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Abstract

This work aims to develop and characterize Inconel 625 (IN625) reinforced with 1wt% of sub-micrometric
TiC particles processed by the Laser Powder Bed Fusion (LPBF) process. The effect of TiC particles on the
IN625 alloy was investigated in the as-built and two heat-treated conditions. A volumetric energy density of
99 J/mm? could produce bulk IN625 and IN625/TiC samples with residual porosity less than 0.15 %. The as-
built IN625 and IN625/TiC showed columnar grains along the building direction and sub-micrometric
dendritic architectures. The as-built IN625/TiC presented higher hardness, tensile strength, and similar
elongation at failure with respect to the as-built IN625 alloy. These mechanical properties are mainly attributed
to the reinforcement effect of the TiC particles predominantly located along the grain boundaries, melt pool
contours, and interdendritic areas. After heat treatments at 980 °C and 1150 °C, the IN625 alloy and IN625/TiC
composite presented different microstructure stability and mechanical properties evolution, revealing greater
hardness and tensile strength for the composite. In particular, when heat-treated, the IN625 was subjected to a
remarkable dendritic dissolution at 980 °C and recrystallization at 1150 °C. Conversely, the IN625/TiC
revealed a limited dendritic dissolution at 980 °C and the inhibition of recrystallization at 1150 °C. Overall,
the pinning effect of the TiC particles was effective in providing less microstructure and mechanical properties
variations under heat treatments. The current work describes the effect of adding TiC particles on the
microstructure stabilization and mechanical properties evolution of additively processed LPBFed IN625 alloy

in as-built and heat-treated conditions.
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1. Introduction

Ni-based superalloys are well-known as high-performance materials characterized by good mechanical
performance between 540 °C and 1000 °C, also including excellent thermal fatigue, corrosion, and oxidation
resistance [1,2]. For these reasons, the main applications of this class of materials are in the aerospace,
chemical, and petrochemical industries [3]. The superior properties of Ni-based superalloys derive from the
solution strengthening thanks to a wide range of possible alloying elements and the formation of strengthening

phases occurring under heat treatments or during service at high temperatures [4-7].

However, machining these alloys is quite expensive and difficult due to their high hardness coupled with low
thermal conductivity, which induces a high heat, thus reducing the life of the subtractive tools [3,8]. Hence,
additive manufacturing techniques have gained considerable attention for the potential to limit subtractive
manufacturing operations for fabricating complex shape components. In particular, Laser Powder Bed Fusion
(LPBF) has been widely used to process Ni-based superalloys producing near-net-shape components layer-by-

layer, starting from powder [9-11].

Nowadays, a considerable amount of research has focused on Ni-based superalloys processed by LPBF, and
one of the most used is the Inconel 625 (IN625), thanks to its high weldability [12-14]. IN625 is a Ni-Cr-based
superalloy characterized by excellent corrosion and oxidation resistance in temperatures up to around 980 °C
combined with good mechanical properties up to around 650 °C. The mechanical properties can be enhanced
by the formation of the metastable coherent body-centered tetragonal vy’ (NisNb) phase, which turns into the
stable incoherent orthorhombic & phase (NisNb) after prolonged thermal exposures around 650-900 °C leading
to a ductility reduction. Moreover, the formation of different types of carbides, such as (Nb,Ti-rich) MC, (Mo,

Cr, and Si-rich) MeC, and (Cr-rich) M23Cs carbides, can play a role in strengthening the alloy [6,15,16].

In recent years, more attention has been given to producing laser powder bed fused (LPBFed) IN625 composite
to enhance its performance. Considering the applications of the IN625 alloy, the development of IN625

composites can make it possible to increase its mechanical properties together with the maximum operative



service temperature for the aerospace sector, like for gas turbine blades as well as increase the hardness and

wear resistance keeping high corrosion resistance for petrochemical applications [17,18].

However, one of the common key issues is to find the process parameters to generate composites with relative
density compared to the base alloy. For instance, Zhang et al. [19] reported that the addition of 5wt%
micrometric TiB; resulted in a composite with a significant increment of hardness, even if the addition of the
TiB; generated more defects resulting in a relative density of 96.1% against the relative density of 98.3 % of
the IN625 alloy. Ghodsi et al. [20] obtained IN625 with 1wt% of YSZ with a relative density of 97%, around
2.4 % lower than IN625 processed with the same energy density, indicating the necessity to use different
parameters. In fact, by applying high energy parameters, they achieved a composite with a relative density of
99 %. They showed that the sub-micrometric YSZ acted as a nucleation site during the solidification step
leading to a refined microstructure and hardness increment of 30% compared with the IN625 alloy. Cooper et
al. [21] investigated the addition of 5 wt% of SiC, Al,O3 and TiC particles into the IN625 alloy. They reported
that IN625/SiC and IN625/Al,03 composites presented a large number of defects. Differently, they underlined
the positive effect of using TiC particles in the IN625 matrix. IN625/TiC composite was successfully processed
without microcracks, and an appreciable increase in hardness value was observed. This could be attributed to

the smaller particle sizes as well as the good weldability and chemical stability in Ni-based superalloys [22].

Due to the attractive characteristics of the TiC particles, several studies paid attention to the development and
characterization of IN625/TiC composites processed by directed energy deposition (DED), another laser
additive manufacturing process [23-28]. However, only a few published papers deal with the microstructure

and mechanical performance of IN625/TiC composite processed by LPBF.

