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Abstract: Solidification cracking is a major obstacle when joining dissimilar alloys using additive
manufacturing. In this work, location-specific solidification cracking susceptibility has been inves-
tigated using an integrated computational materials engineering (ICME) approach for a graded al-
loy formed by mixing P91 steel and Inconel 740H superalloy. An alloy mixture of 26 wt.% P91 and
74 wt.% Inconel 740H, with high configurational and total entropy, was fabricated using wire-arc
additive manufacturing. Microstructure characterization revealed intergranular solidification
cracks in the FCC matrix, which increased in length along with enrichment of Nb (~27 to 56 wt.%)
and Cu (~87 wt.%) in the middle and top regions. DICTRA simulations to model location-specific
solidification cracking susceptibility showed that the top region with the highest cooling rate (270
K/s) has the highest solidification cracking susceptibility in comparison with the middle and bottom
regions. This is in good agreement with the experimentally observed varying crack length. From
Scheil simulations, it was deduced that enrichment of Nb and Cu affected the solidification range
as high as ~77% in comparison with the matrix composition. The overall solidification cracking sus-
ceptibility and freezing range was highest for the 26 wt.% P91 alloy amongst the mixed composi-
tions between P91 steel and 740H superalloy, proving that solidification characteristics play a major
role in alloy design for additive manufacturing.

Keywords: functionally graded alloy; directed energy deposition; solidification cracking suscepti-
bility; ICME; CALPHAD; high entropy.

1. Introduction

The high energy efficiency of steam power cycles in advanced ultra-supercritical
power plants requires the steam temperature above 700°C and the steam pressure up to
35 MPa. High steam pressure and temperature require the use of materials with excellent
creep and high-temperature oxidation resistance. Conventionally used ferritic-martensitic
steels, such as P91 steel, can be employed only up to 650°C [1]. Hence, Ni-based superal-
loys, such as Inconel 740H (referred as 740H hereafter), were designed with high Co (~20
wt.%) and Cr (~24 wt.%) content to achieve superior creep properties up to 850°C [2].
However, 740H is expensive compared to the traditional P91 steels due to the high content
of alloying elements. Therefore, P91 steels can be employed in sections with operating
temperatures below 650°C, while Inconel 740H can be utilized for parts operating at a
higher temperature, especially, for the repairing and multifunctional purposes. This strat-
egy involves joining P91 steel with 740H, which is challenging because these materials
possess strikingly different crystal structures and properties. This necessitates using an
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interlayer for joining these dissimilar materials which, possesses intermediate properties
to ensure a smooth transition between the parent materials.

It is well known that in the high-entropy alloy composition range, there is a high
chance that entropy contributions can overcome the enthalpies of compound formation
and hence, avoid the formation of harmful intermetallic compounds [3]. For achieving
improved creep properties, the formation of detrimental phases, such as the topologically
close-packed (TCP) phases, needs to be suppressed. Alloys with multiple principal ele-
ments, rather than a single principle element, exhibit the high entropy effect by stabilizing
a solid solution phase over the formation of intermetallic compounds [4-6]. The simple
microstructure of multi-principal element alloys makes them an attractive candidate ma-
terial for achieving superior elevated temperature properties. Therefore, exploring inter-
layer materials with high configurational and total entropy will be suitable for joining P91
steel and 740H superalloy in ultra-supercritical power plants.

Additive manufacturing (AM) is an advanced manufacturing technique that can fab-
ricate structural parts layer by layer using 3-dimensional models [7]. It is a promising al-
ternative for joining dissimilar materials using an interlayer or gradual composition gra-
dient. Directed energy deposition (DED) has been used for multi-material deposition ex-
tensively [8-10]. Wire-arc additive manufacturing (WAAM) is a cost-effective DED-based
technique that uses welding wire as starting material. The deposition rate of WAAM is
much higher, enabling the efficient fabrication of large components. Some of the crucial
parameters such as torch tilt, bead size and geometry, external magnetic field and micro-
structural evolution have been evaluated using physics-based models as well as key ex-
periments to improve the WAAM process in comparison with other conventional manu-
facturing techniques such as machining [11-15]. The ability to fabricate large builds is
beneficial for real world applications but, special attention must be given to changes in
the thermal history that can lead to location-specific changes in material behavior and
properties. Changes in thermal history can lead to significant changes in the as-built mi-
crostructure, residual stress, and solidification cracking susceptibility [16-18].

