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A B S T R A C T   

Inconel 939 (IN939) suffers from cracking in the laser powder bed fusion based additive manufacturing (LPBF- 
AM) process. Previous studies attempted to minimize the crack density by reducing the Si content. In contrast, 
this paper demonstrates that Si addition can substantially lower the crack density in LPBF-AM IN939 alloy parts. 
Si addition into IN939 shows a moderate impact on the crystallographic orientation and grain size of LPBF-AM 
parts, and promotes the formation of precipitates. Mechanical tests show that Si addition increases tensile 
strength and indentation hardness but decreases ductility. This work suggests that the dominant cracking mode 
in LPBF-AM IN939 alloy parts is solidification cracking, the suppression of which by Si addition can be quali
tatively rationalized using Clyne’s model and Kou’s model. The present findings provide a different perspective 
on designing defect-free LPBF-AM Ni-based superalloy parts with balanced mechanical properties, one which can 
be extended to other alloy systems.   

1. Introduction 

Over the last two decades, laser powder bed fusion based additive 
manufacturing (LPBF-AM) has been widely used to fabricate various 
metallic parts with excellent mechanical properties [1–4]. LPBF-AM is 
characterized by high design flexibility, short lead time, and low waste, 
and is attractive for manufacturing materials with high strength and 
poor machinability, including Ni-based superalloys, which are difficult 
to process using conventional subtractive machining techniques [5]. 
Extensive studies have been reported on the microstructural evolution 
and mechanical performance of additively manufactured Ni-based su
peralloy parts, over 80% of which focus on Inconel 718 (IN718) and 
Inconel 625 (IN625) alloys due to their relatively good weldability [6]. 
However, some non-weldable Ni-based superalloys, such as CM247LC 
[7] and Inconel 939 (IN939) alloy [8], tend to contain a high density of 
cracks after LPBF-AM processing. Therefore, the fabrication of 
crack-free Ni-based superalloys with poor weldability has continued to 
be a research focus. 

IN939 presents high strength/toughness, high creep/oxidation/ 
corrosion resistance, and microstructure stability up to 850 ◦C, and is 
well suited for aerospace and energy sector applications [9]. IN939 is 

mainly strengthened by the γ -́Ni3(Al, Ti) phase and its poor weldability 
stems from the high total content of Al and Ti [10]. The LPBF-AM pro
cess, combining a high energy density laser source, high scanning speed, 
and high cooling rate, tends to result in high residual stresses, which 
exacerbates the occurrence of cracking in IN939 specimens [8]. How
ever, only limited data have been reported on the cracking mechanisms 
of IN939 during LPBF-AM processing. Kanagarajah et al. [11] investi
gated the microstructure and mechanical properties of LPBF-AM IN939, 
mainly focusing on the heat treatment effect. However, the presence of 
micro-cracks in as-built IN939 specimens was not characterized. 
Marchese et al. [8] studied the influence of the process parameters on 
the densification and microstructure of LPBF-AM IN939. They 
concluded that printing parameter optimization could reduce the 
porosity and crack density, but crack-free IN939 was unachievable. 
Tang et al. [12] characterized the cracking behaviors in LPBF-AM IN939 
and CM247LC specimens. The observed cracks were categorized into 
three types: solidification cracking, liquation cracking, and solid-state 
cracking. Both solidification cracking and solid-state cracking were 
identified in IN939 specimens based on detailed fractography analysis. 

Solidification cracking, also known as hot tearing, occurs at the last 
stage of solidification where the feeding of liquid to counteract 
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solidification shrinkage is hindered and the thin liquid film in the semi- 
solid region is teared due to the tensile thermal deformation [13]. These 
thin liquid films locate at the interdendritic regions, which form grain 
boundaries after complete solidification [14]. Studies have reported on 
the effect of minor alloying elements in Ni-based superalloys on solidi
fication cracking during LPBF-AM processing. Tomus et al. [15] re
ported the LPBF-AM Hastelloy X alloy with reduced Mn+Si content 
contained much lower porosity and crack density. Engeli et al. [16] also 
reported that the Si element in IN738LC alloy needed to be restricted 
because Si enrichment at grain boundaries formed detrimental phases 
and increased the cracking susceptibility. Cloots et al. [17] attributed 
the solidification cracking observed in LPBF-AM IN738LC to Zr enrich
ment at grain boundaries. They hypothesized that Zr enrichment leads to 
an increase in the critical solidification temperature range (CSTR) at 
grain boundaries, making it more susceptible to solidification cracking. 
However, Hariharan et al. [18] disagreed with the above hypothesis. 
Instead, they proposed that the influence of Zr and Si on grain boundary 
energies and solid-liquid interface energies was responsible for solidi
fication cracking. 

Though the mechanisms of how the minor solute elements influence 
the solidification cracking of LPBF-AM Ni-based superalloys remain 
contentious, various research works in the literature [15–18] consis
tently conclude that an increase in Si content increases the cracking 
susceptibility. Nevertheless, recent studies report that crack density in 
LPBF-AM Al alloys has been significantly reduced by adding Si [19–21]. 
This motivates us to investigate whether Si addition also helps to 
fabricate crack-free LPBF-AM Ni-based superalloy parts with balanced 
mechanical properties. In this work, we report, for the first time to the 
best of our knowledge, that Si addition can substantially lower the crack 
density in LPBF-AM IN939 alloy parts. Microstructure and mechanical 
properties of LPBF-AM IN939 with and without Si addition are investi
gated. The associated cracking mechanisms are also discussed. 