Regarding the LPBFed IN625/TiC composites, Chen et al. [22] studied the as-built IN625 reinforced with 4wt
% of nanoTiC particles revealing that high energy density must be applied to obtain dense composites with
with small pores. They also showed that the composite presented higher tensile strength due to Orowan
strengthening, dislocation density, grain size refinement, and lead-bearing transformation induced by the TiC
particles. Chen et al. [29] also investigated the IN625/TiC with 6 wt% of nano TiC reporting higher
microhardness and wear resistance with respect to the base alloy. In another work, Chen et al. [30] showed

that the composite with 4wt% of nanoTiC presented higher oxidation resistance compared to the IN625 alloy
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in heat-treated conditions. In a previous work of our research group, IN625 reinforced with 1wt% of
micrometric TiC particles exhibited superior thermal stability, showing that the columnar grains structures
remained stable for a solution annealing performed at 1150 °C for 2 hours [31]. Also, in this case, more
energetic process parameters must be employed to generate a dense composite, and the addition of micrometric
TiC particles generated a limited hardness increment of around 6 % compared to the as-built IN625 alloy. All

these studies underline the advantages of adding TiC particles as reinforcement to the IN625 matrix.

Although there are already a few studies on the microstructure and mechanical properties of as-built LPBFed
IN625/TiC composite, there is still need to shed light on its microstructure and mechanical properties evolution
under heat treatments. To the authors’ knowledge, no studies have focused on the correlation of the
microstructure with the mechanical properties of both as-built and heat-treated LPBFed IN625/TiC

composites.

The current study shows a process parameter optimization on IN625 with 1wt% of sub-micrometric TiC
particles compared to the IN625 alloy. In addition, the microstructure, degree of recrystallization, hardness,
and tensile properties were evaluated in as-built and heat-treated conditions. The results underlined the
beneficial effect of adding sub-micrometric TiC particles on mechanical performance. Furthermore, the TiC
particles help to hinder the recrystallization and grain growth under heat treatments at high temperatures, thus
resulting in mechanical properties more similar to the as-built condition compared to the heat-treated IN625

alloy.

2. Materials and methods

2.1 Powder characterization

The gas-atomized IN625 powder, used as base alloy and metal matrix, was purchased by EOS GmbH
(Krailling/Munich, Germany) with a given Dso of around 35 um. The chemical composition of IN625 powder
and its morphology were analyzed by means of a focused ion beam scanning electron microscope (FIB-SEM,
TESCAN S9000G, Tescan Company, Brno, Czech Republic) equipped with an energy dispersive spectroscopy

(EDS) system. Moreover, the C content was determined by means of a LECO detector (LECO, CS 744 LECO-



analyser, Leco, St. Joseph, MI, USA). The evaluated chemical composition (Table 1) complied with the range

reported in the UNS N06625 standard.

The IN625 powder mainly consisted of almost spherical particles (Fig. 1 (a)) with dendritic surfaces generated
by the high cooling rate of the gas-atomization process (Fig. 1 (b)). TiC particles, used as ceramic
reinforcement, were supplied by Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) with a given average

granulometry of 200 nm.

The IN625 powder was mechanically mixed with 1wt % of TiC particles in jars for 24 hours without grinding
medium, applying a speed rate of 60 rpm. The SEM micrographs underline that the TiC particles covered the
surface of the IN625 powder, as displayed in Fig. 1 (c and d). Some TiC aggregations with dimensions above
200 nm could be detected after the mixing due to the Van der Waals forces acting on sub-micrometric particles,

as depicted in EDS maps in Fig. 1 (e).

Table 1 Chemical composition (in wt.%) of IN625 evaluated with EDS and LECO combustion analysis.

Ni Cr Mo Fe Nb Co Si Ti Al C
Bal. 22.4 8.4 0.9 35 0.5 0.2 0.3 0.2 0.020




Fig. 1. (a,b) SEM image of IN625 particles at different magnifications; (c,d) SEM images of IN625/TiC at different magnifications
showing the IN625 particle surface decorated with TiC particles. () EDS maps of the Ni, Cr, Ti, and C on one IN625 particle
surface, showing the presence of TiC particles.

Before processing, the two powders, IN625 and IN625/TiC were sieved below 50 um, and a flowability test
was carried out with the Carney flowmeter funnel following the ASTM B964. The flowability of the composite
powder presented a slightly lower value than the base alloy, but a superior flow rate to the IN625/TiC with
micrometric size, as reported in Table 2. A significant reduction of the flowability could result in the formation
of a non-homogenous layer of powder during the LPBF process, bringing to defects formation. It should be

noted that the Carney Flowmeter funnel was used since the powder did not flow in the Hall Flowmeter funnel.



Table 2 IN625 and IN625/TiC flowability result

Powder Carney flow rate [s/1509]
IN625 8.7+0.1
IN625/TiC sub-micrometric 11.8+0.3
IN625/TiC micrometric [31] 145+0.5

2.2 LPBF process

The IN625/TiC mixed powder and IN625 powder were processed by means of an MLab Cusing R Machine
(Concept Laser GmbH, Lichtenfels, Germany) exploiting a maximum 100 W power fiber laser with a spot size
of around 50 pum. In this study, laser power, hatching distance, and layer thickness were fixed at values equal
to 95 W, 0.04 mm, and 0.02 mm, respectively. Several scanning speeds were investigated: 1600, 1200, 1000,
800, and 600 mm/s in order to determine the optimized set of building parameters. The previously mentioned
process parameters combination corresponds to five volumetric energy densities (VEDs) of 74, 99, 119, 148,
and 198 J/mm?. Cubes (10 mm x 10 mm x 10 mm) and tensile specimens (gauge length of 16 mm and diameter
of 4 mm following the ASTM E8/E8M-22) were realized with a scanning strategy of 5 mm stripes and 67°

rotation between each layer. No pre-heating temperature was applied to the building platform.

2.3 Heat treatments

In order to investigate the microstructure evolution under heat treatments, two typical heat treatments of the
IN625 alloy were performed on the as-built (hereafter AB) IN625 and IN625/TiC specimens [7,32]. The heat
treatments were followed by water quenching in order to avoid microstructure changes during the cooling
stage. In particular, the annealing treatment (abbreviated as HT1) was carried out at 980 °C for 1 hour, while
the solution annealing treatment (abbreviated as HT2) was performed at 1150 °C for 2 hours. The HT1 is in
the range of temperature considered as Grade 1, while the HT2 temperature is associated with a Grade 2

condition, based on the ASTM B446.

