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Surface Modification of Additively Manufactured Inconel
718 Alloy by Low-Energy High-Current Electron Beam

Irradiation

Muhammet Demirtas,* Konstantin V. Ivanov, Gencaga Purcek, Harun Yanar,

and Yusuf Kaynak

The effect of low-energy high-current electron beam (LEHCEB) irradiation on the
microstructure and nanohardness of Inconel 718 alloy produced by laser powder
bed fusion additive manufacturing is investigated. The LEHCEB irradiation is
applied to the alloy at three energy levels, and the resulting microstructural

mechanical properties, corrosion, and oxi-
dation resistance at high temperatures up
to 650°C."*" Among them, Inconel 718
alloy is one of the most commonly used
nickel-based superalloys for the parts of air-

analysis of irradiated surfaces is conducted. The findings from this study
demonstrate that the LEHCEB irradiation substantially changes the as-built
microstructure showing intragranular dendrites of different shapes and irregular-
shaped Laves phases. The columnar structure is formed in the modified near-
surface layer as a result of rapid heating and cooling during LEHCEB irradiation.
Furthermore, all Laves phases dissolve in the modified layer. Nanoindentation
hardness of the irradiated layer of the alloy increases from 593 + 23 to

693 + 13 H, with the highest energy density of 15 ) cm 2 This increment is
attributed mainly to the dissolution of Laves phases and the formation of an
ultrafine columnar structure where the columns are separated from each other by
the district regions containing very thin interlayers of a secondary phase and a

high amount of dislocations.

1. Introduction

Nickel-based superalloys have been widely used for extreme envi-
ronment applications due to their excellent combination of
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craft turbine engines, high-speed airframe
parts, high-temperature bolts and fasteners
applied in nuclear power plants, gas tur-
bines, marine, and aerospace industry.**
Most of the Inconel 718 alloy parts are
fabricated using conventional manufactur-
ing technologies like casting and
forging. However, it is difficult to produce
complex-shaped parts from Inconel 718
alloy using these manufacturing methods
since it has low plasticity due to its inher-
ently high strain hardening rate.>®
Furthermore, large amounts of material
are wasted in conventional manufacturing
technologies.”!

In contrast to conventional manufactur-
ing technologies, additive manufacturing
(AM) is a layer-by-layer manufacturing process and it refers to
a group of advanced technologies used for fabricating complex
functional or end-usable parts through computer-aided design
modeling. AM processes offer a wide range of advantages over
conventional manufacturing techniques. First of all, it has fewer
geometrical constraints and enables the production of complex-
shaped parts that cannot be manufactured using conventional
manufacturing processes. Such design flexibility provides a sig-
nificant reduction in the number of parts by eliminating or
reducing the need to assemble multiple components, and thus,
drastic weight reduction can be achieved by AM. Near-net
shaping is another important feature of AM technology, which
significantly minimizes material use and waste generation dur-
ing fabrication. Moreover, AM technology increases the speed of
part delivery from conception to market.®®! Because of these
advantages, AM processes are widely used in various fields.
Particularly, the automotive and aerospace industries are the sec-
tors where AM processes have found large applications. This is
simply due to light weighting of the component is very crucial in
these sectors, and AM processes have enormous lightweighting
potential. Although the AM process has many advantages over
conventional manufacturing processes, the use of parts manufac-
tured via this method has so far been limited since the as-built
parts could have poor surface quality.'*'?! Furthermore,
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corrosion, wear, and fatigue damages are the most commonly
seen failure modes in metallic materials used in engineering
components. Accordingly, surface properties have a direct effect
on the performance and service life of all components produced
by AM, and improved surface conditions can prolong their ser-
vice life.

