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a b s t r a c t   

The investigation aims to clarify the influence of scan parameters on the morphology and phase con-
stitution of CoAl2O4 inoculants in Inconel 718 (IN718) superalloy processed by selective laser melting (SLM). 
Gas atomized IN718 powder feedstock was uniformly blended with 0.2 wt% of CoAl2O4 flakes and processed 
with a range of laser scan parameters to understand the effect of the inoculant additions on microstructure. 
Similar to the reactions observed in investment cast Ni-superalloys, the CoAl2O4 particles were found to 
chemically react with elemental Al, Cr, and Ti present in the melt pool of IN718 and become reduced into 
Al2O3, Cr2O3, and TiO2 oxides after the SLM process. Analyses of single melt pool beads revealed the ex-
istence of Co-rich metallic particles distributed along the surface of the oxides. However, since SLM pro-
cessing involves remelting of the previously deposited layers to minimize the occurrence of porosity, this 
results in the dissolution of the Co-rich metallic particles that form when the CoAl2O4 particles are reduced 
in the melt pool. As such, the ability of the metallic Co particles to contribute to grain refinement becomes 
limited during SLM processing. Furthermore, the inoculant particles were found to agglomerate along the 
scan direction. The underlying mechanisms can be attributed to the Marangoni convection following the 
moving center of laser beam. It was found that decreasing energy density and increasing scan speed can 
effectively reduce the size and number density of the agglomerated oxide particles. Faster laser scan ve-
locities lead to reduced convective flow within the melt pool and reduce the tendency for agglomeration. 
However, the reduced magnitude of energy input limited the time over which the CoAl2O4 particles could 
react with the melt pool. This led to the formation of lack of fusion defects and incomplete chemical re-
action between CoAl2O4 and IN718 after the SLM process. The effectiveness of CoAl2O4 inoculant particles 
on grain refinement in as-built SLM IN718 microstructures is strongly dependent on the melt pool physics 
and laser scan conditions. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

The advent of fusion based additive manufacturing (AM) has 
resulted in transformational improvements on manufacturing and 
enabled ultimate design freedom as it possesses the flexibility to 
fabricate intricate components that are difficult to be produced by 
conventional methods such as casting, forging, and traditional ma-
chining [1]. Among the fusion based AM process, selective laser 
melting (SLM) is one of the popular techniques to process the pre- 
alloyed powder layer-by-layer through scanning a laser beam in a 
path that defines the geometry desired. SLM processed Ni-base su-
peralloy components for gas turbine engines have received 

considerable attention in recent years as significant economic and 
design related benefits can be attained. It should be noted that, 
however, the characteristically high thermal gradient and rapid 
cooling rate incurred during SLM processing is often associated with 
the formation of a fine, columnar-grained microstructure with 
strong anisotropy along the [001] or [101] direction. Since the 
crystallographic anisotropy may persist even following heat-treat-
ment of the as-built material and affect mechanical properties such 
as tensile strength, fatigue threshold, and creep rupture life [2–9], 
the applicability of AM parts may be limited. 

For conventional castings, numerous studies have been con-
ducted to minimize the extent of microstructural anisotropy during 
solidification by facilitating a columnar-to-equiaxed transition 
through the use of inoculants [10–13]. According to the correlation 
proposed by Hunt et al. [14] and Gaumman et al. [15], the thermal 
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gradient exhibits a correlation as a function of nuclei density and 
solid-liquid interface velocity which is shown in the follows: 
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where G is the thermal gradient, N0 is the nuclei density, is the 
equiaxed grain fraction, V is the solid-liquid interface velocity, and a 
and n are material constants. Eq. (1) indicates that for a given G and 
V, increasing nuclei density enhances the fraction of equiaxed grains. 
The Interdependence model [16–19] further elucidated the con-
tributions of inoculants on the formation of microstructure during 
solidification. Assuming the thermal gradient is aligned with the 
direction of grain growth, the distance separating each nucleation 
event (dgs) can be divided into three distinct length scales: (1) xcs, the 
required length for grain growth before sufficient constitutional 
supercooling T( )cs is generated that activate nearby nucleation sites; 
(2) xdl, the length of solute diffusion field from the solidification 
interface to where Tcs is equal to the nucleant potency, Tn; (3) xsd, 
the distance between possible nucleation sites within the melt pool. 
Namely, the dgs can be derived as 
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Here, D stands for the solute diffusion coefficient, z is a term 
proportional to the thermal gradient G, Q stands for the solute 
growth restriction factor, V stands for the solid-liquid interface ve-
locity, Co is the alloy composition, Cl* is the liquid composition at the 
interface, and k is the partition coefficient. 

The nucleant potency ( TN), i.e. the undercooling required for 
nucleation on inoculants or solute clusters, is defined as [20]: 

=T S d4 /( )N v (3) 

where Sv is the entropy of fusion, is the interfacial energy, and d is 
the particle size. It could be seen that a proper selection of in-
oculants with crystallographic planes that are coherent to the matrix 
can effectively reduce Tn as lower interfacial energy could be ob-
tained; a reduced magnitude of dgs hence accounts for more pro-
nounced heterogeneous nucleation resulting in an equiaxed-grained 
structure. Effective inoculant particles include a wide variety of 
precipitates including oxides, borides, and carbides that possess high 
melting points. The particular use of inoculants has been reported to 
facilitate the formation of equiaxed grains in AM processed alu-
minum alloys [17,21–24], ferrous alloys [25–30], titanium alloys [31], 
and nickel alloys [32–35]. 

