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Abstract

This paper examined the effect of Si addition on the cracking resistance of Inconel 939 alloy after laser additive manufacturing (AM) process. With
the help of CALculation of PHAse Diagrams (CALPHAD) software Thermo-Calc, the amounts of specific elements (C, B, and Zr) in liquid phase during
solidification, cracking susceptibility coefficients (CSC) and cracking criterion based on ‘d T/dfs1 / 2‘ values (T: solidification temperature, f;: mass

fraction of solid during solidification) were evaluated as the indicators for composition optimization. It was found that CSC together with ‘dT /df;/ 2‘

values provided a better prediction for cracking resistance.

Introduction
Laser powder bed fusion (L-PBF) additive manufacturing (AM)
has been applied rapidly to various fields such as aerospace!!!
and automation' for its unique capability to produce compo-
nents with complex shapes and high dimensional accuracy, which
are almost impossible with conventional subtractive fabricating
strategies.[’! Up to now, a few categories of metals and alloys
have been widely investigated with L-PBF process, for example
Ti-6Al-4 V. Inconel 718, Inconel 625, stainless steel 316L7
and CuCrZr alloy.® L-PBF process typically requires weldable
alloys as the feedstock material. However, due to the poor weld-
ability, many alloys are deemed not suitable for L-PBF process.
Inconel 939 alloy is unfortunately within the category of
non-weldable alloys for L-PBF process despite its outstand-
ing properties,'”) i.e., high creep resistance, excellent corro-
sion/oxidation resistance, and high-temperature microstructure
stability.'>1?] The primary cracking mechanism for Inconel
939 alloy is believed to be solidification cracking that usu-
ally occurs close to the end of solidification stage as the liq-
uid feed in the inter-dendritic region is constrained.l!>!¥ It is
reported that during welding process of Inconel 939 alloy, the
boundary strengthening elements, i.e., C, B and Zr, segregate
to inter-dendritic regions and form low-melting-point liquid
films, which can be pulled apart by tensile stress generated due
to the restriction of substrates during solidification.’” There-
fore, reducing the amounts of the boundary strengthening ele-
ments at the final solidification stage could be a feasible way
to improve the cracking resistance of Inconel 939 alloy. This
strategy has been applied by other researchers to improve the
solidification cracking resistance of 310 stainless steel!> and
transformation-induced plasticity steels.['®) The addition of
Si has been reported to improve the weldability of Al alloys,
making them suitable for L-PBF process, i.e., AISi7Mg0.6,[!"]
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Al-12Si alloy,!'8] A110SiMg alloy!! and 4 wt%Si+Al17075
alloy.”” In view of those prior research work, the effect of Si
addition on improving the cracking resistance of Inconel 939
alloy processed by laser AM conditions is examined in this
paper. The design of Inconel 939 alloy with Si addition in this
study was undertaken by Thermo-Calc simulations. The com-
position of liquid phase during solidification was explored with
Scheil Solidification Simulation Model, especially for elements
C, B, and Zr. Those elements tend to form low-melting-point
liquid phases.'?! The lower contents of C, B, and Zr elements
at the final stage of solidification are expected to lead to lower
amounts of low-melting-point phases, resulting in higher crack-
ing resistance.l”!>!) In addition, experimental work was per-
formed to verify the Thermo-Calc simulation results.

Simulation and experiments

Solidification cracking is closely related to the final stage of
solidification.?™ Due to the fast solidification rate, it is
extremely challenging to investigate composition information
during laser based additive manufacturing experimentally.
Therefore, Thermo-Calc software was applied to predict con-
centrations of C, B, and Zr elements in liquid phase during
solidification, cracking susceptibility coefficients (CSC) and
ldT /dfsl/ 2| values (T solidification temperature, f;: mass frac-

tion of solid during solidification) for Inconel 939 alloys with
different Si additions using the TCNIS8:Ni Alloys v8.2 database.
Scheil Solidification Simulation model was applied to simulate
the fast solidification process in this study, and B, C elements
were considered as fast diffusers.”’] For not changing the com-
position of Inconel 939 alloy significantly, Si addition during
Thermo-Calc calculation was limited to be below 10 wt%.
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Commercial spherical shaped Inconel 939 powders and pure
Si powders (99.5% purity) were used as raw materials. Compo-
sition of the Inconel 939 alloy is Ni-23.23Cr-19.31Co-3.83Ti-
1.85A1-1.83W-1.37Ta-1.04Nb-0.20Fe-0.16Mo-0.14C-0.10Zn-
0.01B (wt%). In this study, five compositions were selected for
experimental verification, namely pure Inconel 939 alloy and
Inconel 939 alloy with Si additions of 0.5, 1, 3, and 8 wt%.
Hereafter, the samples were denoted as Ni939, Ni939+0.5Si,
Ni939+1Si, Ni939+3Si, and Ni939 +8Si, respectively.
MAM-1 Arc melter was utilized to synthesize Inconel 939
alloy samples with and without Si addition under pure argon.
The samples were subsequently cut by a BUEHLER low speed
saw to expose the cross sections, which then were mechanically
ground with SiC papers up to 600 mesh. A custom laser pro-
cessing system was utilized to mimic the L-PBF process over
the cross sections. The applied parameters include laser power
(95 W), scanning speed (100 mm/s), hatch space (50 um), spot
size (46 pm) and a pure argon environment. Detailed descrip-
tion of the laser system setup can be found elsewhere.>*] A field
emission scanning electron microscope (SEM) equipped with
energy dispersive spectroscopy (EDS) detector was used to
observe the laser irradiated surfaces and their compositions. A
software named ImagelJ was applied to quantitatively measure
the crack densities on the laser processed surfaces.