In recent years, many studies have been performed to improve
the surface quality and mechanical properties of the parts pro-
duced by AM to spread the applications of the AM processes.
In particular, heat treatment has been preferred to improve
the surface and mechanical properties of both wrought and
additively manufactured Inconel 718 alloy.'™**"371*! The main
objectives of the postheat treatments can be classified as
modifying phase composition and generation of hardening
precipitates,'”"*!) controlling dislocation cells generated during
the build process,’””** and controlling grain size.*'* The most
widely used heat treatments include solutionizing followed by a
precipitation hardening step since the primary strengthening
mechanism of Inconel 718 is precipitation hardening. In the first
step, some undesirable phases, including Laves phase known to
decrease mechanical properties, are dissolved in the matrix, and
in the second step, the formation of hardening precipitates
(vy" and y") takes place to harden the material. Hot isostatic
pressing®” ! is another posttreatment method utilized to
improve the properties of Inconel 718 alloy produced by AM,
and it was shown that it is beneficial to reduce the porosity level
of these parts.”®??! Barrel finishing, shot peening, ultrasonic
shot peening, and ultrasonic impact treatment were also applied
to Inconel 718 alloy produced by AM to improve the surface
properties.>? It was reported that microhardness was increased
while residual porosity was decreased after all of these posttreat-
ment processes.’” The effects of sandblasting on the fatigue
properties of Inconel 718 alloy produced by AM were investi-
gated by Yu et al.*" It was shown that fatigue resistance of
the alloy was significantly improved as a result of the elimination
of defects and imposing high compressive residual stress.*"!

Besides these postprocessing techniques, there are limited
studies on the surface modification of Inconel 718 alloy produced
by laser powder bed fusion (L-PBF) AM using laser shot peening
where the concentrated energy source is used.*” However, the
treatments with pulsed electron beams with a pulse duration
varying from several microseconds to several hundreds of
microseconds?®*~** as another surface modification process with
concentrated energy fluxes have not been considered for Inconel
718 alloy produced by L-PBF AM. Pulsed electron beams reveal
some advantages with respect to pulsed laser beams including
high absorption of incident energy which depends no on the opti-
cal properties of the material, and sufficient beam cross-section
area up to 100 cm?.

For example, low-energy high-current electron beam
(LEHCEB)**?* is characterized by high surface energy density
(1-20 ] cm™?), short pulse duration (2—4 ps), and moderate accel-
erating voltage (15-30kV). Such parameters of the beam enable
energy release in a thin near-surface layer resulting in its fast
(up to 10°Ks™') heating, melting, and partial evaporation if
the surface energy density is sufficient. When the pulse ends,
the layer quickly (~10° K s™") cools due to heat transfer to deeper
layers.®”) The ultrafast heating and subsequent rapid cooling
cause some radical structural changes and phase

Adv. Eng. Mater. 2024, 2400633

2400633 (2 of 11)

www.aem-journal.com

transformations. These structural alterations mostly bring about
an increase in the hardness and wear resistance of the modified
surface layer®®*") in commercially pure metals,*®3 steels,[*>*1]
aluminum and its alloys,!** titanium and its alloys,[****! and cop-
per and its alloys.[*>~*]

As was noted above, the rough surface and presence of pores
reduce the fatigue strength of materials obtained by AM. One of
the effects of LEHCEB treatment is porosity elimination in the
modified near-surface layer and smoothing of the surface.*®*”!
Therefore, LEHCEB treatment can be effective to increase fatigue
resistance of additive manufactured materials.

The mentioned studies show that the LEHCEB irradiation can
be a promising candidate to modify the surface layer and
improve the surface properties of Inconel 718 alloy produced
by L-PBF AM.

In the view above, the main purpose of the present study is to
investigate the effect of the LEHCEB irradiation on the micro-
structure and nanohardness of Inconel 718 alloy produced by
L-PBF AM. For this purpose, Inconel 718 alloy produced by
L-PBF AM was processed via LEHCEB irradiation in a wide range
of surface energy densities (E;). Deep microstructural characteri-
zation was performed to investigate the effect of LEHCEB irra-
diation process on the microstructural alteration of the modified
near-surface layer. Furthermore, nanoindentation tests were
used to determine the change in surface hardness of the alloy
after the irradiation process.

2. Experimental Section

2.1. Materials and Processes

Commercially available Renishaw standard gas atomized Inconel
718 powder with a particle size of 15-45 pm was used for AM in
the present study. The nominal chemical composition of the
powder according to the data sheet of the powder is given in
Table 1. The samples with dimensions of 10 x 25 x 92 mm?
were produced by L-PBF AM by using Renishaw AM250
machine in Ar atmosphere. Laser power, scanning speed, layer
thickness, and hatch spacing were chosen to be 190W,
700 mms~', 20 ym, and 70 pm, respectively, in the L-PBF
process.

