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ABSTRACT

Wire-arc additive manufacturing (WAAM) has demonstrated its unique capability of producingiaege

alloy components with a significantly reduced fabrication time and enharoetetyy design freedom. In

this project, the team has developed an ICME (Integrated Computational Materials Engineering) modeling
framework, which supports the WAAM of the AUSC (Advanced USrtgercritical) power plant
components. The manufacturing desimgis been applied to Inconel 740steel P91, as well as the
dissimilar alloy componentsetweersteelP91and Inconelr40H

The ICME model framework is developed by considering two types of modeling. First, mechanistic
modeling has been applied to cohtifee printing quality and understand the sequence of the dissimilar
printing of the wall structure. The following models have been included in the developed ICME framework:
finite element thermal model, grain structure model, residual stress simultistal plasticity model
CALPHAD-based precipitation kinetic model, phase stabjitgdiction thermal expansion predictive
model, and heuristic creep model. Secondary, a phisiesd machine learning model has also been
developed based on the ICME modglLicture. The machine learning model development is based on the
ICME model prediction with calibration of the experiments. In addition, the WAAM has been utilized as a
high-throughput experimental tool rapidly generating a gradient of alloy compogiioiacilitate
experimental database generation for prostiggtureproperty relationships. Such a database directly
supported the ICMEnhanced machine learning, which further assisted in intermediate composition block
design between P91 and 7404 high-throughput screening study of the oxidation resistance has been
performed based on such hitfiroughput experimentation.

Based on the computational design, several dissimilar alloy manufacturing witheaddteatment have
been performed with a compmaisive evaluation of mechanical performance, including hardness mapping,
yield strength, creep resistance.

In this project, the single component of P91 and 740H processed by WAAM after heat treatment designed
by ICME has demonstrated higher performancgiéhd strength and creep resistance than the wrought
materials. The P91 sample prepared by WAAM with IGNESigned heat treatment performs better than

P92 in creep resistance. The designed graded alloy printing with intermediate block shows a promising
performance that exceeds the traditional welding. Moreover, the current research indicates the high need
for locationspecific design analysis with uncertainty quantification, an important topic that deserves more
dedicated research.

The achievement of thiproject demonstrated the promising future of WAAM in structural alloy
manufacturing for energy power plant development. Successful printing requires synergetic efforts made
by manufacturing, mechanical, and materials sciences.
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1. EXECUTIVE SUMMARY

The goal of this research is to support development of an innovative ICME (Integrated Computational
Materials Engineering) modeling framework, via integration of materials and mechanical models for
additive manufacturing (AM) of the AUSC (Advanced WBepercritical) power plant components. This

aims to enable the design of functionally graded microstructure and properties, demonstrated via a multi
wire feed AM method. Fabrication of witdM samples serves to enable calibration and validation of the
modeling effort, while providing a patfor production of optimized muklinaterialbuilds Wire-arc additive
manufacturing (WAAM) process provides a large, open platform AM and welding environment suited to
material and process developmentvo commercial alloyghat are currently utilized in power plants
namely, P91 steel and 740H superalloy were chosen for thematkrial manufacturing investigation.
Single builds of these two alloys were initially characterized and an effectivégatstreatment was also
designed using both simulations and experiments. Concomitantly, several modeling efforts such as grain
texture prediction, thermomechanical, thermal and residual stress modeling as well as thesumtess
property relationship were undertaken sirtogill be beneficial in the design of graded alloys.

As a first step for multmaterial manufacturing, the optimum sequence in which the materials have to be
deposited one over the other (P91 on 740H or 740H on P91) was determined. Moreover, thermzahechani
modeling was performed for the two deposition strategies to understand the stress distribution. Parallelly,
CALPHAD (Calculation of phase diagrardsdsed ICME modeling was performed to determine 3 different
candidate graded alloy compositions, amortgst mixed compositions between P91 steel and 740H
superalloy to act as interlayer between the constituent materials. The three computationally designed
interlayer builds were characterized, and an optimum-ipest treatment was identified. From the post

heat treatment efforts, the suitable candidate material that could be further tested for understanding the
creep properties was identified. In addition, a stepwise gradient sandwiched between the constituent
materials was also utilized for performing hitgfttoughput experiments which will serve as useful inputs

for further alloy design efforts aided by machine learning. The optimum composition with high hardness
and other related properties was identified using genetic algorithm. Besides, an alloy comitagittan
potentially exhibit high entropy effect was also identified using thermodynamic calculations. These two
designed compositions were fabricated using WAAM. The build pertaining to the composition identified
by data driven design was successful hedce, it was further characterized to determine the required
properties. However, the composition designed exhibit high entropy effect exhibited lesgific
solidification cracking and hence, it was correlated by computing the solidificationrayaigceptibility

using well established models.

As a final step, the computationally designed interlayer composition which was identified for further
performance evaluation was tested for its creep and oxidation resistance. For comparison, the creep
properties of the pure alloys and the deposits without interlayer as well as the oxidation resistance of pure
alloys were also determined. In addition, an interlocking design for joining the P91 steel with 740H
superalloy was identified using topology optintiea. Further, the designed joint was fabricated using
WAAM and its mechanical performance was evaluated along with further calibration.
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2. GOALS OF THE PROJECT

In this project, Pit(University of PittsburghpandRTRC (RaytheonTechnologies Research Cemteork
together to develop an Integrated Computational Materials and Mechanical Engineeringifi@giated
computational materials engineerjrigamework for WAAM (wirearc additive manufacturing). The ICME
model framework will be calibrated using nostructure and mechanical characterizatibime primary

goal of the research is to establish an ICME simulation framework for AM process in order to design and
guide the build of alloys with graded structure for AUSC steam componémsefore, new proces
structure and structwgroperty models will be developed for the graded alloys, which will be verified by
supporting experiment3he research goals according to the statement of project objectives \&@RG
follows:

1 Developand improve ICME model®r the WAAM techniqudo understang@rocessstructure
propertyrelationships

1 ICME designmodeling of graded alloys with gradient composition profile

Topology optimization for alloys with graded structure with specific geometsies in the AUSC

steam component

9 Perform uncertaintgnalysisfor ICME modetprediction and design allowables

3. ACCOMPLISHMENTS

Theroad map used for the design of graded allsisg WAAM which can potentially bemployed as an
A-USC power plant componeny integrating mechanical and materials modelingummarized ifrig.

1. In this report, the@ccomplishmenteeachedhroughout the project period will be detailed followed by a
brief summary comprising the milestorashieved for each task listed above.

