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ABSTRACT

Few attempts have been made so far to develop modifiers for in situ use in Inconel 718 PBF-LB/M
fabrication. Reports show an increase in tensile strength compared to unmodified counterparts.
However, significant ductility reduction is observed, outweighing the mere tensile strength
improvements when considering practical applications. In this study, micron-sized powder
modifiers (NbC, TiC, and B,C) were added in proportions of 0.6 wt.% (NbC and TiC) and 0.2 wt.%
(B4C) to Inconel 718 powder for PBF-LB/M processing. These modifiers allowed for grain
structure control during heat treatment, including hot isostatic pressing. The addition of NbC
resulted in a finer grain structure, while the addition of TiC preserved the as-built grain structure
after heat treatment. Carbide precipitates led to uniform GND distribution and promoted
uniform stress distribution. We show that the trade-off between strength and ductility in
carbide-modified IN718 can be overcome by careful PBF-LB/M processing and heat treatment.
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1. Introduction

Laser-based powder bed fusion of metals (PBF-LB/M, as
defined in the ISO/ASTM 52900 and ISO/ASTM 52911
standards, also known as LPBF, L-PBF, SLM, DLMS) is
the most established additive manufacturing (AM)
method for the processing of metal alloys [1].
However, metal powder-based AM still faces challenges
such as the need for improved materials, in situ monitor-
ing, numerical simulations, productivity, and standardis-
ation, all of which are crucial for the mass production of
high-performance parts at reasonable costs [2]. These
challenges are particularly relevant in the aerospace
sector, where the PBF-LB/M process is often used to
produce components from Inconel 718 (IN718). These

components typically have lower structural responsibil-
ity due to the presence of residual porosity and residual
stresses. Hot isostatic pressing (HIP) can reduce the por-
osity, but it comes with a trade-off — it removes the AM-
characteristic cellular-dendritic microstructure and leads
to grain size growth and extensive twinning [3].

The mechanical performance of IN718 is limited by its
grain size. The typical grain size after the PBF-LB/M
process and standard heat treatment process (ASTM
F3055-14a, incl. HIP) used by the aerospace industry is
equivalent in diameter to ~100 um [3], while annealed
and aged, forged IN718 is generally characterised by a
grain size of ~20-45um [4]. To achieve higher
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performance of PBF-LB/M manufactured Inconel 718,
ideally matching that of forged materials, a grain
control method is essential, allowing the use of PBF-
LB/M technology for critical aerospace components.
Smaller grain sizes result in more grain boundaries,
which act as barriers to dislocation propagation during
plastic deformation, thus improving strength. Literature
shows strategies for grain refinement, typically through
new alloy compositions or process parameter control,
such as tilting the build orientation to achieve preferred
texture and refined grains based on the as-built crystal-
lographic texture [5].

There are three main methods for the development of
new alloys: atomisation, mechanical alloying, and in situ
alloying [6]. The current study used in situ alloying,
allowing new alloy compositions to be achieved
during the PBF-LB/M process [7]. A similar approach is
known in conventional casting of nickel superalloys
[89]. In situ alloying has also been successfully
implemented for different reasons within PBF-LB/M, for
example, to deal with crack-prone aluminum alloys
[10], produce functionally graded titanium composites
[11] or reduce grain size in stainless steel [12].

IN718 has been modified with in situ additives such as
WC-W,C [13], CoAl,04 [14] or MC-type carbides [15-17]
during the PBF-LB/M process, achieving significant
grain refinement after heat treatment due to the Zener
pinning effect. This refinement improves tensile strength
and creep resistance. For instance, 2 vol% ZrB,
increased room temperature (RT) yield strength (YS)
and ultimate tensile strength (UTS) by 12-23% [18],
and 2 vol% SiC by 9-15% [17]. Additionally, 0.5-
5 wt.% NbC increased RT YS and UTS up to 15% [16].
Small amounts of TiC and NbC also substantially
increased creep rupture life [15], and 2 vol.% ZrB, signifi-
cantly improved high-temperature tensile performance
[18]. The influence of B,C addition on IN718 has not
been extensively studied. However, it has been shown
that the addition of boron improves the ductility of
superalloys by causing serration of the grain boundaries
[19]. Boron also improves superalloy creep resistance
[20] or fatigue crack growth resistance [21]. Literature
also shows examples of IN625-B,C and IN718-B,C coat-
ings that lead to improved wear resistance [21,22].

Preliminary studies indicate that improving IN718
properties of with additives such as 2 wt.% ZrB, signifi-
cantly reduces ductility, with a 3-fold decrease in
elongation at break at room temperature (RT) and a 2-
fold decrease at 650°C [18]. While boron in castings
improves high temperature ductility, its effectiveness
decreases at high strain rates [19]. Higher boride concen-
trations can cause microcracks due to mismatched
thermal expansion coefficients with the IN718 matrix,

increasing local stresses more than at the TiC-IN718 inter-
faces [23]. Similar reductions in ductility have been
observed with 2 vol.% SiC [17], 2 wt.% TiC [24], and 1-
2 wt.% TiB, [25] at RT. Smaller additions correlate with
smaller performance gains, but also smaller reductions
in ductility; for example, 0.5wt% NbC reduced
elongation by 17%, while 5 wt.% reduced it by 623% [16].
The literature presents various strategies for incorpor-
ating additives into the PBF-LB/M process. The investi-
gated additive particle size ranges from base powder
scale (15-45um) [16,23], through micrometer scale
(0.5-10 um) [25,26], to nanometre scale (50-100 nm)
[17]. The percentage of additives added ranges from
high additions 10-30 vol.% [23,24] to small additions
(less than 2 vol.%) [15,27]. Various powder mixing
methods are utilised to achieve homogeneous powder
mixtures, such as 2-stage high-speed blending, ball
milling process [17], two-dimensional rotation blending
process (2D mixing) [16], and high-energy ball milling
[28]. Non-homogeneous powder mixtures can lead to
conglomerates larger than 10 um with multiple bound-
aries inside, which form brittle inclusion and promote
crack initiation [16]. In general, larger additive sizes
and higher fractions of additives require higher melt
pool temperatures and longer exposure times to melt
the additives during the PBF-LB/M process. If not
mixed properly, this will result in metal matrix compo-
sites (MMCs), i.e. heterogeneous microstructures. An
increase in additive concentration was found to
decrease the size of the melt pool [16]. Depending on
the PBF-LB/M process parameters, an increase in
energy density (ED) can lead to a more homogeneous
dispersion of TiC particles in IN718-TiC nano-composites
[29]. According to Stokes’ formula [28], smaller carbide
particles are expected to be captured by the solidifica-
tion front and distributed within the grains. It has been
suggested that larger carbide additives are distributed
primarily along the grain boundary (GB) due to the soli-
dification front pushing the carbide particles [30].
Therefore, the design of the alloy composition, the
mixing procedure, the process parameters, and other tech-
nological factors play a critical role in the final microstruc-
ture of the alloy. Studies have shown that microstructures
can be tuned to achieve superior hardness [26], or sup-
press the fraction of Laves phases during solidification
compared to pure IN718 due to the consumption of
niobium and titanium for carbide formation [31]. Additions
such as B4C can also increase melt pool temperature, sup-
pressing the formation of lack of fusion defects and micro-
pores, as well as refining the microstructure, as shown for
B4C-Inconel 718 [22] and B4C-Inconel 625 coatings [21].
Other additives introduced in the PBF-LB/M process,
such as NbC, lead to a decrease in the average cellular



size, accompanied by a high dislocation density, which
contributes to strengthening [16]. Ultimately, additives
were introduced to act as nucleation sites, restricting den-
dritic growth along specific directions during build [26],
and restrict grain growth during heat treatment by grain
boundary pinning [28]. Adding carbides is a promising
method for reducing the adverse effects of HIP and preser-
ving some of the strength properties of as-built IN718.

Studies on pure IN718 have shown that carbides pre-
cipitate during PBF-LB/M solidification and grow during
heat treatment. However, they do not reduce the ductility
of the printed alloy. Precipitated carbides inhibit grain
growth during high-temperature heat treatment [32].
Moreover, IN718 alloy can exhibit an elongation at
break of 25.9% after high-temperature heat treatment,
which is 1.5 times higher compared to the literature
average of 16% for PBF-LB/M fabricated and aged IN718
[32]. Among the studies discussed, it was found that the
use of carbides, such as NbC, TiC, or SiC, was the most
effective. For example, the use of NbC and TiC additives
was considered advantageous due to their low wetting
angle and semi-coherent interfaces with the y matrix
[16]. Additionally, these carbides are constituent elements
of IN718, so any changes introduced in the chemical com-
position may still fall within the standard. However, to
date, studies have shown that in situ added carbides
affect the ductility of the IN718 alloy.

The objective of this study was to develop a method-
ology for grain control of the IN718 alloy after the PBF-
LB/M process and a subsequent, including hot isostatic
pressing. To achieve this, micron-sized powder additives
(NbC, TiC, and B4C) were added in small weight percen-
tages. The article discusses the influence of carbide
powder additives on the properties of IN718-carbide
powder mixtures, PBF-LB/M processability, microstruc-
ture, and basic mechanical properties. It demonstrates
that adding micron-sized carbide modifiers to Inconel
718 powder improves tensile strength through con-
trolled grain structure during heat treatment and
uniform stress distribution, without compromising PBF-
LB/M processability and ductility.