The samples having dimensions of 25 x 20 x 10 mm?® were
cut from Inconel 718 billets produced by L-PBF AM, as shown
schematically in Figure 1, using wire-electro discharge

Table 1. Chemical composition of Inconel 718 powder.

Element Composition [wt%)] Element Composition [wt%)]
Ni 50.0-55.0 Cu <0.30

Cr 17.0-20.0 C <0.08

Nb + Ta 4.75-5.50 Si <0.35

Mo 2.80-3.30 Mn <0.35

Ti 0.65-1.15 P <0.01

Al 0.20-0.80 S <0.01

Co 0-1.00 B <0.006

Fe Bal. - -
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Figure 1. a) Schematic representation and b) real image of the additively manufactured Inconel 718 alloy sample.

machining. The surface of the samples in the building direction-
scanning direction (BD-SD) plane before the LEHCEB irradia-
tion was polished to attain a mirror-like surface with an average
arithmetical surface roughness of 0.19 £ 0.03 pm. To do so, the
surfaces were ground first using 150, 1200, and 2500 grit SiC
papers, and then polished with 1pm diamond suspension.
During the grounding and polishing processes, the load was kept
lower than 5N to avoid imparting residual stress to the surfaces
of the sample.

The LEHCEB irradiation was applied to the Inconel 718 alloy
using a RITM-IZ installation equipped with plasma-anode elec-
tron gun,® as illustrated in Figure 2. Processing parameters
were as follows: the argon pressure was 6.4 x 10™2 Pa, the pulse
number was 10, the accelerating voltage was 27 kV, and E; were
5, 10, and 15Jcm™2% A heavy ferromagnetic steel cylinder
(magnetic field concentrator) placed behind the target was used
to focus an electron beam in the latter case.*” The typical pulse
duration measured using an oscillograph was 3.2 ps.

2.2. Microstructural Investigation and Nanohardness Tests

After LEHCEB irradiation process, the surface (BD-SD plane)
and cross-section (scanning direction-normal direction (SD-ND)
plane) (Figure 1a) were studied using scanning electron micros-
copy (SEM) in a Carl Zeiss EVO 50 and Apreo 2 (FEGSEM)

Solenoid

Collector
Anode "

Cathode

.

= /T

Plasma Sample

— |

Figure 2. Schematic presentation of the LEHCEB irradiation system.
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microscopes. The microstructure of the near-surface and deep
layers representing the modified and as-built materials, respec-
tively, was investigated in the cross-section using transmission
electron microscopy (TEM) in a JEM 2100 (Jeol) microscope at
200 kV. The phase composition was obtained using selected area
electron diffraction (SAED) patterns analysis and energy-
dispersive X-ray (EDX) analysis. TEM foils were prepared in
SD-ND plane by ion milling in an EM-09100IS installation
(Jeol) at 7kV and a 4° angle tilt. After TEM studies, the TEM foil
of the alloy irradiated with E;=15]cm™* was investigated by
electron backscatter diffraction (EBSD) analysis in an Apreo 2
FEGSEM microscope. The scan size was 100 x 80 pm, and the
step size was 0.5 pm. Furthermore, the surface morphology
and roughness of the samples were examined with a noncontact
type optical profilometer (Nanofocus-pscan 3-D measurement
system).

Nanoindentation tests were performed from the cross-
sections of the samples to determine the change in surface
hardness of the alloy after the irradiation process. After the
microstructural investigations, one energy density was chosen
for the nanohardness measurements to see the effect of
LEHCEB on the nanohardness behavior of the alloy. Since
15 J cm ™2 brought about the deepest modified layer, the samples
processed using this energy density were used for nanoindenta-
tion tests. Load and dwell time were chosen to be 5mN and S's,
respectively. Nanoindentation hardness (H,) values were esti-
mated from the load-displacement (P-h) curves using the
Oliver—Pharr method""

P
H, =—% 1)

where Py, is the maximum indentation load, and A, is the pro-
jected area of indentation. Five different measurements were
performed from 2.5 to 3 pm depth of cross-sections of the pol-
ished and irradiated samples, and arithmetic means of the hard-
ness values achieved from these measurements were given as the
average nanohardness of the samples. The space between each
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measurement was kept at least 10 pm to avoid being affecting the
result of one measurement from the previous ones.