Solidification cracking is a common defect observed in additively manufactured
parts that limits its applicability. Solidification cracks are caused by the trapping of inter-
dendritic liquid. When liquid becomes trapped, differences in the solid and liquid density
lead to shrinkage inside the mushy zone [19]. Since the grains are not firmly held together,
due the presence of grain boundary liquid, the strength of the mushy zone is low. More-
over, the liquid phase fraction is not high enough towards the end of solidification to ac-
commodate large tensile strains and the rearrangement of grains [19]. The capability of
the liquid metal to fill the interdendritic region plays an important role in determining the
solidification cracking susceptibility. The main factors that need to be accounted for when
assessing the solidification cracking susceptibility are the freezing range, amount and dis-
tribution of liquid at the end of solidification, primary solidification phase and grain struc-
ture [20].

Several models are available in the literature for predicting the solidification cracking
susceptibility of an alloy as a function of composition [21-27]. In particular, the Kou model
[19,28] provides a comprehensive approach for assessing the solidification cracking sus-
ceptibility for fusion welds. Such a solidification cracking model can determine the risk of
solidification cracking. The Kou model relates the solidification gradient to the solidifica-
tion cracking susceptibility of a material. In particular, it can directly link to the Scheil-
Gulliver model [29], which is commonly used to predict the solidification gradient. Re-
cently, the DICTRA (diffusion-controlled transformations) package within Thermo-Calc
software has been used to model the solidification gradient by considering the effects of
thermal history and kinetics [30]. Though, there are similarities between welding and AM,
the Kou model has not been used extensively to evaluate the solidification cracking sus-
ceptibility for AM processes. There are only a few reports that evaluate the solidification
cracking susceptibility for alloys processed using AM [17,31-34]. So far, to the best of our
knowledge, there are no reports evaluating the location-specific solidification cracking
susceptibility of additively manufactured alloys.
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In this work, the location-specific solidification cracking susceptibility has been eval-
uated for a mixed alloy with high calculated configurational and total entropy, that can
potentially act as an interlayer for joining P91 steel and 740H superalloy. The mixed alloy
was fabricated using WAAM and the difference in cracking behavior at various locations
along the build direction has been correlated with the solidification cracking susceptibility
deduced by applying the Kou model criterion. The extent of microsegregation in different
locations and its effect on the solidification range has also been investigated. This work is
aimed at providing a pathway to assess the feasibility of fabricating new alloys designed
using the ICME (integrated computational materials engineering) approach for AM pro-
cesses. Moreover, it demonstrates how an ICME-based framework can be employed to
determine the location-specific solidification cracking behavior and can be correlated with
the experimental observations. The main aim of this work is to establish that apart from
the prediction of thermodynamic properties and microstructure, the solidification behav-
ior also needs to be taken into account for obtaining crack-free builds successfully. In ad-
dition to that, some of the possible shortcomings that could have led to cracking is ex-
plored, which will have to be carefully evaluated for fabrication of new alloys using AM.

2. Materials and Methods

With the aim of identifying an alloy with highest entropy amongst the mixed com-
positions between P91 steel and 740H superalloy to act as an interlayer for joining the
constituent materials, the total entropy for each alloy was calculated using the CALPHAD
(Calculation of Phase Diagrams) approach as implemented in Thermo-Calc software. Ad-
ditionally, the configurational entropy was determined for these compositions using the
well-known Boltzmann equation as follows.

Sconfig = Z? x;lnx; (1)

where, x is the composition of component i in mole fraction and n is the total number of
elements in the alloy system. The mixed compositions between P91 steel and 740H super-
alloy were determined by computing the weighted mean of the composition of each ele-
ment for varying content of P91 steel (in steps of 1 wt.%) and used as input for these cal-
culations. The composition of the P91 and 740H wires (listed in Table 1) used for WAAM
processing were used to find the weighted average. From the calculated entropy values
for the mixed compositions, shown in Figure 1(a), it can be observed that the configura-
tional entropy as well as the total entropy reaches a maximum at 26 wt.% P91 and hence,
this composition was chosen for fabrication using WAAM.
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Figure 1. (a) Configurational and total entropy calculated for the mixed compositions of P91 steel and 740H sup-
eralloy showing a maximum at 26 wt.% P91, (b) 26 wt.% P91 build and (c) the printing pattern used foreach layer
during fabrication of the build using WAAM.