2. Materials and methods
2.1. Powders

The study uses four types of powder mixtures, three of
which were mixtures of reference IN718 and carbide
powders, while the fourth consisted solely of pure
IN718 and served as a reference. The reference powder
was supplied by SLM Solutions Group AG (Lubeck,
Germany). The carbide-modified variants were prepared
by mixing the base IN718 with micro powders provided
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by Nanografi Nano Technology (Ankara, Turkey). The per-
centage of carbide added was determined based on the
CALPHAD simulation, which is described later in the
study. A proportional weight calculation method was
used to determine the additions of carbide powder.
Table 1 provides information about the powders.

The chemical composition of powders was measured
using an energy-dispersive X-ray fluorescence method
(ED-XRF) with a Spectro XEPOS benchtop spectrometer
(SPECTRO Analytical Instruments GmbH, Germany) in
helium flushing mode. The carbon content in powders
as well as PBF-LB/M fabricated samples was determined
using a G4 ICARUS (BRUKER, USA) carbon and sulfur ana-
lyzer. Each measurement was repeated three times.

2.2, Powder mixing procedure

A custom mixing procedure was used to prepare the
powder mixtures. The powders were sieved using a vibra-
tory powder sieve shaker (Fritsch GmbH, Germany) and
certified 200 mm/50 um analytical sieves (Atest sp. z
0.0., Poland). Powder mixing was carried out in a V-
shaped mixer with a powder chamber volume of
500 ml. All four base powders were sieved through a
45 pum sieve prior mixing. The IN718 sieving was carried
out in 1kg batches for 5min, while the carbide
powders were sieved in 100 g batches for 30 min. Any
powder remaining in the sieve was removed from
further processing. The sieving process for carbide
powder included a second stage of sieving with a
10 ym sieve for 30 min. Any powder remaining on the
screen was removed from processing. The base IN718
powder was then mixed with carbide powders in
batches using half the volume of the V-shaped powder
chamber (250 ml) at a speed of 30 rpm, reversing the
direction of rotation every 5 revolutions. Scanning elec-
tron microscope (SEM) studies showed that mixing hom-
ogeneity is achieved after 20 min. To confirm the
homogeneity of the final mixed powders, SEM samples
were collected from three different locations within the
mixing chamber. Additionally, for each SEM powder
sample, three different locations were investigated at
different magnifications. The mixed powders were then
sieved using 45 um sieve to remove possible conglomer-
ates. Any excess powder after sieving was removed.

2.3. Powder characterisation

Particle size distribution (PSD) was measured using
HELOS BR R4 + RODOS laser diffraction system equipped
with VIBRI dispersion unit (Sympatec GmbH, Germany).
The powder distribution statistics were analyzed using
PAQXOS 3.1 software (Sympatec GmbH, Germany).
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Table 1. Powders used in the study and the prepared powder mixtures for PBF-LB/M processing.

Powder Nominal particle size distribution (um) Density (g/cm®) Prepared powder mixture Powder mixture designation
IN718 15-45 8.2 Pure IN718 IN718

NbC 1 7.82 IN718 + 0.6 wt.% NbC IN718-NbC

TiC 1-3 493 IN718 + 0.6 wt.% TiC IN718-TiC

B,C 1-3 2.52 IN718 + 0.2 wt.% B,C IN718-B,C

Powder flowability was determined using a Flow Meter
SLM powder funnel (SLM Solutions Group AG, Germany)
with an opening of 3.81 mm (0.15”) and a cone angle of
a=30°. The bulk density was measured using weighted
containers filled with the funnel described above. The
weights were measured using a laboratory balance of
220 % 0.001 g (Sartorius AG, Germany). Dynamic powder
flow was measured using a drum analyzer (Granutools,
Belgium). The cohesive index and flow angles were deter-
mined as described in [33].

For powder reflectance measurements, a custom
setup was used to measure diffuse reflectance of metal
powders [34]. The powder was placed inside a BIP 2.0
integrating sphere (B&W Tek, USA), and diffuse light
was shone on it using a 20 W tungsten halogen light
source. The reflected light was then analyzed using an
Exemplar Plus BTC655N-ST spectrometer (B&W Tek,
USA) spectrometer. The BIP 2.0 sphere measures light
scatter at an angle of 8° to normal (surface of powder
sample) — d/8° geometry, and includes the specular
component.

2.4. Sample fabrication and heat treatment

A Trumpf TruPrint 1000 PBF-LB/M system (Trumpf
GmbH + Co. KG, Germany) equipped with a 200 W fibre
laser (wavelength 1,070 nm) and a focus diameter of
55 um was used for sample fabrication. Two sets of pre-
viously optimised parameters for IN718 were tested. The
most important process parameters are provided in
Table 2.

To investigate the sensitivity of each powder, to the
fluctuation of the PBF-LB/M process parameters, a
simple 3 x3 grid search was derived from two base
PBF-LB/M parameter sets. The resulting porosity of the
sample was chosen as an optimisation criterion. The
grid search experiment is presented in Table 3. Energy
density was calculated according to equation (1):

P

ED =
vh*t

(M

where P is laser power (W); v is scanning speed (mm/s); h
is hatch distance (mm); t is layer thickness (mm).

In the process of parameter optimisation, cuboidal
specimens with dimensions of 5 x 7 x 12 mm?® were fab-
ricated. In order to study the porosity, metallographic
sections were made in the plane parallel to the building
direction (BD). Horizontally oriented plates (80 x4 X
12mm?®) were fabricated for microstructure investi-
gation and tensile testing. Central set A parameters
were used to prepare specimens for microscopy and
tensile testing.

The heat treatment parameters are shown in Table 4,
and are described in detail in [32]. HT consisted of four
steps: stress relief (SR), hot isostatic pressing (HIP), sol-
ution annealing (SA), and artificial aging (AA). The HT
process is performed using a TAV H3S 1600 vacuum
furnace (TAV Vacuum Furnaces SPA, ltaly) for SR, SA,
and AA, and an EPSI 150-300-2000 hot isostatic press
(EPSI NV, Belgium) for HIP. All heat treatments were per-
formed under argon.

2.5. Material characterisation

Metallographic cross sections for porosity and micro-
structural investigations were embedded in resin, fol-
lowed by wet grinding using SiC sandpapers, and
polishing with 0.05 um colloidal silica suspension on
synthetic polishing cloth. The samples for microstructure
studies were etched with fresh Glyceregia (5 ml of HNO3,
10 ml of glycerol, 15 ml of HCI) for 30-120 s with stirring.

A Keyence VHX 5000 digital microscope (Keyence
Corp., Japan) was used to collect stitched images to
determine the resulting porosity within the samples.
The images were then analyzed with a Python script
using Python Imaging Library (PIL 1.1.7). The general
microstructure was studied with an Olympus LEXT
OLS4000 confocal laser scanning microscope (Olympus
Corp., Japan). The Zeiss ULTRA 55 scanning electron
microscope (SEM) equipped with EDS detector was
used for further microstructure studies (Carl Zeiss AG,

Table 2. Laser powder bed fusion process parameters and scanning strategy.

Set Layer thickness Laser power Scanning speed

Hatch distance

Scanning strategy Field size (width x depth) Filling rotation

A 20 um 165 W
B 160 W

560 mm/s
1050 mm/s

125 um
55 um

Chessboard 4.1x4.1 mm? 90°
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Table 3. Experimental grid search — laser powder bed fusion parameter sensitivity study.

Set Laser power (min) Laser power step size Laser power (max)

Scanning speed (min)

Scanning speed step size  Scanning speed (max)

A 155 W 0w
B 145 W 15W

175W
175 W

510 mm/s
900 mm/s

560 mm/s
1200 mm/s

50 mm/s
150 mm/s

Germany). For the Electron Backscatter Diffraction
(EBSD) experiment, the SEM was operated at 20 kV in
high-current mode with a 120 um aperture. EBSD raw
data was post-processed using the EDAX OIM Analysis
8 software. Carbide size distribution was calculated by
binarization of high-contrast SEM micrographs taken
using the HDBSD detector (Figure S3 in supplementary
material) - average data from 5 random images per
variant at 1000x magnification.

2.6. CALPHAD simulations

The equilibrium phase diagram for IN718 and its carbide-
modified variants was determined as a function of temp-
erature using the CALPHAD Thermo-Calc software
(Thermo-Calc Software AB, Sweden) and the TCNI10
database. A non-equilibrium solidification curve was
simulated for the IN718 alloy using the Scheil-Gulliver
equation with a cooling rate of V =7-10° K/s, which cor-
responds to the cooling rate of PBF-LB/M fabricated
IN718, even reaching above 10°K/s for some cases
[35]. The calculations assumed the chemical compo-
sition of IN718, as determined by the ED-XRF measure-
ments presented in Section 3.2. For the modified
variants, additions of C, Nb, Ti, and B were calculated
according to the proportional weight calculations
(Table 1).

2.7. Mechanical properties

Tensile samples were machined from PBF-LB/M fabri-
cated plates with horizontally aligned loading direction.
The dimensions of the samples comply with the EN
2002-001:2006 standard and are available in reference
[36]. Static tensile tests were carried out at room temp-
erature using an INSTRON 3384 machine (Instron Corp.,
USA) equipped with a 30 kN load cell and an AVE
2663-821 non-contact video extensometer. The tests
were performed at a displacement rate of 0.5 mm/min

Table 4. Heat treatment parameters used in the study.