3. Results and Discussion

3.1. Microstructure Analysis

3.1.1. As-Built Sample

Figure 3 shows SEM images of the as-built material correspond-
ing to the polished sample in the present study. In general, the
microstructure of as-built sample reveals the melt pool bound-
aries and coarse grains (Figure 3a). Intragranular dendrites also
exist in the microstructure (Figure 3b,c). The shape of dendrites
varies from extremely elongated (columnar dendrites, outlined
with red line in Figure 3b to relatively equiaxed (equiaxed den-
drites, outlined with blue line in Figure 3a). The size of equiaxed
dendrites ranges from several tenths to several microns. This is a
typical microstructure of the Inconel 718 alloy produced by
L-PBF AM, as such observations were also reported by some

www.aem-jou rnal.com

other researchers,*) and related to the strongly directed heat
flux during L-PBF.”**? In the interdendritic regions, there
are irregular-shaped Laves phase (as explained below) with the
white contrast in Figure 3a—c formed throughout the material.

Figure 4 shows TEM results obtained from the as-built
Inconel-718 alloy. Intragranular columnar dendrites can clearly
be seen in Figure 4a. The high-magnification TEM image in
Figure 4b shows that the dislocation density is extremely high
in the interdendritic regions. As a result, the interdendritic
regions look like dark broad lines. Residual stresses due to
the high-temperature gradients during the rapid solidification
of the as-built material cause microstrains leading to the genera-
tion of dislocations. The most of dislocations are in the interden-
dritic regions, however, dislocation density is also high inside
dendrites.*?! TEM images obtained exactly from the same area,
but tilted at different angles (Figure 4c,d) indicate that interden-
dritic regions contain irregular-shaped phases (Figure 4d)
besides the high dislocation density (Figure 4c). Precipitate
formation in the interdendritic regions can be seen more
clearly in the dark field TEM image, as shown in Figure 4e.

Figure 3. SEM images showing the microstructure of as-built Inconel-718 alloy produced by L-PBF AM. a) Melt pool boundaries, coarse grains, and
equiaxed dendrites outlined with blue line, b) elongated dendrites stated with red line, and c) irregular-shaped Laves phase.

Figure 4. a—f) TEM images showing the microstructure of as-built Inconel 718 alloy. g) SAED pattern taken from the irregularly shaped phase stated with
a black circle in (f). a) Intragranular columnar dendrites where the dislocation density is extremely high as seen in (b). ) High dislocation density and
d) irregular-shaped phases in the interdendritic regions. ) Precipitate formation in the interdendritic regions. g) SAED pattern showing the Laves phase

formation.
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Figure 5. EDX line scanning results: a) the area from where the EDX analyses were performed and b) the distribution of elements along the line. Higher
Nb concentration in the particles as compared to the matrix shows the formation of the irregular-shaped Laves phase during L-PBF process.

