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The direct selective laser sintering (SLS) process was successfully demonstrated for additive 
manufacturing of high‑entropy carbide ceramics (HECC), in which a Yb fiber laser was employed 
for ultrafast (in seconds) reactive sintering of HECC specimens from a powder mixture of constitute 
monocarbides. A single‑phase non‑equiatomic HECC was successfully formed in the 4‑HECC specimen 
with a uniform distribution of Zr, Nb, Hf, Ta, and C. In contrast, a three‑layer microstructure was formed 
in the 5‑HECC specimen with five metal elements (Zr, Nb, Hf, Ta and Ti), consisting of a TiC‑rich top layer, a 
Zr–Hf–C enriched intermediate layer, and a non‑equiatomic Zr–Ta–Nb–Hf–C HECC layer. Vickers hardness 
of 4‑ and 5‑HECC specimens were 22.2 and 21.8 GPa, respectively, on the surface. These findings have 
important implications on the fundamental mechanisms governing interactions between laser and 
monocarbide powders to form a solid solution of HECCs during SLS.
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Introduction
In recent years, the entropy engineering concept has been 
extended from metal alloys to ceramic materials to introduce 
promising opportunities for discovering novel structural and 
functional materials. High-entropy ceramics (HECs) contain at 

least four metallic cation elements in an equal or near-equal 
atomic ratio in the cation positions, while a nonmetal element 
of C, B, N, or O occupies the anion positions [1–3]. Specifically, 
high-entropy carbides and borides bring new opportunities 
to expand the compositional space of ultra-high temperature 
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ceramics (UHTCs) with tailored physical and chemical proper-
ties within a single-phase solid solution [4–7].

High-entropy carbide ceramics (HECC) have a rock-salt 
cubic structure (space group Fm-3m), which exhibits the 
same crystal structure of the transition metal monocarbides. 
HECCs such as  (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C were first reported 
by our group [8] and Castle et al. [9] in 2018, which were syn-
thesized using spark plasma sintering (SPS) from monocar-
bide powders in equimolar concentrations. Since then, many 
unique physical properties have been reported in the litera-
ture such as higher hardness and high-temperature strength 
[10], lower thermal conductivity [8, 11], and improved irra-
diation resistance than the constitute monocarbides [12, 13]. 
The promising properties of HECCs have been attributed to 
the atomic-level disorder, compositional complexity, lattice 
distortion, etc., although the fundamental mechanisms gov-
erning the microstructure-property relationship remain to be 
elucidated [14]. These features enable HECCs as promising 
candidate materials for extreme environments, such as leading 
edges of hypersonic vehicles and carbide fuels or fuel clad-
dings in fast reactors.

The most common manufacturing process of HECCs is 
the reactive sintering of a powder mixture of constitute mono-
carbides [8, 15], or metallic elements and carbon [16, 17], or 
metal oxides and carbon powders [18, 19]. Reactive sintering of 
HECCs has been successfully conducted by pressure-assisted 
processes including SPS and hot pressing, which require a high 
temperature from 1800 to 2300 °C and a pressure from tens 
of MPa to several GPa [20, 21]. Due to the high melting tem-
peratures (> 3000°C) and low diffusion coefficients resulted from 
the strong metal–carbon bonding of transition metal carbides, 
high temperature and pressure conditions are usually necessary 
to activate solid-state sintering via grain boundary and surface 
diffusion processes [22–24].

In recent years, additive manufacturing (AM, i.e., 3D 
printing) of ceramic materials has been explored to find out 
novel fabrication methods with a high cost efficiency [25, 
26] and material utilization [27], which possess the ability to 
fabricate ceramic components with complex structures that 
are difficult to be produced by traditional methods[28]. The 
most popular AM techniques of ceramics, such as stereo-
lithography, binder jetting, and inkjet printing, are “indirect” 
AM processes that apply polymer resins, binders, or inks into 
green bodies of ceramic powders to assist the shaping of 3D 
objects with a high precision [26, 29]. The post-heat treat-
ments such as de-binding after AM are necessary to remove 
these polymers, which may induce significant porosity and 
cracks [26, 30, 31]. In many cases, a good microstructure can 
only be obtained after high-temperature sintering or hot iso-
static pressing. [32–35]