2. Calculation and experimentation procedures 

2.1. Crack susceptibility coefficient (CSC) calculation 

CSC describes the crack tendency of materials. To assess the effect of 
Si addition on the crack susceptibility in the IN939 system and guide the 
subsequent fabrication of IN939 specimens with varying Si content, CSC 
was assessed using the Calculation of Phase Diagrams (CALPHAD) 
software Thermo-Calc with the Clyne’s model[22]. The TCNI8: Ni-alloy 
v 8.2 database was adopted. In Clyne’s solidification cracking criteria, 
the CSC is defined as: 

CSC =
tV

tR
(1)  

where tV is the solidification time during which the alloy is vulnerable to 
cracking, and generally refers to the time spent as the solid volume 
fraction (fS) increases from 0.9 to 0.99; tR is the available time for the 
alloy to relieve the accumulated stress, and is defined as the time spent 
in the fS range of 0.4–0.9. Fig. 1 plots the calculated CSC values as a 
function of added Si content (wt%). The CSC value increases signifi
cantly as the Si content reaches ~0.5 wt%. As the Si content increases 
further to 1.5 wt%, the CSC value drops sharply from ~3.2 to ~1.3, and 
then varies in the range of ~1.3 to ~1.0. This indicates a higher Si 
content, e.g., over 0.8 wt%, would substantially decrease the cracking 
tendency of IN939 alloy. The CSC value further decreases to ~0.6 at 
~3.0 wt% Si, and then begins to increase with higher Si content, as the 
deleterious effects of Si become prominent. In this work, IN 939 speci
mens with no Si addition, 1.5 wt% and 3.0 wt% Si addition were 
fabricated by LPBF-AM. In what follows, these specimens are denoted 
respectively by pure-IN939, IN939 + 1.5%Si and IN939 + 3.0%Si. 

2.2. Powder mixing and LPBF-AM processing 

Commercial spherical gas atomized IN939 powder (Carpenter Ad
ditive, USA) and commercial Si particles (Alfa Aesar, USA) are used in 
this work. Fig. 2(a) shows the surface morphology of the IN939 powder, 
with its chemical composition listed in Table 1. The powder size dis
tribution is single-peaked, as shown in Fig. 2(b), with a peak value of 
30.2 µm. The D10 and D90 values were determined respectively to be 
18.9 µm and 45.3 µm using a Mastersizer 3000 (Malvern AERO S, dry 
powder dispersion mode). Fig. 2(c) displays the flake-shaped silicon 
powder with a purity of > 99.5%. The average Si powder size is 
measured to be 4.5 µm. Pure IN939 powder and Si powder were mixed 
in a SPEX 8000 m MIXER for 10 h. Fig. 2(d) shows the morphology of 
the uniformly mixed IN939 powder with 3.0 wt% Si powder. 

LPBF-AM specimens with dimensions of 10 mm × 10 mm × 6 mm 
(Fig. 3(a)) were fabricated using a custom-built selective laser melting 
machine under a flowing argon atmosphere. The optimized LPBF-AM 
processing parameters of layer thickness t, laser power P, laser scan 
speed ν, and hatch space h are selected to be 0.05 mm, 160 W, 100 mm/ 
s, and 0.05 mm, respectively. A simple ‘back-and-forth scanning strat
egy’ was used, with no rotation across layers (Fig. 3(a)). 

2.3. Mechanical testing 

Instrumented nanoindentation hardness measurements were per
formed on surfaces perpendicular to the build direction of LPBF-AM 
specimens on a Nanointenter XP system (MTS Systems Corp., Knox
ville, TN) with a diamond Berkovich indenter. A force-controlled mode 
was used at a loading rate of 0.2 mN/sec. Before the indentation mea
surements, specimen surfaces were mechanically polished successively 
with SiC papers and polycrystalline diamond suspensions, followed by a 
12-hour vibratory polish with 50 nm silica suspension (Pace Technolo
gies GIGA 0900 Vibratory Polisher). 

Micro-tensile tests were conducted in-situ an FEI Quanta3D FEG 
Dual-Beam scanning electron microscope/Ga+ focused ion beam (SEM/ 
FIB) instrument using an instrumented nanomechanical testing system 
(FemtoTools-NMT04). A displacement-controlled mode was used at a 
displacement rate of 30 nm/sec, leading to a typical nominal strain rate 
of 10−3/sec with a typical gauge length of 30 µm. Dogbone-shaped 
micro tensile specimens were cut using a Xe plasma focused ion beam 
instrument (PFIB, ThermoFisher Helio G4). 

Fig. 1. Calculated crack susceptibility coefficient (CSC) as a function of 
Si addition. 
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2.4. Materials characterization 

The aforementioned mechanical polishing procedure was employed 
prior to electron backscatter diffraction (EBSD) mapping and metallo
graphic etching. EBSD mapping was performed at 30 kV and 23 nA with 
an EBSD attachment (EDAX) on the FEI Quanta3D FEG Dual-Beam SEM/ 
FIB system. Raw EBSD data were analyzed with the TSL OIM software. 
Metallographic etching was conducted using the waterless Kalling’s 
reagent, and a Keyence VH-Z100UR digital microscope was used for 
optical microscopy (OM) images. 

