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ABSTRACT

This study examined the impact of transient pseudo high thermal conductivity to the fabrication of
crack-free parts with Laser Powder-Bed-Fusion (L-PBF) based additive manufacturing (AM) method.
Thermal diffusivity and thermal conductivity of L-PBF samples made by mixtures of IN939 alloy and
Si powders were investigated. At temperatures above 800°C, the as-fabricated Si-doped IN939 was
observed to exhibit an exceptionally high thermal conductivity, which can be attributed to the occur-
rence of endothermic reactions. This pseudo high thermal conductivity can effectively minimize the
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thermal stress and offers a potential solution to produce crack-free L-PBF parts for nonweldable

alloys.

IMPACT STATEMENT

The paper proposes a potential solution for preparing crack-free L-PBF nonweldable alloys. Modify-
ing the composition to introduce an endothermic reaction has been shown to decrease the tendency

of cracking.

1. Introduction

In the Laser Powder-Bed-Fusion (L-PBF) additive man-
ufacturing (AM) field, material thermal properties are
crucial for both the fabrication process and the applica-
tions of the L-PBF parts. For example, by altering heat
conduction [1, 2], the melt pool characteristics, temper-
ature gradient [3], and thermal stress distribution can be
significantly modified. However, the intricate thermody-
namic behavior within the melt pool presents a challenge
for researchers to monitor it in real-time. Consequently,
there is insufficient research to establish a direct relation-
ship between the thermal changes in the melt pool and
the formation of hot cracks. Hot cracking is one of the
main issues during the L-PBF, which is also a primary
defect that limits the application of materials. Although
many alloy systems have already been successfully com-
mercialized [4-8], more than 5,000 alloys currently in
use are unsuitable for L-PBF due to unfavorable melting
and solidification dynamics, especially for Inconel alloys.

Many Inconel alloys exhibit poor weldability [9] due to
the formation of high-dense defects (hot cracks) [10, 11]
during the L-PBF process. The constraints imposed by
the limited availability of materials significantly impede
the wide adoption of additive manufacturing technolo-
gies. Therefore, there is a pressing need to identify and
implement effective solutions to this issue.

Hot cracking usually occurs when two conditions are
combined: the presence of (i) a weak region (i.e. liquid
film [12]) and (ii) significant thermal stress [13]. Consid-
erable research effort has been devoted to addressing the
issue of weak microstructural regions in metallic mate-
rials, and numerous theories have been proposed in the
literature. These include the Rappaz-Drezet-Gremaud
(RDQG) criterion [14] and the thermal crack susceptibil-
ity index [15]. Despite the advancements achieved in the
investigation of composition modification across various
alloy systems, such as A17075 alloy[16], IN738 alloy [17],
and 316L stainless steel [18]. These studies have demon-
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strated the effect of heterogenous nucleation caused by
the addition of elements, resulting in a transition from
columnar grains to equiaxed grains. However, the range
of available nucleating agents is relatively narrow, which
limits the ability to further improve the specific mechani-
cal properties of the alloy. Also, the restricted accessibility
and exorbitant expense of pre-alloyed powders impose
limitations on the flexibility and affordability of additive
manufacturing for new alloys.

Another efficacious method to enhance cracking resis-
tance is to mitigate thermal stress during the printing
procedure. Thermal stress in L-PBF parts is caused by
the pronounced temperature gradient. A few researchers
have directed their attention toward the pre-heating of
substrate [19, 20]. Despite the resolution of the cracking
issue, the elimination of the large-scale thermal gradient
resulted in a reduction of the strengthening effect brought
about by rapid cooling. This may lead to the deterioration
of the sample’s performance. Therefore, a new method is
required to balance the reduction of thermal stress and
strengthening of the properties.

In recent years, in-situ alloying in AM has emerged
as a popular research direction [21]. The aim is to use a
mixture of pure elemental powders instead of pre-alloyed
powders in additive manufacturing processes to over-
come the limitations of narrow composition ranges and
high cost associated with pre-alloyed powders. By uti-
lizing pure elemental mixtures, researchers can achieve
a broader range of alloy compositions and reduce the
overall material costs in the production of AM samples.
However, it is true that using mixtures of multiple types of
powders with different densities in an elemental mixture
can lead to uneven flow under laser irradiation, poten-
tially resulting in inaccurate alloy compositions. In our
previous research [22], we reported the successful fab-
rication of a nearly crack-free Si-modified In939 alloy
with a highly homogeneous composition. We utilized
a two-powder mixture system consisting of pre-alloyed
IN939 powder and pure Si powder. The blending process
was conducted using a turbo-mixing method. Notably,
we extended the mixing time to 10h to ensure thor-
ough mixing and achieve a uniform distribution of the
Si modifier within the alloy matrix. This extended mix-
ing duration played a crucial role in achieving the desired
level of compositional homogeneity and minimizing the
occurrence of cracks in the final printed parts.