2.4 Microstructure and mechanical characterizations

The AB and HT IN625 and IN625/TiC samples were cut along the building direction (z), grounded with SiC
papers, and subsequently polished with 1 um diamond suspension. Porosity evaluation was performed on the
polished samples using a Light Optical Microscope (Leica DMI5000M, Wetzlar, Germany). For the analysis,
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50 LOM images were taken at 500x magnification covering 1.5 mm?, and then post-processed with ImageJ
software. The polished samples were then etched with mixed acids solution (nitric acid and hydrochloric acid

1:3) in order to reveal the microstructure.

Microstructural analysis was performed by means of LOM, SEM (Phenom XL), and FIB-SEM (TESCAN
S9000G ) equipped with electron backscattered diffraction (EBSD) and flight secondary ion mass spectroscopy
(Tof-SIMS) detectors. For EBSD and Tof-SIMS analyses, an additional polishing step was carried out on
samples with colloidal silica suspension (0.04 um). EBSD analysis was performed using a tilting angle of 70°
and scanned at 20 KV and 10 nA using a step size of around 2 pum while the Tof-SIMS analyses were performed
on samples tilted at 55° using 30 kV and 1 nA. In order to study the level of microstructure stabilization of the
alloy and composite under heat treatments, the grain orientation spread (GOS) was used to determine the
fraction of recrystallized grains. The GOS value is the average misorientation angle between each analyzed
point inside the grain and the average grain orientation. Based on the literature, recrystallized grains presented
very lower dislocation density, while the deformed ones are characterized by high dislocation density. The

typical threshold to consider a grain as recrystallized grain can be fixed at 2° [33-37].

Moreover, X-ray diffraction (XRD) analyses were performed utilizing an Empyrean diffractometer
(PANalytical, Almelo, The Netherlands) using CuKo radiation and a Bragg Brentano configuration. The
analysis was performed from 20 to 100° with a step size of 0.013° and a detection time of 25 s for each step.
In order to evaluate the gamma (y) and carbides lattice parameter, Bragg’s law Eq (1) was used. Where X is
the wavelength of the radiation used, dnk,is the interplanar distance, and 6 is the XRD angle of the peak
considered. The lattice parameter (a) was calculated considering Eq (2), where h, k, and | are the miller index

of the crystallographic plane associated with the considered peak [38].

Zdhkl sin@ =nA (1)

a = dhklv hZ + k2 + l2 (2)

Furthermore, to better evaluate the lattice constant of the y matrix, the Nelson — Riley method was applied
considering the (111), (200), (220), (311), and (222) peaks. The lattice parameter was plotted with the Nelson

— Riley coefficient Eq (3) and then fitted. The intercept was considered a lattice constant [39].
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Finally, Brinell hardness and tensile tests were carried out on IN625 and IN625/TiC in the AB and HT
conditions. The first test was conducted with an EMCO TEST M4U durometer (EMCO-TEST Priifmaschinen
GmbH, Kuchl, Austria) in HBW2.5/62.5 condition following the ATSM 10. Ten indentations were performed
on each tested sample. Tensile tests were performed on three specimens for each condition for both alloy and
composite utilizing a Zwick-Roell all-around Line Z050 (Zwick-Roell Materials Testing, Genova, Italia)
equipped with an extensometer, applying a deformation rate of 0.128 mm/s using an extensometer. The tensile
specimens were built perpendicular to the building direction along the xy plane, with a gauge length of 16 mm
and diameter of 4 mm following the ASTM E8/E8M-22. The strain hardening ability was calculated to better
understand the behavior of both IN625 and IN625/TiC composite during plastic deformation by means of the
Ludwik method [40,41]. This method considers the plastic deformation from the yield strength to the ultimate
tensile strength, and it was demonstrated to be precise for determining the strain hardening for the Ni-based

superalloys [40]. The Ludwik model can be written as the following Eq (4):
O-=O-y+K(€_£y)n (4)

Where n is the hardening exponent, K is the strength parameter of the superalloy, ¢ and oy are the true and

yield stress, respectively; € and ey are the true strain and the elongation at yield, respectively.

3. Results and Discussion

3.1 LPBF parameters optimization

Fig. 2 (a) shows the residual porosity of IN625 and IN625/TiC composite fabricated using different process
parameters, while representative LOM images are displayed in Fig. 2 (b). Using a VED of 74 J/mm?, both
alloy and composite samples showed lack of fusion defects and circular pores (Fig. 2(b)), resulting in a porosity
level between 0.40% and 0.25%. Increasing the VED at 99 J/mm?, only circular pores could be detected (Fig.
2 (b)), leading to a porosity below 0.15 %. Upon further increment of VEDs, the porosity gradually decreased,

reaching values less than 0.10 % for a VED of 198 J/Jmm? for the alloy and the composite (Fig. 2 (b)).



Since a VED of 99 J/mm? guaranteed a residual porosity below 0.15 % combined with a good building time,

this value was selected as the optimized one for the production of IN625 and IN625/TiC samples.

In order to obtain adequate densification, the influence of the surface tension, viscosity, and convective motion
(Marangoni flow) of the liquid during the melting stage should be considered [42—44]. The presence of the
TiC particles can increase the viscosity and reduce the surface tension of the liquid into the melt pool, thus
limiting the motion and spreading of the liquid resulting in the formation of defects, like the lack of fusion
denoted in the samples processed with VED 74 J/mm?d, In this case, high energetic parameters must be applied
to obtain high temperatures in the melt pools, thus inducing high surface tension and low viscosity in the
formed liquid, acting as a driving force for liquid spreading into the melt pool, as observed for VED > 99

J/immé.

The Marangoni flow provides the mixing of the TiC particles into the metal liquid. The TiC presents higher
laser absorptivity and thermal conductivity than IN625 alloy, and consequently, the mixed composite powder
is characterized by higher temperatures in the melt pool compared to the IN625 alloy, as observed by Lee et

al. [23], which produced IN625/TiC by DED process.