=

| P91 single build | | Gradedalloywithinterlayer | |  Mixed alloy single build |
I 740H single build | Graded alloy with sharp Design optimization and
interface performance evaluation
Coi e o oTTTEE T ! Moo e oo TTE Moo o - -omTTTT T
Simulation Simulation Simulation

» Thermomechanical modeling
+ Grain texture simulation ICME composition design + Solidification cracking
« Residual stress simulation Experiment susceptibility

1 : 1 E 1 E
i : E Thermomechanical modeling ! i i
i b P i
| - . :
i Experiment ! I Printing optimization ! ! Experiment !
: . P :
1 [ 1 1 1 1
1 1 1 1 1 1
1 [ 1 1 1 1
I 1 1 1 1 1
! P P i

ICME design refinement

Printing optimization Microstructure characterization Microstructure characterization
Microstructure characterization Post-heat treatment design Tensile property evaluation
Post-heat treatment design High-throughput experiments Oxidation resistance

Tensile property evaluation for ICME-based alloy design Creep resistance

Figure 1. The design roadmapsed development of new graded alloys using WAAM with improved performance

This report is structured based on the design strategies that the team uses for development of the dissimilar
alloy component printing using the WAAM processes. In the beginning of the project, the team focused on
developing both printing and heat treatineatipes of the successful wall shape P91 and 740H samples.

As shown on the left column &ig. 1 Experimental designs have been performed to ensure the success of
single build of P91 and 740H samples. In addition, therteehanical simulation has beparformed to

guide the understanding of thermal history influences on struptoperty relationships.

After successfully printed the single build of individual P91 and 740H samples with designéagtost
treatment, the ICME modeling has been furthgslied to support the experimental study of graded alloy
printing between P91 steel and 740H superalloy. Before designing the interface printing, the combined
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simulation and experiments identified the best printing sequence. P91 is printed as the hattane sin

the P91 substrate to avoid cracking by comparing with the choice that using the 740H as the bottom part
with P91 building on the top. Therefore, the consequent primtésignsare all following theprinting
sequence from P91 as the initial pirigtfrom bottom to the 740H on the top. Particularly, the ICME design
was focused odesign a graded composition interlayer between the P91 and 740H single alloy blocks. By
comparison, the sharp interface by naturally deposit 740H on top of P91 withquagition control of the
interface between these two alloys are also studied. Duringploéogy design optimization, the team
introduced a interlock geometry for the interface to evaluate the strength improvement.

In order to evaluate the best des@dissimilar alloy componentjgnificant efforts have been made to
optimize the phase transformation during heat treatment and its influence on materials performance
including oxidation, tensile strength and creep resistance. The heterogeneity hdsbaeardarthe tensile

bar tests indicate the requirement of location specific design, which require more design efforts in the future.

3.1 Material Selection

The team surveyed available materials in search of suitable feedstock materials for the WAAM process
targeting a range of AUSC relevant alloys. WAAM utilizes spooled wire, typically in the range of 0.030 to
0.062 inch (0.75 to 1.6 mm) diameter. Continuous spooled wire is required, unlike manual gas tungsten arc
welding (GTAW) which can operate with cséctions of wire or rod feedstock. The WAAM platform
utilizes a wire feeder which is programmed to deposit material along a robotic toolpatickebbased

alloys, Inconel 740H material was selected and determined that a single vendor has thisavatatibg:

Special Metals Welding Products Company (Newton, NC). Two spools of wire were procured to support
the current project. Special Metals has published guide[itlefor welding of 740H, which will be
referenced as a guideline for selection of WAAKbcess conditions. Standard chemistry/composition for
this material is shown iRig. 2, along with the actual composition of the feedstock wire received and used
in the current effort.

INCONEL alloy 740H
Limiting Chemical Composition Limits

Element Cr Co Al Ti Nb* Fe c Mn | Mo Si Cu P S B Ni
Min. 23.5 15.0 0.2 0.5 0.5 - 0.005 - - - - - - 0.0008 Bal
Nom. 24.5 20 1.35 1.35 1:5 0.03 0.1 0.15
Max. 255 22.0 2.0 25 25 3.0 0.08 10 | 20 1.0 0.50 0.03 0.03 0.008

INCONEL® alloy 740H® are registered trademarks of Special Metals —a PCC Company.

Chemical Analysis %

c Mn Fe P Si Cu Ni Co Al Ti Cr

0.03 0.24 0.2 0.01 0.1 0.02 49.48 20.3 1.4 1.5 24.6
Nb+Ta Mo Others
1.49 0.5 <0.50

Figure 2. Wire composition used for Inconel 748Hperalloy in this study

For creep resistant steel/stainless, the P92/P91 family was identified. During the survey of materials and
suitable suppliers, it was determined that few vendors produce P92 steel in spioelEnm suitable as
feedstock for WAM. It was suggested that current P92 wire material does not have the required cleanliness
for WAAM, and frequently contains added deoxiders (e.g, silicon) which are included to improve
GMAWI/MIG welding operations. The added deoxiders have a tendencyradgecreep performance, and
negatively impact deposit quality during the WAAM process. As such, it was suggested to focus on the
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more common P91 (i.e., ER9®E®1) steel which can be sourced in a haddanliness condition suited to
WAAM. The differencesn alloy composition between P92 and P91 are minimal, and the developed ICME
tools aim to be flexible to accommodate future changes in alloy selection. Therefore, the framework/ICME
methods remain relevant. EuroWeld Ltd. (Mooresville, NC) was identifiedsasirce, and two spools of

P91 wire were procured. The AWS classification for this wire is ERBR®E The material test report was
retrieved from the vendor, which will provide composition to support the modelling effort, simolvig in

Fig. 3 with thecomposition for the wire lot used in the current effort.

EUROWELD

255 Rolling Hill Road, Mooresville, NC 28117 USA
P:(704) 662-3993 F: (704) 662-9820
www.euroweld.com email: euroweld @pobox.com

PRODUCT DESCRIPTION ]
TigClean B91
0.9mm (0.035")
AWS A5.28-2005 / ASME-SFA 5.28 ER90S-B9
Chemical Analysis (Weight %) AWS 5.01 Schedule H EN10204 3.1 (Actual)
C Mn Si Cr Ni Mo S P
0.09 0.45 0.26 9.20 0.40 0.91 0.002 0.003
Fe Cu v Np N As Sn Sb
Bal. 0.03 0.210 0.052 0.040 0.002 0.004 0.003
Al Other
0.003 <0.50

Figure 3. Wire composition used for P91 steel in this study

A preliminary literature survey for both alloys indicated preferred preheat conditions, interpass
temperatures, and general welding @sscconditions. Preheat, along with specified ipses temperatures

are recommended for the P91 matd@althe conditions which help to guide the ICME approach to process
condition selection. Posteld heat treatments are also indicated, providinghats for tailoring the
material properties. Conversely, the literature recommendations for 740H included limitepgasger
temperature§l], thereby recommending a caddwn between subsequent layers of the WAAM process.
In general, the literature notéd740H benefits from interpass temperatures below 175°C, while P91
benefits from interpass temperatures in the range of 200°C to 300°C.