SAED pattern obtained from the region specified with a circle in
Figure 4f shows that two spots closest to the central spot corre-
spond to the Laves phase (Figure 4g). EDX analyses were per-
formed on the irregular shaped phase to determine chemical
composition and line scanning results are shown in Figure 5.
Nb and Mo peaks on the scanned line in Figure 5b confirm that
the phase is Laves which is generally considered to be in the form
of A,B, where A corresponds to Ni, Fe, and Cr, while B
corresponds to Mo, Nb, and Ti.”*** Nb concentration in the
irregular-shaped phase and matrix phase (y) is presented in
Figure 5a besides the points and area are analyzed. It is seen that
irregular-shaped phase contains ~21-23wt% Nb while only
~5 wt% ND exists in the matrix y phase. Considering that Nb con-
centration in the Laves phase ranges between 10 and 30 wt%,"*)
the higher Nb concentration in the particles relative to the matrix
provides additional evidence for the formation of the irregular-
shaped Laves phase during L-PBF process. The laves phase
occurs at the interdendritic region as a result of microsegregation
of alloying elements due to rapid solidification of molten pool
during the L-PBF process.! It is known that Nb, Mo, and Ti
are less soluble in Ni as compared to Fe and Cr. Therefore,
Fe and Cr are likely to dissolve more in the solid than in the lig-
uid while Nb, Mo, and Ti segregate in the remaining liquid phase
during solidification.”? Consequently, the cores of the cells are
the first solidified regions and they are richer in Fe and Cr and
poorer in Nb, Mo, and Ti as compared to the interdendritic
region as can clearly be seen from the line scanning EDX results
in Figure 5a,b. The remaining liquid phase solidifies with two
eutectic transformations.®**> First, the L—L+1v + carbides
transformation occurs until all of the carbon in the liquid is used.
According to this transformation, it can be concluded that small
spherical precipitates at the inter-dendritic and intra-dendritic
regions are carbides (NbC) (Figure 4¢).°? At the final stage of
the solidification process, L—vy + Laves transformation takes
place.”**®) Hence, relatively coarse Laves phases with an
irregular shape form at the interdendritic regions, as can be seen
in Figure 4d-f.

3.1.2. LEHCEB-Processed Samples

Surface Properties: SEM images representing the surface
morphologies of the irradiated samples are given in Figure 6.

Adv. Eng. Mater. 2024, 2400633
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Relatively coarse microcraters of about 100 pm in size are rarely
observed on the surface of the sample after LEHCEB irradiation
with E, of 5] cm ™ (Figure 6a, indicated with arrow). There are
no coarse microcraters on the surface after irradiation with E;
10 and 15] cm™2 (Figure 6b,c). It is generally adopted that the
microcraters appear around the nonmetallic inclusions in metal
materials.”” %! As Inconel 718 contains no nonmetallic inclu-
sions, the craters appear probably around impurity particles.
It may be assumed that the inclusions evaporate or solute in
the matrix during the first pulses of LEHCEB irradiation with
enhanced E;, therefore, the coarse craters disappear after the
complete series of pulses.

The great number of dislocation slip bands can clearly be seen
on the irradiated surface of samples irradiated with all E at
higher magnification (Figure 6b,d,f). Similar results were also
observed in the LEHCEB processed high-speed steel,[*" stainless
steel,[*® and Ti-6Al-4V alloy.**** Ozur et al.l** showed that com-
pressive stresses formed due to the resolidification on the surface
of Fe target can reach a few GPa after the irradiation process.
Such a high compressive stress value exceeds significantly the
yield strength of the Inconel 718 alloy. Thus, it can be concluded
that thermal stresses due to the high-temperature gradients dur-
ing the rapid solidification of the remelted layer resulted in a
strong strain of the near-surface layer of the irradiated samples.!*"!

Figure 7 shows 3-D profilometric images of the polished and
irradiated Inconel 718 sample. The results are well consistent
with the surface appearances of the samples illustrated in
Figure 6. The surface of the polished sample is quite smooth with
R, of 0.19£0.03 um (Figure 7a). After irradiation with E of
5Jcm™?, the arithmetic surface roughness of the sample was
measured as 0.32 & 0.03 pm, as shown in Figure 7b, indicating
the LEHCEB irradiation increases the surface roughness of the
sample. Increasing E; results in higher surface roughness.
R, values of the samples irradiated with E; of 10 and 15] cm 2
are measured as 0.38 £ 0.04 and 0.44 £ 0.03 pm, respectively.

