on the fracture 
surface of Charpy samples (Figure  16E). However, they are 
not randomly scattered across the fracture surface but only 
found inside few isolated colonies and therefore should not 
be present in abundant amount in the obtained materials.

Figure 5. X-ray diffraction analysis results of selective laser melting-produced CoCrFeMnNi at 450 and 750 mm/s scanning speeds before and after heat 
treatment.

Figure 6. SEM micrographs of selective laser melting-produced 
CoCrFeMnNi (450 and 750 mm/s scanning speeds, before and after heat 
treatment) in the DD-TD cross section. (A) 450 AB; (B) 450 HT; (C) 750 
AB; and (D) 750 HT.

DC

BA
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To understand the effect of scan speed and heat 
treatment on crystallographic texture, EBSD analysis 
was performed on the DD-TD section. Figure 7 shows 
the inverse pole figure (PF) maps as well as PFs for the 
studied materials. Thanks to the XRD analysis results, only 
FCC phase was needed to index the pattern for obtaining 
inverse PFs (IPFs). The confidence index (CI) of all 

samples is high (0.62 – 0.65). The microstructure of all four 
conditions primarily consists of coarse columnar grains of 
75 – 200 μm wide, and these grains cross several layers 
along the deposition direction. Such phenomenon is typical 
for the morphology for AM-produced materials[11,20,52,53], 
which is driven by epitaxial growth due to re-melting in 
the layer wise process[54]. The PFs (PFs) show presence of 

Figure 7. Inverse PFs (IPFs) along the normal direction and their corresponding PFs for SLM-produced CoCrFeMnNi using 450 and 750 mm/s scanning 
speeds before and after heat treatment. (A) 450 AB; (B) 450 HT; (C) 750 AB; and (D) 750 HT.

D

C

B

A
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texture with a strong <100> alignment in all four samples. 
However, HT samples appear to have a stronger texture 
since the intensities of their PFs are higher compared to AB 
samples, which indicates that heat treatment causes more 
grains to align with similar orientation. Scanning speed 
affects the texture as well. The PF intensity of the 750 AB 
is noticeably higher compared to that of 450 AB. The same 
is true for heat-treated samples produced with different 
scanning speeds.

Figure 8 shows grain boundary misorientation 
distributions for all four conditions. The distribution of 
all samples is not random and with exception of 450 HT, 
and all samples feature a single peak with an average 
misorientation around 45°. Grain boundaries with 45° 
misorientation mainly correspond to rotation around [100] 
direction[55]. Meanwhile, the small angle misorientation 
(<15°) was reduced after heat treatment for both 450 and 
750  mm/s samples. The grain size was calculated using 
one-dimensional parameter, which refers to the longest 
distance (diameter) between any two boundary points[56]. 
A weighted averaging approach was used to calculate the 
average grain size using the following equation[57]:

  
0

0

1 n

i i in
kii

d A d
A =

=

= ∑
∑

, (I)

Where n is the number of grains, Ai is the area of 
grain I, and di is the diameter. As seen from Figure 8, heat 

treatment led to increase in average grain size. However, 
such increase is more pronounced in the 450  mm/s 
cases for which average grain size increased from 276.5 
to 309 μm after heat treatment, while in the 750  mm/s 
cases, grain size increase was more moderate (from 242.1 
to 254.4 μm) after heat treatment. Grains of the 450 AB 
condition are noticeably larger as compared to that of the 
750 AB condition for the reasons explained earlier, and 
similar relationship holds for the HT samples.

As shown in Figure 9, the compositions of both AB 
and HT samples are overall uniform and close to the 
equiatomic composition of the original powder. There is 
a slight misbalance in Cr and Mn with the latter being in 
a small depletion especially for the 450  mm/s samples. 
This might be because during the SLM process, the surface 
temperature of melt pools can exceed the boiling point of 
the alloy. The difference in vapor pressures on the melt 
pool surface creates a driving force for vapor to leave the 
surface[58]. Mn has the highest vapor pressure and lower 
melting temperature among other constituencies of the 
HEA and thus can easily leave the melt pool[59]. Such high 
volatility of Mn agrees with the current results. Samples 
of 450 mm/s condition receive higher energy during SLM 
process leading to higher melt pool temperatures, which 
hold for longer time. Consequently, higher amount of 
Mn has a chance to escape resulting in Mn depletion of 
450 samples. Heat treatment obviously has no significant 
effect on Mn content since 1000°C chosen for treatment 

Figure 8. Grain boundaries misorientation distribution and grain area distribution for selective laser melting-produced CoCrFeMnNi using 450 and 750 
mm/s scanning speeds before and after heat treatment.
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is far less than the melting temperature of Mn (1246°C). 
Mn evaporation is believed to contribute to the formation 
of voids in SLM-produced samples with the higher 
energy density as discussed above. In the literature, 
similar phenomenon was observed in SLM-produced 
CoCrFeMnNi[36]. Together with the presence of the 
aforementioned micro-cracks, this slight depletion in Mn 
might be another indication of the need for further process 
parameter optimization. On the other hand, the heat 
treatment hardly affects the composition of SLM-produced 
CoCrFeMnNi.