Therefore, it is possible to infer that the high temperature inside the melt pool partially dissolved the TiC
particles that precipitate in TiC or other MC carbides during the solidification inside the interdendritic zones

or grain boundaries enriched in C and other segregated chemical elements like Ti and Nb.

However, the gradient temperature within the melt pool involved the generation of zones with different
temperatures, as also highlighted by studies of melt pool dynamics on the LPBFed materials [45].
Consequently, a part of the TiC particles could remain unmelted, and during the solidification, these carbides
could be pushed to the grain boundaries and melt pool contours. This scenario could also explain the few TiC

segregations observed during the microstructure investigation.

Finally, the microstructure analysis revealed that the unmelted TiC particles in the molten melt pool did not
significantly reduce the liquid viscosity since the specimens exhibited a high densification level with a residual

porosity similar to the IN625 alloy processed with the same parameters.
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This can be attributed to the low concentration of reinforced TiC particles, while a higher quantity could cause
alterations in increasing the melt pool viscosity during the melting process. A similar effect was observed by
Chen et al. [22] that reported that more energetic parameters (VED of 208 J/mm?®) were necessary to produce

IN625 with 4wt% nanoTiC to reach high densification level.

0.5
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Fig. 2. (a) Porosity evolution at increasing VED for IN625 and IN625/TiC samples; (b) LOM images of the polished IN625/TiC
composite built using VED at 74 J/mm?3, 99 J/mm? and 198 J/mm?.

3.2 Recrystallization evolution under heat treatments

The EBSD GOS maps and the GOS, HAGBs, and LAGBs distributions are displayed in Fig. 3 (a), (b), (c), and

(d). Moreover, the IPF YO maps and the respective pole figure are given in Appendix A.

The AB IN625 and IN625/TiC showed a very high fraction of columnar deformed grains (around 80 %) and a
low fraction of recrystallized grains (around 20 %) due to the high residual stresses accumulated during the
LPBF process. The AB alloy and AB composite presented similar concentrations of LAGBs around 50 %, thus
indicating a similar level of dislocation density. For the AB IN625, the recrystallized grains appeared to be

concentrated in some areas and to follow the melt pool contours. In fact, the remelting process can also partially
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release the residual stresses, thus forming the recrystallized grains in these areas. On the other hand, the AB
IN625/TiC showed recrystallized grains more homogenous scattered throughout the material, which could
derive from the grain refinement caused by the added TiC particles. In the literature, more intense grain
refinement was observed for IN625/TiC composite processed with a higher concentration of TiC [22].
Regarding the grain sizes, the composite presented columnar grains with lengths from 20 pm to 370 pum and
widths of 20 pm and 40 pm against the AB IN625 alloy with columnar grains with lengths ranging from 20
pm to 400 pm and widths from 20 um to 50 um. Moreover, a population of small equiaxed grains with average

dimensions of around 6 um could be detected in both cases.

After HT1, IN625 and IN625/TiC did not show recrystallization phenomena (deformed grains remained
around 80 %) for both alloy and composite, as also depicted by the trend of the GOS angle in Fig. 3 (b and c).
The HT1 IN625 alloy showed a slight reduction of the LAGBs compared to the AB IN625 alloy, while the
HT1 IN625/TiC presented LAGBSs similar to the AB IN625/TiC condition, as denoted in Fig. 3 (d). The slight
reduction in LAGBs of the IN625 alloy could derive from the initial dendritic dissolution, while for the
composite, the TiC limited the dendritic dissolution, thus generating a reduced LAGBSs variation. The average
dimensions of the grains remained in the range of the respective AB conditions. The literature on LPBFed
IN625 agrees with the current results indicating that a more elevated temperature is necessary to trigger

recrystallization [46,47].

Finally, the HT2 IN625 was subjected to full recrystallization with the release of the residual stresses and the
formation of recrystallized equiaxed grains (96 %) and a limited fraction of deformed grains (4 %). On the
contrary, the recrystallization was inhibited for the IN625/TiC composite, thus showing a GOS trend similar
to the AB and HT1 IN625/TiC composite (Fig. 3 (b and ¢)). The distribution of LAGBs and HAGBs (Fig. 3
(d)), showed the almost elimination of LAGBs for the alloy while the composite still presented a condition
close to the AB and HT1 IN625/TiC conditions (Fig. 3 (d)). After HT2, the base alloy presented equiaxed
grains with mean sizes of around 60 pm, including some smaller grains with a minimal size of around 10 um
and larger grains up to around 180 um. The HT2 IN625/TiC composite still presented columnar grains with
lengths ranging from 20 to 500 um and widths between 5 and 70 um, thus suggesting a limited grains

coarsening with respect to the AB IN625/TiC state. Interestingly, some small equiaxed grains could be
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observed in the composite, and the mean size was around 6 pm. These small grains presented the same
dimensions as those observed in the AB IN625/TiC condition, indicating that these small grains survived under

the high temperature of the solution annealing treatment.

The combined analysis of the GOS, HAGBs, and LAGBs with the grain dimensions of the AB and HT
conditions indicated that the TiC particles generated a significant pinning effect on the grain boundaries as

well as the sub-structures, thus keeping the original columnar grains of the AB condition.
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Fig. 3 (a) EBSD GOS maps of IN625 and IN625/TiC in the AB and HT conditions along the building direction. The HAGBs are
indicated by black lines. (b) IN625 and (c) IN625/TiC relative frequency of GOS results. (d) HAGBs (10-60°) and LAGBs (2-10°)
frequency of the IN625 and IN625/TiC samples.