CoAl2O4 was commonly used to promote an equiaxed-grained 
structure in investment cast Ni-superalloys [36–44]. The interior 
surfaces of investment molds are often coated with a mixture of 
CoAl2O4 and zirconia. As the investment mold is filled with molten 
metal, various reactions may occur between CoAl2O4 and the ele-
mental Al, Ti, Cr in the superalloy melt. These reactions reduce the 
CoAl2O4 and lead to the formation of solid elemental Co on the 
surface of shell mold. Since the Co particles possess a higher melting 
temperature than Ni-superalloys and have a crystallographic struc-
ture that is nearly identical to that of the Ni-superalloy, the solid Co 
particles that form contribute to heterogeneous grain nucleation 
during solidification. Our previous study has confirmed the ability of 
CoAl2O4 to facilitate grain refinement and enhance tensile properties 
and creep resistance for SLM processed IN718 [45]. CoAl2O4 in-
oculant particles were pre-mixed with IN718 powder and processed 
via SLM. The sequence of reactions and mechanisms responsible for 
inoculant induced grain refinement in conventional castings appears 
to be drastically different when compared to SLM processing. The 
high energy laser, rapid solidification, multiple remelting of the 
deposited materials, and flow and convection of the melt pool can 
all affect the effectiveness of inoculants and the resulting 

microstructural evolution during SLM processing. Moreover, the 
convective flow of the melt pool during SLM may contribute to ag-
glomeration of inoculants or reacted particles that can ultimately 
impact the resulting mechanical properties of the material. Previous 
studies have shown the agglomeration of reinforcing particles that 
exhibited a strong dependence on processing parameters in several 
ODS alloys or metal matrix composites (MMC) [46–48], but the be-
havior of CoAl2O4 particles that chemically react and become re-
duced is still not well understood. For these reasons, this 
investigation aims to elucidate the influence of scan parameters 
on the microstructural evolution of SLM processed IN718 mixed 
with micro-sized CoAl2O4 in terms of agglomeration and phase 
constitution. 

2. Experimental procedures 

2.1. Materials 

Gas atomized IN718 powder was supplied by Chia Yi Steel Inc., 
Taiwan, with D10 = 15 "m, D50 = 30 "m, and D90 = 52 "m. The com-
position characterized by ICP atomic emission spectroscopy was 
provided by the supplier and is shown in Table 1. As shown in  
Fig. 1(a), the particles were mostly spherical, although some irre-
gularly shaped particles were also observed. The CoAl2O4 particles 
were supplied by Alfa Aesar Inc. with D10 = 0.3 "m, D50 = 2.6 "m, and 
D90 = 6.1 "m. For this investigation, 0.2 wt% of CoAl2O4 flakes was 
blended with IN718 powder using a roller mill; the blending pro-
cedure was carried out with a speed of 130 rpm for 1 h. The sec-
ondary electron (SE) images shown in Fig. 1(c) revealed a random 
distribution of CoAl2O4 particles that adhered to the surface of IN718 
powder after blending. 

2.2. SLM process and post-processing 

An in-house SLM machine at the National Tsing Hua University 
equipped with a YLR-AC-500 W Ytterbium fiber laser with a beam 
size of 58 "m was used for this study. Selective laser melting was 
carried out under an Ar atmosphere with oxygen levels below 
2000 ppm. A 50 "m thick layer of pre-mixed IN718 powder with 
CoAl2O4 particles was spread onto a pure Ni baseplate. Samples were 
produced from a range of laser powers and scan speeds listed in  
Table 2 and were marked as C1, C2, C3, C4, and C5, respectively. The 
hatch distance was fixed at 100 "m and a zig-zag scan pattern with 
no rotation was used to process the successive layers. The volumetric 
energy density for each parameter was also included in Table 2 
which is defined as follows: 
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Several cubes with the dimension of 1 cm3 as well as single pass 
beads were produced using the assigned parameters. Afterwards, the 
cube samples were detached from the base-plate for characteriza-
tion while the single bead samples were characterized by sectioning 
the baseplate into 5 mm thickness using electrical discharge ma-
chining. Samples were subjected to solution heat-treatment (SHT) 
for better phase characterization of inoculants. SHT was conducted 

Table 1 
Nominal composition of IN718 powder used for SLM in wt% and at%.                

Ni Co Cr Fe Al Cu Ti Si Mn Mo Nb C  

wt% Bal.  0.5  19  17.75  0.6  0.2  0.9  0.18  0.18  3.05  5.1  0.04 
at% Bal.  0.5  21.3  18.5  1.3  0.2  1.1  0.4  0.2  1.1  3.2  0.2 
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at 1100 °C, which is above the solvus temperature of δ phase, for 2 h, 
followed by air-cooling to ambient temperature [49]. 

2.3. Sample preparation and characterization 

Specimens for microstructural characterization were prepared 
using standard metallographic procedures with a final polishing step 
with 0.05 "m alumina suspension and were electrolytically etched 
using a 15% phosphoric acid solution. Microstructures were observed 
under a field emission scanning electron microscope (FESEM, JEOL 
JSM-6701F), equipped with a Bruker energy dispersive X-ray spec-
troscopy (EDS) detector. Both secondary electron (SE) and back-
scattered electron (BSE) micrographs were taken under 15 kV to 
reveal the morphology and elemental distribution within the in-
oculants, respectively; the middle of the cube samples (5 mm away 
from the base plate) was observed for comparison. Discrete nano- 
sized oxides within the matrix were observed and the area fraction 
was estimated using ImageJ software. The cellular spacing as well as 
particle size of inoculants were measured using Nanomeasure 
software. 