Stress relief Hot isostatic Solution

annealing® pressing® anneling® Artificial aging®

1150°C/6 h 1150°C/4 h/ 1100°C/1 h 720°C/8 h to 620°
150 MPa C/10h

3Samples before cut-off, cooling with furnace under argon; °Samples were
furnace-cooled under argon and gradually reduced pressure; “Cooling
under argon at 10 bar abs; °Cooling under argon at 1 bar abs.

until the samples fracture. Three samples were tested
for each series. A Zwick/Roell ZHVp-A microhardness
tester (Zwick-Roell Group, Germany) was used for the
hardness measurements at a load of 9.81 N (1 kgf).

3. Results and discussion
3.1. CALPHAD simulations

Thermodynamic simulations were used to predict the
effects of various additives on the characteristic temp-
eratures of the IN718 alloy. Therefore, the selected addi-
tives were considered at 1 wt.% concentration if they did
not lower the solidus temperature of the alloy below
1,200°C, as the typical HIP process temperature of
IN718 is held at 1,150°C. Based on these criteria, ZrB,,
HfB,, TiB,, and TaC were eliminated, while TiC, NbC,
and B4C were selected for further investigations on the
effectiveness in grain refinement using the minimum
possible fraction. The simulation results showed that dis-
solving the addition of these carbides in the liquid alloy
increases the liquidus temperature and promotes homo-
geneous nucleation sites in the form of titanium nitrides,
titanium carbides, or niobium carbides. Carbides precipi-
tated on the grain boundaries will inhibit grain growth,
especially at elevated temperatures of stress relief or
HIP treatment, by the Zener pinning mechanism [37].
Therefore, the objective was to determine an additive
concentration that would match the liquidus tempera-
tures of both the y phase and the carbide phase, and
increase the carbide phase in the equilibrium state to
about 1% for carbide-modified variants from the initial
0.32% for pure IN718. Based on these criteria, the final
addition levels were determined at 0.6 wt.% for NbC
and TiC and 0.2 wt.% for B,C (Table 1).

Figure 1(a and b) show the equilibrium state phase
diagram and Scheil-Gulliver non-equilibrium solidification
curve for the addition of NbC at 0.6 wt.%. The plots for
pure IN718, TiC, and B,C additions are shown in the sup-
plementary material (Figure ST and S2). The increase in
Nb and C results in a significantly higher fraction of the
NbC carbide-nitride composite phase (orange line in
Figure 1(a)). According to the Scheil-Gulliver curve, the
identified phase is NbC carbide grown on TiN nitride.
Figure 1(c) shows the chemical composition of the com-
posite phase as a function of the solid fraction, indicating
that during the solidification process, the phase is mainly
composed of Ti and N. At the end of the solidification
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Figure 1. Results of CALPHAD simulation for IN718-NbC; (a) Equilibrium phase diagram; (b) Scheil-Gulliver diagram; (c) Composition of

a simulated carbide-nitride composite phase (NbC on TiN).

process, Nb and C become the main elements of the
phase. The simulations performed for the non-equili-
brium state showed that carbide addition changes the
crystallization start temperature and the share of the
nucleating phase, which is NbC on TiN. The crystallization
start temperatures are as follows: IN718 - 1,555°C, NbC -
1,559°C, TiC - 1,662°C, and B,C - 1,623°C. The shares of
the nucleating phase before the appearance of the y
phase are: IN718 — 0.094%, NbC - 0.101%, TiC - 0.124%,
and B,C - 0.110%. The final fractions of carbide-nitride
phase in the equilibrium state are: IN718 - 0.32%, NbC
- 0.91%, TiC - 1.12%, B,C - 0.77%.

Based on the simulation results, the y phase, NbC on
TiN, Laves phases, and & phase are the most likely to

form during the solidification process. The possibility
of 0 and n phase formation cannot be excluded, as the
experimentally obtained curve assumes a solidus temp-
erature of approximately 1,100°C. However, their pres-
ence in the alloy is highly unlikely since the
experimentally determined solidus temperature of
IN718 ranges from 1,165°C to 1,230°C [38]. Additionally,
many experimental studies performed on PBF-LB/M fab-
ricated IN718 alloy [39,40] have not reported the pres-
ence of phases such as a-Cr, n, or 1. These differences
between CALPHAD simulations and the experimental
results are likely due to the approximations adopted in
the models and the assumed cooling rates. For TiC and
B,C additions, both equilibrium and non-equilibrium

Figure 2. Micrographs of powders used in the study, SEM, BSE; (a) IN718-NbG; (c) IN718-TiC; (e) IN718-B4C; Insets (b, d, f) - EDS maps
showing base metallic element of the additive; (g) NbC; (h) TiC; (i) B4C.



diagrams show more possible phases than those calcu-
lated for pure IN718 and IN718-NbC variants. In particu-
lar, the addition of B4C can lead to the appearance of
boron-containing phases such as (Mo, Cr, Fe)B, or TiB,,
as the compound introduces a new element (B) into
the IN718 alloy. However, the main effect of the TiC
and B4C additions is the same as for NbC, a much
higher proportion of carbide-nitride phases (NbC on
TiN) and a higher liquidus temperature.

3.2. Properties of the powder mixtures

Figure 2 shows micrographs of IN718 powder enriched
with carbide powders and base carbide powders. The
morphology of the Inconel 718 powder is typical for
gas atomised Inconel 718, with the majority of the par-
ticles being spherical. The carbide powders, although
similar in nominal size (x~1-3 um), show significant
differences. The NbC powder is the finest, but a few
oversized particles were found, as indicated by the
blue arrow in Figure 2(g). The TiC powder does not
meet the specifications. A significant volume of the
powder particles is up to ~20 um in size. The TiC
powder contains very few impurities identified by EDS,
such as tungsten carbides (red arrow in Figure 2(h)).
The B4C powder is the most uniform of the three
carbide-enriched powders, with particle sizes larger
than those of NbC, but in accordance with the specifica-
tion. No conglomerates or oversized particles were
found. However, impurities in the form of oxides (Fe,
Si) were found in the B,C powder (green arrows in
Figure 2(i)).

Figure 2(a—f) shows micrographs of IN718 modified
with carbide powders. In the IN718-NbC powder, the
additive particles are attached to the IN718 particles.
The high niobium contrast allows the NbC particles to
be easily distinguished in the SEM micrograph. Only
the largest NbC particles can be clearly imaged due to
the EDS sensitivity (Figure 2(b)). The IN718-NbC
powder mixture shows the most uniform morphology.
The larger PSD of TiC results in a more dispersed distri-
bution with a larger average distance between the addi-
tive particles (Figure 2(c)). The uniformity of the IN718-
B,C powder mixture falls between that of the IN718-
NbC and IN718-TiC powders. Both adherent and
loosely dispersed B,4C particles are present in the micro-
graphs (Figure 2(e)). However, the additive distribution is
more uniform than that of IN718-TiC.

The effect of adding carbide powder to IN718 powder
on the PSD of the mixed powders is noticeable, even
with their small fraction (Figure 3(a)). TiC powder has
the most significant influence, shifting the distribution
curve toward lower particle sizes. This is because TiC
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particles are smaller in size than IN718 powder and do
not adhere to IN718 particles. However, the PSDs of
IN718-NbC and IN718-B,C powders are almost identical
to that of pure IN718 powder This confirms that the
additive particles adhere primarily to the base powder
surface and do not affect the PSD.

Figure 3(b) shows the diffuse reflectance of the mixed
powders using a wavelength spectrum similar to that
used in the PBF-LB/M machines (1060-1070 nm). All
mixed powders show significantly reduced reflectance
(2-4 pp), indicating higher light absorption by the
carbide particles. IN718-TiC has the lowest reflectance,
while IN718-B4C has the highest. The decrease in reflec-
tance and the differences are correlated with the volume
percent of carbides added, with IN718-TiC having the
highest percentage and IN718-B,C having the lowest.

The presence of carbide particles has a negative effect
on the flowability of all modified powders, as shown in
Table 5. This is evident from the 25% higher Hall
funnel flow times, lower bulk densities, and higher
dynamic flowabilities expressed as mean flow angle
and mean cohesion index. In contrast, the dynamic
flowability of IN718-NbC powder is much less affected,
with flow angle and cohesion index values nearly identi-
cal to those of pure IN718. Powders with less dense addi-
tives are more affected, and IN718-B,C shows the
highest average increase in the flow angle and cohesion
index values.

The composition of base IN718 is in accordance with
ASTM B637-18 (Table 6). The increase in carbon content
slightly surpasses the specifications for carbide-modified
powders, reaching 0.117 wt% compared to the
maximum allowable 0.08 wt.% for the highest carbon
content in IN718-TiC. Carbide-forming metals show a
significant increase. In the case of IN718-TiC powder,
the Ti content increases from 1.08 wt.% to 2.53 wt.%.
For IN718-NbC powder, the Nb content increases from
4.84 wt.% to 5.43 wt.%. Boron cannot be measured by
the ED-XRF or combustion methods used. The expected
weight percent of boron is calculated based on the
measured carbon content in IN718-B,C resulting in
0.162 wt.%.