P91 steel (ER90S-B91, manufactured by Euroweld, USA) and 740H superalloy (Spe-
cial Metals Welding Products Co., USA) wires with compositions (specified by vendor)
listed in Table 1 were employed for the deposition of 26 wt.% P91 alloy using WAAM.
The diameter of the P91 steel and 740H superalloy wires were 0.9 and 1 mm, respectively.
A sample of 180 mm length, 11 mm width, and 100 mm height were built over a mild steel
(Fe-0.165C-0.6Mn-0.225Si, wt.%) substrate of nearly 13 mm thickness using a WAAM sys-
tem (ABB robotic platform) with plasma torch in Raytheon Technologies Research Center
(RTRC) as shown in Figure 1(b). A plasma arc welding (PAW) torch and a twin wire feeder
connected to a six-axis robot were the major components of the WAAM setup. The print-
ing parameters were selected based on an earlier design of experiments used while de-
positing the constituent materials, namely P91 steel and Inconel 740H superalloy. A range
of conditions was deposited with different travel speeds, wire feeds, and power, until a
stable melt pool was achieved based on observations and microscopy. The process param-
eters were selected, keeping in mind that the same conditions have to be used for the
deposition of P91 steel and Inconel 740H superalloy to allow for smooth transitioning be-
tween the components while attempting for multi-material builds using WAAM.

For plasma production and shielding of PAW torch, purified Argon gas was used
with a flow rate of 1.2 liter/min. Each layer was deposited in a square wave pattern with
a width of 11 mm and step-over (spacing) of 3 mm (Figure 1(c)) while the overall mass
deposition rate was 0.9 kg/hr. The distance between the torch and deposit was 12 mm and
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the wire was fed at an angle of 30°. In order to reach the nominal composition listed in
Table 1 for 26 wt.% P91 alloy, the wire feed rate was maintained as 0.82 m/min for P91
steel and 1.8 m/min for the 740H superalloy. The average voltage was 20.9 V while the
current and travel speed were varied for different layers as summarized in Table 2. The
current and travel speed are automated using the robotic motion platform whose values
are prescribed by the operator for each layer. High current and low travel speed was em-
ployed for the first few layers to ensure complete adhesion with the mild steel substrate
and further reduced gradually for the subsequent layers. The interpass temperature was
maintained as 175°C i.e., each layer was cooled till 175°C before the deposition of the sub-
sequent layer to reduce dilution between layers affecting the height of the build. An infra-
red (IR) pyrometer was used to monitor the interpass temperature during the deposition.
It is to be noted that the melt pool temperature was not monitored. The temperature of
the melt pool was too high to be detected using the IR camera, and the camera was blinded
by the plasma arc used for deposition in the WAAM process. After each layer was depos-
ited, the IR camera was used to monitor the temperature of the bulk part so as to ensure
that the sample was below 175°C before beginning to deposit the subsequent layer. The
interpass time for each layer was not fixed but rather dictated by the time it takes for the
bulk of the sample to cool to below 175°C.

Table 1. Composition (in wt.%) of the P91 and 740H wires used for deposition in the WAAM pro-
cess and the nominal composition (in wt.%) of 26 wt.% P91 alloy.

Composition (wt.%)

Al C Co Cr Cu Fe Mn Mo Nb Ni Ti Si V
P91 0.003 0.09 - 92 0.03 Bal. 045 091 0.052 04 - 0.26 021
740H 14 0.03 203 246 0.02 02 024 05 149 Bal 15 01 -

26 wt.% P91 1.037 0.046 15.02 20.6 0.02323.13 0.29 0.61 1.12 Bal. 1.11 0.14 0.06

Material

Table 2. Printing parameters for 26 wt.% P91 build fabricated using WAAM.