The grain structure of the sample was characterized using a JEOL 
JSM 5900-LV scanning electron microscope (SEM) equipped with an 
Oxford Instruments Nordlys Nano electron backscatter diffraction 
(EBSD) detector. Specimens were mounted in resin and prepared 
using standard metallographic polishing techniques with a final 
polishing step with 0.06 "m colloidal silica. An area of 1 mm2 was 
collected to do the EBSD analysis using an accelerating voltage of 
20 kV and a 2 "m step size. The collected data was analyzed using 
Channel 5-HKL software. 

Since only a small mass fraction of CoAl2O4 was blended with the 
powder feedstock, quantitative analysis of the oxide particles pre-
sent in the microstructure was performed by phase extraction and 
electrolytic dissolution of the IN718 matrix material. Individual 
samples along with a Pt anode were immersed into a solution con-
sisting of 30 ml of HCl, 325 ml of methanol, and 7 g of tartaric acid; 
voltage was adjusted to maintain a constant current at 0.12 A at 
ambient temperature. The extraction procedure was conducted for 
2 days until sufficient particles were collected for phase character-
ization. The collected powder was analyzed using a Bruker D2 X-ray 

diffractometer, with CuKα radiation and power settings of 30 kV and 
10 mA. Each scan was carried out across the angular range (2θ) from 
20° to 100° with a step size of 0.01° and a dwell time of 4 s 

3. Results 

3.1. Observations of single pass beads 

Fig. 2 depicts the optical micrographs showing the top view of 
single pass beads. By taking the average along a distance of 5 mm, 
the melt pool width was measured to be 108  ±  3 "m, 94  ±  6 "m, 
86  ±  16 "m, 75  ±  15 "m, 105  ±  8 "m for C1 to C5, respectively. It 
could be seen that the average width of melt pool gradually 
decreased as the energy density decreased from 55 J/mm3 to 
31.4 J/mm3. Simultaneously, the deviation of melt pool width was 
measured to be 10 "m, 17 "m, 22 "m, 16 "m, and 17 "m for C1 to C5, 
respectively, showing a more heterogeneous feature of melt pool 
when processed using higher scan speeds. The large deviation in 
melt pool processed by high scan speeds corresponds to the for-
mation of defects characteristic of humping and discontinuous 
advance of the melt pool as shown in Fig. 2. 

The corresponding SE images showing the cross-sections of 
single pass beads are displayed in Fig. 3. Similar to the observations 
in Fig. 2, the height of the melt pool appeared to respond to the 
applied scan parameters and decrease with decreasing energy den-
sity. Interestingly, agglomerations of the inoculants were observed 
to take place largely on the surface of solidified single pass deposits.  
Fig. 4(a) and (b) shows the general features of agglomerated oxides 
on the surface of single pass beads; the corresponding compositions 
were analyzed by EDS and were presented in Table 3. The 
morphologies of inoculant particles located on the surfaces of the 
melt pools appeared to be irregular and were distinctly different 
from the shape of CoAl2O4 powder after blending with the IN718 
powder feedstock. Additionally, it should be noted that the size of 
oxide particles observed on the surface of the melt pools was found 
to be larger than the d90 of initial CoAl2O4 powder, suggesting that 
agglomeration might have occurred during the first scan. Fig. 4(b) 
reveals that the agglomerated oxide particle comprised a mixture of 
oxides that consist of CoAl2O4 and other oxides as a result of che-
mical reaction. EDS chemical analysis showed that the reacted por-
tion was enriched with Al, Ti, and Cr and deficient in Co, while the 
unreacted portion exhibited a stoichiometric composition consistent 
with CoAl2O4. This would appear to indicate that the CoAl2O4 in-
oculant additions were only partially reduced by the reactive ele-
ments in the melt pool. It should be noted that the standard 
deviation for each component did not largely change the phase 
constitution, indicating that the reactions taking place between 
the inoculants and IN718 matrix were independent of the scan 
parameters. 

Fig. 1. SEM images showing the powders of (a) IN718 and (b) CoAl2O4 used for the SLM process. The morphology of IN718 powder blended with 0.2 wt% of CoAl2O4 flakes are 
shown in (c). 

Table 2 
Scan parameters used for the SLM process. The layer thickness and hatch distance 
were fixed at 50 "m and 100 "m, respectively. The volumetric energy density for each 
condition was also included.         

C1 C2 C3 C4 C5  

Laser power (W) 220 220 220 220 260 
Scan speed (mm/s) 800 1000 1200 1400 945 
Energy density (J/mm3) 55 44 36.7 31.4 55    
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In addition to the oxides, some metallic particles with average 
sizes smaller than 1 "m were found to be randomly dispersed on 
the surface of agglomerated oxide, as indicated in Fig. 4(b); the EDS 
analysis confirmed that these particles are enriched in Co and other 
compositions from IN718 matrix including Ni, Fe, and Cr. Fig. 4(c) 
and (d) show the cellular dendritic microstructure within the single 

pass beads. Although the majority of non-metallic oxide particles 
were found on the surface of melt pool, nano-scale oxides 
(~100 nm) were still observed to be mostly distributed along the 
cellular dendritic boundaries. The distribution and morphology 
of these oxides are consistent with those reported in other 
studies [45,50]. 

Fig. 3. SE images showing the morphologies of cross-section for single pass beads of IN718 with CoAl2O4 processed by (a) C1, (b) C2, (c) C3, (d) C4, and (e) C5, respectively. The 
corresponding energy density was indicated at the right top of each figure. 