3.2 Experimental investigation of single build P91 steel and Inconel 740H superalloy

In this project,RTRC has builtseverallong vertical samples with different building parameters as the
starting pointto identify the best possible printing parameters which will be suitable for-matsrial
manufacturing using WAAMFor mechanical property evaluation for the WAAM deposlt¢d40H and

P91 materials, deposition parameters were developed for fabrication of bulk deposits of greater size and
crosssection, necessary for extracting a range of test coupon geometries. In order to remain relevant to the
previously demonstrated prosgsy conditions, the deposits relied on the same energy/power, travel speed,
and wire feed rates. However, in order to generate a thicker cross section, a square raster/fill pattern was
employed. This is commonly utilized in AM, often referredtoasarsgqua r ast er or Al awnmo
pattern, shown schematically ffg. 4 For the WAAM coupons, the build does not utilize of an outside
perimeter/contour path, which is more common in powder deposition and powder bed AM methods.
Alternating layers have imor images of the fill pattern.
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Tablel: Building parameters of 740H superalloy and P91 steel using WAAM

Layer Voltage (V) Current (A)  Travel speed  Wire feed Hatch
(mm/s) (m/min) spacing
(mm)
G10 (Inconel 740H)
Layer 1 20.9 220 35 25 3
Layer 2 20.9 200 4 25 3
Layer 325 20.9 158 5 25 3
G9 (P91 steel)
Layer 1 20.9 220 35 2.75 3
Layer 2 20.9 200 4 2.75 3
Layer 325 20.9 158 5 3.10 3
step-over
—L
width

Figure 4. Schematic of the fill pattern used

A range of test deposits wegenerated, in order to best optimize the fill pattern line spacing dimension for
both materials. Here, the fill pattern width was 16 mm, while the line spacingofgepwas 3 mm for

both materials. The finished deposits are on the order of 22.5 mnfowitthe P91 and 24 mm wide for the
IN740H. The differences in width are due to the melt pool behavior of each material. The IN740H flows
differently, stretching the overall width slightly larger despite the same toolpath. Each deposit was built to
a heighof roughly 100mm (approximately 50 layers) and is suited to extraction of samples for mechanical
properties and heat treatment characterization, discussed in later sefticadditional benefit of the
square fill/raster pattern is observed in the grestibility of the melt pool, as compared to the siwgtith
deposits. As shown in the figures, the deposit surfaces display a periodic texture, with no bulging, sagging,
or overflow of the melt pool. This is common across WAAM and other arc based Ahbdsein addition

to welding), where a weave motion of the torch serves to further stabilize the arc and thus m€hepool.
builds with the optimum printing parameters for both pure 740H superalloy (G10) and P91 steel (G9) were
identified and characteezl further.The parameters used for building 740H and P91 alloys that were
studiedextensivelyin this projectare summarized ifable 1

3.2.1 Characterization of asbuilt Inconel 740H superalloy

ThesampleG10that correspond to the IN740H superalloy was printed using WAAM process with a square
raster pattern, unlike the zipg patternin order to identify the anisotropy in properties and microstructure

2 different planes were studied namely, longitudinald@®and transverse planes as showhig 5. Figure

6 shows the scanning electron microscopic images in backscattered electron mo@&EBSier the as

built G10 sample. A typical columnar growth is observed, and the dendrites have grown almostgaralle

the building direction. Also, the presence of precipitates mostlyerinterdendritic region is found in all

the three regions of the samgfeom the magnified images shown on the Hgahd side, it can be observed

that there are two precipitatesith different contrast (white and grey) and shapes (blocky and
discontinuous). The line scans performed across different precipitates using energy dispersive spectroscopy
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(EDS) are shown ifrig. 7. From the composition profile across the precipitatés gtident that the white

and discontinuous precipitate is a-Nth phase i.e., the Laves phase. The grey and blocky precipitate
corresponds to the carbide phase, (Nb, Ti)C with excessive depletion of Ni. Hence, the presesraghof Nb
Laves phase and (NE)C carbides has been confirmed in thébadt IN740H superalloy processed using

WAAM.

Longitudinal
(build) plane

5cm

uonoaIIp pling

Figure 6. BSESEM micrographs of aluilt G10sample corresponding to IN740H superalloy showing the
columnar dendritic growth and the presence of precipitateéke longitudinal/build plane
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Figure 7. EDS line scans across different precipitates ibatt G10 sample. (a) (Nb,Ti)C, and (Np-rich Laves
phase.

The inverse pole figure (IPF) and pole figures (PF) of (001), (101) and (111) planes in the top middle and
bottom portions of abuilt IN740H in the longitudinal and transverse planes are showigs 8 and 9

FromFig. 8 it is clearly evident that there is strong texture across the sample, however, it is found to vary

in different regions in the longitudinal plane. In region L1 i.e., the topmost portion of the sample was found

to possess grains mostly oriented close to the (O@hgphs seen from the IPF and PF maps. There is strong
texture found in this region since the maximum texture intensity is the highest. During additive
manufacturing, the process of melting and solidification of the alloy leads to epitaxial growth ofi@olum
grains showing a strong cubic texture in the bui
rapid cooling rate as reported for other additively manufacturdzhbi superalloys. In region L2, the grain

size has drastically increased anigoted close to the (001) and (111) planes as seen from the IPF and PF
maps. The maximum texture intensity in this region is less than that of region L1. The drastic increase in
grain size can be attributed to the following reasorgeneral, heat tends aiccumulate in a build as the
processing time increases. As the build height increases, further away from the substrate, the heat transfer
is directed through previously deposited layer, which usually results in slower cooling rate. Extended times
at elewated temperatures causes coarsening of microstructural features, relaxation of residual stresses as
well as dislocation motion and annihilatidn.region L3, which is in the middle portion of the sample, the
grains are more refined in comparison with oegi2. Some of the grains are oriented mostly along the
(111) planes and the remaining grains are oriented along the planes in between (001) and (101) planes in
this region. On the other hand, in region L4 of the middle portion shows grains that aedaieng (001)

plane and few grains along the (101) and (111) directions as seen from the IPF and PF maps. Moreover,
there is a drastic reduction in maximum texture intensities from region L3 to L4. In region L5 of the bottom
portion, the grains are orieztt closely along the (001) planes, while in region L6, the grains are oriented
along (001), (101) and (111) planes. Region L6 possesses the most random texture across the sample with
the least texture intensities.