Results and discussion

Figure 1 shows the variation behaviors of the contents of C, B,
and Zr in liquid phase during solidification process obtained
with Thermo-Calc prediction. Generally, the three elements
show different variation behaviors.

When the addition of Si is below 1 wt%, the amount of
C increases first and then monotonically decreases as f; rises.
However, when the addition of Si is over 3 wt%, C content first
quickly declines, and then decreases with a much slower rate.
This phenomenon is ascribed to the generation of FCC_L12#3
phase (containing~14.5 wt% C) [Fig. 1(a)]. When Si addition
is below 1 wt%, an earlier formation of FCC_L12#3 phase
effectively reduces C contents in the liquid phase. With an addi-
tion of Si over 3 wt%, FCC_L12#3 phase forms at the begin-
ning of solidification process, and a higher Si addition helps
to generate more FCC_L12#3 phase and brings C content to a
significantly lower level compared with other counterparts over
the entire solidification process.

Similar with the C element case, the Ni939+8Si sample
contains clearly the lowest B element content in liquid phase
over the entire solidification stage. For the rest samples, when
/, 1s below 0.851, the variation curves perfectly overlap with
one another. With the increase of Si addition, the point that
B concentration starts to decline appears at earlier stage of
solidification [Fig. 1(b)]. This observation is ascribed to the
generation of MB2_C32 phase, which is a Ti-B phase contain-
ing 31 wt% of B. Therefore, an increased addition of Si can

025 T T ¥ T T 2 T ] T L T T
C (0.361,0.210)  —=—Ni939
= ] —e— Ni939+0.5Si
e Generation _.---~ —4— Ni939+1Si
:g 0.20 4 (0.246,0.179) _.__ Ni939+3Si
E; —— Ni939+8Si
£ 015
o K
[ ’
o
o \ (0.109, 0.154)
Fo.10 1 &
c
3 (0,0.13)
]
2 005" ]
2 \v
2]
(]
E \\‘
0.00
T T T T

u T —T T 1 I % I 7 v ¥
00 01 02 03 04 05 06 07 08 09 1.0

(a) Mass fraction of solid, £
0'40 T T T T T T T T T T
0.35 — (0.973, o.3ss)/' X
—e— Ni939+0.5Si
0301 . Nig39+1Si p 7
1 ——Nig39+3si 1
025  —e—Ni939+8Si i -

1 7/ ,(0.958,0.221) — P> 1
0.20 - ;o 4

r .
B

Generation :" ]
of MB2_C32 """ (0.938,0.162)— P 4

\

Mass percentage of B in liquid (%)
z
1

0.00 T S
T T T T

v L I L A L
00 01 02 03 04 05 06 07 08 09 1.0

(b) Mass fraction of solid, f

10 — T T T "~ T * T "~ T * T "~ T * T * 1T
s Zr
S
< —e—Ni939
Tg 81 —~—Ni939+0.5Si 7
T —— Ni939+1Si
= —v— Ni939+3Si
= & —+—Ni939+8Si
e - —
N
L
o
]
24 ]
s
c
']
o
&
o 2 7
7]
7]
]
=

0 - s — s -

T L T T v T ¥ i} ¥ T L T ¥ T T L T

00 01 02 03 04 05 06 07 08 09 10
(c) Mass fraction of solid, f,

Figure 1. Contents of C, B and Zr elements in liquid phase during
solidification process predicted by Thermo-Calc.
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effectively reduce B concentration in liquid phase close to the
end of solidification stage for the Inconel 939 alloy. Again,
Zr amount in liquid phase for Ni939 +8Si sample shows the
lowest value over the whole solidification process, while Zr
amounts for the rest samples in liquid phase increases expo-
nentially. With a careful observation, the variation curves of
Ni939, Ni939+0.5S1, and Ni939 + 1Si nearly overlap each
other, with the final concentration around 8 wt%, while the
sample Ni939+3Si shows a lower value of 2 wt%.