Selective laser sintering (SLS) is a powder bed fusion 3D 
printing technology, which uses a continuous-wave (CW) laser 
beam to sinter the powders selectively and additively to build 
3-D objects. The SLS processes can also be classified as “indi-
rect” and “direct” SLS process [36]. The direct SLS process sin-
ters the ceramic powders directly without polymer binders or 
resins, which has the advantages of a short process time (a few 
seconds), precise control by lasers, no contamination, and no 
post-heat treatment. There has been very few previous research 
related to the direct SLS of transition metal carbides. Baccio-
chini et al. developed a surface densification process using a 
ytterbium-doped fiber laser with a wavelength of 1072 nm and 
an output power of 100 W, which formed a dense ZrC thin film 
on the surface of porous ZrC ceramics [19]. In 2021, our team 
successfully developed a direct SLS process that used a  CO2 laser 
beam to directly sinter  BaTiO3 powders (binder-free) to enable 
rapid densification of a layer of over 500 µm with nearly 100% 
relative density [37].

This manuscript reported the feasibility of using direct SLS 
technique for AM of HECCs for the first time. HECCs were 
used as a model material to study the microstructural evolution 
of ceramic materials with complex compositions during SLS. In 
this study, the direct SLS process is a reactive sintering process 
to form HECC specimens from a powder mixture of consti-
tute monocarbides. The phase formation and microstructural 
changes were revealed by electron microscopy characterizations 
to understand the fundamental mechanisms of laser-material 
interactions during the direct SLS. Hardness tests were con-
ducted to evaluate the mechanical performance of the direct 
SLSed HECC specimens.

Results and discussions
Two equimolar compositions of monocarbide powder mixtures 
were processed by high-energy ball milling process to prepare 
precursor powders of 4- and 5-HECC, respectively. The phase 
analysis of these precursor powders showed that the solid solu-
tion of high-entropy phase was not formed yet. XRD of pre-
cursor powders of the 4- and 5-HECC and five monocarbide 
powders are shown in Fig. 1(a). Because the lattice parameter 
difference between ZrC and HfC is only 0.60% (Table 1), their 
XRD peak positions are close to each other and may have 
merged in the precursor powders of 4- and 5-HECC. Similarly, 
due to the lattice parameter difference of only 0.53% between 
NbC and TaC, their XRD peak positions may have also merged. 
Secondary electron images of the precursor powders of the 4- 
and 5-HECCs are shown in Fig. 1(b) and (c), respectively. EDS 
mapping suggested that each constitute monocarbide remained 
in an isolated distribution. The average particle size of the pre-
cursor powders of 4-HECC reduced to 3.1 µm with an irregular 
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shape after ball milling, although some TaC and HfC powders 
may keep a coarser powder size of about 5.0 µm [Fig. 1(b)]. Like-
wise, the average powder size of the precursor powders of the 
5-HECC decreased to 2.9 µm after ball milling.

During the direct SLS process (Fig.  8), a high-power 
(300–600 W) Yb fiber laser beam irradiated the loose precur-
sor powders, during which the optical energy from the laser 
beam was transferred to the powders through the near-field 
photothermal effects to induce a rapid local temperature rise. 
Due to 50% overlapping ratio, most areas were scanned twice 
by the laser beam. Due to the moderate laser scanning speed 
(2.2 ×  10–4 m/s), the interaction time between the laser beam 
and powders was about 0.95 s at a laser spot. Although the laser 
beam diameter was set as 1 mm, the actual interaction area 
appeared to be higher as the laser beam can deposit energy into 
the neighbor area. The heat conduction can be extended to a sig-
nificant depth from the surface due to the thermal conductivity 
of these monocarbides (6–34 W/m·K) [8] and cause sintering of 
the precursor powders. The laser power was found to be a key 
parameter for SLS of the HECCs. Almost complete densifica-
tion was achieved by 600 W, while the specimen scanned by 

laser powers of 300 and 450 W often broke into pieces. Thus, 
the SLSed 4- and 5-HECC specimens by 600 W were further 
analyzed by electron microscopy and mechanical tests.