3D visualizations for determining the size and distribution of internal 
cracks within as-printed specimens were conducted using a ZEISS X-ray 
micro-computed tomography system (micro-CT, Xradia 620 Versa). 
Rectangular cylinders with dimensions of ~2 mm × 2 mm × 5 mm 
were cut out of as-printed pure-IN939 and IN939 + 3.0%Si specimens, 
and examined with micro-CT at a scan voxel size of 0.7 µm. The software 
package Avizo was used to process the data. 

X-ray diffraction (XRD) examination was performed on a PANalytical 
Empyrean system with Cu Kα radiation. Symmetric θ/2θ scans were 
conducted in the angular range of 30–120◦ 2θ, with a scanning step size 
of 0.05◦. Transmission electron microscopy (TEM) specimens were 
prepared following a standard Omniprobe lift-out and thinning process 
[23]. TEM characterization was conducted on a JEOL JEM-F200 Scan
ning/Transmission Electron Microscope (S/TEM) operated at 200 kV. 
STEM characterization was conducted on a JEOL NEOARM 

30–200 kV S/TEM equipped with dual silicon-drift detector x-ray en
ergy dispersive spectroscopy (EDS) systems with a large solid angle (1.7 
sr). STEM-EDS maps were collected using probe size 6 C and a 40 µm 
condenser aperture (~ 120 pA probe current). 

3. Results 

3.1. Crack morphology and quantitative assessment 

Fig. 3 illustrates the specimen dimensions and the etched cross- 
sections in the xz-plane (parallel to the build direction, BD) of as- 
fabricated pure-IN939, IN939 + 1.5%Si, and IN939 + 3.0%Si speci
mens. Three etched cross-sections were examined in each specimen. The 
microstructure is dominated by columnar grains aligned approximately 
along BD, consistent with previous observations [6]. Numerous long 
cracks are visible in the pure-IN939 specimen, as shown in Fig. 3(b). 
These cracks locate at grain boundaries and go through a few layers 
along BD. Only one short crack is observed in the IN939 + 1.5%Si 
specimen (Fig. 3(b)) and no cracking is observed in the IN939 + 3.0%Si 
specimen, indicating that the addition of Si has successfully reduced the 
amount of cracking. 

The OM inspection shown in Fig. 3 is further confirmed by quanti
tative measurements from micro-CT scans. Fig. 4(a) and (b) display the 
3D visualizations of internal cracks in the pure-IN939 specimen. The 
cracks are largely planar, as highlighted by the black arrows in Fig. 4(a). 

Fig. 2. (a) An SEM image of the commercial IN939 powder; (b) size distribution of the commercial IN939 powder; (c) an SEM image of the commercial pure Si 
powder; (d) an SEM image of the IN939 + 3.0%Si powder mixture. 

Table 1 
Elements content of the commercial IN939 powder (wt%).  

Ni Cr Co Ti Al C Nb Ta W Si B Zr 

Balance  15.7  8.1  3.3  3.3  < 0.2  0.9  1.7  2.7  0.03  0.011  0.06  
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They turn into line-like features after rotating along the x-axis by 90◦, as 
highlighted by the black arrows in Fig. 4(b). This indicates that the 
cracks develop along the z direction (BD). The crack lengths along the z- 
direction vary from tens of microns to hundreds of microns. Some large 
pores are also detected, as highlighted by the red arrows in Fig. 4(a) and 
(b). The volume fraction of cracks and pores is measured to be 
1.94 × 10−3. Fig. 4(c) and (d) display the associated micro-CT scans of 
the IN939 + 3.0%Si specimen. Some pores are visible (blue arrows), but 
no cracks are detected. The volume fraction of pores is determined to be 
4.49 × 10−5, two orders of magnitude below the crack/pore volume 

fraction of the pure-IN939 specimen. 

3.2. Microstructure and texture development 

Fig. 5 presents the EBSD inverse pole figure (IPF) Z maps and the 
corresponding pole figure (PF) plots and inverse pole figure (IPF) plots 
in the xy plane (perpendicular to BD, see Fig. 3(a)) of as-fabricated pure- 
IN939, IN939 + 1.5%Si, and IN939 + 3.0%Si specimens. For all three 
specimens, the PFs and IPFs reveal a preferred texture of {100}<

001 > , indicating a single cube texture component [24]. This is typical 

Fig. 3. (a) LPBF-AM specimen dimensions, and a schematic diagram showing the scanning strategy; (b) an OM image of etched pure-IN939 with numerous long 
cracks; (c) an OM image of etched IN939 + 1.5%Si with reduced cracking; (c) an OM image of etched IN939 + 3.0%Si without cracks in the field of view. 

Fig. 4. X-ray micro-CT showing the morphology of cracks: (a/b) Pure IN 939; (c/d) IN939 + 3.0%Si.  
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for additively manufactured face-centered cubic (FCC) metals due to the 
directional solidification effect [25]. It is noted that the texture strength 
increases significantly with increasing Si content, as shown by the 
maximum texture intensity increasing from 10.5 for pure-IN939 to 32.3 
for the IN939 + 3.0%Si specimen. This tendency is also evidenced in the 
more randomized IPF map color in Fig. 5(a), indicating weaker texture 
in pure 939. 