3.3. Electrochemical corrosion behavior

Open circuit potential (OCP) is a straightforward method 
to study the corrosion behavior. Figure 10 shows OCP 
results for four conditions. Potentials of both AB conditions 
gradually shift toward the anodic direction or in positive 
(more noble) potential values. This is an indication that a 
passive film was formed on the surface of AB samples[36,60]. 
The OCP of 750 AB sample has dipped toward the end of 
the experiment, which is an indication of a breakdown and 
re-passivation. The opposite phenomenon was observed 
with OCP of HT samples. OCPs of both 450 HT and 
750 HT samples shift towards the cathodic direction or 
in the negative (less noble) potential values and after 1 h, 
and the potential stabilizes at about −0.1 V versus normal 
hydrogen electrode (NHE). In this case, the implication is 
that passive layers did not form.

Tafel potentiodynamic polarization curves of 450 
and 750  samples at AB and HT conditions are shown in 
Figure 11. Potential at the dip of such curves represents 
corrosion potential (Ecorr). This parameter reflects the 
stability of the system: the higher the Ecorr and the smaller 
the corrosion tendency[37,39]. Figure 12 summarizes the 
corrosion potentials for all four cases obtained in this 
experiment. As can be seen from the two figures, higher 
scanning speed results in slight decrease in corrosion 
resistance in the AB case. After heat treatment, such 

decrease is more pronounced as Ecorr of 750 HT case 
is almost 100 mV <450 HT case. Gradual decrease in 
corrosion resistance with increase of scan speed was 
also reported for SLMed Ti-6Al-4V[39], 316L steel[61] and 
CoRrW[62].

It appears that heat treatment also reduces corrosion 
resistance of the SLMed CoCrFeMnNi. In some cases, its 
effect is stronger compared to scan speed. As shown in 
Figure 12, corrosion potential decreased from −0.200 to 
−0.216 V versus NHE after heat treatment of 450 sample 
while it decreases from −0.225 to −0.291 V versus NHE 
after heat treatment of 750  sample. Corrosion resistance 
decline was also reported for SLMed AlCoCrMnNi HEA 
and was attributed to phases formed after heat treatment, 
which result in less protective passive film[35]. Zhu et al.[63] 
reported decrease in corrosion resistance of CoCrFeMnNi 
with annealing time longer than 6 h. Decrease in the anti-
corrosion property was attributed to σ precipitates and 
Mn-rich inclusions, which increase the susceptibility to 
pitting corrosion.

3.4. Mechanical properties

3.4.1 Tensile properties

The engineering stress-strain curves, ultimate tensile 
strength, and elongation of the tensile samples are presented 
in Figure 13. It can be seen that heat treatment causes only 
insignificant changes in ultimate tensile strength (<0.5% 
for the 450 mm/s cases, and up to 4% for the 750 mm/s 
cases), while it considerably improves the ductility (59.3% 
and 23.2% increases for the 450 and 750  mm/s cases, 
respectively). Similar results were observed in spark 
plasma-sintered CoCrFeMnNi[3]. Decrease in tensile 

Figure 9. Average composition of selective laser melting-produced 
CoCrFeMnNi at 450 and 750 mm/s scanning speeds before and after heat 
treatment.

Figure 10. Open circuit potential with respect to normal hydrogen 
electrode for selective laser melting-produced CoCrFeMnNi at 450 and 
750 mm/s scanning speeds, with and without heat treatment.
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strength after heat treatment is usually associated with 
either the Hall-Petch effect[13], which establishes the inverse 
relationship between grain size and tensile strength, or 
with the formation of precipitates such as carbides along 
the grain boundaries and plate-like martensitic phases 
which contribute to stress concentration[64], or with 
residual stress caused by lattice distortion[13]. The more 
obvious increase in ductility after heat treatment can be 
attributed to the increase of grain size and reduction of 
small-angle misorientation (shown in Figure 8), which is 
a clear indication of release of residual strain induced by 
SLM process, and restoration of ductility. Note that the 
obtained tensile properties are in general on par with the 
reported values from SLM and laser DED processes under 
the as-built condition. For instance, an ultimate tensile 
strength value of 601 MPa was achieved for SLM produced 
CoCrFeMnNi without heat treatment[65], and an ultimate 
tensile strength value of 660 MPa was reported for laser 
DED-produced CoCrFeMnNi without heat treatment[18]. 