Apparently, C, B, and Zr contents in liquid phase during
solidification are Si addition dependent. With the increase
of Si addition, significant lower amounts of C, B, and Zr are
observed at the final stage of solidification. If the cracking sus-
ceptibility was solely determined by the levels of C, B, and Zr
in the liquid near the completion of the solidification process,
one would conclude that Ni939 + 8Si alloy would show the
lowest crack density compared with other samples. To verify
this hypothesis, experimental study was performed on four
selected samples, namely Ni939, Ni939 + 1Si, Ni939 +3Si,
and Ni939+8Si.

Figure 2(a) shows the representative surface morphol-
ogy of Ni939 sample both before and after laser irradiation.
Based on this image, no visible cracks can be seen in arc-
melted region, while large amounts of cracks are observed
in laser irradiated region [representatively indicated by the
white arrows in Fig. 2(a)]. During arc melting process, the
feedstock is melted and forms a button-shaped melt due to
surface tension. Considering that solidification cracking is
caused by the combination of low-melting-point liquid films

Arc melted region Cracks

e Y
Laser scanned region

Arc melted region

Ni939+2.8%Si -

£

g

A B350 e

in the inter-dendritic regions and tensile stress, it is deduced
that the thermal stress inside the arc-melted sample is not
large enough to generate cracks. However, under laser AM
process on substrates, due to the restriction of the substrate
during solidification of the narrow molten tracks, the laser
scanned top surface layer usually experiences large ten-
sile stress, leading to cracking if the material shows poor
weldability.?5-26]

EDS characterization was performed to determine the
real surface compositions of laser irradiated parts, and Si
contents for the four samples are 0, 1.5+0.05 wt%, 2.8 +0.1
wt%, and 7.4+0.21 wt%, respectively. For better distinguish-
ing, the four samples are denoted as Ni939, Ni939+ 1.5Si,
Ni939+2.8Si, and Ni939 + 7.4Si, respectively.

Surface morphologies of the selected four samples after
laser irradiation are shown in Fig. 2(b)—(e). Clearly, when the
Si addition increases to 2.8 wt%, crack density deceases, and
no visible cracks are observed in the Ni939+2.8Si sample,
which indicates a significant improvement of cracking resist-
ance. With a careful observation, cracks in the Ni939+1.5Si
sample are shorter than those in the Ni939 sample. The
Ni939 +7.4Si sample contains clearly higher amounts of
cracks than any other samples. This indicates that when the
Si addition reaches 7.4%, weldability of the material sharply
declines. ImageJ software was used to quantify the crack den-
sity on the four sample surfaces, and the average crack densi-
ties 0f Ni939, Ni939+1.5S1, Ni939+2.8Si, and Ni939 +7.4Si
are approximately 2.46, 1.75, 0, and 9.07 mm/mm?, respec-
tively. The results observed in Fig. 2(b)—(e) shows that

Pure Ni939

b

Figure 2. (a) SEM image showing the surface morphologies of arc-melted region and laser scanned region of Ni939 sample. (b)—(e) SEM
images indicating the surface morphology of the samples after laser irradiation. The cracks were highlighted with white curves for easier

observation.
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cracking susceptibility cannot be determined solely by the
levels of C, B, and Zr in the liquid near the completion of the
solidification process.

The primary cracking mechanism of Inconel 939 alloy was
reported solidification cracking.!”! Quantitative prediction of
solidification cracking tendency named CSC was recently
offered by Thermo-Calc software based on the research by
Clyne and Davies.l*” CSC depends on critical times during
solidification. A smaller CSC value indicates the material less
prone to cracking, and vice versa. The calculation of CSC uses
Scheil Solidification Simulation Model combined with a heat
flow model proportional to 1/¢!/2 (¢ represents time).!?*] Scheil
Model predicts solidification temperature ranges without con-
sidering time, while the heat flow model introduces time to the
calculation. Solidification cracking happens in the later stage
of solidification. With a liquid phase amount in the range from
60 to 10%, adequate liquid feeding to the grain gaps caused by
thermal contraction makes the material less prone to cracking,
and the duration of this period is named the relaxed period,
tg. With a liquid amount in between 10 and 1%, the material
is vulnerable to cracking due to limited liquid feeding,**! and
the duration over this stage is #,. With combined solidifica-
tion and heat flow models, CSC is defined in Formula (1).
Detailed description on the calculation of #, and #; can be found
elsewhere.!?’!