Fig. 6 presents the EBSD inverse pole figure (IPF) Y maps and the 
corresponding pole figure (PF) plots and inverse pole figure (IPF) plots 
in the xz plane (parallel to BD, see Fig. 3(a)) of as-fabricated pure-IN939, 
IN939 + 1.5%Si, and IN939 + 3.0%Si specimens. The IPF map color 
distribution changes substantially with varying Si content, indicating 
the Si addition into IN939 leads to a significant transition in crystallo
graphic orientation. The PFs and IPFs demonstrate clearly that the pure- 
IN939 specimen still exhibits a preferred cube texture of {100}<

001 > with a maximum texture intensity value of 17.3. However, both 
IN939 + 1.5%Si and IN939 + 3.0%Si specimens display a preferred goss 
texture component of {110}< 001 > , and the goss texture strengthens 

with increasing Si content. 
IPFs in Fig. 6 confirm the formation of large columnar grains along 

BD, as shown in Fig. 3. To evaluate the effect of Si addition on the 
microstructure, the widths of columnar grains are measured from the 
point-to-point misorientation angle plots. Fig. 7(a) displays one such 
plot, obtained along the path indicated by the double arrow pq in Fig. 6 
(a). Peaks with a misorientation angle greater than 15◦ are taken to 
represent grain boundaries. Similarly, Fig. 7(b) and (c) show the cor
responding point-to-point misorientation angle plots for IN939 + 1.5% 
Si and IN939 + 3.0%Si specimens, and Fig. 7(d) plots the average grain 
width with error bars stemming from at least three line measurements 
for each specimen. The 3 wt% Si addition reduces the average columnar 
grain width from 14.8 ± 2.3 µm to 9.7 ± 1.0 µm. 

Fig. 8(a) displays the XRD θ/2θ scans from raw IN939 powders, and 
as-printed pure-IN939, IN939 + 1.5%Si, and IN939 + 3.0%Si speci
mens with their x-y planes being the specimen plane. It is evident that 
the main phase present in all specimens is the FCC γ NiCr phase. Because 
the peaks corresponding to the γ′ phase can overlap with the γ peaks, it is 

Fig. 5. EBSD IPF Z maps of surfaces perpendicular to the build direction and the corresponding pole figures (PF) and inverse pole figures (IPF) of as-built specimens: 
(a) pure-IN939; (b) Ni939 + 1.5%Si; (c) Ni939 + 3.0%Si. 
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difficult to separate the γ/γ′ phases by peak analysis. Pure-IN939, 
IN939 + 1.5%Si, and IN939 + 3.0%Si specimens exhibit a high in
tensity (200) peak, consistent with the conclusion of the EBSD texture 
analysis. It should be noted that two extra low-intensity peaks were 
detected from the IN 939 + 3.0%Si specimen, indicating the formation 
of new phases due to the Si addition. Fig. 8(b) shows the θ/2θ scans over 
a narrower 2θ range of 49◦− 53◦. It is evident that (200) diffraction 
peaks in as-printed specimens shift towards larger angles as compared to 
that of the as-received IN939 powder, and an increased angle shift ac
companies increasing Si addition. Specifically, the 2θ angle of (200) 
diffraction peaks of pure-IN939, IN939 + 1.5%Si, and IN939 + 3.0%Si 
specimens are 50.84◦, 50.95◦, and 51.13◦, respectively. The corre
sponding lattice parameters, calculated using λ = 0.154 nm (Cu Kα1), 
are respectively 0.3587 nm, 0.3581 nm, and 0.3573 nm. Compared to 
pure-IN939, the changes in lattice parameter with 1.5 wt% and 3.0 wt% 
Si addition are − 0.17% and − 0.39%, respectively. This suggests the Si 
addition could promote the migration of solute atoms away from the γ 

phase lattice to form precipitates, thus reducing the lattice parameter of 
the γ matrix. The other point worth considering is that the addition of Si 
might have changed the melt pool geometries, and hence the residual 
stress distribution that affected the lattice spacing (via compression or 
expansion of lattices). The change of melt pool shapes from particle 
additions has been documented in some publications [26,27]. 

The formation of precipitates can be confirmed through metallo
graphic etching, as shown in Fig. 9. Fig. 9(a) shows an SEM image of the 
etch surface parallel to BD (x-z plane) of the pure-IN939 specimen. A 
higher magnification view of the area highlighted by the red rectangle in 
Fig. 9(a) is shown in Fig. 9(b). Nanoscale precipitates are shown as 
bright particles along the interdendritic regions, consistent with previ
ous results [8]. Fig. 9(c) shows an SEM image of the etch surface 
perpendicular to BD (x-y plane) of the same as-printed pure-IN939 
specimen. Cellular structures are visible, and precipitates formed at the 
cell boundaries as highlighted by the black arrow in Fig. 9(c). Analogous 
SEM images of etched surfaces of as-printed IN939 + 1.5%Si and 