Figure 2(a) to (c) show the surface morphology of the SLSed 
4-HECC specimen. The ridge in the middle of Fig. 2(a) and (b) 
was the boundary between two adjacent laser scans. The whole 
surface was covered by isolated crystals with particle sizes of 
1–5 µm, which were characterized as oxide particles of all four 
metal elements by EDS analysis [Fig. 2(d)]. These oxides may be 
formed from both the surface oxidation of monocarbide powder 
compact during the SLS process and the thin oxide layers in the 
commercial monocarbide powders. Based on the SEM images, 
the SLSed 4-HECC surface was fully densified with a relative 
density of > 99% without noticeable voids or cracks. The aver-
age grain size was 13.56 µm, four times higher than the average 
particle size of the precursor powders (3.1 µm), indicating grain 
growth occurred during SLS. All four metal elements exhibited 
a uniform distribution on the surface without element segrega-
tion at grain boundaries according to the EDS mapping analysis.

Cross-section TEM lamellae were extracted from the SLSed 
4-HECC specimen, which showed the near-surface microstruc-
tures from the surface to a depth of around 4 µm. HAADF image 
and EDS mapping analysis of the 4-HECC specimen revealed a 
uniform distribution of all four metal elements (Zr, Nb, Hf and 
Ta) and carbon [Fig. 3(a)]. The concentrations of four metal 
elements are: 16.3–18.5 at.%Zr, 28.3–29.4 at.%Ta, 12.5–16.6 
at.%Nb, and 36.6–39.7 at.%Hf. The atomic percentage of car-
bon (C) is not counted into the quantitative results because the 
EDS analysis is not accurate for low-Z elements. Oxygen (O) 
was not detected by EDS, indicating that that oxidation only 
occurred on the top surface of specimens with Ar gas shielding. 
It is noted that the Nb concentration in the 4-HECC specimen 
is lower than other elements. The melting temperature of the 

Figure 1:  (a) XRD patterns of the ball-milled 4- and 5-HECC precursor powders, compared with the monocarbides ZrC, HfC, TaC, NbC, and TiC. Typical 
SEM images of (b) 4-HECC precursor powders, combined with EDS mapping of C, Zr, Nb, Hf, and Ta; and (c) 5-HECC precursor powders, combined with 
EDS mapping of C, Zr, Nb, Ti, Hf, and Ta.

TABLE 1:  Crystallographic and physical data of the monocarbides and 
4-HECC.

Component Space group

Lattice 
parameter 

a (Å)

Melting 
temperature 

(°C) [9] ICDD No.

ZrC Fm-3m 4.669 3427 73-0477

HfC Fm-3m 4.641 3959 73-0475

NbC Fm-3m 4.470 3600 38-1364

TaC Fm-3m 4.446 3768 77-0205

TiC Fm-3m 4.328 3027 71-0298

4-HECC Fm-3m 4.564 – –



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
38

  
 I

ss
ue

 1
 

 J
an

ua
ry

 2
02

3 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Feature Paper

© The Author(s) 2022 190

oxides are:  Nb2O5 (1479 ~ 1595 °C) <  Ta2O5 (1872 °C) <  ZrO2 
(2794 °C) <  HfO2 (2850 °C [38–41]. Among these oxides, nio-
bium oxides seem to be most volatile. For example, Kofstad 
et al. determined that the evaporation rate of  Nb2O5 in vacuum 
(~ 2 ×  10–5 Torr) is above 0.04 mg·cm−2·min−1 at 1650 °C [42]. 
Semenov and Lopatin reported that the pressure of  NbO2 gas at 
2200 K in the thermodynamic equilibrium of vapor-condensed 
 Nb2O5 phase is 1.86 Pa, which is 8 times higher than the pressure 
of  TiO2 gas (0.22 Pa) in  TiO2 [43]. Thus, Nb loss in the 4-HECC 
specimen may be explained by the oxidation of NbC to  Nb2O5, 
which melt at relatively low temperatures (1479 ~ 1595 °C) and 
then rapidly evaporate.