The IPF and PF maps for different regi@ang the transverse plane is showfig. 9. In region T1, the

topmost part of the top portion of the sample in the transverse plane, the grains are oriented mostly along
the (101) and (001) planes, with very few grains along the (111) plane. This degie not show any

strong texture, which is in contrary to region L1, the topmost part of the top potion in the longitudinal plane
which showed the strongest texture. However, in region T2, the grain size has drastically increased and the
texturing trangbrms to (110) planes mostly, with few small grains along the (001) plane as seen from the
IPF and PF maps. The maximum texture intensity has increased more than twice as we move from region
T1 to T2 in the top portion of the transverse plane ibwa IN740H superalloy processed using WAAM.

The regions T3 and T4 in the middle portion of the sample along the transverse plane, the grains are found
to be extremely coarse and oriented along the planes between (001) and (101), possibly (102) planes, with
very few grains oriented along the (101) plane. The maximum texture intensities were very high in
comparison with other regions of the sample. This indicates that very strong texture is found in the middle
portion of the sample in the transverse plane, unlikelangitudinal plane, where highest texturing was
found in the top portion of the sample. In region T5 present in the bottom portion of the sample, The grains
are oriented mostly along (001) plane as well as planes between (001) and (111) planesgasidgew
oriented along (101) and (111) planes, indicating the presence of a weak texture. The maximum texture
intensity has reduced drastically in comparison with the middle portion of the sample. In region T6, that is
close to the mild steel substrate, gnains are found to be oriented along (101) planes and planes between
(111) and (101). This region is found to possess the least maximum texture intensity among all the other
regions in the transverse plane ofoasit 740H superalloy.
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Figure 8. IPF andPF maps in different regions twingitudinal plane of asbuilt Inconel740 superalloy
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Figure 9. IPF and PF maps in different regionstadinsverseplane of asbuilt Inconel740 superalloy

The aspolished surfaces of the top, middle and bottomigstof the samples along the longitudinal and

transverse planes wer e

used

for

obt ai

ni

ng

t he

har

microhardness tester. 500 indents were made across the samples to obtain the hardness maps.s'he hardnes
maps obtained from different portions of the sample along the transverse and longitudinal planes of the
sample are shown iRig. 10 The average microhardness in the top portion was found to be between 268

and 282 HV in the longitudinal plane and betw2685 and 315 HV in the transverse plane. This shows that

there is not much difference in the microhardness values of the top portion of the transverse and longitudinal
planes of the sample. On the contrary, the average hardness is between 346 and 3568 ldvditudinal
plane while, it is between 349 to 380 HV in the transverse plane for the middle portion of the samples.

These values are much higher than the microhardness values in the top portion of the sample in both the

planes. However, the averagartiness is much higher for the transverse plane in comparison with the

longitudinal plane. Moreover, it is clearly evident from the hardness map for the middle portion of the
transverse plane that it can divided into 2 regions, the upper region withandgtebs (380 HV) and lower

region with low hardness (349 HV).The microhardness of the bottom portion of the sample in the

longitudinal plane is found to reduced drastically with a hardness between 237 to 277 HV, with certain
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region with hardness as lag 197 HV in the region close to the substrate. On the other hand, the average
hardness of the bottom portion of the transverse plane, the hardness in the upper region is nearly 362 HV
and further reduces to 334 HV in the lower regions. In regions cldbe Bubstrate, the microhardness is
between 306 and 278 HV. Hence, it is evident that the hardness in the bottom portion of the transverse
plane is higher than that of the hardness of the bottom potion of the longitudinal plane. Besides, the hardness
of the bottom portion is found to be the least in comparison with the top and middle portions in both
longitudinal and transverse planes of thdvaiit IN740H superalloy.
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Figure 10. Hardness maps from the top, middle and bottom potions of the santipéelamgitudinal and transverse
planes of asuilt Inconel740H superalloy

3.2.2 Characterization of asbuilt P91 steel

Build G9 (shown inFig. 11) with high density is selected for further studying the microstructure and
mechanical properties for P91 stedbriaated using WAAM. The microstructure of-bgilt P91 steel is

shown inFigs. 12 and 13:ig. 12 presents the metallographic analysis of thbuk P91 stel. Two distinct
phases, i . e., t he d aferkte, cam bvetidentified, sinee nmeanedsitetwithefinetandi g h t
compl ex structure was h-tavriiyeewabeaetarivhkcahlbe veheéy
observed readily in thenéire build. Its volume fraction decreases from top to bottom, as illustrated in A, B,
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and C locations along building direction Fid. 5c-e). This is becaughe cooling rate at the top layers is
typically higher than the b o tiariterformateoryie thestop lajyelsu s |, it
This result is consistent with the result reported by Pandey[8},alvho found that a fast cooling in a wide
solidificati on rfarntegf@matioa. it the batonoldyers, thehgeinsitransit from fine
columnar to equiaxial morphology due to the effect of multiple thermal cycles during WAAM deposition.
Theasbuilt sample has a strong heterogeneous microstructure along Z direction. On the XY plane of the
middle location Fig. 12(b) , t h e-ferbte i$ upually suirounded by dark martensite lath. Therefore,

the observations in the middle location onHoXlY and XZ planes show a typical microstructure consisting

o f -fertite and martensite in the-bsilt samples of WAAM.

Figure 13 shows the microstructure observed along building direction on the XZ plane from the middle
location of this build fig. 13(a) under OM and SEM. The black and white region&iqm 13(a)are

domi nant wi t h-femt with @ifiesent toreentatiams] regpectively. The plain area from the

white and black regions irig. 13(a)i s {elrite, while the complex lath in&uneven area indicated as

the fAbl ackig.3@pygsohatboaf martensite. It indicates tha
ferrite and fine lath martensite. In addition, there are few MX precipitates distributed in matrix and grain
boundarés of the abuilt sample, as pointed out with yellow dashed circles showigm 13(d), 13(f) and

13(g) The EDS analysis of composition on pointl is giveRig 13 Although this particle is too small to

gain a precise measurement, precipitatesmaieted in Nb, which can be confirmed as MX.