However, the tensile properties are lower compared 
with the highest ultimate tensile strength and elongation 
achieved by the traditional casting process, which were 
reported to be 763 MPa and 57%, respectively.

3.4.2. Microhardness

Microhardness results for all four conditions, along with 
the reported values in literature are shown in Figure 14. 
It appears that the scanning speed does not affect the 
microhardness of as-built samples. Both 450 AB and 
750 AB conditions have practically the same hardness at 
about 237 HV. In contrast, the microhardness after heat 
treatment is significantly smaller for both 450 HT and 750 
HT conditions. However, the effect of heat treatment on 
the 750 mm/s sample in terms of microhardness was more 
pronounced. The hardness of the 750 AB sample decreased 
by 15% while that of 450 AB sample decreased by only 
8.6% after heat treatment. Note that the microhardness 
values for as-built materials are modestly higher than 
the hardness of 212 HV1 reported for SLM produced 
CoCrFeMnNi[66], and even higher compared to the DED 
produced CoCrFeMnNi (195 HV5)[67] and the cast and 
homogenized (C&H) CoCrFeMnNi (160 HV1)[68]. In 
addition, the obtained microhardness values are close to 
that reported for the same HEA produced by arc melting 
and drop casting with cold rolling (AMDC&CR) of 21% 
reduction (222 HV0.3)[69].

3.4.3. Impact fracture

The Charpy test results are depicted in Figure 15. Similar 
to the microhardness results, the laser scanning speed 
has little effect on how much energy has been absorbed 
by 450 AB and 750 AB conditions. Both have almost the 
same value of 140 J. However, heat treatment generates 
noticeable influence on the impact fracture results  -  the 
energy absorption for the 450  mm/s samples increased 

Figure 11. Tafel potentiodynamic polarization curves of selective laser melting-produced CoCrFeMnNi at 450 and 750 mm/s scanning speeds at AB 
conditions (A) and HT conditions (B). 

BA

Figure 12. Summary of corrosion potentials for selective laser melting-
produced CoCrFeMnNi at 450 and 750 mm/s scanning speeds before and 
after heat treatment.
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by 15.6%, while that for the 750 mm/s samples increased 
by 11.1%. The absorbed impact energy of both HT 
and untreated samples are noticeably smaller than 
the energy absorbed by VIM-produced CoCrFeMnNi 
(approximately 200 J)[22] which, in turn, is half that of the 
forged AlxCoCrFeNi[70]. On the other hand, Charpy results 
of the current study are significantly higher compared to 
CoCrFeMnNi sample made by DED whose impact energy 
was measured to be only 50 J at 0°C[24]. This toughness 
reduction of SLM-produced samples compared to the cast 
samples can be attributed to the presence of defects, such 
as pores, impurities, and brittle, non-equilibrium phases. 
The latter two were not observed in the present work but 
the existence of defects, such as LOF and micro-cracks, 
described above may explain such toughness reduction.

To better understand the impact behavior, fracture 
surface images of 450 and 750 mm/s samples, both before 
and after heat treatment, were studied. Higher magnification 
SEM images reveal features that are characteristic for both 
ductile and brittle fracture. For instance, Figure 16A shows 
that vast area of fracture surface is dominant by large dark 
islands with average size of 50 – 150 μm surrounded by a 
texture that appears brighter. The observed flat dark islands 

are cleavage facets whose presence indicates brittle type 
fracture[43,71]. Cleavage facets are surrounded by region 
that consists of dimples and microvoid coalescence of a 
submicron size. Abundance of dimple pattern is a typical 
characteristic of ductile fracture, which is related to the 
coalescence of microvoids. The microvoids can form due to 
decohesion between second-phase particle and matrix[43]. 
High magnification image in Figure 16B of dimple pattern 
shows that they were formed by both normal and shear 
ruptures. When the SEM electron probe hits inclined edge 
of a dimple, more of secondary electrons escape from it 
than from the flat surface of cleavage facets. This leads to 
so-called edge effect leading to brighter appearance of the 
region that surrounds cleavage facets[72]. Figure 16C and D 
shows two cleavage facets whose size differs roughly by 
an order of magnitude. The smaller one demonstrates 
clearly defined cleavage steps, river pattern and dimples 
surrounding the cleavage area, which are similar to the 
features observed on the fracture surface of AlCoCrCuFeNi 
HEA[71]. Besides, unmelted powder particles are observed 
on fracture surface of all studied samples. In most cases, 
they are found in a colony of conglomerated particles, 

Figure 13. Tensile properties of selective laser melting produced CoCrFeMnNi at 450 and 750 mm/s scanning speeds before and after heat treatment. 
(A)  Room temperature stress-strain curves; (B) ultimate tensile strength and elongation.