Cross-Sectional Analysis: Figure 8 shows the SEM images
obtained from a cross-section of the LEHCEB processed samples.
In general, the thickness of the remelted layer increases with
increasing of E; (Figure 8a—f). It is measured from the SEM
images as 2.3, 3.8, and 5.4 pm for the samples irradiated with
Eof 5,10, and 15 J cm ™2, respectively. SEM images indicate that
the LEHCEB irradiation brings about significant microstructural
alteration. Intragranular dendrites disappear in the modified
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Figure 6. SEM images showing the surface appearances of the polished + irradiated samples; a,b) 5Jcm™2 c¢,d) 10Jcm™2 and ef) 15)cm™%
Dislocation slip bands are indicated with red arrows. The black arrow indicates the coarse crater on the surface in (a).

layer after irradiation with all three E; (Figure 8a—f). It shows that
Laves phases dissolve during the LEHCEB processing of the
Inconel 718 alloy.

TEM analysis was performed to examine the microstructural
alteration in the modified layer in detail. Some representative
TEM images are shown in Figure 9-11. Figure 8a—e illustrates
the TEM images of the sample irradiated with E of 5Jcm 2.
One can see from Figure 9a that the modified near-surface layer
has a completely different appearance than the as-built region.
Dislocations located mostly in interdendritic regions are evident
in the as-built region while such a formation is not observed in
the modified layer (Figure 9a). Laves phase and carbide particles
with bright contrast dissolve in the modified layer, as shown in
Figure 9b. This finding is consistent with the data obtained by
SEM (Figure 8). The modified layer contains the regions with
high dislocation density (Figure 9c) and individual dislocations
(Figure 9d). Thin solid stripes parallel to the surface or oriented
at an angle of 40 degrees to the horizontal also exist in the modi-
fied layer (Figure 9d, indicated with arrows). However, there are
no extra spots in the SAED pattern (Figure 9f) taken from the
region specified with a circle in Figure 9e. This suggests the lack
of Laves and/or carbide phases having different lattice parame-
ters than y-phase crystal along these solid stripes.

Figure 10 shows TEM images of the sample irradiated with E;
of 10] cm™2. The equiaxed dendrites seen in the as-built regions
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do not appear in the modified layer (Figure 10a). Almost all of the
modified layer exhibits columnar structure (Figure 10b,c). The
width of the columns is ~130 nm. The boundaries of columns
are precipitates of a secondary phase because the neighboring
columns show the same crystal orientation and they are undoubt-
edly the same grain in most cases. This is confirmed by SAED
patterns obtained from the areas involving several columns and
EBSD maps discussed in the following paragraphs. The SAED
pattern taken from the region specified with a circle in
Figure 10d reflects no extra spots besides the spots of y phase,
therefore, neither Laves nor carbide phases form at the bound-
aries of the columns. These phase interlayers forming the colum-
nar boundaries are most likely the same phase as the stripes
observed in the modified layer after irradiation with E; of
5] cm 2. Evidence of plastic deformation in the modified layer
can clearly be observed in the TEM image in Figure 10c.

The representative TEM images of the sample irradiated with
E, of 15 ] cm™? are given in Figure 11. Columnar structure exists
in the modified layer just in the case of material irradiated with
10 ] cm™2 (Figure 11a,b). A high-magnification TEM image of the
columnar structure shown in Figure 11b helps us to examine this
formation. It is apparent that the columns contain high disloca-
tion density and entangled dislocations almost filled the entire
column indicating the occurrence of plastic deformation led
by thermal stresses due to the high-temperature gradients during
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Figure 7. 3-D profilometer images of Inconel 718 alloy for the polished and irradiated conditions: a) polished sample and b—d) irradiated samples of

b) 5Jcm™2 ¢) 10Jcm ™2 and d) 15)cm ™2

the rapid solidification of the remelted layer. The appearance of
residual stresses in the near-surface layer is the characteristic fea-
ture of materials processed with LEHCEB.**"**! Moreover, the
dislocation slip bands observed on the surface of the samples
(Figure 6) suggest the occurrence of plastic deformation during
LEHCEB irradiation.