CSC = /iR (1)

CSC values of Inconel 939 alloy with up to 10 wt% Si addi-
tions are shown in Fig. 3(a). Clearly, CSC goes up quickly as
Si addition increases to 0.5 wt%, then decreases rapidly when
Si addition further rises to 2.5 wt%. When Si addition is within
the range of 2.5-5 wt%, CSC value remains at a low level. CSC
increases to 0.8 as Si addition rises to 6—7 wt%, then quickly
increases to 4.4 when Si addition reaches 8 wt%. After that,
CSC values gradually decreases. The CSC values for points a,
b, c and d in Fig. 3(a) are listed in Table I, which is generally
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Table I. Calculated cracking tendencies based on CSC and strain
rates for the samples

Sample name Cqmposition CSC ‘dT /d fs1 /2 (C) Critical f;
point

Ni939 a  1.006 9950 0.989

Ni939+1.5Si b  1.038 7956 0.989

Ni939+2.8Si ¢  0.263 5323 0.964

Ni939+7.4Si d  2.717 57,341 0.966

in good accordance with the crack densities observed in Fig. 2.
According to Fig. 3(a), CSC is Si addition dependent and the
Si addition range of 2.5-5.0 wt% leads to low CSC values.
CSC values for Ni939 and Ni939 + 1.5Si samples are similar;
however, Ni939+ 1.5Si sample shows shorter cracks and lower
crack density [Fig. 2(b), (c)]. This observation indicates the
discrepancy between experimental results and CSC prediction
for Ni939 and Ni939+1.5Si samples, which needs another
explanation.

Solidification processes describing temperature (7) vs. f;
for the four samples were simulated with Scheil Solidification
Simulation Model [Fig. 3(b)]. The relaxed range (liquid
phase from 60 to 10%) and vulnerable-to-cracking range (lig-
uid phase between 10 and 1%) are marked. Clearly, solidifi-
cation temperature of Ni939 +7.4Si is distinctively sensitive
to f; (significantly higher steepness) in the vulnerable-to-
cracking period. Koul®” proposed a cracking criterion based
on strain rate, which was focused on the sensitivity of last
fraction of liquid to solidify before reaching solidus tempera-
ture. This prediction of cracking is based on the maximum
steepness of the fsl/2 vs. T curves, described by ‘dT/dfsl/z‘.

The larger the ‘dT / dfsl / 2‘ value, the higher tendency the mate-

rial cracks. With this criterion, the maximum steepness of the
curves with the corresponding f; where the data were calcu-
lated are listed in Table I, which is in good agreement with

T T T T
00 01 02 03 04 05 06 07 08 09 10
Mass fraction of solid, f;

(b)

Figure 3. (a) Image showing the cracking susceptibility coefficient (CSC) as a function of Si element addition, a, b, c, d indicate the CSC
corresponding to the four samples experimentally tested. (b) Solidification ranges of the four samples, T vs. f,.
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the crack densities observed for the Ni939, Ni939+ 1.5S1, and
Ni939+7.4 samples (Fig. 2(b), (c), (¢)). However, no signifi-
cant difference of ’dT/dfsl/2 between Ni939 +2.8Si and

Ni939 or Ni939 + 1.5Si sample is observed, not accurately
reflecting the remarkable cracking resistance improvement
for the Ni939+2.8Si sample. Therefore, a combination of
CSC prediction and (dT /a2

for cracking resistance of Inconel 939 alloy with Si additions.
And the reason for the significantly higher cracking tendency
for the Ni939 +7.4Si sample is the relatively long time the
material remains over the vulnerable-to-cracking stage with
significantly high strain rate. Similarly, the remarkably
improved cracking resistance of Ni939+2.8Si is attributed
to the clearly reduced time under the vulnerable-to-cracking
stage.

‘ value can be a better indicator

Conclusions

In this study, Si was added into Inconel 939 alloy aiming to
improve the cracking resistance under laser additive manu-
facturing conditions. Thermo-Calc software was utilized to
guide composition selection, and experimental studies were
performed to verify the simulation results. The following two
conclusions are reached.

(1) The amounts of boundary strengthening elements, namely
C, B and Zr, in liquid phase of Inconel 939 alloy decrease
with the increase of Si addition during solidification.
However, the contents of elements C, B and Zr alone is
not adequate to determine cracking tendency. In com-
parison, cracking susceptibility coefficient prediction
together with ‘dT / dfs1 2 ‘ calculation by Thermo-Calc is a

better cracking resistance indicator for Inconel 939 alloy
with Si additions.

(2) With a Si addition of around 2.8 wt%, solidification
cracking resistance of Inconel 939 alloy is significantly
improved and no visible cracks are observed on the laser
processed surface.

The success of making crack-free Inconel 939 alloy suit-
able for laser AM process with Si addition is inspiring. The
computational thermodynamics method approach shown in
this study can be applied to guide the composition modifica-
tions for other non-weldable alloys, to make them suitable
for laser AM process if the cracking mechanism is dominated
by solidification cracking.
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