Currently, in-situ alloying in the context of the L-PBF
process is predominantly studied in aluminum alloys and
titanium alloys [23]. There is scarce research on in-situ
alloying of nickel-based alloys in this field. It has been
proven that Si has a strong positive effect on eliminat-
ing hot cracks in Al alloys prepared by L-PBF [24-26].
The mechanism of crack elimination by Si addition in the

Aluminum alloy is the traditional heterogeneous nucle-
ation and Columnar-Equiaxed-Transition (CET) theory.
However, some researchers have pointed out that the
addition of Si increases the tendency of hot cracking
in L-PBF nickel-based alloys [27-31]. In our previous
study, we examined the design of a crack-free laser addi-
tive manufactured IN939 alloy with Si addition, and the
addition of Si has shown minimal influence on grain
refinement, and no significant CET phenomenon has
been observed [22]. Considering that our research uses
non-pre-alloyed powders, we believe that a new mech-
anism is responsible for weakening the thermal stresses.
We hypothesized that the added Si reacted with the IN939
matrix in the molten pool. This endothermic phase tran-
sition may temporarily promote the specific heat/thermal
conductivity in the high-temperature zone during the
L-PBF process. This pseudo high thermal conductivity
may reduce the temperature gradient around the laser
scanning tracks. By reducing thermal stress in the high-
temperature weak regions, cracking can be prevented. In
this study, we directly measured the thermal properties
of the modified IN939 as-fabricated samples, which were
IN15(IN939 with 1.5 wt.% Si), IN25 (IN939 with 2.5 wt.%
Si), and IN35 (IN939 with 3.5 wt.% Si). By studying the
impact of endothermic reaction on thermal conductivity,
this paper provides a new solution for making crack-free
L-PBF parts using typically nonweldable alloys, such as
high entropy alloy [32], with endothermic reaction agent
addition. The method we proposed can be applied to a
diverse selection of nonweldable alloys.

2. Materials and methods

Gas atomized IN939 powder was purchased from Car-
penter Additive (USA). The powder consists of Ni (bal-
ance), Cr (25.0%), Co (15.0%), Ti (3.3%), Al (3.3%), C
(<0.2%), Nb (0.9%), Ta (1.7%), W (2.7%), Si (0.03%), in
weight percent. The size range of IN939 powder is 15 um
- 50 pum. Silicon powder was purchased from Alfa Aesar
(USA), and the average size is about 4.5 pm. The purity
of flake-shaped silicon powder is approximately 99.5%.
Pure IN939 with Si powder was mixed in a SPEX 8000 m
MIXER for 10h.

Additive manufacturing of the pure IN939 and func-
tionalized 939 with Si powders were performed on a
team-built L-PBF machine. We applied a set of laser
parameters based on the previous study [33], where the
layer thickness (t) is 0.05 mm, the laser power (P) is 160
W, the laser scan speed (v) is 100 mm/s, and the hatch
space (h) is 0.05mm, respectively. Previous research
has convincingly shown that pure IN939 exhibits favor-
able compactness and low porosity when exposed to



the high laser energy density currently employed. More-
over, the occurrence of keyhole-mode melting has not
been detected. To minimize chemical inhomogeneity
during Si-modified in-situ alloying, we have consistently
employed this high laser energy density parameter set,
also for the purpose of facilitating direct comparison with
pure IN939 data obtained previously. The printing pro-
cess was completed under a flowing argon atmosphere.

ANSYS finite-element model was employed. Heat flux
with Gaussian distribution was applied to the metal
block. The material thermal properties were based on the
measured data. The mesh size is 100 um and the time
step is 2.5 ms. The Calculation of Phase Diagrams (CAL-
PHAD) software Thermo-Calc was adopted for the Scheil
Simulation. Mounted samples were observed with Scan-
ning Electron Microscopy (SEM), Electron Backscatter
Diffraction (EBSD). Also, X-Ray Diffraction (XRD) was
employed to explore the phases of the samples. Differ-
ential Scanning Calorimetry (DSC) is performed on a
NETZSH DSC 404 F1 system. The thermal properties
are measured by a NETZSH LFA 467 HyperFlash sys-
tem. The waterless Kalling’s reagent was adopted for
metallographic etching.

3. Results and discussion

Figure 1la shows SEM images of mechanically mixed
IN939 pre-alloy powder and pure Si powder. Figure 1b
shows the laser scanning strategys and the sample size.
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Figure 1c shows the melt pool information of the as-
fabricated IN15 and IN35 etched cross-sections. The
depths of 30 randomly selected molten pool struc-
tures were measured. The melt poor depth of IN15
is 60.543.7um, and the melt poor depth of IN35 is
51.2+4.3 um. The shape of the molten pool changed
from deep to shallow with the addition of Si. The inverse
pole figures illustrate a favored crystallographic orienta-
tion of 001 <100 > in IN939. It has been noted that the
degree of this texture diminishes in tandem with the aug-
mented concentration of silicon. Simultaneously, there is
areduction in the propensity for selective orientation and
a rise in the proportion of high-angle grain boundaries.
The microstructure features shown in Figure 1e indicate
the possibility of a reduction of the thermal gradient.