Layer No. Current (A) Travel speed (mm/s)
26-58 162 5
6-25 166
5 175
195
205
215
255 3.5

_ N W R
S oar o1 aroal

The build (Figure 1(b)) fabricated using the WAAM technique was sectioned along
the XZ plane (X is the scan direction and Z is the build direction) with electric discharge
machining (EDM, Mitsubishi MV2400S, Japan). This slice of sample was used for further
location-specific analysis and the sample will be partitioned as Top, Middle and Bottom
as indicated in Figure 1(b) for ease of identification. The sample was ground from 800 to
1200 grit SiC emery papers and further, polished using diamond (3 and 1 pm particle size)
and colloidal silica (0.04 um particle size) suspensions to obtain a scratch-free surface with
mirror finish. The cracks at different locations along the build direction were viewed in
the as-polished surface using a ZEISS Sigma 500 VP scanning electron microscope (SEM)
in both secondary electron (SE) and backscattered electron (BSE) modes. The composition
maps were determined using Oxford Aztec energy dispersive spectroscope (EDS) at-
tached to the SEM. To determine the nature of the cracks, electron backscattered diffrac-
tion (EBSD) was carried out using FEI Scios Dual Beam focused ion beam (FIB) — SEM
equipped with EDAX Hickory EBSD system and analyzed using TSL-OIM software ver-
sion 8.
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To evaluate the location-specific solidification cracking susceptibility, non-equilib-
rium simulations using DICTRA and Scheil modules were performed using the Thermo-
Calc software. The TC-API (Thermo-Calc Application Programming Interface) toolkit
known as TC-Python (based on Python programming language) was mainly used for
these simulations to enable batch calculations. TCNI (v8), which is the commercial multi-
component thermodynamic database and MOBNI (v4), the multicomponent mobility da-
tabase were used for the simulations. In the Scheil modeling, the back diffusion due to
carbon was taken into account [29]. The input compositions were obtained using EDS at
various points around the cracks from different locations and the Scheil simulations were
performed for 75 different points to determine the effect of segregation on the solidifica-
tion range (temperature difference between liquidus and solidus).

The solidification cracking susceptibility was evaluated using the Kou criterion [19]
coupled with one-dimensional DICTRA simulations. The input parameters required for
the DICTRA simulations, i.e., the cell size and cooling rate, from each section of the build,
as shown in Figure 1(b), were obtained by observing the microstructure under the SEM in
SE mode. The samples used for SEM were etched by immersing in a solution consisting
of 4.8 grams of CuClz, 4 mL of water, and 48 mL of HCI for nearly 25 seconds. The second-
ary dendrite arm spacing (SDAS) was measured from the SEM micrographs using the
Image] software. The cell size for the DICTRA simulation for the top, middle and bottom
regions was considered as half the SDAS size. In order to determine the location-specific
cracking susceptibility, the cooling rate in different regions needs to be identified. There-
fore, the cooling rate was determined from the SDAS using the following relation deter-
mined for Inconel 625 by Tinoco et al. [35]:

1 =58.02 R70312 @)

where, A is the SDAS, and R is the cooling rate. The cooling rate from different regions
determined using Equation (2) was incorporated, and a linear grid with 100 points was
used for these simulations. The solid fraction calculated as a function of temperature from
the DICTRA simulations was used for determining the solidification cracking susceptibil-
ity using the Kou criterion by finding the maximum in the slope of the temperature vs.
square root of the solid fraction curve [28]. For computing the derivative to determine the
slope, a three-point central Lagrange polynomial differentiation similar to the method re-
ported by Sargent et al. [17].