3.3 Microstructure evaluation

3.3.1 As-built condition

IN625 and IN625/TiC composite in AB condition exhibited columnar grains parallel to the building direction
and the melt pools, as visible in LOM images reported respectively in Fig. 4 (a) and (b). In addition, SEM
images (Fig. 4 (c) and (d)) revealed a fine dendritic microstructure in both base alloy and composite. The sub-
micrometric size of the dendritic architectures is caused by the high cooling rates of the LPBF process, up to

around 10° K/s [48].
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Fig. 4 LOM images of the AB condition of IN625 (a) and IN625/TiC (b); SEM images of IN625 (c) and IN625/TiC (d). The samples
are chemically etched.

Focusing on the composite, the TiC particles can be found chiefly located along the grain boundaries, as
observed in the EBSD phase map in Fig. 5 (&), where the presence of TiC is pointed out in green and the y
matrix in red. Moreover, IN625/TiC showed some isolated micro-segregations of TiC located mainly along
the melt pool boundaries, as visible from the SEM-EDS analysis in Fig. 5 (b). The possible origin of the micro-

segregations was explained in detail in the 3.1 paragraph.
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Fig. 5 (a) EBSD phase maps with Ni-based superalloy in red and TiC phase in green. The high-angle grain boundaries are highlighted
in black. The marker is 200 um. (b) SEM-EDS line on micro-segregations of TiC at the melt pool boundary for the AB IN625/TiC
sample.

The IN625 and IN625/TiC samples were also analyzed by means of Tof-SIMS analysis, as displayed in Fig. 6.
The IN625 alloy showed a partial enrichment of Nb along the melt pool boundaries and interdendritic areas
(pointed by the yellow arrow), while Ti was found mainly concentrated along the interdendritic areas. This
result is in agreement with the solidification of the IN625 alloy, where segregations of Nb and Ti tend to be
located in the interdendritic areas [12,49]. Likewise, observing the AB IN625/TiC condition, enriched areas
of Nb were found in correspondence to melt pool boundaries (highlighted by the yellow arrow) and
interdendritic areas. Moreover, in the case of Ti, a higher concentration can be detected along the melt pool
contours and in the interdendritic areas, indicating that the TiC particles tend to be located in these areas during

the solidification.
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Overall, the combination of EBSD, SEM-EDS, and Tof-SIMS analyses revealed that the TiC particles were

mainly located in the grain boundaries, melt pool contours, and interdendritic structures.

AB IN625

Fig. 6 Tof-SIMS maps for IN625 and IN625/TiC in the AB condition, showing the concentration distribution of Nb and Ti. Yellow
arrows underlined some melt pool boundaries.

3.3.2 Heat-treated conditions

The HT1 IN625 condition (Fig. 7 (a)) presented a more intense dissolution of the dendritic and melt pool
structures compared to the HT1 IN625/TiC condition (Fig. 7 (b)). SEM images, reported in Fig. 7 (c) and (d),
pointed out the precipitation of carbides in both base alloy and composite. EDS analyses on the precipitates
showed enrichment of Nb and C correlated with depletion of Ni and Cr in the base alloy (Fig. 8 (a)) and the

composite (Fig. 8 (b)).

A similar result indicated the formation of carbides, most likely MC carbides, based on the time-temperature-
transformation (TTT) diagram of the IN625 alloy [6]. Through the SEM observations, the carbides were less
abundant in IN625/TiC. HT1 IN625 developed carbides with globular and elongated shapes ranging from 1.5

to 0.3 um. The HT1 IN625/TiC showed preferentially globular carbides with sizes between 0.6 um and 0.2
17



um. This behavior may be associated with the higher stability of the dendritic structures of the composite, thus
reducing the chemical elements for the precipitation of new phases. Even in these conditions, MC can
precipitate thanks to the greater driving force for precipitation under thermal exposures [50]. On the other
hand, the alloy underwent a more intense dissolution of the dendritic structures leading to higher chemical

element concentrations for carbide formations.

Fig. 7. LOM images of HT1 condition of IN625 (a) and IN625/TiC (b); SEM images of IN625 (c) and IN625/TiC (d). The samples
are chemically etched.
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Fig. 8 SEM-EDS analysis of precipitates in HT1 IN625 (a) and HT1 IN625/TiC (b) after chemical etching.

By comparing the LOM micrographs of the HT2 condition of the IN625 and IN625/TiC (Fig. 9 (a) and (b)), it

is visible the stabilizing effect of the TiC particle on the IN625.

The composite still showed columnar grains and reshuffling in correspondence to the melt pools, whereas the
recrystallization occurred in the base alloy generating equiaxial and twin grains. SEM images revealed very
small carbides for the IN625 alloy (Fig. 9 (c)), while the IN625/TiC exhibited sub-micrometric and micrometric
carbides (Fig. 9 (d)). EDS analysis on HT2 IN625/TiC precipitates revealed enrichment of Nb, Ti, and C

correlated with a depletion of Ni and Cr (Fig. 9 (€)), which can be associated with MC carbides [32].
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Fig. 9. LOM images of HT2 condition of IN625 (a) and IN625/TiC (b) and SEM images of IN625 (c) and IN625/TiC (d) with SEM-
EDS analysis on some carbides (e). The samples are chemically etched.

From the Tof-SIMS maps (Fig. 10), Nb, Ti-rich MC carbides precipitate with smaller dimensions in the HT2

IN625 alloy compared to the HT2 IN625/TiC, as pointed out by the spot with high Ti and Nb concentrations.
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The formation of Nb, Ti-rich MC carbides for the HT2 IN625 conditions were also observed in a previous work
of some of the authors [49]. Moreover, the formation of MC carbides at 1150 °C is in agreement with TTT
curves of the IN625 alloy [51]. In the HT2 IN625/TiC condition, the largest Nb, Ti-rich MC carbides were

formed along the grain boundaries due to the high segregations of Nb and Ti in these areas.