The Netzsch LFA-467 system [34] measures thermal
diffusivity directly and provides specific heat (Cp) calcu-
lations by comparing it with a reference sample. Thermal
conductivity is the product of thermal diffusivity, specific
heat, and density. The calculation equations are shown
below:

Cpr*mf*ATrZCpi*Mf*ATj (1)
K=Cytaxp (2)

Where the m is the mass of the sample, AT is the max-
imum temperature rise of the sample during the flash
shot in different testing temperatures. a is the measured
thermal diffusivity, and p is the density of the sample.
Subscripts r and i present the reference sample and tested
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Figure 2. Thermal properties of different IN939 as-fabricated samples. (a) Schematic diagram of the thermal test. (b) Thermal Diffusivity.

(c) Specific Heat. (d) Thermal Conductivity.

sample. Measured with the Archimedes’ method, densi-
ties of the as-fabricated IN15, IN25, and IN35 samples are
8.25+0.03, 8.23+0.09, 8.22+0.11 g/cm?, respectively.
As shown in Figure 2b, the thermal diffusivity values
of all IN939 samples increase monotonically from 25 to
1000 °C. To detect the transient phenomena, the tests are
repeated for a second cycle to 1000°C after the sam-
ples are cooled down to room temperature. After the first
thermal cycle, the heat treatment effect resulted in a more
homogeneous microstructure leading to improved ther-
mal diffusivity by about 6%. In Figure 2c, samples with
different Si addition have almost identical thermal con-
ductivity when the test temperature is below 500 °C. As
the test temperature continues to increase (500-1000 °C),
it can be observed that the thermal conductivity of the

IN939 sample increases with the increase of the Si con-
tent. The difference in their thermal conductivity is no
more than 7%.

The endothermic reaction induced phenomenon is
that the thermal conductivity and specific heat of the
as-fabricated IN25 and IN35 exhibit unusually high val-
ues at 900 and 1000°C during the first testing cycle.
This spike cannot be found in the second testing cycle.
To exclude experiment-induced errors, new as-fabricated
samples are prepared for the test, and again it shows simi-
lar results with different heating rates (10 and 25 °C/min).
Based on equation 1, endothermic reactions entail the
absorption of heat, leading to a reduction in the mag-
nitude of temperature change. Therefore, the C, will
increase, given the absence of any change in the reference
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Figure 3. Schematic temperature field under L-PBF. (a) Temperature distribution of Standard thermal conductivity (IN939 without
endothermic). (b) Temperature distribution of IN939 with endothermic. (c) Scheil Simulation for IN939. (d) Scheil Simulation for IN35.

sample. The residual endothermic reaction is absent
during the second thermal cycle, indicating the occur-
rence of an even stronger endothermic reaction dur-
ing the L-PBF printing process. With the super high
cooling rate during the L-PBF process, the nucleation
and diffusion growth of Si related phase has insuffi-
cient time to completely form. When the Si content is
low (IN15), the Si-related phases almost complete the
phase transformation during the L-PBF process. The
temporary increase in thermal conductivity due to the
endothermic reaction cannot be observed from the as-
fabricated sample. As the Si content increases (IN35),
the fast cooling process leads to insufficient diffusion
and eventually to an incomplete endothermic reaction.
In addition, after 150 min at high temperatures (based
on the time of thermal property heating/testing total
time), the reaction is completed. This time frame can
be handled in a typical heat treatment process to give
a stable L-PBF part with no more Si diffusion-related

reactions. For the IN25 and IN35 samples, the com-
plex endothermic phase transition at high temperatures
drives up the Cp, value, which leads to an increase in
thermal conductivity. It’s reasonable to believe that the
same thermal behavior would also happen during the
L-PBF process, and the completion of such a reaction
is determined by local temperature history at high
temperatures.