3. Results

3.1. Characterization of cracks

Figure 2 shows the SE-SEM micrographs of the cracks of varying lengths from differ-
ent locations of the sample. It can be observed that the longest cracks were observed in
the Top portion of the sample and the crack length decreases in the Middle region. No
cracks were observed in the Bottom region of the sample. It is to be noted that cracking
was observed only after deposition of the first 15 layers during the WAAM processing,
although, in total, there are 58 layers to accomplish the build. The inverse pole figure (IPF),
kernel average misorientation (KAM) and phase maps obtained from the cracked region
in the top and middle portions of the sample using EBSD are shown in Figure 3. It is evi-
dent from the IPF map that the grain structure is columnar, and the crack is intergranular
since it propagates along the grain boundary. Moreover, the grains are coarser in the mid-
dle portion since it has undergone multiple thermal cycling during the deposition in com-
parison with the top section of the sample. KAM represents the residual stresses qualita-
tively and is defined as the average misorientation around a point corresponding to a de-
fined set of nearest neighbors [36,37]. Therefore, we applied it to gain more insight into
the crack formation at locations 1 and 2. From the KAM maps (Figures 3(c) and 3(d)), it
can be observed that the region around the crack has a very high misorientation angle (red
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points with KAM ~ 5° and the yellow regions with KAM ~ 3-4° surrounding the crack) in
comparison with the surrounding matrix implying that the residual stresses are high near
the cracked region. It is also evident that the grains in the top portion of the sample have
higher KAM (green regions with KAM ~ 2-3°) within the grains in comparison with the
Middle portions (blue regions with KAM ~ 0°) within the grains. This is because the mid-
dle portion undergoes a larger number of heating and cooling cycles that annihilates the
residual stresses while the top layers are subjected to lesser thermal cycling leading to
higher residual stress within the grains. From the phase maps (Figs 3(e) and 3(f)), it is
evident that the 26 wt.% P91 alloy has a single-phase FCC structure.

Figures 4 and 5 show the composition maps for the major (Ni, Fe, Cr, and Co) and
minor (Cu, Mo, Nb, and Ti) alloying elements from the cracked regions in the top and
middle sections of the sample, respectively. The composition maps for Cu and Nb clearly
show that the extent of segregation varies in different sample locations. The Cu segrega-
tion is higher in the top portion of the sample but is lower in the middle portion. Thus, it
is clear that the extent of Cu segregation increases as the build height increases. On the
other hand, Nb segregation is found to be more pronounced in the middle section but to
a lesser extent in the top portion of the sample. Therefore, it can be inferred that the dif-
ference in length of the cracks and extent of segregation of the minor alloying elements
such as Cu and Nb will lead to varying solidification cracking susceptibility along the
build direction, which will be estimated using computational techniques as explained fur-
ther.


https://doi.org/10.20944/preprints202201.0370.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2022 doi:10.20944/preprints202201.0370.v1

Top

L Middle

100 mm

- Bottom

Build direction

2 mm

Figure 2. SE-SEM micrographs showing cracks of varying length from different locations of the 26 wt.% P91 sample
along the build direction.


https://doi.org/10.20944/preprints202201.0370.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2022 d0i:10.20944/preprints202201.0370.v1

Top (Location 1) Middle (Location 3)
(b)

Figure 3. (a, b) IPF, (¢, d) KAM and (e, f) Phase maps from Locations 1 and 3 (shown in Figure 2) from the Top and
Middle sections, respectively, showing that the cracks are intergranular with high KAM around the crack.
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Figure 4. BSE-SEM micrograph along a crack from the Top portion (Location 1 in Figure 2) of the sample and their
corresponding composition maps for major (Fe, Ni, Co, Cr) and minor (Nb, Ti, Mo, Cu) alloying elements.

Figure 5. BSE-SEM micrograph along a crack from the Middle portion (Location 2 in Figure 2) of the sample and
their corresponding composition maps for major (Fe, Ni, Co, Cr) and minor (Nb, Ti, Mo, Cu) alloying elements.

3.2. Evaluation of location-specific solidification cracking susceptibility


https://doi.org/10.20944/preprints202201.0370.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2022

(b)

To estimate the location-specific solidification cracking susceptibility in the 26 wt.%
P91 alloy processed using the WAAM technique, the Kou criterion coupled with DICTRA
simulations were used [17].

The SDAS was determined from the etched microstructure of the sample, as shown
in Figure 6(a). The compositions determined using EDS from different regions are listed
in the table embedded in Figure 6. It can be observed that the concentration of Nb varies
significantly in different locations. Nb enrichment can be observed in the interdendritic
region (Point 2 in Figure 6(a)) in comparison with the dendrites (Point 1 in Figure 6(a))
including the primary and the secondary ones. However, the white precipitates found in
the interdendritic region have a higher Nb content along with Ti and Mo. These precipi-
tates correspond to the Laves phase (Point 3 in Figure 6(a)). Due to the increased enrich-
ment of Nb towards the end of solidification, the Laves phase is expected to form in the
interdendritic region. Moreover, Laves phase was found to be one of the solidifying
phases towards the end of solidification from the Scheil solidification curve obtained for
the nominal composition of 26 wt.% P91 listed in Table 1. The SDAS calculated using the
etched micrographs and the cooling rate calculated using Equation (2) are shown in Fig-
ures 6(b) and 6(c), respectively. An inverse correlation was observed between the SDAS
and the cooling rate. It is to be noted that though, a constant interpass temperature (175°C)
was maintained during the deposition of each layer to control the bulk cooling rate, the
local cooling rate was found to vary considerably leading to variation in microstructural
features along the build direction. The estimated cooling rate and SDAS were used as in-
puts for the DICTRA simulation.