Fig. 6. EBSD IPF Y maps of surfaces parallel to the build direction and the corresponding pole figures (PF) and inverse pole figures (IPF) of as-built specimens: (a) 
pure-IN939; (b) Ni939 + 1.5%Si; (c) Ni939 + 3.0%Si. 
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IN939 + 3.0%Si specimens are shown respectively in Fig. 9(d/e/f) and 
Fig. 9(g/h/i). It is evident that the degree of the precipitate formation 
increases with increasing Si addition. Grain boundaries can be 

recognized, as indicated by black dashed lines in Fig. 9(d/e), roughly 
along the build direction, and the precipitates exhibit varying mor
phologies within different grains. As shown more closely in Fig. 9(e), 

Fig. 7. Point-to-point misorientation angle plots for measuring the average grain width: (a) pure-IN939; (b) IN939 + 1.5%Si; (c) IN939 + 3.0%Si; (d) the average 
grain width vs. Si addition into IN939. 

Fig. 8. XRD θ/2θ scans: (a) θ/2θ scans over the 2θ angle range of 20o - 120o from raw IN939 powders, as-built pure-IN939, IN939 + 1.5%Si, and IN939 + 3.0%Si 
specimens; (b) θ/2θ scans over a narrow 2θ angle range of 49o - 53o. The two red arrows in (a) mark the occurrence of extra diffraction peaks not indexable to the 
γ/γ’ phase. 
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precipitates in region 1 are long narrow strips along the boundary of 
primary dendrites, while in region 2, precipitates form white clusters or 
short laves. In Fig. 9(f), more precipitates are observed at the boundary 
of cellular structures, as indicated by the black arrow. This fine 
cellular-dendritic solidification structure is more evident in the etched 
IN939 + 3.0%Si specimen. Melt pools are clear and indicated by the 
white dashed lines in Fig. 9(g), and consist of fine sub-micro cellular 
structures at regions close to the melt pool border and coarse cellular 
structures with a size of 2–4 µm, as shown in Fig. 9(h/i). 

Fig. 10 shows the SEM-EDS maps of the etched surfaces shown in 
Fig. 9(b/e/h). In all three specimens, the precipitates are depleted in Cr, 
Co, Al, and C. For the as-printed pure-IN939 specimen, the most obvious 
compositional enrichment for the precipitates, is Ti, while for the 
IN939 + 1.5%Si and IN939 + 3.0%Si specimens, strong enrichment in 
Si, Nb, and Ti is detected. 

3.3. Mechanical properties 

Results of instrumented nanoindentation hardness testing are plotted 
in Fig. 11(a), with error bars stemming from repeat measurements. The 
measured hardness H of three as-printed specimens shows a clear 
indentation size effect, i.e., indentation hardness increases with 
decreasing indentation depth h. Fig. 11(b) plots H2 vs. 1/h, and a linear 
fit is achieved at 1/h values below 2 µm-1, consistent with the well- 
documented Nix-Gao model [28]. It is also notable that the indenta
tion hardness shows a modest increase with increasing Si addition. For 
example, at an indentation depth of ~200 nm, the hardness increases 
from ~5.9 GPa for the pure-IN939 specimen to ~6.4 GPa for the 
IN939 + 3%Si specimen. 

Mesoscale tensile tests in-situ an SEM were conducted on flat 

dogbone-shaped specimens with the specimen longitudinal direction 
(loading direction) parallel to BD. Fig. 12(a) displays the tensile test set- 
up with a mesoscale IN939 + 3.0%Si dog bone held by an inversed- 
shaped Si grip. The tensile dog-bone specimens for pure-IN939 and 
IN939 + 1.5%Si were cut from crack-free regions by FIB milling. All 
tensile specimens have a gauge section of ~ 30 µm × 10 µm × 5 µm. The 
measured engineering stress–strain curves are shown in Fig. 12(b). The 
IN939 specimens with Si additions possess higher ultimate tensile 
strength (UTS) than that of pure-IN939, while their tensile ductility (as 
measured by the tensile strain to fracture, elongation ratio, ER) is lower 
than that of pure-IN939. Specifically, the IN939 + 3.0%Si dog-bone 
specimens exhibit UTS values of ~1200 MPa, but the lowest ER of 5~ 
8%. With no Si addition, measured UTS values for pure-IN939 dog-bone 
specimens are below 1000 MPa, but the corresponding ER values are in 
the range of 18 ~25%, agreeing well with previous studies [11]. To 
further understand the relationship between the microstructure changes 
and the observed strengthening in micro tension after Si addition, 
Fig. 12(c) plots the characteristic stress as a function of the inverse 
square root of the average grain width, w, taken from Fig. 7. Considering 
that it is difficult to ascertain the yield point from the initial portions of 
the measured engineering stress–strain curves, the engineering stress 
values at the strain of 0.025 are taken as the characteristic stresses. The 
linear fit in Fig. 12(c) indicates that the characteristic stresse scales 
linearly with w-1/2, consistent with the Hall-Petch law [29,30]. Pre
cipitates also contribute to the change in mechanical properties with Si 
addition. On one hand, finely dispersed precipitates serve as localized 
obstacles to dislocation motion, leading to higher hardness and yield 
stress, as documented in detail in [31]; on the other hand, the formation 
and coarsening of brittle precipitates with increasing Si addition de
creases tensile ductility of the specimens [11]. 