Fig. 2. Optical micrographs showing the top view of single pass beads for IN718 with CoAl2O4 processed by various conditions. The corresponding condition and energy density 
applied were provided below each figure. 
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3.2. Microstructure characterization for cube samples 

Fig. 5(a-c) show the microstructures of as-built sample processed 
by C1 with respect to transverse direction (TD), build direction (BD), 
and scan direction (SD). Since no rotation of scan pattern was ap-
plied in present study, distinct microstructures would be expected 
between the vertical sections along the TD (xz plane) and SD (yz 
plane). In particular, the inoculants were found to be randomly 
distributed within the matrix and possess an average size of 15 "m 
when the section along BD and TD (xz plane) was observed (see  
Fig. 5(a)). This observation supports that the CoAl2O4 particles were 
uniformly distributed throughout the IN718 powder before proces-
sing as the inoculants did not segregate to certain layers or scan 
tracks. The microstructure taken along BD and SD (yz plane), on the 
other hand, exhibited large numbers of agglomerates that had be-
come elongated along the SD; some of the elongated particles were 
observed to possess lengths that exceeded 100 "m, which is sig-
nificantly larger than the d90 of initial CoAl2O4 powder (see Fig. 5(b)). 
A similar elongated morphology was observed along the TD and SD 
(xy plane), Fig. 5(c). It could be seen that the agglomeration mainly 
occurred along the SD. The elongated morphology associated with 
the agglomerated oxide particles seemed to be a function of the scan 
track direction. 

Varying the laser scan parameters appeared to directly affect the 
agglomeration of the oxides and strongly influenced their 
morphologies. Fig. 6(a-d) show the microstructures of as-built 
samples processed by C2, C3, C4, and C5 with respect to BD and SD 
(yz plane), respectively. Since the same mixture of powders was 

utilized for all processing parameters, it could be expected that the 
uniform distribution of inoculants would be observed along BD and 
TD (xz plane). However, the morphologies of agglomerated oxides 
observed along BD and SD seemed to possess a strong dependence 
on processing parameters. Table 4 contains a statistical assessment 
of the number of agglomerated oxides larger than d90 of initial 
CoAl2O4 powder as well as the largest length of agglomerated oxides 
for Fig. 5(b) and Fig. 6(a-d). Over an area of 1.4 mm × 1 mm, the 
largest length of the inoculant particle was found to decrease from 
164 "m to 80 "m and coincided with a slight increase in the overall 
number of particles from 18 to 24 when the energy density de-
creased from 55 J/mm3 (C1) to 44 J/mm3 (C2). As the energy density 
further decreased to 36.7 J/mm3 (C3), the number of agglomerated 
oxide particles decreased significantly to 6, and the largest length of 
the inoculant particles decreased to 37 "m. Similar to the C3 sample, 
the C4 samples showed the same number of agglomerated oxide 
particles, but the length was notably smaller at 14 "m and ap-
proached the d90 values measured from the initial CoAl2O4 powder. 
The reduction in the size of the non-metallic particles as a function 
of energy density was also associated with lack of fusion defects and 
the presence of large pores with the sizes  >100 "m, as shown in  
Fig. 6(b) and (c). 

Surprisingly, the comparison between the C1 sample and the C5 
sample revealed that there was a large decrease in the size of ag-
glomerated oxides from 164 "m to 68 "m as scan speeds increased 
from 800 mm/s to 945 mm/s, despite having the same energy den-
sity. A similar trend was observed when sectioned with respect to TD 
and SD (xy plane), Fig. 7. The largest size of oxide particles was 

Fig. 4. SEM micrographs showing the miscellaneous features of inoculant particles for the single pass beads of IN718 with CoAl2O4: (a) SE image showing the distribution of 
inoculant particles; (b) SE image showing morphology of inoculant particles; (c) BSE image showing nano-oxides and cellular dendritic structure present within the single pass 
beads; (d) SE image showing morphology of nano-scale oxides. 

Table 3 
EDS results for particular features present in Fig. 4(b). The average and standard deviation were taken from the same features in samples processed by C1 to C5.            

at% Ni Fe Cr Co Al Ti Mo Nb O  

IN718 matrix 54.1  ±  3.5 17  ±  0.1 17.3  ±  0.3 0.9  ±  0.1 2.2  ±  1 1.5  ±  0.3 1.7  ±  0.1 2.6  ±  0.2 2.9  ±  1.6 
Reacted inoculant 3.7  ±  1.8 1.1  ±  0.7 3  ±  0.5 0.4  ±  0.1 22.6  ±  2.7 4.8  ±  1.5 0.1  ±  0 0.4  ±  0.2 63.7  ±  2.4 
Unreacted inoculant 4.2  ±  3 1.2  ±  1 3  ±  2.5 14.6  ±  3 26.3  ±  2.8 1.3  ±  0.8 0.2  ±  0.1 0.4  ±  0.3 48.8  ±  8.6 
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measured to be 90 "m, 37 "m, 17 "m, 9 "m, and 57 "m in samples 
processed by C1 to C5, respectively. It could be seen that the degree 
of the oxide agglomeration exhibited the same trend as that in the yz 
plane. The size of agglomerated oxides was significantly reduced in 
C2, C3, and C5 samples and finally approached the d90 of the initial 
CoAl2O4 powder in the C4 sample. These findings confirm that both 
energy density and scan speed may strongly impact the resulting 
particle morphologies. 