d0i:10.20944/preprints202201.0370.v1
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Figure 6. (a) SE-SEM micrograph showing the etched microstructure from the top portion of the sample with the
secondary dendrites and the composition of points 1, 2 and 3 measured using EDS as well as (b) SDAS calculated
from the etched microstructure and (c) cooling rate calculated using the SDAS from different locations of the sam-

ple.
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The temperature vs. solid fraction curves obtained using DICTRA simulation for dif-
ferent locations shown in Figure 7(a) are compared with the prediction using the Scheil
modeling and equilibrium calculations for the alloy containing 26 wt.% P91 with the com-
position listed in Table 1. The solidus temperature varies significantly as the calculation
method varies, mainly because of the difference in cooling rate assumed for different cal-
culations. The cooling rate assumed in equilibrium calculation is the least with complete
diffusion in both solid and liquid during solidification, due to which the solidus temper-
ature is the highest amongst the different calculation methods. On the other hand, the
Scheil model shows the lowest solidus temperature since it assumes a faster cooling rate
with complete diffusion in the liquid and negligible diffusion in the solid. The solidus
temperatures calculated using the one-dimensional DICTRA simulations are in between
the equilibrium and Scheil calculations since the cooling rate is intermediate. Moreover, it
could be seen that the solidus temperature increases from the top to bottom sections since
the cooling rate increases. The solidification cracking susceptibility, which is the maxi-
mum in the slope of the temperature vs. fraction of solid curve (dT/df,>°) obtained using
the DICTRA simulations as per the Kou criterion from various sample locations shown in
Figure 7(b). The cracking susceptibility is the highest in the top portion of the sample with
the highest cooling rate. Solidification cracking susceptibility decreases as the cooling rate
decreases in the middle and bottom portions. The calculated solidification cracking sus-
ceptibility also correlates well with the cracking behavior characterized from different
sample portions (Figure 2).

1400

(a) (b) ~
i e e Equilibrium 4~ 1.0841
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Figure 7. (a) Temperature vs. fraction of solid curves obtained using equilibrium, DICTRA and Scheil calculations
at the end of solidification showing the difference in solidus temperatures at ~98% solid fraction and (b) solidifica-
tion cracking susceptibility calculated from different locations of the sample using the Kou criterion coupled with
DICTRA calculations.

4. Discussion

From the above-mentioned results, it is evident that the solidification cracking sus-
ceptibility is highly location-specific for the 26 wt.% P91 sample fabricated using WAAM.
It is also clear that the cooling rate plays a major role in inducing the location-specific
cracking behavior since the top portion with the highest cooling rate had the longest crack.
In addition, a difference in the extent of segregation of minor alloying elements such as
Nb and Cu was also observed in different portions of the sample. However, the role of
segregation on the solidification behavior needs to be probed further to identify their role
in the location-specific cracking behavior. Therefore, the composition from several points
within and around the cracks was measured using EDS from different sample locations
and used as input for Scheil simulations. The solidification range calculated for each point
from different locations is shown in Figure 8. From these EDS measurements it was ob-
served that there is a varying degree of enrichment of Nb and Cu compared to the nominal
composition of these elements for 26 wt.% P91 graded alloy as listed in Table 1. In
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comparison with the top and middle part, the bottom region has the lowest enrichment of
Nb (nearly 2.5 wt.%) and Cu (~0.4 wt.%), along with a lower solidification range, i.e., tem-
perature difference between liquidus and solidus. However, in the top and middle re-
gions, the enrichment of Cu and Nb rises rapidly. The composition of Cu was found to be
up to 87 wt.% in both the regions, while the extent of enrichment of Nb is lesser in the Top
region (~27 wt.%) in comparison with the middle region (~56 wt.%), which correlated well
with the composition maps for Nb from these regions. Moreover, it can be observed that
the enrichment of Nb and Cu are likely to increase the solidification range. The increase
in solidification range due to the increase in Nb content is more pronounced than the seg-
regation of Cu. As the Nb content reaches close to 60 wt.%, the solidification range is as
high as 1133 K, while as the Cu content becomes higher, the solidification range is up to
681 K. It is to be noted that the effect of other minor alloying elements such as Mo and Ti
also play a role, although not as noticeable as Nb. For instance, in the top region, a wide
solidification range (848 K) was observed at a point where the Cu content was intermedi-
ate (~30 wt.%) in comparison with the maximum enrichment while the Nb and Mo content
was almost equal (~2.5 wt.%). It was also observed that Mo affects the solidification range
significantly if it is equal to the composition of Nb along with higher Cu content. This
proves that the effect of Mo is not as significant as Nb in affecting the solidification range.