Figure 15. Energy absorption during Charpy test for selective laser 
melting-produced CoCrFeMnNi at 450 and 750 mm/s scanning speeds 
before and after heat treatment, along with the reported absorption 
energies in literature[22,71]. Note that the DED result[71] was obtained at 0°C.

Figure 14. Microhardness results for selective laser melting-produced 
CoCrFeMnNi at 450 and 750 mm/s scanning speeds before and after heat 
treatment, along with the microhardness values reported in literature.[66-69]

BA
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inside either large voids or wide cracks, as shown in 
Figure 16E. These colonies of unmelted powder particles 
are surrounded by a smooth surface without cleavage steps 
or river pattern suggesting that the cause of fracture in the 
vicinity of unmelted powder particles is LOF.

Figure 17 shows low magnification image of surface of 
the 450 and 750 samples before and after heat treatment. 
There is a clear difference between the fracture surface 
morphology before and after heat treatment. The amount 
and size of cleavage facets of the HT sample are smaller 
compared to the AB sample while more ductile dimples 
can be observed on the surface of the HT sample. Both 
materials have lots of slightly curved deep cracks with their 
concave up direction pointing toward the deposit direction. 
Their positions are generally aligned with a straight line 
orthogonal to the deposition direction (marked as dashed 
line), which suggests that they are situated on the same 
deposited layer. In addition, almost all such cracks are free 
of unmelted powder particles. The fact that these cracks 
are found in HT samples as well suggests that the chosen 
heat treatment is not effective for the reduction of these 
defects, and perhaps hot isostatic pressing (HIP) treatment 

Figure 16. Fracture surface analysis of a 450 AB Charpy sample after testing. (A) Overall observation showing large amount of cleavage facets; (B) a region 
with dimples formed by normal and shear fractures; (C) a large cleavage facet; (D) a small cleavage facet; (E) colonies of unmelted particles inside a void.

DC

BA
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Figure 17. Fracture surface of (A) 450 AB, (B) 450 HT, (C) 750 AB, and 
(D) 750 HT Charpy samples showing wide cracks originated on lack of 
fusion defects.
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can help to eliminate or reduce the amount of such defects 
and therefore significantly increase impact toughness of 
SLM-produced CoCrFeMnNi.

4. Conclusions
This research focuses on the effect of heat treatment 
on microstructure and properties of SLM-produced 
CoCrFeMnNi, in which the impact fracture and corrosion 
resistance were, for the first time, studied. First, SLM 
experiments were performed with various laser scanning 
speeds, and the proper ones were determined based on 
the evaluation on the density and porosity of obtained 
CoCrFeMnNi. In the next step, various samples such as 
Charpy impact and tensile test were prepared with the 
selected SLM process parameters, and heat treatment 
was conducted on the obtained materials. Thereafter, 
corrosion resistance properties, tensile properties, impact 
fracture, microhardness, elemental composition, and 
crystallographic texture were investigated for the as-built 
and heat treated samples. The following findings can be 
summarized.

•	 Under the fixed settings of the laser power (P), hatch 
spacing (H), and layer thickness (T) at 100W, 60 μm, 
and 20 μm, respectively, the laser scanning speed 
between 700 and 800 mm/s was found to generate the 
highest density and lowest porosity.

•	 SLM-produced CoCrFeMnNi materials solidified into 
a single-phase FCC structure. While the texture with a 
strong <100> alignment was observed in the materials 
obtained using 450  mm/s and 650  mm/s scanning 
speeds, for both before and after heat treatment, the 
texture of heat-treated materials was found to be 
stronger according to the PFs.

•	 Elemental composition of obtained samples is 
close to the nominal composition of equiatomic 
CoCrFeMnNi. However, small depletion of Mn was 
detected especially in 450 mm/s cases, which can be 
attributed to the high volatility of Mn in the SLM 
process.

•	 Ductility was drastically improved by the heat 
treatment (increased by 59.3% and 23.2% for 
450  mm/s and 750  mm/s cases, respectively), while 
the ultimate tensile strength showed only negligible 
change. It could be attributed to the release of residual 
strain and the increase of average grain size as a result 
of heat treatment.

•	 Between the selected 450  mm/s and 750  mm/s 
scanning speeds, the difference in impact energy 
absorption was small. However, heat treatment 
caused noticeable increase in energy absorption 
(by 15.6% and 11.1% for 450  mm/s and 750  mm/s 
cases, respectively).

•	 Electrochemical corrosion study revealed formation of 
passive film on surface of both AB samples as evident 
from anodic drift of open circuit potential test while 
no such films were formed on heat-treated samples. 
Higher scanning speed resulted in slight decrease in 
corrosion resistance in the as-built materials. Heat 
treatment also lowered the corrosion resistance, 
which is more pronounced for the materials obtained 
at 750 mm/s.
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