Further characterizations by diffraction-contract bright-
field [Fig. 3(b)] and high-resolution TEM (HRTEM)[Fig. 3(c)] 
images suggested that no noticeable defects, such as voids or 
dislocations, were presented in the HECC-4 specimen. The grain 
boundary in Fig. 3(b) is a random high-angle incoherent bound-
ary. SAED analysis confirmed that SLSed 4-HECC has the rock-
salt crystal structure (space group: Fm-3 m), which is the same 
for all constitute monocarbides. Figure 3(d) shows the high-
resolution TEM (HRTEM) image of the left grain in Fig. 3(b), 
in which the (2 0 0) plane spacing was resolved as 2.282 Å. The 
lattice parameter of HECC-4 was calculated as 4.564 Å, close to 
the average lattice parameter (4.556 Å) of the four monocarbides 
 (aTaC <  aNbC <  a4-HECC <  aHfC <  aZrC) (Table 1). The combination of 

SAED, EDS, and HRTEM characterizations suggest that a single-
phase solid solution of non-equiatomic HECC was successfully 
formed in 4-HECC specimen by the novel SLS process.

Compared to 4-HECC specimens containing four metal ele-
ments of Zr, Ta, Nb and Hf, the fifth metal element Ti was added 
into the composition of 5-HECC specimens. Figure 4(a) shows 
the surface morphology of the 5-HECC specimen densified by 
a laser power of 600 W, in which the density was measured by 
ImageJ as > 99%. The average grain size was 36.1 µm, 10 times 
higher than the ball-milled precursor powder (2.9 µm). The sur-
face of HECC-5 is more flat than the that of the 4-HECC with 
the absence of oxide crystals. However, the laser-scan-induced 
ripples and bulgy grain boundaries can be observed [Fig. 4(b) 
and (c)]. EDS mapping analysis indicated that Zr, Ta, Nb and 
Hf were distributed uniformly, while a slight enrichment of Ti 
may occur in the bulgy grain boundaries. The concentrations 
of five metal elements are: 9 ~ 14 at.%Zr, 4 ~ 7 at.%Ta, 7 ~ 10 
at.%Nb, 12 ~ 14 at.%Hf, and 14 ~ 23 at.%Ti. This EDS analysis 
result includes all metal elements and carbon.  

Figures 5(a) and (b) show the cross-sectional STEM HAADF 
images of the near-surface region of the SLSed 5-HECC speci-
men. EDS mapping [Fig. 5(a)] and line-scanning [Fig. 5(c)] 
analysis suggested that a three-layer microstructure may be 
formed. The top layer (200–300 nm thick) was enriched with Ti 
(39.4 ~ 88.2 at.%) and low concentrations of Zr (3.2 ~ 24.1 at.%), 

Figure 2:  Typical surface morphologies (a–d) of the SLSed 4-HECC specimen along with EDS maps of C, O, Zr, Nb, Hf, and Ta. The laser power was 600 W.
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Ta (3.3 ~ 8.5 at.%), Nb (0.1 ~ 5.1 at.%), and Hf (5.2 ~ 22.9 at.%). 
Underneath that, an intermediate layer (around 1 µm thick) was 
enriched with Zr (24.1 ~ 24.6 at.%) and Hf (22.9 ~ 44.1 at.%), 
but lower concentrations of Ti (0.9 ~ 39.4 at.%), Ta (8.5 ~ 16.5 
at.%), and Nb (5.1 ~ 13.9 at.%). The majority of the HECC-5 
specimen (~ 7 µm thick) is a non-equiatomic Zr-Ta-Nb-Hf-C 
HECC layer consisting of Zr (10.0 ~ 24.6 at.%), Ta (16.5 ~ 39.1 
at.%), Nb (9.7 ~ 13.9 at.%), and Hf (40.8 ~ 44.1 at.%), which was 
depleted with Ti (< 1 at.%). These EDS analysis results include 
all metal elements and carbon. 