It should be noted that the width of columns is significantly
lower than that of columnar dendrites observed in the as-built
sample. Therefore, it can be concluded that the columns are
newly formed structures that appeared during LEHCEB process-
ing of the Inconel 718 alloy. It is believed that the stripes and
columnar boundaries existing in the structure of the modified
layer after irradiation with E; of 5 and 10 ] cm ™2, respectively,
have the same nature. TEM image obtained from just near
the modified layer confirms that columnar structure does not
exist in the as-built region (Figure 11c). The dark field TEM
image given in Figure 11d shows that the visible boundaries
of columns are decorated with very thin interlayers of precipitates
formed during the LEHCEB irradiation. There are no extra
reflexes in the SAED pattern taken from the area circled in
Figure 11e. However, when the foil is tilted in the TEM column,
these very thin interlayers are highlighted together with columns

Adv. Eng. Mater. 2024, 2400633
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in the dark field image obtained from the nearest reflection to the
central one in Figure 11f (the highlighted interlayer is indicated
with yellow arrows in Figure 11d). This indicates the phase
forming the interlayers shows the same (or at least very close)
parameters as y phase parameters.

Laves phases have higher interplane distance than y phase,
therefore, they must give the respective reflections in SAED
patterns. The absence of the reflections definitely indicates that
precipitates are not Laves phases. The other candidates for this
phase are vy’ and y” but they also have some interplane distances
different from those in y phase. Moreover, the precipitation of
the latter two phases is not possible theoretically during the rapid
solidification of the modified layer after LEHCEB irradiation.””
Indeed, small particles of y” phases were observed in the as-built
structure of the Inconel 718 alloy produced via L-PBF*%¢% when
a cooling rate of 10°-10’ Ks~ 1,79 which is lower than that
under LEHCEB pulse action (x10°Ks™'B¢)). The three-order
of magnitude difference in the cooling rate inhibits the precipi-
tation of y’ and y” strengthening phases. Furthermore, it was
stated that y” phase particles were precipitated due to the thermal
cycle during the following laser scans.”*®? Such a thermal
cycle, in contrast, does not exist on the modified layer of

© 2024 Wiley-VCH GmbH
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Figure 8. SEM images in cross-section of the samples which are LEHCEB
processed with E; of: a,b) 5Jcm 2, ¢,d) 10Jcm ™2, and e,f) 15)cm %
Intragranular dendrites disappear in the modified layer after irradiation
with all three E,.

LEHCEB-irradiated Inconel 718 alloy. Thus, the nature of the
precipitations phase requires additional investigations.

There is high dislocation density in the modified layer
between the interlayers of precipitates. These interlayers inhibit
the movement of dislocation during plastic deformation induced
by thermal stresses. Therefore, the areas between the columns

www.aem-jou rnal.com

Figure 10. a—d) TEM images showing the microstructure of the modified
layer of the sample irradiated with E; of 10 cm 2. e) The SAED pattern
obtained from the region is indicated with a white circle in (d). The sign of
plastic deformation in the modified layer can be seen in (c).

look like grain or subgrain boundaries due to the precipitates
and high dislocation density. But actually, they are neither sub-
grain nor grain boundaries.

Microstructural alteration on the modified layer of the
LEHCEB irradiated samples was further analyzed with EBSD
and some representative images of the sample irradiated with

Figure 9. a—e) TEM images showing the microstructure of the modified layer of the sample irradiated with E; of 5 ) cm™2. f) The SAED pattern is taken
from the region indicated with a white circle in (e). The modified layer does not contain Laves phase and carbide particles (b). The regions containing (c)
high dislocation density and (d) individual dislocations in the modified layer. White arrows show thin solid stripes (d). No extra spots in the SAED pattern

in (f) indicate the lack of Laves and/or carbide phases at the solid stripes.
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Figure 11. a—e,g) TEM images showing the microstructure of the modified layer of the sample irradiated with E, of 15 ] cm 2. f) SAED pattern taken from
the region indicated with a black circle in (e). b) The columns contain high dislocation density and entangled dislocations. d) The visible boundaries of
columns are decorated with very thin interlayers of precipitates. f) SAED pattern taken indicates the phase forming the interlayers shows the same

(or at least very close) parameters as y phase parameters.