Figures 14and15 depictthe EBSD analysisof asbuilt P91 in the XZ and XY planes, respectively. It is
obvious that the grains are very large with strong texteige (4(a). In the orientation and band ccast
maps at high magnificationFigs. 14(b) and 14(y) it can be observed that the dominant grain
misorientation is low angle grain boundaries (LAGB), with 69.5%. The grains with LAGB is martensite,
which has a lower image quality valueid. 14(e). The LAGB indicates high dislocation density in the
martensite resulting from the diffusionless transformation from austenite. On the cahtearige has very
clean and bright grains with no low angle grain boundaFigs 14(d). Consequently, it has agtier image
quality value.Fig. 14(c) shows the grain orientation spread (GOS) in théwls component, which
indicategheresidual stress in the grains. It can be seen that there is very high residual stressfith@ost
grains, especially in martensite grains that Hagberdislocationdensity Inthe XY plane, prior austenite
grains (PAG)f larger sizecan beobservedn the IPFmap(Fig. 15(a), while there is no fcc phase in the
asbuilt material which indicateshe absence of retained austenig(15(b). The PAG size ifound to

be around 20& nafter reconstruction using the ARPGE software packégg] with the EBSD data as
the input Fig. 15€). There are numerous sghains of martensite in the PAGs. Beemartensite grains
have two kinds of preferred orientatioamely,{001} and {111}, which isshownin the pole figureKig.
15(e) and invers pole figure Fig. 15(f). They are colored with red and blue in the IPF, respectively.
Therefore, two kinds dfcc structures are present, liderrite and martensiti the asbuilt component,
with aninhomogeneous microstructurBhere is more inhomogeneity in the XZ plane than that in the XY
plane, while strong texture exist in the whole build.

Figure 11. The final build block of P91 steel: (a) side vieand (b) top view
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& Ferrite

c Equiaxed

Columnar

Figure 12. Optical morphologies of the dsuilt P91 steel: (a) overview of cut part, (b) morphology in the middle
location on XY plane, (c) morphology at the top locationn{djphology at the middle location and (e) morphology
at the bottom location on XZ plane

(e)

f )"/ '~ pofn

M?rﬁlte "‘ 7 v
[ .l" ¥ /7
} TN
A124% ) /’// 4

/ 4

Figure 13. The microstructure at the typical middle location on XZ plane of tHeudsP91 steel: (a) OM overview,
(b-d) SEM morphologies at different magnificatsoin white region and {g) SEM morphologies at different
magnifications in black region (EDS analysis of pointl is listed in the bottom left)
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Figure 14. EBSD analysis in XZ plane of-asiilt P91 steel(a) orientation map of inverse pole figure (IP&)low
magnification, (b) high magnification of (a), (c) grain orientation spread (GOS), (d) band contrast map with grain
boundary misorientation and (e) image quality of (a)

Figure 15. EBSD analysis at typical middle location on XY plane of theuisP91 steel: (a) orientation map of
inverse pole figure (IPF), (b) phase map of (a), (c) reconstruction of prior austenite grain boundaries (PAGB), (d)
subgrains in PAG, (e) pole figure and (f) inverse pole figure

3.2.3 Postheat treatment design foWAAM Inconel 740H superalloy

From the results obtained from the microstructure characterization ofthiéltasconel 740H superalloy,

it is evident that the secondary precipitates such the Laves phase needs to be removed and the columnar
dendritic struture needs to be transformed to a lesser anisotropic structure, so that better mechanical and
creep properties can be attained in these alloys. Also, during the WAAM process, repeated rapid heating
and cooling can produce a steep thermal gradient, whiats o the formation of residual stresses In
addition to this, better distr i bwddpeapitatesne¢dbite st r e
be achieved in order to improve the strength. Therefore, enpastreatment process needs to be designed
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for 740H superalloy fabricated using WAAM. A tvatep posheat treatment involving solution treatment

and aging will be addpd and the time and temperature needed for each step will be optimized. The
equilibrium phase fraction plot and the Scheil solidification diagram were calculated using the -Thermo
Calc software with the TCNI8 database for the IN740H alloy, as showigirl6. It was observed from

the phase fraction plot that at 1100 and 2200
amounts of the NbC phase. Hence, these two temperatures will be appropriate for dissolvingche Nb

t he major

phase

S

t he

0]

Laves phase. Also, frothe Scheil diagram, it is evident that the incipient melting temperature is found to
be close to 112C.

In order to determine the optimum temperature and time required to homogenize 740H superalloy, DICTRA

simulations were performed. The thermodynamid &metic databases that were used are for these
calculations are TCNI8 and MOBNI4, respectively. Since it was identified that the homogenization
temperature can be either 1100 or Z)0the calculations were performed for both the cases. The
simulationswere performed for ¥0seconds with 200 grid points. Additional inputs such as width of the
cell, position of grid points within the cell and composition at each grid point were chosen from the line
scan obtained using energy dispersive spectroscopy (EB&)maximum inhomogeneity in composition

was found in the region of the matrix with Laves phase and hence, it was considered for obtaining the
optimum homogenization temperature and time. EDS line scan was performed in the region with Laves
i (FCC) tmtateix too obtain the required inputs for the DICTRA simulations. The initial

phase

composition measured using the EDS line scan from a region with Laves phase is shigwaint can
be observed that the Laves phase is rich in Nb, Ti, Si and Ni.clakléngth of the line where the
measur ement was performed is 16.33 ¢&m,

simulation. The calculated composition profiles for various elements as a function of distance at various

whi

ch

time periodsn the region with Laves phase at 1100 and 220fre shown irFigs. 18 and 19It can be

observed that the composition of Nb and Ti (which shows maximum segregation) reaches near the

homogeneous composition around 60 minutes i.e., 1 hour &tCL10A tke other hand, the composition of
Nb and Ti attains a composition close to the homogenous composition in 30 minuteS@t k2BOth the

cases, the composition of Si reaches the homogeneous composition at 10 minutes due to its rapid kinetic

behavior. Bas# on these observations, the solution treatment was performed at 1100 at@ fd2a0 2
and 3 hours followed by water quenching in order to dissolve the Laves phase and remove the residual
stress developed during the WAAM process.

Figure 16. (a) Equilibrium phase fraction plot and (b) Scheil diagram calculated for Inconel 740H superalloy wire
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Thevariation of hardness across the sample after solution treatment at 1100 &t di2diferent time

periods are shown iRig. 20(a) It is evident that a high hardness is attained after solutionizing at.100

for all the time periods in comparison witie samples solutionized at 1200 According to Yotet al, at

1210C, the dissolution of all the second phases occurs, leading to a homogenized microstructure in the
IN740H superalloy processed by electron beam mdiihdt was also reported that thdeal condition for

solution heat treatment for IN740H alloys was found to be A21d¥ a time period longer than 30 minutes.