3.3. PBF-LB/M fabrication

Figure 4 shows the porosity heatmaps of the as-fabri-
cated samples, scaled to the maximum recorded poros-
ity of 0.160% observed for the central set A, pure IN718
sample. The variance in energy density for set A ranges
from 86% (101.6 J/mm?®) to 116% (137.3 J/mm?’) of the
central point ED (117.9 J/mm?), while for set B it ranges
from 82% (109.8 J/mm?) to 132% (176.8 J/mm?) of the
central point (117.9J/mm3. A total porosity of less
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Figure 3. (a) Particle size distribution of carbide-modified IN718 powders; (b) Diffuse light reflectance of carbide-modified IN718

powders (smoothed).

than 0.1% was measured for most samples. IN718-B,C
has the lowest porosity with an average of 0.024%. In
contrast, IN718 shows slightly higher levels of porosity,
especially in set A, with an average of 0.068%, similar
to IN718-NbC. IN718-TiC has the highest porosity with
an average of 0.094%, but still remains below 0.1%.
Faster scan speeds combined with smaller hatch
spacing are beneficial for reducing porosity. The study
found that changes in processing parameters within
the parameter spaces of sets A and B did not signifi-
cantly affect the porosity of reference IN718 or IN718-
B,C, indicating that both sets are within the acceptable
processing window for all material variants. However,
both IN718-TiC and IN718-NbC exhibit lower porosity
at higher energy densities, suggesting that the par-
ameter window can be expanded towards higher laser
power and lower scan speeds.

Differences in porosity between samples, material
variants, and parameter sets are very small and could
be due to variations in the measurements in different
sections. Similar to other studies [18], it was found that
additives does not affect negatively the porosity of
PBF-LB/M-processed IN718. The addition of B4,C may
have a positive effect on porosity reduction during the
PBF-LB/M process, despite the worse powder flowability
(Table 5). This may be due to higher laser absorption

Table 5. Flowability of carbide-modified IN718 powders.
Bulk density

Hall funnel flow Avg. flow  Avg. cohesion

Powder time (s) mixture (g/cm3) angle (°) index (-)

IN718 1548 £0.16 473 43 11

IN718- 21.08 £ 0.26 4.67 443 12.3
NbC

IN718- 20.98 +0.27 4.68 48 14.2
TiC

IN718- 19.46 £ 0.20 4.57 50 15.5
B4C

(Figure 3(b)), as well as due to the fact that carbide par-
ticles may inhibit convection in the melt pool and alter
the melting conditions [16].

Carbide powder particles may be lost during mixing
[26], resulting in lower than expected C content. The
expected weight of carbon was calculated by consider-
ing the mass of C in carbides (g/mol), the
stoichiometric formula of the carbide, and its weight
addition to the base IN718 powder. The results are
shown in Table 7.

In pure IN718, the carbon content is 0.036% in the
powder whereas 0.029% in the bulk material. Further
carbide additions increase the powder carbon levels to
0.092% for NbC, 0.117% for TiC, and 0.076% for B,C,
with bulk samples containing slightly less. The observed
carbon levels were below expectations, suggesting
losses of carbide particles during mixing: 12.8% for
IN718-NbC, 29.6% for IN718-TiC, and 6.1% for IN718-
B4C, resulting in actual additions of 0.49 wt% NbC,
0.38 wt.% TiC, and 0.18% wt.% B,C.

Additive powder properties have a significant effect
on carbon loss during powder mixing, especially with
large differences in weight ratios (more than 100:1)
and particle sizes (15-45 um vs. ~1 um). Factors such
as carbide particle adhesion, density, and the presence
of oversized particles influence these losses, as evi-
denced by residues on mixing equipment and sieve
screens. The variation in carbon loss is correlated with
the uniformity of the carbide powder: B,C had the
lowest loss and the highest uniformity, NoC had moder-
ate levels of both and TiC, with irregular particles and
conglomerates, had the highest loss of nearly 30%. Com-
paratively, the present investigations showed less
carbide addition loss than Markanday et al. [26], who
reported only a quarter of the intended NbC addition
with 5-10 um powders. In conclusion, refined mixing
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Table 6. Chemical composition of powders used in the study measured by combustion (for C) and ED-XRF (for other elements)

methods (error as SD from 3 separate measurements).

IN718% (wt.%)

Element Min Max Avg. IN718 (wt.%) IN718-NbC (wt.%) IN718-TiC (wt.%) IN718-B,C (wt.%)
Ni 50 55 525 54.04 +1.05 53.78+2.29 52.87+1.24 55.09 +1.55
Cr 17 21 19 17.29 + 0.60 17.23 £2.08 17.15+£0.35 15.88 +0.43
Fe 11.1 24.6 17.85 17.46 £ 0.1 17.30+0.15 17.21+£0.15 17.86 £0.21
Nb 4.8 55 5.15 4.84 +0.25 543 +0.25 4,74 +0.28 4,98 +0.31
Mo 2.8 33 3.05 295+0.16 295+0.17 2.88 £0.15 3.05+0.24
Ti 0.65 1.15 0.9 1.08 £ 0.02 1.07 £ 0.09 2.53 +£0.09 1.88+0.11
Co 0 1 0.5 0.09 £0.01 0.09 £ 0.02 0.09 £0.02 0.08 +0.02
Al 0.2 0.8 0.5 0.603 +0.09 0.677 +0.008 0.697 +0.007 0.56 + 0.008
Mn 0 0.35 0.175 0.002 +0.001 0.002 £+ 0.001 0.002 +0.001 0.002 £+ 0.001
Si 0 0.35 0.175 0.05+0.03 0.04 £0.03 0.09 +0.06 0.07 £0.05
N 0 0.10 n/a 0.013° Not measured Not measured Not measured
C 0 0.08 0.04 0.036 +0.003 0.092 £0.017 0.117 £0.004 0.081£0.012
B 0 0.006 0.003 Not measured Not measured Not measured 0.162 (calc.9)
Ta Max 5.5 - Nb 0.323 £0.023 0.375+0.033 0.331£0.022 0.304 £ 0.023

ASTM B637-18 standard; "Measured by high-temperature extraction method — the same IN718 powder is used as in [33]; “Calculated based on C content in B,C

and C measured by combustion method (Table 7).

procedures to account for potential losses are rec-
ommended for all studies involving powder mixtures.

3.4. As-built microstructure

The microstructure of PBF-LB/M fabricated IN718 has
been the subject of numerous studies [39,41-43]. Both
NbC and TiC carbides are typically found in PBF-LB/M-
ed IN718 [32], especially after HT. The four materials in
as-built (AB) condition (Figure 5) are characterised by a
typical IN718 PBF-LB/M microstructure. In BD (Figure 5
(c, e, and g)), columnar y-grains elongated in the direc-
tion of build are cross sectioned with solute banding
lines, i.e. laser track interfaces outlined during the PBF-
LB/M process by subsequent layer-by-layer laser
melting. A study by Chang et al. showed that NbC
additions can change the average melt pool depth
with a significant decrease from 223.4 um with 0%
NbC to 139.4 um with 5.0% NbC [16]. However, the
present results show that small additions do not affect
the morphology of the melt pool. Micrographs in the
in-plane direction (IPD) show the regular arrangement
of solute-rich bands of individual tracks according to
the applied scanning strategy, i.e. zig-zag checkerboard
strategy, rotated by 90° and shifted by 50% in each layer
(Figure 5(b, d, f, and h)).

Arrays of parallel dendritic cells within columnar
grains are observed within columnar y-phase grains of
PBF-LB/M-ed IN718. This substructure consists of
packets of parallel dendritic cells with small misorienta-
tion angles (2° < 6 < 5°), where each packet is separated
by low-angle grain boundaries (5° < 8 < 15°) inside larger
grains [3]. It also creates a high density dislocation
network as discussed in [44,45]. Micrographs in the
build direction (BD) show similar arrangements of cellu-
lar dendrites in all material variants. However, the IPD

micrographs show differences. In reference IN718, den-
dritic cells are cross sectioned perpendicular to the
direction of growth, indicating BD directional growth
regardless of location. However, for all modified variants
in IPD, dendritic cells in the vicinity of the laser track
interfaces show a similar morphology as in the BD
cross section (marked with yellow arrows in Figure 5(d,
f, and h)), indicating that the growth direction in these
regions has been modified by the addition of carbides.

All material variants show periodically spaced, much
deeper melt pool marks (marked by black arrows in
Figure 5(a, ¢, e, and g)). The spacing of these deeper
melt pool marks corresponds to the spacing of the
checkerboard squares and are identified as scarfs after
the start of scanning of individual checkerboard
squares. These regions must have had a much higher
laser energy input and temperature gradient, resulting
in a tendency for cellular growth.

The built micrographs also reveal the presence of
oversized carbides, which are found in higher amounts
in IN718-TiC and in lower amounts in IN718-NbC (indi-
cated by magenta arrows in Figure 5(c-f)). The carbides
are randomly distributed and do not show any tendency
to conglomerate. The size and distribution density of the
oversized carbides are consistent with the powder
characteristics of the carbide powders (Figure 2). Micro-
graphs suggest that the laser melting parameters used
do not provide sufficient energy to melt oversized car-
bides. The melting temperature of B,C is 2,350°C, while
for TiC and NbC it is 3,160°C and 3,490°C, respectively.
PBF-LB/M melt pool simulations for IN718 suggest that
the melt pool temperature in its centre can reach
3,000°C [46,47], thereby verifying the inability to dissolve
the largest TiC and NbC carbides. Large carbides are not
visible in the IN718-B,C micrographs, however, cracks
are found within the micrographs, as marked by the
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blue arrow (Figure 5(g)). The cause of which can be
associated with a significant addition of boron and will
be discussed later.

Hsu et al. also found that large additive flakes did not
decompose during the PBF-LB/M process, while particles
below 3-5 pm were possible to melt [15]. Large particles
are highly undesirable, but large individual particles are
much less harmful than small flakes, which can have
multiple internal boundaries and can act as crack
initiation points, reducing material ductility [16]. In con-
trast, nanoscale additives tend to agglomerate due to
their strong Van der Waals forces [28]. Their dispersion
during PBF-LB/M solidification is sensitive to the laser
energy per unit length. Depending on the processing
parameters chosen, the distribution of added nanoparti-
cles within the alloy can range from severe aggregation
to uniform dispersion [29].