A higher solidification range is known to affect the printability during AM by induc-
ing solidification cracks. According to the generalized theory for cracking proposed by
Borland [38], solidification occurs in several stages. In the initial stage, the liquid and solid
phases are continuous to accommodate relative movement. Further, the dendrites grow
and get interlocked while the liquid can move, thus, healing the cracks that form in this
stage. Towards the end of solidification, the dendrites are completely grown and obstruct
the liquid flow into the interdendritic regions to compensate for the shrinkage and strain.
Hence, if an external stress is applied that exceeds the tolerance limit, cracking occurs,
which cannot be backfilled by the liquid. If the solidification range is relatively higher, the
number of interlocked dendrites that form at the later stage of solidification is higher, and
hence, there will be more hindrance for the liquid to get backfilled [39]. The reduction of
solidus temperature leading to an increase in the solidification range due to the segrega-
tion of Cu and Nb can be attributed to the formation of solidification cracks in the 26 wt.%
P91 build. Though, copper is added for solid solution strengthening effects, it is known to
segregate in grain boundaries leading to reduction in hot malleability and creep ductility
in Ni-base superalloys [40]. Long term diffusion annealing is known eliminate the segre-
gation of copper. However, in the WAAM process, since sufficient time is not provided
for the copper to dissolve and redistribute into the matrix owing to the faster cooling rate,
the segregation is expected to be observed. In addition, Nb is known to segregate in the
intergranular regions in Ni-base superalloys with moderately high Nb content (> 1 wt.%).
Hence, segregation of Cu and Nb is inevitable due to their ability to get enriched in grain
boundaries and intergranular regions, respectively.
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Figure 8. Solidification ranges obtained using Scheil simulations as a function of Nb and Cu content from different
points at (a) bottom, (b) middle and (c) top regions of the 26 wt.% P91 build.

To mitigate location-specific solidification cracking in fabricating graded alloy from
P91 to Inconel 740H using WA AM, the following solutions are suggested to obtain a crack-
free build. Solidification characteristics such as the solidification range as well as the over-
all solidification cracking susceptibility should be considered as the primary factors when
evaluating printability. Although alloy entropy may help to stabilize the microstructure,
it does not have a direct influence on preventing crack formation, and thus should be
considered with other design factors during the interlayer design for joining P91 steel with
740H superalloy. Figure 9 represents the overall solidification cracking susceptibility us-
ing the Kou criterion and the freezing range computed using the outputs from Scheil cal-
culations performed for the mixed compositions between P91 steel and 740H superalloy
in steps of 1 wt.%. In this case, the maximum slope was calculated from the temperature
vs. fraction of solid curve obtained from Scheil simulation for each alloy composition to
apply the Kou criterion. From this plot, evidently, the overall solidification cracking sus-
ceptibility is highest around 26 wt.% P91. Moreover, there is an abrupt increase in the
freezing range close to that composition. This proves that even though the calculated en-
tropy for 26 wt.% P91 may be the highest, the solidification characteristics of this alloy are
not conducive to being fabricated using WAAM. Thus, a careful analysis of the important
attributes during solidification, such as freezing range and overall solidification cracking
susceptibility, needs to be accounted for during the design of interlayers for joining dis-
similar materials using AM. It is to be noted that, though segregation is one of the major
factors that affect the cracking behavior, the overall solidification range is also equally
important. The segregation behavior along with the freezing range will influence the so-
lidification cracking susceptibility. From Figure 9, it is clearly evident that the freezing
range of pure Inconel 740H is much lower than the 26 wt.% P91 graded alloy. It is well
known that the smaller the freezing range, the lower will be the solidification cracking
susceptibility. Hence, in Inconel 740H, though the Nb segregates and forms Laves phase
in the interdendritic region (as observed from our previous work), the lower freezing
range does not allow it to form cracks. Hence, it is clearly evident that a complex interplay
between the solidification range and segregation behavior influences the solidification
cracking susceptibility.
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Figure 9. Overall solidification cracking susceptibility determined using Kou criterion and freezing range calcu-
lated using Scheil simulations for different mixed compositions between P91 steel and 740H superalloy.