Fig. 9. SEM images of etched specimens: (a/b/c) pure-IN939; (d/e/f) IN939 + 1.5%Si; (g/h/i) IN939 + 3.0%Si.  
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Fig. 13 shows the fracture surface morphology of fractured micro 
tensile specimens with varying amounts of Si addition. For the pure- 
IN939 specimen, some degree of necking is evident and numerous slip 
steps can be seen on the surface of the tensile gauge section, as 

highlighted by the black arrow in Fig. 13(a). The density of slip steps 
drops noticeably with the addition of 1.5 wt% Si (Fig. 13(b)), and no 
obvious slip steps formed on the IN939 + 3.0%Si specimen gauge sec
tion (Fig. 13(c)). As illustrated in Fig. 13(a), the pure-IN939 specimen 

Fig. 10. EDS analysis of etched surface: (a) pure-IN939; (b) IN939 + 1.5%Si; (c) IN939 + 3.0%Si.  

Fig. 11. Instrumented nanoindentation hardness measurements: (a) hardness H vs. indentation depth h for as-printed pure-IN939, IN939 + 1.5%Si, and 
IN939 + 3.0%Si; (b) plot of H2 vs. 1/h for all three specimens. 
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presents a typical ductile fracture surface morphology, with microvoids 
and dimples visible on the fracture surface. With increasing Si addition, 
the fracture mode transited gradually to brittle fracture, showing flat 
facets on the fracture surface and little evidence of plastic deformation 
occurring before failure (Fig. 13(f)). These observations collectively 
support the conclusion that the addition of Si into IN939 results in some 
elevation in strength but a decrease in ductility. 

4. Discussion 

Contrary to other works in the literature that attempted to reduce the 
Si content for crack-free AM processing of unwieldable Ni-based su
peralloys [15–18], the present study has clearly shown that the addition 
of Si has significantly reduced the crack density of as-printed LPBF-AM 
IN939 alloy parts. These findings provide new insight into the cracking 
mechanisms of LPBF-AM Ni-based superalloys, as well as a different 
perspective on designing defect-free alloys with balanced mechanical 
properties. They also raise some questions that need careful analysis. 

4.1. Solidification cracking of LPBF-AM IN939 alloy 

It is generally agreed upon that bulk cracking observed in LPBF-AM 
Ni-based superalloys can be categorized into three types: solidification 
cracking, liquation cracking, and solid-state cracking [12]. 

Solidification cracking, also referred to as hot tearing, occurs in the last 
stage of solidification where the residual liquation in the mushy region 
(the front of as-solidified dendrites) distributes as thin liquid films. 
Cracking occurs when such thin liquid films fail to adapt to the thermal 
shrinkage strain, or additional liquid cannot be fed successfully from the 
liquid pool. Solidification cracks always form on high-angle grain 
boundaries and leaves two irregular and noncomplementary crack sur
faces [14]. These characteristic features make solidification cracks easy 
to identify by fractography examination. Fig. 14 presents the solidifi
cation cracks observed in the x-y plane of the pure-IN939 specimen, 
perpendicular to BD. The two facing crack surfaces are different in 
morphology and do not present a good match upon closing. For example, 
the spike shaped features on crack surfaces, highlighted by the white 
arrow, offer confirmation for the occurrence of thin liquid film hot 
tearing at the last stage of solidification. 

Liquation cracking, also known as heat-affected zone (HAZ) 
cracking, does not reveal any dendritic morphology in the fracture 
surfaces. Instead, it exhibits γ + γ′ eutectic melting, and/or γ + MC 
carbide eutectic melting [32]. Liquation cracking is frequently detected 
in welded IN939 alloy parts [33], yet no definitive evidence of this type 
of feature is observed in the present study, consistent with the conclu
sion in [12]. On the other hand, Tang et al. [12] observed the formation 
of solid-state cracking in as-printed IN939 alloy, which is absent in the 
present work. Solid-state cracking, also referred to as ductility dip 

Fig. 12. (a) In situ micro tension test of a flat dogbone-shaped specimen of IN939 + 3.0%Si; (b) engineering stress-strain curves. (c) characteristics stress vs. inverse 
square root of average grain width. 
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cracking (DDC) [34] and/or strain-age cracking (SAC) [35], involves no 
liquid phase and progresses entirely in the solid state. It usually occurs 
within a temperature range where the material’s ductility drops signif
icantly. The absence of solid-state cracking in this work can be ratio
nalized by the micro tensile testing results. As demonstrated in Fig. 12 
(b), Si addition reduces the ductility of as-printed IN939 alloy parts, and 
would therefore make IN939 alloy more prone to solid-state cracking if 
solid-state cracking were the dominant cracking mode in LPBF-AM 
processing. We suggest that the dominant cracking mode in LPBF-AM 
IN939 alloy is solidification cracking and that the solidification 
cracking tendency is significantly suppressed by the Si addition. 