The formation of Laves phases and carbides along
intercellular boundaries in PBF-LB/M processed IN718
is primarily driven by solidification behaviour character-
ised by cell dendritic growth and microsegregation of
elements such as Nb, Ti and Mo. These phenomena are
significantly affected by PBF-LB/M processing par-
ameters, including laser power and scanning speed
[3,48], which influence non-equilibrium eutectic trans-
formations. Figure 6(a-d) demonstrates, that the
carbide addition does not influence the cell spacing
and morphology of the intercellular boundaries, but
are mainly defined by the chosen PBF-LB/M process

parameters (Table 2). In contrast, Gu et al. found that
columnar dendrites were enhanced and the dendrites
spacing of y was decreased by the higher additions of
TiC, however at higher concentrations, i.e. 10 wt.% TiC
[28].

While the Laves phase and NbC are present after soli-
dification in cast IN718 [49,50], NbC is not formed exten-
sively during the PBF-LB/M process due to the high
cooling rate and suppression of NbC precipitation by
solute trapping [51], similar to sub-rapid casting [49].
DuPont et al. [31] also showed that addition of NbC
can result in a decreased volume fraction of the Laves
phase on solidification for IN718-NbC compared to
IN718. Interestingly, the addition of carbides also does
not appear to significantly affect the presence of globu-
lar precipitates. Exemplary morphology is shown at
higher magnification in Figure 6(e—f) for the IN718-TiC
variant. This may be explained by the CALPHAD simu-
lation result (Figure 1(c)), which indicates that at the
beginning of the solidification process, these precipi-
tates are mainly composed of Ti and N. Therefore,
nucleation is driven by the presence of nitrogen in the
alloy (0.013 wt.%, see Table 6). Here, the nitrogen
content should be similar for all variants since the
mixed powders and reference powder were prepared
from the same batch of IN718. Toward the end of the
solidification process, Nb and C become the main
elements in the phase. The size of the particles is
<50 nm, so these are not carbides added by powder
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Figure 5. Micrographs of carbide-modified IN718, as-built (AB) in the build direction (a, ¢, e, g) and in-plane direction (b, d, f, h),
etched with Glyceregia, OM; (a, b) IN718; (c, d) IN718-NbG; (e, f) IN718-TiC; (g, h) IN718-B,C.

mixing (1-3 um), but two-phase particles in the form of
NbC on TiN as suggested by CALPHAD. The size of
carbide-nitride particles and the absence of carbide
particles in the added sizes (~1-3 um) confirm that
most of the added carbide particles dissolved during

the PBF-LB/M processing and reprecipitated as carbide-
nitrides during solidification.

Similar results were presented for Inconel 625 welds
[52], where the authors observed by transmission elec-
tron microscopy (TEM) analysis that precipitates in the
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Table 7. Carbon content in powder and bulk PBF-LB/M samples measured by combustion method (error as SD of 3 measurements).

Expected carbon

Molar mass of Additive content in sample Carbon measured in Carbon measured in the ~ Carbon  Adjusted additive
Sample additive (g/mol) fraction (wt.%) (wt.%) powder sample (wt.%)  PBF-LB/M sample (wt.%) loss* (%) fraction** (wt.%)
IN718 n/a n/a n/a 0.036 + 0.003 0.029 + 0.001 n/a n/a
IN718-NbC 929 0.6 0.0975 0.092 + 0.017 0.085 + 0.002 12.8% 0.49
IN718-TiC 47.9 0.6 0.1492 0.117 + 0.004 0.105 + 0.004 29.6% 0.38
IN718-B,C 10.8 0.2 0.0724 0.076 = 0.001 0.068 + 0.003 6.1% 0.18

*The percentage decrease in carbon content expected to measure, in the PBF-LB/M sample.; **The recalculated weight percentage of the carbide additive

based on the measured carbon content.

IN625 weld, typically assumed to be NbC carbides, are
actually carbide nitrides with a core rich in Ti and
N. The authors state that, despite significant variations
in composition, no significant change in the crystallo-
graphic form of the precipitates was found. The mech-
anism of nitride formation was discussed by Lim et al.
[53] for laser-based direct energy deposited (L-DED)
Inconel 718. Since L-DED operates under coaxial
argon gas, it cannot entirely prevent air exposure,
introducing nitrogen into the melt pool in amounts
exceeding its solubility in a nickel-based superalloy
(~2.9-1073-6.2:1072 wt.% at 1327-1727°C). During soli-
dification, titanium in IN718 segregates into the
liquid phase and moves to the surface of the melt
pool, forming TiN due to its strong affinity for nitrogen
[54]. Given that TiN has a much higher melting temp-
erature (2,930°C) compared to IN718 (solidus ranges
from 1,165°C to 1,230°C [38]), TiN nucleates and
grows while the alloy matrix remains liquid. Carbide
nitrides were also identified in another study in
which TiC was added to IN718 processed by PBF-
LB/M and the presence of Ti, Nb, N and C in the pre-
cipitates was confirmed [37]. Similar findings were
observed in Wire Arc Additively Manufactured
(WAAM) IN718 [55].

The above discussion leads to a conclusion that the
formation of carbonitrides is primarily driven by the
presence of nitrogen in quantities exceeding its solubi-
lity - 0.013 wt.% in this study compared to the refer-
enced 0.0029 wt.% at 1,327°C - rather than by the
dissolution of micron-sized TiC particles added via
powder mixing. Although the increased Ti fraction
from the dissolved TiC addition is significant, our
results show that the formation of carbide-nitrides
begins in the liquid phase and is followed by NbC pre-
cipitation. This is further supported by the significant
presence of carbide-nitrides in both pure IN718 and
IN718 modified with NbC or B,C.

Figures 7 and 8 show EBSD results of as-built
materials, indicating that carbide addition does not sig-
nificantly affect the texture of the AB alloy. All variants
are characterised by elongated grains, with an average
grain size by number ranging from 23 to 26 um. The

addition of carbides slightly influences grain mor-
phology, introducing a few larger grains, which
increases the average grain size by area fraction from
~100 um for IN718 to=~ 200 um for IN718-NbC and
decreases the average aspect ratio from 0.12 for IN718
to 0.17 for IN718-TiC (Figure 8). All materials exhibit a
strong Goss texture component {110} < 001>, as seen
in the pole figures in Figure 7(c, d, g, and h), where
the <001 > direction is parallel to the building direction
and the {110} plane family. The peak pole density is
similar for all materials, ranging from 11.76 for IN718
to 12.79 for IN718-NbC.

The GB misorientation angle (Figure 8(a, d, e, and j)) is
also slightly affected by carbide addition. All materials
have a high proportion of very low angle grain bound-
aries (VLAGBs; 6 < 5°), ranging from more than 60% of
all GBs for IN718 to 45% for IN718-B,C. A high number
of VLAGBs can be associated with long, epitaxially
grown grains, limiting the fraction of other boundary
types due to the lower length of the GB compared to
equiaxed grains. The overall texture evolution during
PBF solidification is controlled by the processing par-
ameters such as layer height, hatch distance, energy
density, or scanning strategy. In this study, the par-
ameters used included low layer height and scan
speed, accompanied by a relatively large hatch distance
(see Table 2), and high laser power relative to focus
diameter. Such a combination of parameters results in
a wide and shallow melt pool, which is typical for
highly textured IN718 [40,56,57]. Other studies show
that e.g. NbC particles can enhance texture by restricting
growth along certain directions [26]. In this study, poss-
ibly due to low carbide addition, the as-built texture of
IN718 is only slightly influenced, regardless of the type
of carbide added.

3.5. Heat-treated microstructure

The study aims to develop a method for controlling
grain structure in IN718 alloy after PBF-LB/M proces-
sing and subsequent hot isostatic pressing. Previous
studies suggest that the chosen holding time and
temperature of the stress relief process (1,150°C/6 h)
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Figure 6. Micrographs of carbide-modified IN718, as-built (AB), cross-section parallel to the building direction (BD), etched with Gly-
ceregia, SEM, SE; (a) IN718; (b) IN718-NbC; (c) IN718-TiC; (d) IN718-B,C.; (e, f) morphology of NbC on TiN carbide precipitates — IN718-

TiC sample.

should be sufficient to result in homogenisation of
PBF-LB/M-ed IN718, removal of low angle grain
boundaries, removal of dendritic cell substructure,
and removal of all secondary phases except (Nb,
Ti)C primary carbides [3,32]. At the same time, PBF-
LB/M-ed IN718 is characterised by non-deformed
high angle grain boundaries (HAGB) of the y-phase
compared to forged IN718. The PBF-LB/M-ed alloy,

with its energy reduced by solute atoms and
HAGBs pinned by undissolved carbides, results in
HAGBs that migrate much more slowly than the
deformation-induced HAGBs of the cold-worked
material. As expected, pure IN718 shows the above
after stress relief treatment (Figure 9). The stress
relief process is aided by the twinning observed in
the BD and IPD micrographs of pure IN718.
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Figure 7. Inverse pole figure maps with colouring in the out-of-plane direction and corresponding pole figures for IN718 (a, c), IN718-
NbC (b, d), IN718-TiC (e, g) and IN718-B,C (f, h) in as-built condition.