The average hardness of the G10 sample subjected to solution treatment at 1100%@hdsla@0nction

of time is shown irFig. 20(b). The higher hardness after solutionizing at 2008 due to the incomplete
dissolution of the second phase particles, especially, the Laves phase. On the other hand, the reduced

hardness exhibited by samples solutionized at@2&due to the complete dissolution of the second phase
particles into the matrix.
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Figure 20. (a) Average hardness at different positions and (b) average hardness as a function of liroenfelr
740H samples homogenized at 1100 and 32@6r different times
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The BSESEM micrographs of the G10 samples solutionized at°2@dr 1, 2 and 3 hours are shown in

Fig. 21, respectively. After 1 hour of solution treatment, annealing twins are found to form only in the
middle region of the sample, and the,t@s well as the bottom regions, still maintained the columnar
structure. This indicates that this time period was not sufficient to homogenize the sample. Annealing twins
were found to form in all the regions of the sample after solutionizing for 2.f®iordar behavior in 740H
superalloy after annealing has also been observed by ZietinaKi’]. According to Zhangt al [8], there

are three types of annealing twins that can form in the 740H superalloy. They are twins at the corner of the
grain boundary, twins across grains and incomplete twins without grain penetration. From tHeEBSE
images, it can be observed that after 2 hours of solution treatment 84C128@ds to the formation of
incomplete twins without grain penetration with widthsrangi f r om 1 t o 5 & m. Al so,
recrystallized grains in all the regions is also
can be observed in all the regions of the sample that was solutionized &€ T@0@ hours. It is also
expected to possess excessive grain growth due to heat treatment at high temperatures for a longer time.
The IPF superimposed over IQ map (IPF+IQ map for better contrast), kernel average misorientation (KAM),
grain maps and the pole figure obtained usiB&B from the middle region of the G10 sample subjected

to solution treatment for 2 hours at 1200s shown inFig. 22 The presence of annealing twins with
incomplete growth into the recrystallized grain is evident from the IPF+IQ map. KAM values cl#fse to
correspond to blue color and values close to 2.5° are denoted by green color. From the KARigmap (
22(b)), it is clear that the recrystallized grains with annealing twins exhibit larger misorientation in
comparison with grains without twins. Alsoettwinned regions with larger width have high misorientation

and the twinned regions with smaller width possess almost zero misorientation. The pole figure presented
in Fig. 22(d)indicates that there is lesser anisotropy due to the formation of redegstajrains during

solution treatment. Hence, the optimum solution treatment temperature and time were determined to be
1200C and 2 hours, respectively.

1hr 2hr - 3 hrs‘

TOP

BOTTOM

Figure 21. BSESEM micrographs ofniconel740H samples homogenized at 120Gor (a-c) 1 hr, (de) 2 hrs and
(g-1) 3 hrs from different positions of the sample
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Figure 22. (a) IPF+IQ, (b) KAM, (c) Grain maps and (d) pole figure obtained using EBSD from the middle region
of the G10 samplsolution treated at 120C for 2 hours

The second step of the pdmtat treatment schedule is aging heat treatment. This is an important step as it
leads to precipitation strengthening of 740H superalloy due to the supersaturated solid solution developed
after solution heat treatment at 1200for 2 hours. The aging temperature was determined with the
equilibrium phase fraction plot for the 740H superalloy showhign 16(a) It was found that at 730G,
there is no for mat i onphasd particlewillleadpditiessteengthenihg. Alsb, its e c o r
was found in the literature that the typical aging temperature fenoietd 740H alloys lies in the range of
730-80C°C for a time period between¥# hours. An aging temperature of 760vas choseim order to

achieve strengthening due to precipitate formation. The G10 alloys were solutionized&tfd2@thours

and subsequently aged at 7&0dor 4, 8, 12 and 16 hours followed by air cooling. The hardness with respect

to the position of the samghnd the average hardness of the sample as a function of aging time are shown
in Figs. 23(a) and 23(b)t was found that the peak hardness was achieved after aging for 12lhaurs.
nutshell, the optimum twstep posheat treatment schedule for Incorf@OH processed using WAAM is

as follows: 1) Solution treatment at 12Q0for 2 hours; 2) Aging at 76Q for 12 hours.
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Figure 23. (a) Average hardness as a function of sample position and (b) average hardness as function of aging time
for IN740Hsamples aged at 760.
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3.2.4 Postheat treatment design for WAAM P91 steel

To homogenize the dsuilt microstructure and get a uniform property in P91 steel fabricated using WAAM,
t-ferrite needs to be dissolved. Furthermore, MX precipitates are supposeditoihated, because the
carbon dissolved from MX back to the matrix is beneficial to the precipitation#¥shat has the most
significant contribution to the creep properties of P91 during the aging heat treatfiger24 gives the

step diagram (equiirium phase fraction vs. temperature) of P91 steel. It is obvious that MX can be
dissolved completellgy increasinghe temperature to 1280. According to thequilibriumphasedractions

at lower temperaturg, it can be seen that MX is able to completedysform tav»:Cs and other phases at
around 76€C. It is also the temperature at which the highest fraction 8€Ms observedTherefore, we
chose the homogenization temperature as AT200@llowed by the aging heat treatment at tothat is

high enough to promote the formation of a higher fraction @M In order to optimize the posteat
treatment, the homogenization time was tested in the range of 1 h to 3 h and the aging time was tested from
2 h to 8 h to identify the optimal microsttuce and properties.

The hardness of WAAM P91 steels homogenized at 1200°C with different tinemsis g1Fig. 25 From

the plot, it reveals that the-asiilt sample has the lowest hardness with an average of 387 HV, due to large

a mo u n tferitedofming in the asuilt matrix. The hardness decreases from the bottom to top locations,

as illustrated in the inset &ig. 25 This phenomenon results from the heterogeneous microstructure, i.e.,

t he i ncr e a sferntgwittctlebuildngheigit hcédeasi ng. After 1 h homoc
hardness increases to 440 HV, while there is still a notable difference of 20 HV from the bottom to top

|l ocations, and the bottom |l ocation still tohspl ays
shows the highest hardness with an average value of 445 HV for the entire section. The hardness distribution

is more uniform, with a difference within 10 HV from bottom to top locations. When the homogenization

is prolonged t o edxtirehpartisnbady uhifarm,dvitheaslecredasento 43hHY.