4.2. Effect of Si addition on microstructures 

Si addition has been shown to lead to a reduction of solidification 
cracking in additively manufactured Al7075 alloy parts, which was 
attributed to the formation of new eutectic and a 90% reduction in grain 
size [19]. In contrast, the present study shows that Si addition to IN939 
induces only moderate grain refinement. As demonstrated by data dis
played in Fig. 7(d), the average columnar grain width decreased from 
14.8 µm to 9.7 µm with 3 wt% Si addition, only a ~30% reduction. 
Moreover, the primary dendritic arm spacing (DAS) is more commonly 
employed when characterizing rapid solidification during LPBF-AM 
processing, which relates directly to the cooling rate [36,37]. Primary 
DAS can be measured from Fig. 9(c/f/i), and the average values are 
1.7 µm, 2.8 µm, and 2.6 µm for pure-IN939, IN939 + 1.5%Si, and 

IN939 + 3.0%Si specimens, respectively. Primary DAS increases over 
50% with 1.5 wt% Si addition and remain unchanged with more Si 
incorporation. This indicates the cooling rate dropped substantially with 
Si addition, consistent with the observation shown in Fig. 9 that more 
precipitates formed in IN939 + 1.5%Si and IN939 + 3.0%Si specimens, 
as the solidification of the precipitates would act to retard the overall 
solidification process. 

TEM characterization was conducted to better understand the 
elemental distribution and crystal structure of the precipitates. Fig. 15 
(a) displays the high-angle annular dark field (HAADF) STEM image and 
STEM-EDS maps obtained from the IN939 + 1.5%Si specimen within 
the area outlined by the black dashed rectangle. At least three kinds of 
precipitates can be identified: 1) precipitates showing enrichment in Si, 
Ti, Nb (Si-rich), depletion in Cr, Al, and O, and slight depletion in Co and 
C as indicated by white arrows. Weak depletion in Mn and Fe was also 
detected though their content is small and not listed in Table 1; 2) 
precipitates that show strong enrichment in Ti and C, as indicated by the 
white circles. They are likely to be Ti-rich MC type carbide; 3) pre
cipitates that exhibit strong enrichment in Al and O, as indicated by the 
red circles. These are likely aluminum oxide. It is evident that most of 
the precipitates are the Si-rich type. The same conclusions can be drawn 
from the STEM-EDS maps of the IN939 + 3.0%Si specimen within the 
area outlined by the black dashed rectangle in Fig. 15(b), with 
increasing amounts of each type of precipitates due to the higher Si 
content. 

It should be noted that in both specimens shown in Fig. 15, 

Fig. 13. Fractography of the micro tensile specimens: (a/b) pure-IN939; (c/d) IN939 + 1.5%Si; (e/f) IN939 + 3.0%Si.  

Fig. 14. SEM images of cracks in as-printed pure-IN939, showing characteristics of solidification cracking.  
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precipitates with simultaneous Ti and Al enrichment are not observed, 
suggesting that the formation of γ′ phase was suppressed due to the high 
effective cooling rate. Fig. 16 shows two TEM images and accompanying 
selective area diffraction patterns (SADPs) obtained from within the 
specimen area outlined by the black solid rectangles in Fig. 15. Fig. 16(a) 
presents the TEM image of the IN939 + 1.5%Si specimen area and five 
SADPs taken from within. Specifically, SADP #1 was taken from the γ 
matrix region within circle #1 with the specimen oriented such that the 
beam direction is close to a specimen < 110 > zone axis. The absence of 
superlattice reflections indicates the absence of the γ′ phase [7,11]. The 
other four SADPs were taken at the same specimen orientation, but from 
different precipitate types: SADPs #2 and #3 were from precipitate type 
1 with enrichment in Si, Ti, and Nb, while SADPs #4 and #5 were from 
MC type carbides. All these SADPs are complex and unindexable from 
one diffraction pattern, suggestive of the complex crystal structures of 
the corresponding precipitates. It should be mentioned that the blurred 
concentric halos in SADP #2 is suggestive of the existence of some 
amorphous regions in the Si, Ti, and Nb rich precipitates. The analogous 
TEM image and five SADPs from the IN939 + 3.0%Si specimen are 
displayed in Fig. 16(b). With increasing Si addition, the Si, Ti, and Nb 
rich precipitates become less crystalline, as evidenced in SADPs #2-#5. 

4.3. Further rationalization of crack susceptibility reduction with Si 
addition 

Solidification cracking in casting and welding has been extensively 
studied and numerous models have been proposed [38,39]. Recently, 
Kou proposed a new criterion for solidification cracking, focusing on 
tensile deformation normal to columnar dendritic grains, lateral growth 
of grain towards each other, and shrinkage feeding parallel to them [40]. 
An index of crack susceptibility is given as: 

ICS =
⃒
⃒dT

/
df 1/2

s

⃒
⃒ near f 1/2

s = 1 (2)  

where T is temperature and fS is the solid fraction in the semisolid. A 
higher ICS value suggests a higher crack susceptibility. 