Significant differences are observed for the heat-
treated carbide-modified material variants. Each
carbide-enriched IN718 shows a different degree of
homogenisation. IN718-NbC is the most homogen-
ised, with almost complete removal of the dendritic

cell substructure. However, compared to pure
IN718, the majority of LAGBs are still present.
IN718-TiC and IN718-B4C show similar general micro-
structures. LAGBs are preserved, and traces of former
dendritic cells are still clearly visible.
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Examination of AB samples showed that most of the
added carbides were melted during the PBF-LB/M
process. In addition, carbon is known to segregate at
the GB in nickel superalloys [58]. Previous studies
suggest that modified particles should be distributed
mainly along the GB due to the pushing effect of the

particles by the solidification front [30]. However,
with decreasing size, the particles are expected to be
captured by the solidification front and distributed
within the grains, as their moving velocity is lower
than the solidification rate considering their nanoscale
dimensions [28].
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Figure 9. Micrographs of carbide-modified IN718, stress relieved (SR) in the build direction (a, ¢, €, g) and in-plane direction (b, d, f, h),
etched with Glyceregia, OM; (a, b) IN718; (c, d) IN718-NbC; (e, f) IN718-TiC; (g, h) IN718-B,C.

SEM micrographs (Figure 10) for IN718-NbC and
IN718-TiC show that segregation occurs not only at
GBs, but also in the interdendritic regions. Increasing
the homogenisation temperature results in faster kin-
etics of NbC formation [51], and high diffusion of both

C and Nb atoms in the Ni matrix, which drives NbC
carbide formation [59]. Figure 10(b and c) show that car-
bides are formed at all types of GBs, from VLAGBs
between dendritic cells, over LAGBs between dendritic
cell bundles, to HAGBs. The smallest carbides are



formed at VLAGBs and the largest at HAGBs. It is easy to
distinguish between newly formed and added carbides,
as they are characterised by round edges, probably due
to partial surface melting, and a visible difference in SEM
contrast, indicating a higher level of elements with a
lower atomic number (Ti in Figure 10(d)).

Figure 10(e) shows a subcellular crack in the B,C
sample. As mentioned, a small number of similar
cracks were found during the OM observations.
Mandal et al. [23] also observed micro-cracks in the
metal matrix composite of IN718 and B,C prepared by
PBF-LB/M. The study discussed that at the interface
between B,C particles and IN718 matrix, the average
von Mises stresses are 2 times higher than between
TiC and IN718. This resulted in a higher stress concen-
tration and microcrack formation. EDS studies showed
no change in chemical composition in the crack region
compared to the bulk of the alloy. It is also important
to note that there were no cracks after HIP, indicating
that the applied HIP densification is sufficient for small
crack healing in IN718-B,C.

Figure 11 shows the size distribution of carbides for
different material variants. After HT, pure IN718, IN718-
NbC and IN718-TiC show similar average sizes, with
equivalent dia. of 0.13 um for pure IN718 and 0.17 pm
for both IN718-TiC and IN718-NbC, while IN718-B,C
shows significantly larger sizes with an average of
0.32 um. IN718-TiC stands out in the carbide distribution
compared to other variants, with a high density of small
carbides. This can also be observed by comparing the
micrographs in Figure 10. According to Table 7, the
carbon content in the bulk samples is 0.029 wt.% for
IN718, 0.085 wt.% for IN718-NbC, 0.105 wt.% for IN718-
TiC and 0.068 wt.% for IN718-B,C.

The correlation between the average area occupied
by carbides and the measured carbide content is consist-
ent for IN718, IN718-NbC and IN718-TiC (Figure 11(e and
f)). However, the area occupied by precipitates is the
largest for IN718-B,C (2.29%) despite having the
second lowest carbon addition. Both Nb and Ti are stan-
dard alloying elements of IN718 (see Table 6), so atypical
precipitates are not expected with increasing Ti and Nb
contents. However, the B content in pure IN718 does not
exceed 0.006 wt.%, while in the IN718-B,C alloy B is
increased to ~0.16 wt.%, suggesting that the chemical
composition of the precipitates in IN718-B4,C must be
different from those of the other variants of materials.
This is also suggested by CALPHAD simulation, as the
area fraction occupied by the precipitates is slightly
lower than the carbide-nitride phase determined with
the equilibrium diagram for non-boron variants. The
differences are as follows: IN718 - 0.09 pp, IN718-NbC
- 0.22 pp, IN718-TiC - 0.02 pp, while for IN718-B,C, the
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difference is much higher at 1.52 pp. Equilibrium state
simulation refers to ideal conditions, where carbides
are completely dissolved, and the liquid phase is charac-
terised by a uniform distribution of elements throughout
its volume, so slightly higher simulated concentrations
are expected.

Based on the EDS scans (Figure 12), the chemical com-
position of the precipitates is similar for IN718, IN718-TiC
and IN718-NbC. Despite the increased Ti content in
IN718-TiC, the main carbide-forming element is Nb. In
addition, a significant intensity of Mo is registered, as
well as a less pronounced signal from Ti and C. Non-
melted carbides in the IN718-TiC sample are clearly dis-
tinguishable from other precipitates (Figure 12(e)). This
is confirmed by the EDS line scan in Figure 12(f), as the
particle is mainly composed of Ti and C.

With the addition of B,C the chemical composition of
the precipitates show an increased signal of Mo, even
exceeding Nb. Other elements such as Ti, C and B are
also detected. In addition, the intensities of Cr and Fe
in IN718, IN718-NbC and IN718-TiC follow the intensity
of Ni, while in IN718-B,C the intensities of Cr and Fe
decrease but do not follow the intensity of the matrix
(Ni-Cr-Fe). Due to the fact, that boron is a very low
energy and the line of boron overlaps with the lines of
niobium and molybdenum (0.182, 0.172 and 0.193 keV
respectively) detecting boron peak in the EDS spectra
is challenging [60]. However, borides can be identified
using EDS by focusing on the main boride-forming
elements, and by comparison to carbides formed other
in boron free variants. CALPHAD simulations suggest
(Figures S1d and S2d) that the addition of B,C may
lead to the precipitation of diboride phases such as
TiB, or (Mo, Cr, Fe)B,. EDS results suggest the latter.
Similar results were found by Tekoglu et al. who found
that ZrB, decomposed into (Zr, Ni)-based intermetallic
and (Nb, Mo, Cr)-based boride during PBF-LB/M proces-
sing of IN718 + ZrB, mixture [18].

Borides can precipitate at grain boundaries when
IN718 is heated subsolvus & (above 1050°C) even with
low boron content (0.0037-0.0039 wt.%), as demon-
strated by Vernier et al. [60]. They identified (Nb, Mo,
Cr)3B, borides in cast-and-wrought IN718 using TEM-
EDS. Borides are also suggested to help control the
alloy grain size through grain boundary pinning,
similar to carbides. Kontis et al. [61] found by atom
probe tomography (APT) that in boron-containing
superalloys, borides are more common than carbides
at the grain boundaries and significantly affect mechan-
ical properties. In a medium-boron alloy, serrated grain
boundaries were observed, which improved creep prop-
erties. However, if the volume fraction of borides
exceeded a threshold of 0.05 at.% (0.00315 wt.%), the
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Figure 10. Micrographs of carbide-modified IN718 after stress relief annealing (SR), cross-section parallel to the building direction
(BD), etched with Glyceregia, SEM, SE; (a) IN718; (b) IN718-NbC; (c) IN718-TiC; (d) partially melted, oversized TiC particle; (e)

IN718-B,C.

creep properties begin to decline. This threshold is much
lower than the B content in IN718-B,4C (0.162 wt.%), but
in the cited study, borides precipitated exclusively at the
grain boundaries, resulting in nearly continuous boride
formation. In our study, borides and carbides are distrib-
uted more evenly, suggesting a higher B content
threshold.

Figures 13 and 14 show the EBSD results of fully heat-
treated materials. Significant differences can be seen
between all variants. High pressures, temperatures, and
long holding times during HIP result in homogenisation
and significant grain growth in pure IN718, accompanied
by annealing twinning, identified as the main process
supporting the recrystallization of PBF-LB/M prepared
IN718 [3]. Twin boundaries, characterised by a 60° misor-
ientation, state for 40% of all GBs (Figure 14). Compared
to the AB state, pure IN718 texture after HT is significantly
reduced (peak pole density decreased from >11 to <5).
Random texture with Goss texture residues can still be
observed (Figure 13(a and b)). A similar homogenisation
characteristic is observed for IN718-NbC. Here, the
texture is even lower (peak pole density is 3.53) and the
twin boundary fraction is ~45% (Figure 14(d)). However,
for both material variants, recrystallization has not yet
been fully achieved, as indicated by the remaining
~20% fraction of VLAGBs (Figure 14(a and d)). The

average aspect ratio for IN718 and IN718-NbC is similar,
i.e. 0.30 and 0.33, therefore the grain aspect ratio is 2
times lower than in the case of the AB counterparts.
The main difference between IN718 and IN718-NbC is
the grain size. IN718 is characterised by very large
grains, with an average grain size by area fraction of
209 pm, whereas IN718-NbC grains are smaller, with an
average grain size by area fraction of 110 um (Figure 14
(b and e)). This effect has been widely observed in the lit-
erature, and the increased volume fraction of carbides
contributes to the enhancement of the Zener pinning
effect, resulting in smaller grain sizes after heat treatment
for carbide-modified IN718 [15-17,28].