To effectively capture the effects of the non-uniform spatial 
distribution of agglomerated particles on the resulting grain struc-
ture, EBSD IPF Z maps for C1 sample and C2 sample were char-
acterized with respect to BD and SD and are displayed in Fig. 8. For 
comparison, the regions where inoculants were heavily agglomer-
ated in samples C1 and C2 were also included. In the C1 sample, the 
average grain aspect ratio associated with regions without (Fig. 8(a)) 
and with (Fig. 8(b)) heavily agglomerated oxide particles was mea-
sured to be 2.72 and 2.86, respectively, and did not vary significantly. 
In sample C2, there was a more significant variation in the grain 
aspect ratio and the values varied from 2.57 to 1.78 for Fig. 8(c) and 
(d), respectively. Equiaxed grains appeared to obfuscate the initial 

columnar grained features and significantly reduced the grain aspect 
ratio in C2 sample when the area fraction of agglomerated oxides 
increased. The findings clearly suggest that the non-uniform dis-
tribution of agglomerated oxides might have contributed to the 
formation of an inhomogeneous grain structure that became 
more pronounced when scan parameters were modified to reduce 
the energy density. 

The change in the inoculant morphology induced by the scan 
parameters was reflected on not only the morphology but also the 
resulting phase constitution. Fig. 9 shows the microstructures of 
the inoculant particles in C1, C3, and C5 samples, respectively; the 
average composition for each feature was summarized in Table 5. 
Similar to the observations in single pass beads, both agglomerated 
particles and un-agglomerated particles were composed of a mix-
ture of non-metallic oxides enriched with Al, Cr, and Ti and metallic 
particles enriched with Co and Ni. Unlike the inoculants on the 
surface in the single pass beads specimens, no metallic particles 
were observed to reside along the interface between the oxide 
particles and the IN718 matrix. 

In the C1 sample, the CoAl2O4 inoculant was completely reduced 
and fully reacted to form non-Co containing oxides when successive 
layers of powder were melted along with the underlying substrate to 
form a melt pool. As the laser scan parameters were modified to 
reduce the magnitude of the energy density (e.g. C3), the constitu-
tion of the agglomerated oxides changed to consist of a mixture of 
unreacted CoAl2O4 particles along with Al, Ti, and Cr-rich oxides. The 
EDS results shown in Table 5 confirmed that the composition of 
unreacted particles is consistent with those present in the single 
pass bead specimens. Interestingly, the C5 sample also revealed the 
presence of partially reacted inoculant particles. These partially re-
acted inoculant particles were largely composed of Ti-rich oxides 
and unreacted CoAl2O4. To better understand the impact of proces-
sing parameters on the resulting microstructure, the cellular den-
dritic microstructure of the as-built samples was observed under 
higher magnification for each condition, and the results are shown in  
Fig. 10. The average cellular spacing was measured to be 1020 nm, 
990 nm, 760 nm, 700 nm, and 960 nm for samples processed using 
the C1 to C5 conditions, respectively. The variations in the measured 
spacings show a strong dependence on both the energy densities 
and scan speeds. Discrete nano-scale oxides were also observed to 
be randomly distributed within the dendritic microstructure. These 
nano-scale oxide particles possessed the same morphology as those 
found in the single bead experiments. 

Results from the XRD phase characterization of the oxides that 
had been chemically extracted from the as-built samples are dis-
played in Fig. 11 (a). Chemical phase extraction and the corre-
sponding XRD diffraction pattern for the C1 sample containing no 
CoAl2O4 inoculant have also been included to benchmark the phases 
present. For this sample, the diffraction pattern consists largely of 
peaks corresponding to Laves phase and (Nb, Ti)C carbides. The 
presence of these phases is also in agreement with observations for 
both conventional cast and wrought and additively manufactured 
IN718 in previous studies [51–54]. In addition to Laves precipitates 
and carbides, the diffraction pattern corresponding to the extrac-
tions from C1 sample containing CoAl2O4 inoculant exhibits peaks 
that correspond to Al2O3. The absence of CoAl2O4 is consistent with 
the observations in Fig. 9(a) and (d). The diffraction peaks corre-
sponding to the oxide particles became more apparent after re-
moving the contributions from Laves phase. Phase extractions were 
also performed on the samples subjected to the SHT which fully 
solutioned all of the Laves phase precipitates. The corresponding 
diffraction patterns, Fig. 11 (b), clearly reveal the presence of Al2O3, 
(Nb, Ti)C, Cr2O3, and TiO2. The higher relative intensity associated 
with the peaks corresponding to Al2O3 suggests that the largest 
fraction of oxides are likely Al2O3. Similar to the C1 sample, the C4 
sample containing CoAl2O4 also exhibits a mixture of oxides Al2O3, 

Fig. 5. Microstructures of as-built IN718 with CoAl2O4 processed by C1 along the (a) 
transverse direction (TD) and build direction (BD), (b) scan direction (SD) and build 
direction (BD), and (c) transverse direction (TD) and scan direction (SD), respectively. 
The black particles were identified as inoculants. Note that the black arrows present in 
the basal plane of the coordinates represent the zig-zag scan pattern used for the SLM 
process. 
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Cr2O3, and TiO2. The same peaks attained from both conditions 
clearly suggest that the same level of reactions may have taken place 
within the inoculants during the SLM process. The absence of un-
reacted CoAl2O4 that was observed in Fig. 9(b) and (e) in the C4 
sample might be attributed to its comparatively low volume fraction 
among the reacted oxides and carbides. 

Fig. 12 shows the microstructures of extracted particles obtained 
from the C1 samples processed with CoAl2O4. In particular, 
Fig. 12 (a-c) display the microstructure of extracted particles under 
the as-built state while Fig. 12 (d-e) display the microstructure of 
extracted particles after the SHT. In the as-built state, both needle- 
shaped Laves accompanied with carbides as well as reacted oxides 
were revealed by different contrast under the BSE mode. After the 
SHT, the morphologies of carbides and reacted oxides became more 
obvious (see Fig. 12 (d) and (e)); the nano-scale oxides were also 
found under higher magnification which possessed a spherical 
morphology, as shown in Fig. 12 (f). The EDS analysis confirmed that 
the composition of reacted oxides is the same as the average 
composition shown in Table 5. 