100: 1 I 1 1 1

Liquig

10" 3 L

a-ferrite

M23Ce

S-ferrite
Austenite
T

102 4 Laves_C14

Phase fraction

MX

1 T T T T
A 400 600 800 1000 1200 1400
I Temperature_Celsius

Figure 24. Calculated step diagram (equilibrium phase fraction vs. temperatoré®91 steelvire composition
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Figure 25. The average hardness of WAAM P91 steels homogenized at 1200°@fargmtimes (inset shows the
hardness of different locations with different homogenization times)

The microstructural evolution of WAAM P91 steels during homogenization with different times is shown
iNFig.26 After homo g e n ifariedisappearsireplaceddglath rhartemsita] which leads

to the significant increase in hardness comparedtothelas | t sampl e. For 1 h homc
st i | | -feraite dt thenmididlle and top locatiordds. 26(a) and 26(hp)This is due tahe higher content

o f -fertite in the asuilt matrix. Due taher e ma i 4feirite,ghe top location has the lowest hardness.

The homogeneity of martensite lath is decreased from bottom to top locations, which is also reflected from

the preferred orientations of martensite lath. The poor homogeneity in the whole part results in the big

di fference of hardness from bottom to top | ocati ol
the heterogeneous structurgy. 27shows TEMmicrograph®f different homogenized samples. The TEM

foils were taken from the middle locations, which have typical microstructure under stable building
conditions. In the abuilt matrix (Fig. 27(a), the martensite has many dislocation tangles, whilet U

ferrite forms along the martensite, with few dislocation tangles. The MX forms in both of martensite and
t-ferrite, which is confirmed by the diffraction pattern (the insetigf 27(a). Homogenization at 1200°C

completely dissolves the MX, replacbkd the entire BCC structure as shown in the diffraction pattern of

the inset ofig. 27(b) Most of the matrix is mart efergtedtle | at h
remains in the matrix, which is consistent with the SEM observation. It fugchem f i r ms t hat
homogeni zation is notfewumfiftei eWlhenotldeée sBomege i za
ferrite remaining in the entire part. The prior austenite grain boundaries (PAGBSs) are clear in the SEM
morphologies, as indioad with red arrows. The PAGs are fully filled with martensite lafgs( 26(df)).

Moreover, the martensite is homogenized at different locations, with uniform laths. The width of martensite

l ath is even finer compareddt o d&foFgd2G(@.nThismrestiltson f or
from the homogenized martensite in the part restraining the lath growth, as indidaigedLi. It can also

introduce higher dislocation density in the martensite, which is identifi€dginllc. The homogeneity

with finer martensite c auméasahigne hasdiaesspithdessvdéeviatton. 2 h |
The microstructure of WAAM P91Figst2e@)lshowsdAGsgrewn i z e d
after long homogenization time. It shows a completely homogenized microstructure from bottom to top
locations The martensite lath coarsens and becomes blocky shapes, which lead to a decrease in hardness.
Whereas, it still has a high dislocation density within martensite owing to the water q&anck7(d).

This results in a higher hardness than thbuak sample.
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Top

Middle

Building direction

Figure 26. Microstructure evolution at different locations of WAAM P91 steels homogenized at 1200°C with different
times: (ac ) 1 h, 2. 4 ) a red ampvgindicates the prior austenite grain boundary

To further study thgrain distribution and residual stress in the part after homogenization, EBSD analysis

was performed at the middle location with the representative microstructure, as stiogvri2i IPF

orientation maps indicate that the martensite size decreasesabaiter homogenization compared to
theasbui |t sampl e. Furthermore, the 2 h homogenized
Based on GOS maps, the heterogeneity of the GOS distribution is decreased in the grains with the
homogenizationiine increasing. The average value drops from 3.5 to 2.3. This fact indicates the residual
stress is gradually reduced with longer homogenization time. Pole figures in three different homogenized
samples exhibit the texture in the {001} plane is decreasediin 6. 040 t o 2.488. The t
homogeni zed sample is slightly stronger than that
PAGs is analyzed as shownFfig. 29 It is obvious that the asuilt sample has a large PAG size of

300 Om. Agdreirz e&atoimon, the PAG size decreases to 16
smallest PAG size of 108 Om. Then the PAG size in
homogenization. The finest and homogenized PAGs and martensite lath contribig@ese rardness

for 2 h homogenization sample. Therefore, homogen

'??

)
&
©

s00nm|

Dislocation tangles

/\‘5-& *“
vl ™

‘;ath martensite

Figure 27. TEM morphologies at typical middle locations of WAAM P91 steels homogenized at 1200°C with different
times: (a) asbuilt-0. h), 1(.bh, (c) 2. h and (d) 3. h. (yell ow arrow:
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area. The diffraction patterns from white circles in the insets of (a) and (b) indicate that MX presents in the matrix of
the asbuilt steeland disappeared irhe matrix of the homogenized steel)

Fig. 30shows the aging behaviors on the microstructure of WAAM P91 steels aged at 760°C with different
aging times. The precipitation of MCs was observed clearly in aged samples, as indicated with red dashed
circles in SEM morphologies. Most of them distribute in the matrix, grain boundaries, aiggagub
boundaries of martensite | ath. Some(yellowartowstdree s wi t
precipitated in the matrix or stdrain boundaries of martensite lath. These small precipitates along
martensite boundaries were reported to be MX in the previous work, which is the main strengihaseng

for P91 steel. As the agingrte increases, the size ohids is increased, while their distribution has a big
difference. Most of M:Cs precipitates along grain boundaries, being coarsened near each-aghéds{-

d). The evolution of MiCs during aging heat treatment is summarizeHig 31 The volume fraction and

diameter of MsCs increase as the aging time increases. The number densit@f idaches the highest

val ue at erdthenM:Csctbdarsemsvand clusters with less dispersive distribution in the grain
boundariesAccording to the microstructural evolution of aged samples, the hardness change is presented
inFig.32 After 1 h aging, the Iom448 imétes abomogenzed/stateu e, dr
This is because of the tempered martensite losing dislocation density and supersaturation of elements such
as Cr, Mo and C during aging. This significantly impairs the solution strengthening effect, which decreases
thetar dness. After aging for 2 h, the hardness sl i
precipitation of MX comes out from the martensite BheCs has not been coarsened. When the aging time

is above 2 h, the haoidreassdgredpiation and coarseninylafpsividichy , due
severely softens t he mat eri al . Therefor e, t he 2
M23C6 precipitates shows the highest hardnessice the optimum twstep posheat treatment scheliu

for P91 steel processed using WAAM is as follows: 1) Solution treatment 4C1f20@ hours; 2) Aging

at 760C for 2 hours.