Comparison of as-built IN718-TiC and heat-treated
IN718-TiC shows that TiC addition resulted in almost
complete suppression of the recrystallization (Figures 7
(b) and 13(e)). The HT variant shows as high-level Goss
texture, with a peak pole density of 12.84, same as the
AB variant, while 60° twin boundaries are almost
absent. Additionally, the average aspect ratio and grain
size by area fraction for HT IN718-TiC are 0.16 and
91 um, respectively. These are almost identical to the
AB averages. However, the proportion of VLAGBs has
decreased from 60% to 50% (Figures 8 and 14(g)). This
indicates that minimal homogenisation has occurred.
Due to the much enhanced pinning effect caused by
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Figure 11. Histograms showing carbides size distribution in relation to material variant (a—d); average carbide diameter (e); and occu-
pied area (f). Error bars — std deviation; average values above the bars.

the discussed differences between IN718-NbC and
IN718-TiC (see Figures 10 and 11), the pinning effect
acts not only at HAGBs, but down to the level of dendri-
tic cells, surpassing recrystallization even during HIP. The
role of small carbide precipitates in preserving the as-
built texture is evident from a comparison with IN718-
B,C (Figure 13(f and h)). The observed number and
size of precipitates were highest for IN718-B4C (Figure
11), but their effect on the recrystallization of IN718 is
lower. There is visible grain growth at the edges of the

IPF map (Figure 13), which was made through almost
the entire thickness of the sample, showing that the
recrystallization started from the edges of the printed
plates, while the core of the sample is much less
affected. The average grain size and aspect ratio by
area fraction for IN718-B,C are 165 um and 0.20, respect-
ively. Despite the significant visible changes, the IN718-
B,C variant still shows ~45% fraction of VLAGBs and only
a few percent of 60° twin boundaries, leading to the con-
clusion that the recrystallization process of IN718-B,C
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Figure 12. EDS line scans of Ni, Nb, C, Ti, N, and B (HDBSE micro-
graphs and plotted intensities) for IN718 (a—b), IN718-NbC (c-d),
IN718-TiC (e-f) and IN718-B,C (g-h) after full HT.

would be similar to that of IN718 and IN718-NbC, but
much slower.

3.6. Mechanical properties

Figure 15 shows Vickers hardness for different material
variations. As-built samples are characterised by a hard-
ness of 330-360 HV. Compared to the typical as-built
hardness of PBF-LB/M-ed IN718 [41], IN718, IN718-NbC,
IN718-TiC show almost the mean value, while IN718-
B,C is in the upper quartile of the results collected in

the literature. After a full heat treatment (SA + HIP + SA
+ AA) the hardness increases to about 430 HV for pure
IN718 and up to 460-485 HV for the IN718-TiC and
IN718-NbC variants. IN718-TiC shows an increase in
hardness in the BD plane up to 20 HV, due to the
strong texture. Pure IN718, shows similar hardness to
the homogenised and aged, wrought IN718 [32], as
well as PBF-LB/M produced IN718 for the same condition
(430-440 HV [41]). The addition of NbC and TiC increases
the hardness by up to 50 HV above this average. Despite
the high number of precipitates, IN718-B,C does not
show any improvement in hardness compared to pure
IN718.

Hardness values close to 500 HV can be achieved
for non-homogenised, heat treated, and aged IN718
after PBF-LB/M by maintaining residual microsegrega-
tion [3,62]. Additional factors that play a role in
increased hardness are carbide size and density, micro-
segregation, possible residual dislocation cell struc-
tures, grain number and size, residual high number
of LAGBs, effectiveness of solution annealing due to
niobium concentration [3,45,63]. A higher concen-
tration of niobium leads to more effective y”/y’ precipi-
tation. The increase in the number of precipitates may
exceed the aging capacity of the IN718-B4C alloy.
Therefore, it can explain the higher hardness achieved
for IN718-NbC and IN718-TiC, compared to IN718-B,C,
although the latter shows a higher volume of
precipitates.

Figure 16 shows the yield strength (YS), ultimate
tensile strength (UTS), and elongation at break for all
material variants. Tensile curves are presented in
Figure S4 in the supplementary material. IN718-B4C is
characterised by the lowest average UTS of 1,283 MPa,
followed by pure IN718 at 1,317 MPa, IN718-TiC at
1,345 MPa, and IN718-NbC at 1,372 MPa. IN718-B,C
and pure IN718 show similar YS of 1,029 and
1,012 MPa, respectively, while IN718-TiC shows an
increase in YS of over 100 MPa at 1,147 MPa, followed
by IN718-NbC at 1,101 MPa. IN718-B,C does not show
improved properties compared to pure IN718, but
IN718-TiC and IN718-NbC do. In addition, the typical
UTS-ductility trade-off is not present here, as the
elongation at break for pure IN718 averages 21.5%
while it increases for each modified variant, i.e. for
IN718-NbC it reaches 24.2%, for IN718-TiC it reaches
25.2% and for IN718-B,C it reaches 22.9%. It should be
noted that the YS and UTS obtained in this study are
lower than in some other cases [18,28] due to the rela-
tively large grain size (=100 pm) and therefore the less
significant Hall-Petch effect. However, all material var-
iants exceed the minimum tensile properties for HT
IN718 according to ASTM F3055-14a, i.e. minimum YS



VIRTUAL AND PHYSICAL PROTOTYPING . 21

Figure 13. Inverse pole figure maps with colouring in the out-of-plane direction and corresponding pole figures for IN718 (a, c),
IN718-NbC (b, d), IN718-TiC (e, g) and IN718-B,C (f, h) after full HT.

of 920 MPa, UTS of 1,240 MPa, and elongation of 12%. It Figure 17 presents kernel average misorientation
is important to note that carbide-modified variants (KAM) maps and geometrically necessary dislocation
exhibit significant improvement in ductility, while still (GND) density distributions of fully heat-treated

showing improvements in the YS and UTS, as compared materials (Figure 13). The IN718 and IN718-NbC variants
to the pure IN718. exhibited predominantly recrystallized grains, resulting
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Figure 14. Bar plots of misorientation angle (a, d, g, j), grain aspect ratio (b, e, h, k), and grain size (c, f, i, I) for IN718 (a—c), IN718-NbC

(d—f), IN718-TiC (d-f), and IN718-B,C (d-f) after full HT.

in the lowest average GND densities (p) of 35:10"%/m? for
IN718 and 45-10%/m? for IN718-NbC. Furthermore, both
variants exhibit relatively uniform GND density distri-
butions, as illustrated in Figure 17(e and f). On the con-
trary, the non-recrystallized IN718-TiC variant displays a
considerably higher p =15-10'3/m?, yet its GND density
distribution remains uniform across the captured area.

The IN718-B4C variant exhibits a combination of recrys-
tallized and non-recrystallized grains within the EBSD
scan area. This distinction is readily apparent in the
KAM maps, wherein the recrystallized region exhibits
markedly lower GND values. However, this is likely due
to the higher proportion of small precipitates present
in the non-recrystallized region of the IN718-TiC
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variant, compared to IN718-B4C variant (Figure 11). This
results in a GND density reaching values of approxi-
mately 20-10'3/m?, while the p is lower at 11-10"3/m?.
To understand the contributions of various character-
istics of the IN718 alloy and its carbide-modified variants,
analytical equations were used to calculate the strength-
ening contributions. The following strengthening mech-
anisms can be considered for calculations: intrinsic
strength of pure Ni (op), solid solution strengthening
(0ss), grain boundary strengthening (o), twin boundary
strengthening (oy,), dislocation strengthening (og4), and
precipitation strengthening (o,,) [64]. Since the chemical
composition of the variants differs by 0.6 wt.% or less,
the intrinsic and solid solution strengthening contri-
butions are nearly identical across all variants and can
be neglected. The primary differences in strengthening
arise from variations in grain size, precipitates, and dislo-
cation density. Consequently, the contributions of grain

boundary strengthening, dislocation strengthening, and
precipitation strengthening to the overall strength were
calculated. The specific equations and constants used for
these calculations are detailed in the supplementary
material (Tables S1-S2 and Equations S1-S3). The
results of the calculations are presented in Table 8. To
summarise the strengthening contribution of combined
features, the difference between carbide-modified var-
iants and the reference IN718 variant was calculated.
The results from the calculations indicate a good
alignment between the calculated and measured differ-
ences for the IN718 and IN718-NbC variants. This simi-
larity is attributed to the high degree of similarity
between the microstructures of the two variants. The
addition of 0.6 wt.% NbC results in a notable increase
in the area fraction of carbides, from 0.29% in IN718
to 0.69% in IN718-NbC (see Figure 11). Given that the
Nb content in pure IN718 is approximately 5 wt.%, the
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increase in carbides relative to the increased Nb
content (from 4.84 to 5.48 wt.%, as shown in Table 7).
Therefore, the added Nb will compensate for its avail-
ability for y” (NisNb) formation during aging, which is
the primary strengthening phase of the IN718 alloy [3].

Literature shows that the strength of the PBF-LB/M
fabricated IN718 alloy after homogenisation and aging
is mainly due to coherency strengthening by y’, esti-
mated at ~830 MPa [64]. This explains the difference
between analytical calculations and measured UTS
for IN718-TiC, IN718-B,C, and pure IN718. Calculations
indicate strength increase via dislocations and Orowan
strengthening, but measured results show a decrease
in UTS for IN718-B,C and a small increase for IN718-
TiC. This is likely due to the lower fraction of y” after
aging, as Nb, being the main element in carbides
and carbide-nitrides, reduces its availability for y” for-
mation. The increase in carbides and carbide-nitrides
from 0.29% to 1.14% (IN718-TiC) and 2.29% (IN718-
B,C) consumes 0.5-1 wt.% Nb (10-20% of available
Nb), reducing the y” fraction and lowering the
strengthening contribution. Hardness measurements
(Figure 15) support these conclusions, showing
similar hardness for IN718-TiC and IN718-NbC, and

lower hardness for IN718-B,C despite higher carbide
precipitate fractions.