The solidification path of IN939 alloys with varying Si content dur
ing solidification can be calculated using Thermo-Calc and the TCNI8: 
Ni-Alloys database. The Scheil solidification model was selected, 
neglecting solid-state diffusion. Fig. 17(a/b/c) plot the calculated T vs. fS 
curves for pure-IN939, IN939 + 1.5%Si, and IN939 + 3.0%Si, respec
tively. The change in color of each T vs. fS curve indicates phase trans

formations. Fig. 17(d) displays the curve of fS vs. 
⃒
⃒
⃒dT/df1/2

s

⃒
⃒
⃒ over the 

Fig. 15. STEM-EDS maps revealing the elemental distribution in precipitates of: (a) IN939 + 1.5%Si; (b) IN939 + 3.0%Si.  
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range of 0.81 < fS < 0.98 (0.9 < f1/2
s < 0.99). The discontinuities in the 

curve stem from phase transformations. The 
⃒
⃒
⃒dT/df1/2

s

⃒
⃒
⃒ value is higher 

with increasing Si content in IN939 alloy in the range of 0.81 < fS < 0.92 
(0.9 < f1/2

s < 0.96). However, the trend is reversed in the final stage of 
solidification with fS > 0.93 (f1/2

s > 0.96), i.e., IN939 alloys with Si 

addition exhibit lower 
⃒
⃒
⃒dT/df1/2

s

⃒
⃒
⃒ values, agreeing with the present 

experimental results that the Si addition substantially reduces solidifi
cation cracking in LPBF-AM IN939 alloy parts. 

4.4. Alloy design approach for additive manufacturing 

Consistency between Clyne’s model [22] and Kou’s model [40] in 
the rationalization of crack susceptibility reduction with Si addition into 
pure IN939 makes it necessary to discuss briefly the similarities and 
differences between these two models. Clyne’s model considers 
0.40 < fS < 0.99, and assumes stress relief through mass and liquid 
feeding in 0.40 < fS < 0.90 and grain separation in 0.90 < fS < 0.99. 
The ratio tV/tR was taken to be related to the crack susceptibility, where 
tV is the vulnerable period in 0.90 < fS < 0.99 and tR is the time available 
for stress relief in 0.40 < fS < 0.90. Therefore, Clyne’s model is sensitive 
to the final stages of solidification which is critical for cracking. While 
Kou’s model predicts the crack susceptibility by the steepness of the T vs. 
(fS)1/2 curve, it should be noted that the present selection of fS values for 
ICS comparison is consistent with the “grain separation” range in 

Clyne’s model. The present results suggest that both models are pre
dictive in designing crack-free superalloys for additive manufacturing. 
The curve of T vs. fS can be calculated using commercially available 
software packages and databases, making it easier to search out com
positions with reduced CSC and ICS values. This alloy design approach 
can be applied to other elements in Ni-based superalloys as well as 
non-Ni-based alloy systems. 

Though the observed crack reduction with Si addition agrees with 
both Clyne’s model and Kou’s model, suggesting Si addition can increase 
the fluidity of Ni-based alloys and accelerate the feeding behavior at the 
end of solidification, direct experimental evidence for such remains in 
need. Contributions of other factors including grain boundary angles, 
and grain size should also be considered. Moreover, future work is 
needed to ascertain the optimized Si addition content into IN939 to 
achieve LPBF-AM processed parts with desired mechanical properties, 
especially high-temperature performance. The effect of aging heat 
treatment on the LPBF-AM processed Ni-based alloys with Si addition is 
also worthy of attention. Our ongoing study indicates that the 
IN939 + 1.5%Si and IN939 + 3.0%Si specimens remain crack-free after 
the typical heat treatment procedure for Ni-based superalloys which 
comprises a solution annealing for 4 h at 1160 ℃ followed by a single 
stage aging for 16 h at 850 ℃ [11]. The mechanical properties also 
change significantly after aging. These results will be rerported 
separately. 

Fig. 16. Selected area diffraction patterns taken with electron beam parallel to < 110 > of the γ matrix: (a) IN939 + 1.5%Si; (b) IN939 + 3.0%Si.  
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5. Conclusion 

This work focuses on the fabrication of crack-free “unweldable” Ni- 
based superalloy parts by LPBF-AM processing and shows that minor 
Si addition can substantially lower the crack density in LPBF-AM IN939 
alloy parts. The following conclusions are drawn:  

1. Pure IN939 specimen contains numerous solidification cracks along 
the build direction. The addition of 1.5 wt% and 3.0 wt% Si into 
IN939 can substantially reduce the crack density and achieve 
essentially crack-free LPBF-AM IN939 alloy parts.  

2. Si addition into IN939 causes changes in crystallographic orientation 
and average columnar grain width. The primary dendritic arm 
spacing increases over 50% with 1.5 wt% Si addition, indicating a 
substantial drop in the cooling rate due to Si addition. Si addition 
also results in a remarkable increase in the number of precipitates, 
most of which are rich in Ti, Si, and Nb. The amount, size, and dis
tribution of precipitates affect the mechanical properties, leading to 
higher tensile strength and indentation hardness but lower tensile 
ductility.  

3. Our work suggests that solidification cracking is the dominant 
cracking mode in LPBF-AM IN939 alloy parts. No γ′ phase is observed 
in as-printed specimens with or without Si addition.  

4. The suppression of solidification cracking by Si addition can be 
qualitatively rationalized using Clyne’s model and Kou’s model. The 
calculation process of CSC and ICS indicates both models are sensi
tive to solidification cracking and are predictive in designing defect- 
free LPBF-AM Ni-based superalloys with balanced mechanical 
properties. This approach can be applied to other alloy systems. 

Further investigations remain to be performed to fully understand 
the mechanism of crack reduction after the addition of Si, and to opti
mize the Si addition content to achieve the desired mechanical proper
ties, especially on the high-temperature performance of LPBF-AM IN939 
alloy parts. 
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