Figure 3a and b present the temperature distribution
for samples with/without elevated thermal conductivity
above 800 °C. It can be observed that the temperature gra-
dient (over 900-1000 °C) for the high conductivity case is
smaller than the standard conductivity case. The area sur-
rounded by the black dashed line is calculated by the soft-
ware Image], and the area without endothermic reaction
and with endothermic reaction cases was 0.578 and 1.395
mm?, respectively. According to classic hot tearing theory
[10, 15, 35], solidification cracking is a phenomenon that
typically occurs in the later stages of solidification. When
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(a)

Figure 4. EDS analysis for (a) as-fabricated IN35 and (b) as-heated IN35.

the liquid phase content is between 60% and 10%, suffi-
cient liquid feeding fills the grain gaps caused by thermal
contraction, thereby reducing the material’s susceptibil-
ity to cracking. This range is known as the relaxation
period, denoted as tg. When the liquid content is between
10% and 1%, the material is prone to cracking due to
restricted liquid feeding. The period is referred to as the
vulnerability period ty. Figure 3c and d show the Scheil
simulation of the IN939 and IN35. The temperature of
the final stages of solidification (f; = 0.9%—1) of IN35 is
from 900-1020 °C. The damage caused by thermal stress
can be significantly reduced in this temperature range
owing to the diminished thermal gradient.

The simulation and experimental results demonstrate
a high consistency. The consistency mainly relates to the
changes in the morphology of the melt pool, specifically
the depth of the melt pool transitioning from deep to
shallow. The endothermic reaction induced by Si addi-
tion could also contribute to reducing the occurrence of
pore defects during the L-PBF process. The pore defects
primarily originate from metal vapor generated under
laser irradiation [36]. Due to the introduction of Si, an
endothermic reaction occurs within the melt pool. As
a result, the endothermic reaction leads to a reduction
in metal vapor, thereby reducing spattering during the
printing process. Simultaneously, the decrease in tem-
perature gradient helps IN939 avoid cracking during the
vulnerable period.

To further explore the endothermic phase transition,
EDS was used to quantify the changes in Si content
in the samples before and after thermal cycling. Figure

4a and b show the EDS mapping of the etched as-
fabricated and as-heated IN35 samples. In as-fabricated
IN35, incomplete diffusion of Si caused by rapid cool-
ing resulted in insufficient phase transformation, lead-
ing to fewer overlapping regions between Si and Ti ele-
ments. Si was present in a solid-solution form within
the matrix, and the overall Si content (3.05%) was lower
than the initially added Si content (3.5%). After under-
going high-temperature thermal cycling, the diffusion
phase transformation of Si was essentially completed, as
shown in the EDS mapping in Figure 4b, demonstrating
a complete overlap between Si and Ti. It is worth not-
ing that as-heated IN35 exhibits a significant presence of
nano-sized precipitates within the matrix. In the future,
Transmission Electron Microscopy (TEM) may be
required for further characterization of these substances.

Figure 5a and b shows the XRD pattern of the as-
fabricated and as-heated (after the first thermal mea-
surement cycle) sample with different Si content. It can
be observed that the diffraction peaks in the as-heated
sample shift towards larger angles as compared to the as-
fabricated sample. According to Bragg’s equation, that
indicates the migration of solute atoms from the matrix
phase to form the precipitates. Meanwhile, the intensity
of the secondary phase peak (marked by the red arrow)
significantly increases after the heat cycle, which also
suggests the formation of the precipitates. The main com-
ponent of the secondary phase is (Ni, Co, Ti, Al);4(Ti,
Nb)eSiz. The endothermic reactions peak in the as-
fabricated IN35 sample (IN35-1) is observed at 1010°C
in the DSC test, and the starting temperature at which the
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reaction takes place is about 895 °C, as shown in Figure
4c. In the second and third thermal cycles (IN35-2 and
IN35-3), the endothermic peak of the sample is signif-
icantly weakened. The DSC curve of the third cycle is
almost the same as the second cycle, which indicates the
homogeneity of the sample. Similar results are found with
the compressed IN35 raw powder. In the first thermal
cycle (IN35 powder-1), the endothermic peak is observed
at about 850 °C. In the second thermal cycle, no peak can
be detected between the 700-1100 °C range.

4. Conclusion

In summary, diverging from traditional researchers who
utilize modified pre-alloyed powders in the gas-atomized
form directly, Si was incorporated into the IN939 gas-
atomized powder through mechanical mixing in our
paper, resulting in an endothermic phase transition reac-
tion during the L-PBF process. This study demonstrated
that the endothermic process associated with new phase
formation may be explored for reducing thermal stress
in the L-PBF process, thus improving the weldability

of L-PBF alloys. Although we did not observe specific
instances of endothermic reactions at the experimental
level, this endothermic reaction exists in the crack-free
alloy of IN939 + Si, and this potential reduction in ther-
mal gradients contributes positively to the reduction of
thermal stress. Also, the trend of grain growth along
the building direction is altered by the existence of an
endothermic reaction. Under conditions of diminished
thermal gradient, the selective orientation of colum-
nar crystals decreases, while the number of large-angle
grain boundaries increases. The endothermic reaction
for the IN939 and Si powder mixture was confirmed
by DSC. Further experiments are necessary to estab-
lish the dependability of new element addition. Employ-
ing this powder design strategy not only decreases the
research expenses but also could play a significant part
in mitigating crack formation for any other nonweldable
alloy.
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