Another significant factor differentiating IN718/
IN718-NbC and IN718-TiC/IN718-B,C is the grain mor-
phology and crystallographic texture. In this study,
tensile samples were fabricated with their main axes par-
allel to the build platform, making the loading direction
perpendicular to the elongated grains in IN718-TiC and
IN718-B,C. An equiaxed-grained alloy generally has
higher tensile strength when the tensile direction is per-
pendicular to the main axis of elongated grains in a
directionally solidified alloy. This is because the
elongated grain boundaries are more prone to sliding
and failure, resulting in lower tensile strength when
pulled along their length [65]. This effect is especially
evident on the longitudinal surface of a tensile IN718-
TiC sample (Figure 18), showing a distinct surface relief
from grain boundary sliding, which causes crack
initiation and propagation. Similar effects are observed
for other carbide-modified variants, but to a lesser
extent.

Moreover, all carbide-modified variants show higher
elongation compared to pure IN718, which has less pro-
nounced necking and more deformation relief on the
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after full HT. KAM maps corresponds to IPF maps shown in Figure 13.

lateral surface (Figure 18(a)). Nano-sized carbides can
effectively pin dislocations and shear particles [66],
leading to dislocation annihilation, greater elongation,
and reduced localised surface relief [66]. Carbides also
influence the distribution of geometrically necessary dis-
locations, promoting homogeneous deformation and a
better stress distribution [67], as supported by KAM
maps and GND distribution plots (Figure 17). This con-
clusion is supported by the results of IN718-TiC, which
exhibits the most uniform GND distribution, highest
elongation, necking behaviour, and cross-sectional
reduction.

The improved density of IN718 with carbide addition
contrasts with previous studies. Key differences include

the identification of large, brittle carbide inclusions as
a major factor leading to lower ductility. These
inclusions, especially if irregularly shaped and extensive,
result in overall material brittleness due to unmelted,
oversized particles [16,68] or smaller additive agglom-
erations [16]. Furthermore, Figures 5 and 9 illustrate
the presence of oversized carbide inclusions in this par-
ticular work. However, these inclusions were isolated
cases, ranging from =~2-3 ym in IN718-B,C to =~20-
30 um in IN718-TiC (Figure 19). Fractures around
inclusions show a typical ductile dimpled surface, with
no major cleavage faces, indicating brittle behaviour.
The large number of smaller carbides likely redistributed
and associated strain around the scarce oversized

Table 8. Results of strengthening contribution calculations — equations and constants used are detailed in the supplementary

material.

Parameter IN718 IN718-NbC IN718-TiC IN718-B,C
Grain boundary strengthening o, (MPa) 65 84 90 64
Dislocation strengthening o4 (MPa) 67 78 140 120
Orowan strengthening Goowan (spheres) (MPa) 75 109 144 127
Sum (MPa) 207 271 374 3N
Calculated difference from IN718 (MPa) N/A +64 +167 +104
Measured difference from IN718 (MPa) N/A +55 +28 -34
Calculated-measured difference (MPa) N/A -9 -139 —-138
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Figure 18. Micrographs of lateral surfaces of tensile samples after failure: IN718 (a); IN718-NbC (b); IN718-TiC (c); IN718-B,C (d) after
full HT.

Figure 19. Micrographs (SEM, SE) of fracture surfaces of IN718 (a); IN718-NbC (b); IN718-TiC (c); IN718-B,C (d) after full HT.
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solution annealing and aging (SA + AA); (a) Elongation at break vs additive concentration; (b) UTS vs Elongation at break; (c)
Elongation change by additive type; (f) UTS change by additive type; References: [16-18,24,25,69].

inclusions, and therefore does not significantly impact
the overall alloy ductility. Nonetheless, excessive
carbide addition will eventually reduce ductility
beyond a certain threshold, as observed in IN718-B,C.
Although oversized carbides were not identified in
IN718-B4,C due to the uniformity of the additive
powder (Figure 2) and its lowest melting temperature,
the overall ductility was lower than in other carbide-
modified variants. This reduction is due to grain bound-
ary precipitates forming a brittle, continuous film
beyond a certain threshold, rather than evenly distribu-
ted pinned grain boundaries that aid in stress distri-
bution and control dislocation movement [61].

Figure 20(a and b) shows a comparison of the RT
tensile properties of carbide-modified IN718 of this
study with differently modified IN718 form the litera-
ture. In the comparison, only materials after

annealing and aging (SA+AA) are compared, to
ensure consistent heat treatments. The effect of addi-
tive type on the elongation at break is compared in
Figure 20(c), and the effect of additive type on the
UTS in Figure 20(d). As different studies used
different PBF-LB/M fabrication procedures, the
materials in Figure 20(c and d) are related to their
pure counterparts. A clear correlation between addi-
tive concentration and elongation is found (Figure
20(a)). With increasing additive concentration, the
elongation drastically decreases. Figure 20(b) provides
a clear overview of the possible pareto front in
optimisation for UTS and elongation. It is worth
noting that these results are for both cases on that
front, which means that the UTS-elongation compro-
mise for carbide-modified IN718 is improved com-
pared to previous efforts.
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Previous studies [16-18,24,25,69] have reported
increases in room temperature tensile strength for
modified IN718 ranging from <5% to 20% compared
to unmodified counterparts, attributed to the Hall-
Petch effect, finer grain sizes, additional carbide precipi-
tates that hinder dislocation movement, and strong
interfacial bonding between additives and the IN718
matrix [28]. However, for aerospace alloys, material
properties such as fatigue resistance, toughness, and
thermal strain accommodation, which are critical to
operational reliability and directly related to ductility,
outweigh mere improvements in tensile strength.
Specifically, these studies have observed significant
reductions in ductility due to factors such as large addi-
tive particle sizes [16], inadequate powder mixing
[23,28], and suboptimal PBF-LB/M parameters [29],
which can lead to material brittleness and cracking, par-
ticularly with irregular additive particle shapes [16]. Con-
sidering the above discussion on the influence of
carbides on the ductility of PBF-LB/M fabricated IN718,
the carbide addition threshold is probably below
1 wt.% for NbC or TiC and significantly lower for B,C.

Our findings, however, indicate that with careful PBF-
LB/M process design and TiC, NbC additives, it is feasible
to refine the grain structure in IN718, achieving better
yield strength and ultimate tensile strength without
compromising the ductility. This was possible as a
result of a multi-step and careful process design, includ-
ing: (i) low carbide addition; (ii) powder mixing process
focused on producing powder without carbide con-
glomerates; (iii) PBF-LB/M process parameters that
allow almost complete dissolution of additives; (iv)
post-process heat treatment with hot isostatic pressing
densification; (v) grain control during the heat treatment
process due enhanced pinning effect.

4, Conclusions

This study investigated a method for refining the grain
structure of PBF-LB/M fabricated Inconel 718 and sub-
sequent heat treatment, including hot isostatic pressing.
Micron-sized powder carbides, NbC, TiC, and B4C, were
added at 0.6, 0.6, and 0.2 wt.%, respectively. The study
aimed at complete melting of the additives during
PBF-LB/M fabrication. The effects of carbide additives
on IN718 processability by PBF-LB/M, microstructure,
and room temperature tensile properties of the IN718
alloy were examined. The results demonstrate that
careful optimisation of the PBF-LB/M process can
achieve grain refinement and improved tensile strength
while preserving tensile elongation. Using IN718
modified with carbides and subjected to HIP in compli-
ance with aviation industry standards maintains

excellent mechanical properties by suppressing grain
coarsening and ensuring uniform stress distribution.
The key findings are as follows:

o (Carbide additives reduce IN718-carbide powder mixture
flowability, but increase laser absorption. The PBF-LB/M
parameters can be maintained for low carbide concen-
trations. Micron-sized carbide powder particles (1-3 pum)
are fully melted at an energy density of 117.9 J/mm’.
Larger particles should be avoided.

e Pure IN718 undergoes significant grain growth during
heat treatment, while addition of NbC refines grain
size, and addition of TiC enhances Zener pinning at
the dendritic cell level, maintaining the as-built
texture. The addition of B4C slows recrystallization,
resulting in a heterogeneous texture with larger and
more complex carbides and diborides. This differs
from the more uniform carbide precipitates observed
in the IN718, IN718-NbC, and IN718-TiC variants, each
at different volume fractions.

e The addition of NbC and TiC increases the Vickers
hardness of IN718 after heat treatment by about
10%, while the addition of B4C shows no change in
hardness. IN718-NbC and IN718-TiC show a 10%
increase in yield strength and ultimate tensile
strength compared to pure IN718. In contrast,
IN718-B4C shows no improvement. Additions of TiC
and NbC result in up to 15% higher elongation at
break compared to pure IN718.

o The primary differences in tensile behaviour arises from
variations in grain size, texture, precipitates, and dislo-
cation density.InIN718-TiCand IN718-NbC, the presence
of carbides leads to uniform GND distribution and pro-
motes uniform stress distribution. As a result, the trade-
off between strength and ductility in carbide-modified
IN718 is overcome compared to pure IN718.
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