Typical nano-beam electron diffraction patterns (i, ii, and 
iii in Fig. 5b) were taken from each layer to determine the lat-
tice parameters. The three layers shared the same rock-salt 
crystal structure and orientation. Since the top layer was very 
thin (200–300 nm), the nano-beam diffraction i consisted of 
the overlapping patterns of the top layer (indicated by yellow 
dotted lines) and intermediate layer (indicated by red dotted 
lines, which was the same with the nano-beam diffraction 
from ii). The lattice parameter of the top layer was calculated 
as 4.478 ± 0.026 Å, which was 103.5% to that of TiC. The slight 
difference in lattice parameters may result from the solid-
solution effect that other metal elements of Zr, Ta, Nb, and Hf 

were dissolved into the TiC lattice. The lattice parameter of the 
intermediate layer was calculated as 4.605 ± 0.027 Å, which was 
98.6 and 99.2% to that of ZrC and HfC, respectively. The lattice 
parameter of the HECC layer was calculated as 4.540 ± 0.026 Å, 
which was 99.5% to that of 4-HECC sample. It is noted that the 
lattice parameters of the top and intermediate layers showed a 
noticeable difference, while the lattice parameters of the inter-
mediate and HECC layers was closer.

Diffraction-contrast bright-field TEM images (Fig. 6) were 
used to reveal the defects such as dislocations. The 4-HECC 
specimen was almost free of dislocations. Interestingly, a high 
density of dislocations formed at the interface between the inter-
mediate and HECC layers in the 5-HECC specimen [Fig. 6(b)]. 
The Burgers vector (b) of most dislocations was identified as 
1/2[1 0 1], and their slip plane was parallel to the boundary. 
The origin of the dislocations may need further investigations. 
It is likely that these dislocations were generated by the thermal 
stress during the rapid cooling after SLS. Yan et al. measured 
the thermal expansion coefficient of  (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C using a dilatometer, which was comparable to that of the 
five-constitute monocarbides (HfC, ZrC, TaC, NbC and TiC, in 
the range of 6.3 ~ 7.0 ×  10–6  K−1) [8]. Thus, thermal stress at the 

Figure 3:  (a) Cross-section STEM high-angle annular dark field (HAADF) image of SLSed 4-HECC specimen along with EDS maps showing homogeneous 
elemental distributions of all metal elements and carbon. (b) Bright-filed image of the near-surface region. The SAED pattern and (c) HRTEM images 
show the left grain in b). The fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT) show the details in the yellow frame in (c).
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interface may be negligible due to the small mismatch between 
thermal expansion coefficients of the intermediate (mainly Zr-
Hf-C) and HECC (Zr-Ta-Nb-Hf-C) layers.

It is interesting to note that a single-phase solid solution of 
HECC can be formed in the 4-HECC specimens containing four 
metal elements of Zr, Ta, Nb and Hf, in contrast to the three-layer 
microstructure of the 5-HECC specimen when the fifth element 
of Ti is added. It is generally accepted that the metal self-diffusion 
is independent of carbon self-diffusion in the transition metal car-
bides, while the carbon self-diffusion coefficients measured are 
several orders of magnitude higher than the metal self-diffusion 
coefficients [44, 45]. The metal self-diffusion occurs via the forma-
tion of a nearest neighbor metal vacancy, which was dependent 
on both vacancy formation and migration energies. Among the 
five monocarbides (Table 1), TiC has the lowest melting tempera-
ture (3027°C) and smallest lattice parameter (4.328 Å). Based on 
the inter-diffusion analysis, Castle et al. suggested that the relative 
diffusion rates of metal elements in transitional metal carbides 
are Ta < Zr ~ Hf < Nb < Ti [9]. During the SLS process, a CW laser 
beam with a high-power of 600 W irradiated the loose precur-
sor powders, which may cause at least the partial melting of TiC 
powder surfaces due to its lowest melting temperature, which may 
be segregated into the melt pool. The highest diffusion rate of Ti 