4. Discussion 

4.1. Agglomeration of CoAl2O4 inoculant particles 

As aforementioned in Fig. 4(a), the agglomeration of inoculant 
particles to form large non-metallic particles was observed to occur 
on the surface of single pass melt beads. The agglomeration of in-
oculants appeared to align along the scan direction leading to a non- 
uniform distribution of agglomerated oxides whose maximum size 
was approximately 27 times larger than the initial d90 of the CoAl2O4 

powder that was blended with the powder feedstock in the C1 
sample (see Fig. 5(b) and Fig. 5(c)). The underlying mechanism of 
agglomeration can likely be attributed to the Marangoni convection 
induced by the non-uniform temperature distribution of tempera-
ture [55,56]. The convection driven by the thermocapillary force can 
be defined by a non-dimensional Marangoni number (Ma) that 
follows: 

= d
dT

dT
dx

L
a

Ma
2

(5) 

where is the surface tension, (d
dT

) is the surface tension coefficient, 

(dT
dx

) is the temperature gradient from the center of melt pool, is the 
viscosity, a is the thermal diffusivity, and L is the characteristic 
length. Numerical studies predicting the melt pool dynamic have 
demonstrated that the temperature and surface tension coefficient 
as a function of distance to the moving center of laser beam enhance 

Fig. 6. Microstructures of as-built IN718 with CoAl2O4 processed by (a) C2, (b) C3, (c) C4, and (d) C5 along the BD and SD, respectively. Note that the area captured for (a-d) is the 
same as Fig. 5(b). The porosities are indicated by white arrows particularly. 

Table 4 
Summary of number of agglomerated oxides larger than d90 of CoAl2O4 as well as the 
largest length of agglomerated oxide characterized in Fig. 5(b) and Fig. 6(a-d).         

C1 C2 C3 C4 C5  

Numbers of particles larger than d90 of CoAl2O4 18  24 6 6  14 
Largest length of agglomerated particle (μm)  164  80  37  14  68 
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the Marangoni number and lead to an either radially outward or 
radially inward surface flow, depending on the level of impurities 
such as oxygen or sulfur [32,57–59]. The convection thus carries the 
hot metal as well as inoculants towards the certain directions, and 
the center of convection follows the moving center of the laser. 

Computational modeling studies have shown that the tempera-
ture of a laser induced melt pool during the AM process can exceed 
2000°C, which surpasses the melting temperature of CoAl2O4 

(1955 °C) [1,11,59]. The inoculant particles that are being transported 
by the Marangoni convection may partially melt and agglomerate 
with other inoculant particles along the SD. Additionally, since the 
density of CoAl2O4 is approximately half of that of IN718, the re-
sulting buoyant force also drives the oxide particles towards the 
surface of the melt pool. This additional driving force likely explains 
the preferential presence of agglomerated oxides on the surface of 
the single pass beads, as shown in Fig. 4(a). As successive layers or 
beads are deposited, the laser with high energy densities may ex-
acerbate this phenomenon by forming a melt pool that extends well 
into the previously deposited material and pulls the already ag-
glomerated oxides to the surface of the new melt pool. This process 
may occur multiple times and gradually build up the size of the 
agglomerated oxides until they become sufficiently large where their 
movements ultimately become restricted and they can no longer be 
pulled up to the surface of the melt pool. This would be consistent 
with the observations of a non-uniform distribution of agglomerated 
particles shown in Fig. 5(b) and Fig. 5(c). 

The observations in Fig. 6 and Fig. 7 clearly demonstrated that 
both the size and number of agglomerated oxides were largely 

decreased when scan parameters were modified to reduce the en-
ergy density and increase the laser scan speed, as seen in samples C3 
and C4. The variation in the morphologies of the single pass beads 
that were deposited, Fig. 2, indicate that the energy density of ap-
plied scan parameters exerts a positive correlation to the size of melt 
pool. The higher energy densities also impact the temperature of 
melt pool. Thermal modeling has demonstrated that the overall 
temperature of melt pool increases with increasing energy density 
due to a higher proportion of energy directed into the powder bed  
[59–61]. Since it has been reported that the viscosity of molten 
metals is inversely proportional to the root of temperature [62], 
larger Marangoni numbers corresponding to increased convective 
flow are also expected when parameters are adjusted to increase 
the energy density. With a physically larger melt pool, a corre-
spondingly higher density of oxides is likely to be entrained within 
the melt pool and leads to an increased probability of agglom-
eration. This is consistent with the observations from this in-
vestigation as the higher energy density laser scan parameters also 
resulted in an increase of the size and number of agglomerated 
oxides from sample C4 to C1. 

The reduced size and number of agglomerated oxides in C5 
sample can be attributed to the increased laser scan speed and 
correspondingly smaller melt pool. For Ni-superalloys, the cellular/ 
dendrite arm spacing (λ1) decreases with increasing cooling 
rate (T ), and the relationship between λ1 and T can be derived as 
follows [63]: 

= +log T0.26log( ) log134.431 (6) 

Fig. 7. Microstructures of as-built IN718 with CoAl2O4 processed by (a) C2, (b) C3, (c) C4, and (d) C5, respectively, along the TD and SD. The porosities are indicated by white 
arrows particularly. 
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Using the cellular spacing measured from Fig. 10, the cooling rate 
in C1 sample is estimated to be 1.3 times slower than that in C5 
sample while 4.4 times slower than that in C4 sample. The increased 
laser scan speeds result in an increased cooling rate during 

solidification of the melt pool which is consistent with results from 
finite element modeling studies [60,64]. Since the higher cooling 
rates reduce the time interval over which the liquid melt pool is able 
to exist, the oxide particle movements are limited and the 

Fig. 8. EBSD IPF Z maps for the as-built samples processed by (a-b) C1 and (c-d) C2, respectively, with respect to the BD and SD. Note that the IPF Z maps for regions where heavily 
agglomerated oxide particles were identified for C1 sample and C2 sample are shown in (b) and (d), respectively. The agglomerated inoculants are indicated by the black arrows. 