HT2 IN625

{

Fig. 10 Tof-SIMS maps for IN625 and IN625/TiC in HT2 condition, showing the concentration distribution of Nb and Ti

3.4 XRD analysis

The XRD patterns of the IN625 and IN625/TiC samples show the y matrix, as provided in Fig. 11 (a). The
XRD patterns showed a strong intense peak in correspondence of the (200) plane for all the conditions, except
for the HT2 IN625 state. This feature was related to the epitaxial and anisotropic grain growth in the LPBF
process [22,31]. On the other hand, HT2 IN625 matched the conventional y spectrum with the most intense

peak pointed out on the (111) plane due to the recrystallization induced by the solution annealing.

For the AB and HT1 IN625/TiC composite, the added TiC particles were identified in the zoom displayed in

Fig. 11 (b), showing two peaks related to the (111) and (200) peaks identified by a triangle. The calculated
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lattice parameter of the TiC particles is 0.4330 nm, which is compatible with the values reported in the literature
[52]. HT2 IN625/TiC showed a shift towards smaller angles that could be correlated with the formation of new
Nb, Ti-rich MC carbides, pointed out by a square. The Nb,Ti-rich MC carbides presented a lattice parameter
of 0.4371 nm, consistent with the literature [7]. It should be noted that the peaks of the formed MC carbides

could not be detected in the HT1 IN625, HT1 IN625/TiC, and HT2 IN625 conditions due to low concentration.

In order to investigate the evolution of the vy lattice parameter for the alloy and the composite, the Nelson-Riley
method was used. The vy lattice parameter trend is reported in Fig. 11 (c). The modification of the y lattice
parameter can be correlated with the microstructure evolution of the alloy and composite. More in detail, the
dissolution of chemical elements inside the y matrix tends to enlarge its lattice parameters, whereas the

depletion of chemical elements to form phases reduces its lattice parameters [47,53,54].

The composite showed a slightly enlarged vy lattice parameter in the AB condition compared to the IN625 alloy.
This result confirms that the high temperature involved in the melt pools leads to partial melt of the TiC
particles, while the unmelted TiC particles tend to be pushed along the grain boundaries and melt pool contours,
as discussed in paragraph 3.1. After the dissolution of TiC, the Ti enlarges the y lattice parameter while the C
tends to be enriched in the interdendritic areas, thus promoting the formation of new TiC or other MC carbides

by the eutectic reaction.

After HT1, IN625 showed an increment of the y lattice parameter compared to the AB condition due to an
initial dissolution of the dendritic structures inside the y matrix, while the composite exhibited a lattice
parameter comparable with the AB condition, thanks to the stabilization effect of the TiC. After HT2, IN625
underwent full dendritic dissolution and chemical homogenization, which caused an increase in the y lattice
parameter [47]. Differently, the inhibited fully dendritic dissolution and recrystallization that occurred in
IN625/TiC did not significantly affect the y lattice parameter recorded in the AB condition. More in detail, the
partial dendritic dissolution enlarged the vy lattice parameter by enriching chemical elements like Nb, Mo, and
Ti from the interdendritic areas. On the contrary, the formation of Nb, Ti-rich MC carbides depleted part of
these chemical elements inside the y matrix, thus providing a contraction of the lattice parameter. The

combination of the two mentioned phenomena produced limited y lattice parameters.

This behavior can be associated with the high thermal stability induced by adding TiC to the IN625 alloy.
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Fig. 11. (a) XRD spectrum IN625 and IN625/TiC; (b) zoom between 35 and 42° showing the peaks of the TiC and Nb,Ti-rich MC
carbides for the AB, HT1 and HT2 IN625/TiC conditions; (c) y lattice parameter evolution of IN625 and IN625/TiC under different

heat treatments.
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3.5 Mechanical properties and tensile fracture surfaces

The mechanical properties of the IN625 and IN625/TiC samples in the AB and heat-treated conditions are

reported in Fig. 12 (a and b) and Table 3.

Comparing IN625/TiC with IN625 in the AB condition, the mechanical properties presented an increment in
hardness (+60 %), yield strength (+23 %), and ultimate tensile strength (+25 %) faced with a comparable value
of elongation at failure. The increment of tensile strength and hardness could be attributed to the TiC particles
triggering strengthening mechanisms, while the similar elongation at failure of the alloy and composite

underlined that the low concentration of micro-segregations of TiC did not drastically modify the ductility.

Cheng et al. [22] found that the AB IN625 with 4wt % of nanoTiC presented an increment of the ultimate
tensile strength of around 46 % and a decrement of ductility of around 31 % with respect to the IN625 alloy.
In the current AB IN625/TiC, the lower mechanical property variations are consistent with adding a lower

concentration of TiC particles inside the alloy.

In the AB state, the addition of 1wt% of sub-micrometric TiC increased the hardness from 238 HBW to 377
HBW. This latter value is superior to the hardness of the micrometric IN625/TiC 1wt% (312 HBW) processed
in a previous work of our research group [31]. These results agree with the scenario described by Gu et al.[27]
on developing IN625/TiC composite by DED, reporting the greater hardness improvement of finer TiC

particles (like nanometric size) compared to the sub-micrometric TiC particles.

After annealing treatment, HT1 IN625/TiC showed higher hardness (+60 %), yield strength (+5 %), ultimate
tensile strength (+9 %), and lower elongation at failure (-40 %) compared with HT1 IN625 alloy. For the
composite, the superior mechanical properties combined with reduced ductility can be justified by the limited
dendritic dissolution and the formation of MC carbides. On the other hand, in the IN625 alloy case, the more
intense MC formation increased the tensile strength reducing the gap with the composite, whereas the

dissolution of the dendritic structures improved its ductility.

Finally, after the solution annealing treatment, the HT2 IN625/TiC composite revealed the greatest variations
in hardness (+100 %), yield strength (+86 %), ultimate tensile strength (+50 %), and elongation at failure (-45

%) compared to the HT2 IN625 alloy. In particular, for the composite, the limited dissolution of dendritic
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structures and the grain size stabilization kept high hardness and tensile strength under solution annealing
treatment. Furthermore, the formed small-size MC carbides inside grains induced an additional strengthening
mechanism. On the contrary, IN625 underwent full dendritic dissolution and recrystallization, thus improving
its ductility but drastically reducing hardness and tensile strength. In a previous work, the IN625/TiC with
1wt% of micrometric TiC under the same solution-annealed treatment (HT2 condition) revealed columnar
grains and hardness values around 254 HBW [31]. However, the HT2 IN625/TiC with sub-micrometric TiC
particles allowed the fabrication of a composite with an enhanced hardness of around 325 HBW, thus

indicating a better reinforcement inside the alloy even after heat treatments.