may accelerate the segregation of TiC. During the rapid cooling 
after SLS, the TiC-rich top layer may be solidified from the melt 
pool, although this hypothesis needs to be verified via the accurate 
measurement of the local temperatures. The other four elements 
(Zr, Ta, Nb and Hf), due to higher melting temperatures and lower 
diffusion rates of the metal elements, were more likely to form a 
HECC phase in the solid state. Control experiments will be used in 
our future research to further investigate the segregation behavior 
during SLS of monocarbide powder mixtures at varied laser power, 
scan speed, and time. In addition, to elucidate the fundamental 
mechanisms of the layer formation, the in situ synchrotron X-ray 
diffraction experiments may be used to reveal the phase formation 
and transformation in the laser heated region (including the molten 
pool) during SLS of monocarbide powder mixtures [46, 47].

Vickers hardness tests (Fig. 7) show that 4- and 5-HECC sam-
ples have a hardness of 22.2 and 21.8 GPa, respectively, under an 
applied load of 3 N on the surface. The hardness of the 4-HECC 
sample decreased slightly along the depth direction, from 22.2 
GPa on the surface to 18.8 GPa at a depth of 300 µm, and then 
stabilized at 15.0 GPa in deeper areas. For the 5-HECC sample, the 
Vickers hardness decreases significantly to 16.0 GPa at a depth of 
200 µm. Nanoindentations of the 4- and 5-HECC samples will be 
performed to further characterize the local mechanical properties.

Figure 4:  (a–c) Typical surface morphology of SLSed 5-HECC specimen, combined with EDS mapping of all elements. The laser power was 600 W.
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Figure 5:  (a) Cross-section STEM HAADF images of 5-HECC specimen along with EDS maps of all elements. (b) The HAADF image with nano-beam 
diffraction patterns from areas i, ii, and iii. (c) EDS line-scan along the green arrow in (b), revealing the concentration change of metal elements on and 
below the surface.

Figure 6:  (a, b) Typical bright-field TEM images of the near-surface region of the 5-HECC specimen. The inserted SAED in a) presents the crystallographic 
feature of the HECC layer. Dislocation structures in b) were imaged using a two-beam diffraction-contract condition with diffraction vector g = 2 2 0.
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Conclusions
This manuscript reports the feasibility of applying the direct 
SLS technique for AM of HECCs for the first time. Ultrafast 
reactive sintering of HECC specimens was conducted using a 
powder mixture of constitute monocarbides. A relative den-
sity of > 99% was achieved in seconds using a Yb fiber laser of 
600 W. Two compositions, 4-HECC (Zr–Nb–Hf–Ta–C) and 
5-HECC (Zr–Nb–Hf–Ta–Ti–C) showed different microstruc-
tures. A single-phase non-equiatomic HECC was formed in 
the 4-HECC specimen with a uniform distribution of four 
metal elements and carbon. However, a three-layer micro-
structure was formed in the 5-HECC specimen, consisting 
of a TiC-rich top layer, a Zr–Hf–C enriched intermediate 
layer, and a non-equiatomic Zr–Ta–Nb–Hf–C HECC layer. 
The formation mechanisms may be related to the interactions 
between laser and monocarbide powders to form a solid solu-
tion of HECCs during SLS. While the 4-HECC was almost 
free of dislocations, a high density of dislocations formed at 
the interface between the intermediate and HECC layers in 
the 5-HECC specimen. Vickers hardness of 4- and 5-HECC 
specimens were 22.2 and 21.8 GPa, respectively, under the 
applied load of 3 N on the surface.