E, of 15 ] cm ™2 are given in Figure 12. Inverse pole figure map in
Figure 12a and grain boundaries map in Figure 12b show that
the modified layer contains coarse grains just in the case of the
as-built sample and no any grain refinement occurs during the
irradiation process. This observation provides another evidence
that the columns in the apparent columnar structure in the mod-
ified layer are not separated from each other by grain or subgrain
boundaries. The areas between the columns look like subgrain
boundaries due to the precipitates and high dislocation
density.'¥

3.2. Nanohardness Behavior

Typical P-h curves obtained from the nanoindentation tests are
shown in Figure 13. As clearly seen, the sample irradiated with E;

1)

<7

Surface 2

of 15 J cm™? exhibits relatively lower displacement than the pol-
ished one which indicates a higher nanoindentation hardness
value. From the nanoindentation tests, hardness values were
calculated as 593 £23 and 693 £ 13 H, for the polished and
polished + irradiated samples, respectively. It should be noted
that the H, values given here are different from the H, obtained
from the Vickers microhardness for two reasons. First, A, is the
projected area of indentation in Equation (1) while it is taken
as the surface area for conventional Vickers hardness.”"
Indentation size also affects the achieved hardness, and decreas-
ing indentation load P results in an increase in H for sharp
indentations.”>74 It is seen that the surface nanohardness of
the Inconel 718 alloy is increased by 17% after the irradiation
process. Such an increment in the nanoindentation hardness
(H,) can be attributed mainly to the formation of a columnar

&
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Figure 12. a) Inverse pole figure map and b) grain boundaries map of the near-surface area of the sample irradiated with E; of 15 ] cm ™2 The modified

layer contains coarse grains just in the case of the as-built sample.
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Figure 13. Load-displacement curves for the polished (corresponds to the
as-built sample) and polished + irradiated (15) cm™2) samples.

structure where the columns are separated from each other by
the district regions containing high amount of dislocations.
The dendrite structure in the as-built sample also has a positive
impact on the hardness of the sample.”>) However, the width of
columns in the modified layer of the irradiated sample is much
smaller than the spaces between the interdendritic regions of the
as-built sample. Thus, the hardening effect of the columnar
structure of the irradiated sample is more pronounced as com-
pared to the interdendritic regions of the as-built sample. It is a
well-known fact that phase composition also has a substantial
effect on the hardness of the Inconel 718 alloy. Almost all of
the Laves phase which is known to be detrimental to the material
strength dissolved during the irradiation process (Figure 8-11).
It was stated that a high amount of Laves weakens the y phase
since it consumes large amounts of niobium and also limits the
formation of strengthening phases.>*% Therefore, the dissolu-
tion of Laves phase may be considered as another reason for
the increment in hardness after the irradiation process.

4, Conclusion

In this study, the effect of LEHCEB on the microstructure and
nanohardness of Inconel 718 alloy produced by L-PBF AM was
investigated. The following can be concluded from the present
study: 1) The microstructure of the as-built alloy mostly consists
of intragranular dendrites. Interdendritic regions contain
enhanced dislocation density and irregular-shaped phases.
EDX analyses showed that irregular shaped phases are Laves con-
taining high (in the ranges between 10 and 30 wt%) amounts of
Nb. Besides, small spherical carbides (NbC) also exist in the as-
built microstructure; 2) LEHCEB irradiation of Inconel 718 alloy
produced by L-PBF brings about significant microstructural alter-
ation. Columnar structure with the columns having a much
lower width than the most elongated dendrites of the as-built
sample covers almost all of the modified layer. Precipitations
of a secondary phase together with adjacent dislocations form
the boundaries of columns. High dislocation density and
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entangled dislocations appear as a result of plastic deformation
led by thermal stresses due to the high-temperature gradients
during the rapid solidification of the remelted layer; 3) All of
Laves phases dissolved in the modified layer of the samples irra-
diated with energy densities from 5 to 15 J cm™? and 4) Surface
nanoindentation hardness of the alloy increased from
593 £23 H, for the polished as-build sample to 693 +13 H,
for the sample after irradiation with the highest energy density
of 15 ] cm ™2 Such an increment in the nanoindentation hard-
ness H, is attributed to the formation of ultrafine columnar
structure with the columns separated from each other by the dis-
trict regions containing secondary phase precipitations and a
high number of dislocations in the vicinity of precipitations.
The dissolution of Laves phase is considered another reason
for the increment in hardness after the irradiation.
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