In order to investigate the plastic behaviors of the composite and IN625 alloy, the strain hardening exponent
(n) was determined by means of the Ludwik model using the true stress-strain data set of the specimens [40].
The analysis of the microstructures correlated with the calculated n values (Fig. 12 (¢ and d),Table 3), brings to

the following conclusions.

The worst strain hardening ability was observable in the AB condition for both the alloy and composite. This
result can be explained by considering the dendritic structures characterized by the high amount of residual
stresses and dislocation density, indicated by the high concentration of LAGBs and columnar deformed grains.
Moreover, the load was applied perpendicular to the building direction, thus increasing the number of grain
boundaries acting against the dislocation movement and reducing the strain hardening coefficient [42]. Since
the TiC particles did not activate sensible grain refinement, as discussed in paragraph 3.2, the two n values

were similar.

The strain hardening ability increased considerably in both materials after applying the heat treatments HT1
and HT2. After HT1, the major outcome is initial dendritic dissolution and stress relaxation, coupled with sub-
micrometric and micrometric MC carbide precipitation along the grain boundaries (Fig. 8 (a and b)). The
dendritic dissolution provides less obstacle to the dislocation movement, while the intergranular carbides

involve a limited action against the dislocation motion, thus enhancing alloy and composite hardening ability.
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Conversely, the strain hardening ability after HT2 tends to be slightly lower than the HT1 condition for both
IN625 and IN625/TiC conditions. This could be explained by considering the precipitation of small-size
carbides inside the grains detected by TOF-SIMS analysis (Fig. 10 Nb and Ti maps), which fully act as an
obstacle to the dislocation motion. HT2 IN625/TiC presented slightly lower strain hardening ability (lower n)
due to the partial stabilization of the dendritic structures induced by the TiC particles, while the HT2 IN625
alloy subjected to full dendritic dissolution presented higher strain hardening ability since the dislocation

movements are less hindered, as also denoted by the low fraction of LAGBS.

Fig. 12 (c and d) shows the experimental curves and the corresponding interpolating lines. The two systems'
behavior was similar, indicating that the amount of TiC had a minor impact on the alloy ductility. Nonetheless,
the IN625 alloy had a considerably broader set of possible true stress values, which could be related to the
microstructure evolution under heat treatment. At the same time, the composite showed three sets of data

extremely close, one to each other, a further confirmation that this composite had strong microstructural

stability.
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Fig. 12 (a) yield strength (YS) and ultimate tensile strength (UTS), (b) elongation at failure (gf) results of tensile specimens of IN625
and IN625/TiC in the AB, HT1, and HT2 conditions. Ludwik fitting plot for (c) IN625 and (d) IN625/TiC in AB HT1 and HT2
condition
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Table 3 Brinell Hardness, yield strength (YS), ultimate tensile strength (UTS), elongation at failure (ef) and strain hardening coefficient
(n) results of IN625 and IN625/TiC specimens in AB, HT1, and HT2 conditions compared with the literature [22] [31]. nano
(abbreviation for nanometric); and micro (abbreviation for micrometric). Strain hardening exponent (abbreviated as n).

Hardness YS uTsS &

Condition [HBW] [MPa] [MPa] [%] n
AB IN625 238+ 4 723+ 24 957 £ 15 29+4 0.588
AB IN625/TiC 377 +3 883+17 1195+ 20 271 0.594
AB IN625 [22] / / 836 ~45 /
AB IN625/nano-TiC 4 wt% [22] / / 1219 ~31 /
AB IN625/micro-TiC 1 wt%o [31] 312+5 / / / /
HT1 IN625 220+ 1 733+8 1039+1 34+1 0.780
HT1 IN625/TiC 347 +2 773+ 11 1130+ 7 21+2 0.748
HT2 IN625 161 +4 394 +7 814 +4 45+ 3 0.750
HT2 IN625/TiC 325+ 4 750 + 4 1231 + 27 25+2 0.688
HT2 IN625/micro-TiC 1wt% [31] 256 +4 / / / /

All the fracture surfaces can be classified as mixed ductile and brittle fractures Fig. 13 (a-f) [55-57]. In
particular, in Fig. 13 (a-f), yellow arrows pointed out micro-voids (typical of ductile fractures), while the red

arrows highlighted smooth facets (typical of brittle fractures).

The AB IN625 (Fig. 13 (a)) and AB IN625/TiC (Fig. 13 (b)) show similar fracture surfaces with micro-void
coalescence and fine dimples coupled to brittle fracture zones. In the case of the IN625 alloy, the brittle
fractures can derive from segregations in the interdendritic areas or precipitates like NbC carbides [49]. In
addition, for the composite, the TiC particles and the micro-segregations of TiC could provide further points
for triggering cleavage-like features. Comparing the HT1 IN625 (Fig. 13 (c)) and HT1 IN625/TiC (Fig. 13 (d))
conditions, the composite revealed more smooth zones, thus justifying the lower elongation at failure compared
to the alloy. In fact, the composite presented dendritic structures and the formed carbides, providing additional
weaker points for brittle fractures. On the other hand, for the HT1 IN625 condition, the dendritic dissolution

limited the possible zones subjected to brittle fractures, thus improving its ductility.