Fig. 9. BSE images showing the general features of (a-c) un-agglomerated inoculant particles and (d-f) heavily agglomerated inoculant particles in as-built IN718. Note that (a) and 
(d) represent the inoculants in sample processed by C1; (b) and (e) represent the inoculants in sample processed by C3; (c) and (f) represent the inoculants in sample processed 
by C5. 
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probability of agglomeration can be reduced as evidenced in the C5 
sample. The findings are also consistent with the microstructure of 
the C4 samples where agglomeration was nearly eliminated by 
reducing the energy density and utilizing a high scan speed. 

4.2. Microstructure evolution of CoAl2O4 inoculant particles 

In the present study, the microstructural observations from the 
single bead deposits (Fig. 4) and cube samples (Fig. 9 and Fig. 10) 
combined with XRD of the extracted particles have confirmed that 
the CoAl2O4 inoculant particles that were initially blended with the 
IN718 powder feedstock were reduced within the melt pool to form 
various oxides rich in Al, Ti, and Cr along with Co-rich metallic 
particles. Once formed, the compositions of reduced oxide particles 
were found to be unchanged when successive layers were processed. 
Previous studies have shown that CoAl2O4 undergoes a similar re-
duction process in Ni-superalloys during the investment casting  
[37,38]. In IN718, CoAl2O4 particles may follow the chemical reac-
tions with Al, Cr, and Ti in the molten alloy that are described as 
follows [37]: 

+ = +Al O Al O CoCoO· 2/3Al 4/32 3 2 3 (7)  

+ = + +Al O Cr O Al O3(CoO· ) 2Cr 3Co 3( )2 3 2 3 2 3 (8)  

+ = + +Al O Al O Co TiOCoO· 1/2Ti 1/22 3 2 3 2 (9)  

The chemical potential for (7), (8), (9) was estimated to be 
− 250 kJ, − 100 kJ, and − 180 kJ at 1300 °C, respectively, and does not 
vary significantly with the change in temperature [37]. The chemical 
reactions strongly suggested that the CoAl2O4 inoculants were re-
duced into Al2O3, Cr2O3, and TiO2 following the same reactions as 

those observed in investment cast Ni-superalloys during the SLM 
process. The higher atomic fraction of Al and Ti in reacted oxides 
compared to that of Cr also corresponds to the high magnitude of the 
chemical potential for the formation of Al2O3 and TiO2. The 
same reactions are also responsible for the presence of solid Co-rich 
particles as a by-product of these reactions. 

Interestingly, the Co-rich phase characterized on the surface of 
inoculants shown in Fig. 4(b) was found to dissolve and become 
incorporated in the IN718 samples when additional layers of mate-
rial are deposited using a melt pool that extends beyond the depth of 
the deposited layer, Fig. 9. For investment cast Ni-superalloys, the 
pouring temperature of the melt generally does not exceed the 
melting temperature of Co (1490 °C) and hence the solid Co particles 
that form on the surface of shell mold can survive and promote 
heterogeneous grain nucleation during solidification. During the 
SLM process, however, the characteristically high melt pool tem-
perature as well as Marangoni convection may melt the reacted 
metallic Co particles. As a result, the effects of CoAl2O4 inoculants on 
SLM processed samples would be expected to be different from that 
of conventionally casting samples as grain nucleation on solid Co 
particles is no longer likely to occur. 

The unreacted CoAl2O4 inoculants present in single bead deposits 
can be attributed to the intrinsically fast cooling rate during the SLM 
process. It is estimated that the cooling rate of melt pool could ap-
proach 105-108 K/s during the SLM process [65–68]. Additionally, the 
thermal conductivity of CoAl2O4 is generally below 10 Wm−1K−1, 
which is approximately 2.5 times smaller than that of IN718, at 
1500 K [69,70]. The reduced rate of heat transfer as well as limited 
time interval for diffusion of Al, Ti, and Cr in the melt pool may in-
hibit the chemical reactions between CoAl2O4 and IN718 leading to a 
small fraction of unreacted particles after the first scan. On the other 

Table 5 
EDS results for particular features present in Fig. 9. The average and standard deviation were taken from the same features in samples processed by C1 to C5. Note that the 
composition for unreacted inoculants in C5 sample is separated from others as different composition was detected. 5 data points were included to estimate the average and 
standard deviation for the unreacted inoculants in C5 sample.            

at% Ni Fe Cr Co Al Ti Mo Nb O  

IN718 matrix 52.4  ±  0.7 18.2  ±  0.2 18.3  ±  0.6 1  ±  0.1 1.3  ±  0.3 1.4  ±  0.1 2  ±  0.1 3.1  ±  0.4 2.2  ±  0.3 
Reacted inoculant 0.6  ±  0.2 0.2  ±  0.1 2.1  ±  0.3 0.2  ±  0 26.5  ±  0.8 6.9  ±  0.4 0.1  ±  0 0.1  ±  0.1 61.6  ±  3.4 
Unreacted inoculant 3.8  ±  2.1 1.6  ±  0.9 2.1  ±  0.9 15.2  ±  0.9 27.9  ±  0.5 0.6  ±  0.3 0.3  ±  0.1 0.3  ±  0.1 48.2  ±  4 
Unreacted inoculant (in C5) 1.3  ±  0.2 0.7  ±  0.1 1.5  ±  0.3 17.2  ±  1.3 29.9  ±  3.3 2.7  ±  0.6 0.2  ±  0.1 0.2  ±  0.1 46.5  ±  2.8 