Another possible method to minimize the formation of cracks in 26 wt.% P91 alloy is
to alter the printing strategy. During the fabrication using the WAAM technique, the in-
terpass temperature was maintained as 175°C, i.e., before the deposition of every layer,
the previous layer was cooled to 175 °C. The interpass temperature directly influences the
solidification rate of each new deposited layer. A low interpass temperature will result in
a high cooling rate along with the inability to accommodate the internal stresses that form
during solidification, leading to the formation of solidification cracks [41]. Therefore, if
the interpass temperature is increased (i.e., if the interpass time is decreased) during the
deposition of each layer, the cooling rate decreases which will reduce the solidification
cracking. In this case, a longer cooling time will give enough duration for the strains to be
accommodated to avoid cracking. In addition, increasing the cooling time will provide
sufficient time for the minor alloying elements such as copper to re-distribute into the
matrix and avoid enrichment in grain boundaries causing intergranular solidification
cracks. However, the dilution between the subsequent layers that will affect the build
height will increase if the interpass temperature increases. Hence, an optimum interpass
temperature that does not allow considerable dilution between the layers needs to be iden-
tified for obtaining crack-free builds without losing the dimensional accuracy.

5. Conclusions

In this work, location-specific solidification cracking susceptibility has been investi-
gated using an ICME approach for an alloy fabricated using WAAM with mixed compo-
sition between P91 steel and 740H superalloy for the first time. Based on the analysis pre-
sented above, the significant outcomes from this study can be summarized as follows.

e The total entropy calculated using the CALPHAD method and the configurational
entropy was the highest for 26 wt.% P91 alloy amongst the mixed compositions be-
tween P91 steel and 740H superalloy. It was fabricated using WAAM with a twin-
wire feeder for maintaining the required composition and the interpass temperature
was maintained to be 175 °C. This alloy was designed to act as a potential interlayer
for joining P91 steel and 740H superalloy using AM.

o The 26 wt.% P91 alloy has a single-phase FCC structure with intergranular cracks of
varying lengths in the top and middle portions of the build and no cracks in the bot-
tom region. The extent of segregation of minor alloying elements such as Nb and Cu
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were different within/around the cracks in the top and middle portions of the sam-
ple.

e The cooling rate decreased and the SDAS increased from the top to bottom portion
of the build. The solidification cracking susceptibility deduced using the Kou crite-
rion coupled with DICTRA simulations was the highest for the Top and lowest for
the Bottom region. The calculated solidus temperatures using DICTRA from differ-
ent regions were intermediate between the Scheil and equilibrium calculations.

e  The enrichment of Cu (~87 wt.%) and Nb (~ 27 to 56 wt.%) was more pronounced in
the top and middle regions in comparison with the bottom part of the sample leading
to suppression of the solidus temperature and increase of the solidification range
which in turn increased the solidification cracking susceptibility.

o The overall solidification cracking susceptibility was highest for the 26 wt.% P91
amongst the mixed composition between P91 steel and 740H superalloy and an ab-
ruptincrease in freezing range was observed at that composition. In order to mitigate
solidification cracking, a different alloy with a lower freezing range as well as solid-
ification cracking susceptibility needs to be chosen and the printing strategy needs
to be altered by increasing the interpass temperature to decrease the cooling rate.
The choice of alloy composition as well as the deposition strategy is important for
achieving a crack-free build using WAAM.
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