Materials and methods
Commercially available zirconium carbide (ZrC) powder 
(99.9%, 0.4–1.2 µm), hafnium carbide (HfC) (99.5%, < 45 µm), 
tantalum carbide (TaC) (99.5%, < 45  µm), niobium carbide 
(NbC) (99.0%, < 45 µm), and titanium carbide (TiC) powders 
(99.5%, < 45 µm) from Alfa Aesar were used in the experiments. 
Two compositions of monocarbide powder mixture were used 

as the starting materials. The first composition has four mono-
carbides, i.e., HfC, NbC, TaC, and ZrC, which was used to fab-
ricate 4-HECC specimens. The second one includes five mono-
carbides, i.e., HfC, NbC, TaC, TiC, and ZrC, which was used 
to prepare 5-HECC specimens. The crystallographic data and 
melting temperature of these monocarbides are listed in Table 1.

The starting monocarbide powders for 4- and 5-HECC were 
mixed at an equimolar ratio and then ball-milled with stainless-
steel balls with a ball-to-powder ratio of 5:1. The ball-milling 
process was conducted using a planetary ball mill machine 
(Model Pulverisette 7, Fritsch Gmbh) for 8 h at a speed of 
350 rpm in an Argon gas environment to prevent oxidation, 
which was paused for 5 min after every 15 min of milling to 
avoid overheating. 10 g of powder mixtures were poured into a 
stainless-steel die with dimensions of 20 mm × 20 mm and then 
cold pressed at 125 MPa with a holding time of 15 s. The relative 
density of cold-pressed powder compact was about 33–36%. The 
powder compact with the stainless-steel die was transferred to a 
3D hybrid vertical milling center system (Optomec LENS) that 
has a continuous-wave (CW) Yb-fiber laser source with a wave-
length of 1064 nm and a maximum power of 1000 W [Fig. 8(a)]. 
Selective laser sintering (SLS) experiments [Fig. 8(b)] were 
conducted using a laser spot size of 1 mm, a scanning speed of 
2.2 ×  10–4 m/s, and laser powers of 300, 450, and 600 W, respec-
tively, with argon (Ar) gas shielding. The scanning gap of the 
laser beam was 0.5 mm corresponding to an overlapping ratio 
of 50% [Fig. 8(c)].

Phases in the ball-milled powders and SLSed 4- and 5-HECC 
specimens were characterized by X-ray diffraction (XRD) using 
a X-ray diffractometer (SmartLab, Rigaku) with a Cu X-ray tube 
and operation conditions of 40 kV and 44 mA. XRD patterns were 
collected over the 2θ range of 28°–82° with a step size 0.02° and 
a dwell time of 0.06 s at each step. The morphology and micro-
structures were characterized by scanning electron microscopy 
(SEM) operated at the secondary electron imaging mode in an 
FIB/SEM dual-beam Nanolab instrument (Helios 660 NanoLab, 
FEI). Microstructures of the SLSed 4- and 5-HECC specimens 
were also characterized by cross-sectional transmission electron 
microscopy in a scanning transmission electron microscope (S/
TEM, Tecnai Osiris, FEI) operated at 200 kV. TEM samples were 
extracted from the sample surfaces by a focused ion beam (FIB) 
using a FEI Helios 660 FIB and then thinned to electron transpar-
ency. The crystal structures were characterized by selective area 
electron diffraction (SAED) and nano-beam electron diffraction 
using a 1.0 nm diameter electron-beam probe. Dislocation struc-
tures were examined using two-beam diffraction-contract bright-
field imaging conditions. The Burgers vectors of dislocations were 
determined using the conventional g·b invisibility condition. The 
elemental distributions of metals and carbon were analyzed by the 
energy-diffusive X-ray spectroscopy (EDS) using an EDS detector 
(Octane Super, EDAX) in the SEM instrument and a SiLi EDS 

Figure 7:  Vickers hardness along the cross sections of 4- and 5-HECC 
samples as functions of the distance from the sample surface. The 
applied load was 3 N.
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detector (EDAMIV/DPP II, EDAX) in the S/TEM system. The 
intercept method was used to measure the grain and particle sizes 
from SEM images using ImageJ software. Vickers indentations 
were applied on the polished cross sections with an indentation 
load of 3 N and a dwell time of 10 s.
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