Fig. 10. BSE images showing the cellular structure in samples processed by (a) C1, (b) C2, (c) C3, (d) C4, and (e) C5, respectively. Note that the black particles within cellular 
dendrites were identified as nano-scale oxides. 
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hand, when successive layers were processed, all of the particles 
were observed to become fully reduced in the C1 sample while some 
unreacted or partially reacted CoAl2O4 was still identified in samples 
processed by C2-C5. Similar to the underlying mechanisms that fa-
cilitate agglomeration, a high energy density ensures remelting of 
the previously deposited material as the melt pool extends through 
the deposited layer. When a penetrating melt pool is combined with 
a relatively low laser scan speed, the probability that CoAl2O4 par-
ticles can be fully reduced is high as the time interval over which the 
reaction can occur is largely dependent on the scan speed. This is 
consistent with the presence of partially reacted CoAl2O4 particles 
observed in the microstructures of sample C3 and C5, Fig. 9. 

Results from the present study clearly demonstrate a range of 
microstructures can form during SLM processing of IN718 containing 
CoAl2O4 inoculant particles. The microstructures are sensitive to the 
range of processing parameters as the Marangoni convection within 
the melt pool can result in agglomeration of fine oxides and form 
large non-metallic particles. With decreasing energy density and 
increasing scan speed, both the size and number of agglomerated 

oxide particles can be effectively minimized owing to the reduced 
recirculation times. As a trade-off, porosity and lack-of-fusion de-
fects may occur within the microstructure as the energy input and 
melt pool penetration depth are reduced. The chemical reactions 
that result in decomposition of CoAl2O4 into Al2O3, Cr2O3, TiO2, and 
Co-rich particles during the SLM process were found to be consistent 
with those in investment cast Ni-superalloys. Due to the melt pool 
penetration and remelting of the previously deposited layers, the 
solid Co-rich particles that formed during the reduction of CoAl2O4 

are reincorporated back into the melt pool and are unable to serve as 
heterogeneous grain nucleation sites during solidification. The pre-
sent study illustrates a clear need to better understand the under-
lying mechanisms associated with the formation of microstructure 
during SLM processing of IN718 with CoAl2O4 inoculant particles and 
the importance of the laser scan parameters. In order to minimize 
agglomeration of oxides and enable the Co-rich particles to hetero-
geneously nucleate grains during solidification, laser scan para-
meters must be optimized to minimize the melt pool penetration 
depth and the extent of convective flow. 

Fig. 11. XRD spectra for (a) as-built and (b) solution heat-treated IN718 with CoAl2O4, respectively. Both chemically extracted C1 sample and C4 sample were analyzed. The spectra 
for CoAl2O4 powder and as-built IN718 without CoAl2O4 were also included for comparison. 

Fig. 12. The BSE micrographs showing the distinct features of chemically extracted C1 sample containing CoAl2O4 inoculant. Note that (a)-(c) show the extracted powder from the 
as-built samples while (d)-(f) show the powder from the samples after SHT. 
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5. Conclusion 

During the first scan associated with melting of the powder 
feedstock, chemical reactions occurred between CoAl2O4 particles 
and IN718 powder leading to the reduction of CoAl2O4 to form Co- 
rich metallic particles along with various oxides including Al2O3, 
Cr2O3, and TiO2. Since the melt pool associated with successive 
layers extends beyond the deposited layer of new powder and re-
melts the underlying beads that have been previously deposited 
onto the build, the Co-rich metallic particles that form due to the 
chemical reduction of CoAl2O4 melt and are incorporated back into 
the melt pool. Without the presence of solid, metallic Co-rich par-
ticles, the ability of the CoAl2O4 inoculants to facilitate hetero-
geneous nucleation during SLM processing of IN718 might be 
limited. Furthermore, it was found that the phase compositions and 
particle morphology of the non-metallic oxides that form as a result 
of the CoAl2O4 additions exhibit a strong dependence on the SLM 
scan parameters. The following conclusions can be drawn based on 
the observations on samples produced by different scan parameters.  

1. Increasing energy density increases the recirculation times of melt 
pool due to the higher melt pool temperature and lower viscosity. 
The more intense convection facilitates more oxide particles with 
low densities to agglomerate onto the surface of melt pool. The larger 
size of the melt pool induced by higher energy density also con-
tributes to increasing the extent of agglomeration as more non-me-
tallic particles are able to interact during each scan.  

2. Despite using the same energy density, higher scan speeds 
contribute to an increase in cooling rate and reduce the overall 
solidification times of the deposited material. Shorter solidifica-
tion time thereby leads to a reduced flow within the melt pool 
and mitigates the degree of agglomeration.  

3. The high cooling rates and short solidification time associated 
with the high laser scan speeds can also result in an incomplete 
chemical reaction between the CoAl2O4 and the IN718 melt pool 
following a single pass. This leads to the formation of a micro-
structure that contains a mixture of unreacted CoAl2O4 alongside 
the reduced Al2O3, Cr2O3, and TiO2 oxides. The extent of melt 
pools that leads to significant remelting of previously deposited 
layers enables eventual reduction of the unreacted CoAl2O4. For 
the scan parameters associated with lower energy densities and 
higher cooling rates, limited remelting of the previously de-
posited layers combined with insufficient time interval over 
which the reaction can occur accounts for the presence of 
unreacted CoAl2O4 within the as-built microstructure. 
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