The comparison of the fracture surface of HT2 IN625 (Fig. 13 (e)) and HT2 IN625/TiC (Fig. 13 (f)) denoted a
substantial variation between the two conditions. The composite presented a high frequency of cleavage-like
features triggered by the presence of carbides as well as the network of dendritic architectures. Differently, the
HT2 IN625 condition was mainly dominated by ductile fractures with large micro-voids and fine dimples due

to the full dissolution of dendritic structures and recrystallization.
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Fig. 13. (a-f) SEM images of tensile fracture surface morphologies respectively for IN625 and IN625/TiC in AB (a and b), HT1 (c
and d), and HT2 (e and f) states. Yellow and red arrows underline micro-voids and smooth facets, respectively.
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4. Conclusions

In this study, Inconel 625 alloy and Inconel 625 reinforced with 1wt% of sub-micrometric TiC particles were
successfully produced by LPBF. The microstructure and mechanical properties evolution of the as-built and

heat-treated conditions were investigated. The primary results can be summarized as follows:

1. The composite powder with sub-micrometric TiC presented a higher flow rate than composite powder with
micrometric TiC, thus reducing the possibility of creating an inhomogeneous powder spreading during the
LPBF process, which may provoke defects inside the component.

2. A set of process parameters involving a VED of 99 J/mm? allowed the fabrication of dense IN625 and
IN625/TiC production. Using this VED, porosity levels below 0.15% were guaranteed, and good
dispersion of TiC particles was reached in the composite. However, a few micro-segregations of TiC were
still detectable in the IN625/TiC composite.

3. The AB IN625 and AB IN625/TiC conditions revealed columnar grains with a similar content of
recrystallized grains, concentration of LAGBs and sub-micrometric dendritic structures for the AB IN625
and AB IN625/TiC. A very limited grain refinement was detected due to the low quantity of added TiC
particles in the alloy. The vy lattice parameter was slightly larger for the composite than the alloy, indicating
a partial dissolution of TiC particles during the LPBF process. For the composite, the TiC particles tend to
be located along the grain boundaries, melt pool contours, and interdendritic regions.

4. After annealing treatment (HT1), both IN625 and IN625/TiC specimens still presented columnar grains
with a frequency of recrystallized grains and grain sizes equal to the AB conditions. The IN625 alloy
showed a slight reduction of the LAGBs differently from the composite that presented a stabilization of
the LAGBs. The increase in the vy lattice parameter of the IN625 alloy confirmed the initial dissolution of
the dendritic structure, which is strongly limited in the composite. The microstructure analysis revealed
the formation of new MC carbides mainly located along the grain boundaries in both alloy and composite.

5. Solution heat treatment (HT2) triggered recrystallization in IN625 with equiaxed and twin grains, leading
to a recrystallized grains percentage of 96% and LAGBs frequency of around 5 %. Conversely, the HT2
ING25/TiC still showed columnar grains with fine dendritic structures, keeping the GOS trend and the
level of LAGBs similar to the AB and HT1 condition around 50%. The IN625 showed the largest vy lattice

parameter due to the chemical homogenization, while the composite presented a vy lattice parameter similar
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to the AB condition thanks to the stabilization effect of the TiC particles, reducing the dendritic dissolution.
Moreover, the high temperature involved the formation of Nb,Ti-rich MC carbides in both the alloy and
composite. The composite presented micrometric carbides, while the alloy showed sub-micrometric
carbides.

The addition of 1wt% of sub-micrometric TiC into the IN625 alloy increased the hardness (around 60 %)
and ultimate tensile strength (around 25 %) in AB condition, keeping the ductility value similar to IN625
alloy. After HT1, the limited dissolution of the dendritic structure and the formation of MC carbides
preserved high hardness and tensile strength but simultaneously reduced its ductility compared to the HT1
ING625. Finally, TiC particles hinder the recrystallization and grain growth under HT2, providing limited
hardness and tensile strength variations for the composite. In detail, the HT2 IN625/TiC presented an
increased hardness (around 100 %) and ultimate tensile strength (around 50 %) compared to the HT2
IN625 alloy. However, the HT2 IN625/TiC showed a lower ductility (around 45 %) with respect to the
HT2 IN625 alloy. The correlation between strain hardening exponent (n) and microstructure underlined
the differences in the AB and HT conditions. The AB conditions revealed the lowest strain hardening
ability due to the high concentration of dislocation density and fine dendritic structures hindering the
dislocation movements. After HT1, the strain hardening ability was improved by the relaxation of the
residual stresses and the initial dissolution of dendritic structures. Finally, HT2 revealed an intermedia
strain hardening ability derived from the small MC carbides, which restricted the movement of the

dislocations.

The base alloy and composite in AB condition showed a balanced ratio between microvoids coalescence
areas and brittle facets. However, the heat-treated IN625/TiC presented a more elevated frequency of
smooth fractures due to the formation of new carbides and the limited dissolution of the network of
dendritic architectures. Conversely, the heat-treated IN625 underwent dendritic dissolution (for HT1) and
a strong chemical homogenization and recrystallization (for HT2), which increased its ductility, thus

exhibiting mainly large micro-voids and fine dimples.
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The current study shows that the IN625/TiC composite with only 1wt% of submicrometric TiC particles could
significantly increment the tensile properties and improve its thermal stability, using the same process window

parameter of the IN625 alloy.
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Appendix A

The inverse pole figure (IPF) YO maps of the IN625 and IN625/TiC and the pole figure are reported in the Fig.

1 A, Fig. 2 A respectively.

From the EBSD analyses, there is a preferential texture along the {100} direction for all the IN625 and
IN625/TiC conditions, although other orientations are visible, except for the HT2 IN625 state characterized
by recrystallization phenomenon. The preferential growth of columnar grains along the {100} is commonly
reported for the fcc y phase when processed by laser additive manufacturing processes [58,59]. A strong cubic
fiber {100} direction could be developed using more energetic parameters. Finally, it is interesting to note that
the pole figure of the composites presented a greater maximum texture intensity due to the addition of TiC
particles that generate high laser absorptivity, and, consequently, more elevated melt pool temperatures,

enhancing the overall intensity of the texture.
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