max: 2.488

£y

Figure28EBSD analysis on XZ plane of WAAM P91 steels homog
2. h (&n d 3clHhPF maps, hx2: GOS maps, aB3: pole figure.
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Figure 29. The reconstruction of prior austenite grains (PAGs) based on EBSD data of WAAM P91 steels
homogeni zed at 1200AC for 1. h (a)., 2. h (b), 3. h (c), al

Figure 30. SEM morphologies on microstructure of WAAM P91 steel aged at 760°C with different aging times: (a)
1. h, (b) 2. h, -fdiclow mhagniicateom azi2:(high magnifidation; (ed dashed cireM»3Cs, yellow
arrow-MXx).
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Figure 32. Hardness evolution of WAAM P91 steels aged at 760°C with different times

3.2.5 Evaluation of mechanical properties

In order to evaluate the effectiveness of the designeehpastreatment, mechanical testing was performed
before and after heat treatment for single build P91 steel and Inconel 740H supgrdilegtion tensile

bars (i.e., oriented in the build hetgtirection) were extracted via electrical discharge machining (EDM)
from the two bulk WAAM deposits. This machining method was selected to maximize the material
available from the deposit (i.e., no wasted material from saw cuts and traditional milieg)rigéntation

and geometry of the tensile bars sinewn inFig. 33 alongsidehe original WAAM deposited bulk coupon

for reference. In order to remove the EDM surface (recast layer), each tensile bar was lightly ground on
every surface to produce a srttodinish. This serves to also remove any sharp edges, which may result in
stress concentration during tests. Each sample is marked with reflective tags, which enable a laser
extensometer to be used to monitor elongation during the test. Thgontactt ongation measurement is

more robust compared to clgn extensometers and can accommodate larger elongation without suffering
slipping. Samples were tested in a 120 kip senexhanical load frame at crosshead rate of 0.05 inch per
minute at room temperate.
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95-101 mm
6 mm — R6 mm~

Figure 33. Design of tensile bars: (a) geometry of the tensile bar from tridisP91 steel and (b) dimensions of
the tensile bar

The stressstrain curves obtained for the-bgilt and posheat treated P91 steel is showrrig. 34 The

tensile properties obtained from these curves are summarized in Table-bithk sesmple has a very

high strength with the ultimate strength (UTlS§ 1242 MPa and yield strength
twice that of standard wrought P91 steel at room temperature. This is attributed to the strengthening

effects of the high density of dislocations and MX precipitates. Whereas, the ductility efiiét a

sample is only half of the standard wrought material, which results from the heterogeneous structures and
strong texture leading to easy cracking during deformation. The fractography shows that the main fracture
mode is cleavage, with a typical eivpattern fracture surfac&igs. 35(ac)). Some intergranular fracture

features along grains are obvious, as indicated by red arrows. Different orientations [odittimers

imply different orientated martensite blocks in theba#t sample. At high mgnification, it is clear that

plenty of precipitates are bare or embedded in the fracture walls, which is MX according to the above
characterization and simulation results. In addition, it shows a typical ductile fracture feature in some

zones Fig. 35(d). This zone might have low residual stress and texture, contributing to better

deformation. As magnified iRigs. 35(ef), the dimples have decreased depth with a relatively large size

of 1 Om. There are several s lesa(yellow gashedccircles). fTleesee s ¢ | u
precipitates are supposed to be MX. The marnaxks are initiated at these precipitates and developed as

a severe deformation area during the tensile process, which is beneficial to the ductility compared with

the cleavge fracture mode. On the contrary, after the optimal heat treatment, the sample has a remarkably
improved ductility of 19.4%, which is similar to standard wrought P91 steel. It has a much better

combination of strength and ductility. Meanwhile, the UT$hefheat r eat ed sampl e i s 774
YS is 686 MPa, which far surpasses the strength o
200 MPa. The fracture surface is full ®BJ3F i ne di m
Thedimplesr e deeper with a finer size of around 500 n
that each dimple enfolds several precipitates. The precipitate is detected with enriched elements of Cr and
Mo, and there is no enrichment of Nb orRid. 36(f). This demonstrates that these precipitates belong

to M23C6of which the typical rich elements are Mo and Cr. Beside the regular and small dimples, some

big dimples are observed in severe deformation zones along the grain boundaries, as indhicat&ehin

These dimples are attributed to large M23@@ticles Fig. 36(c) in them, because the}Cs is easy to

coarsen at grain boundaries. Therefore, the unifaaitures and dispersive distribution of precipitates

results in an excellent combination of high strength and high ductility for theérbatgéd P91 WAAM

sample.
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Figure 34.Tensile curves for abult and posheat treated WAAM P91 steel

Figure 35. Surface fracture of the dsuilt tensile sample: (a) fracture overview at the low magnification, (b) and (c)
SEM morphologies of Zone 1, andf{dSEM morphologies of Zone 2 at different magnifications. (red ag@in
boundary, yellow dashed cirelX in the matrix, blue circldvIX with very fine size along martensite lath boundary)

Table2: Tensile properties of asuilt and postheat treated WAAM P91 steel.

Sample YS (MPa) UTS (MPa) Elongation
(%)
As-built 985 1242 10.9
Postheat 686 774 19.4
treated
Wrought 415 585 20

The tensile properties of -4miilt and posheat treated of WAAM Inconel 740H superalloy is summarized
in Table 3and the engineering stresgain curves are shownig. 37. There is slight improvement in the
YS and UTS with the optimized pelseat treament. However, the ductility has reduced probably due to
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the hardness induced by tbé pr eci pi t at es. T h e-buM &nd aostoeat deatedt | | ity
Inconel 740H superalloy are above the design targets specified by ASME Boiler and Presseir€de.

However, the tensile properties are not superior in comparison with the tensile properties prescribed for
Inconel 740H by Special Metals Co. This is possibly because from the hardness at different locations for

the aged samples, it was foundtttiee hardness in the middle portion was lower than the top and bottom
locations. Since the gauge length of the sample is in the middle portion, the tensile properties are expected

to be lower. The precipitation behavior could be probed further for uaddisy this observation.

(f) Point 1
Element  Ni Cr Mo Mn Fe Total

w.% 036 1535 237 043 8149 100

aL% 034 1646 138 044 8138 100

Figure 36. Surface fracture gbostheat treatedensile sample: (a) fracture overview at the low magnificatiorg)(b
SEM morphologies at different magnifications and (f) EDS analysis of Point 1 in (e).
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Figure 37. Tensile curves for the dwuilt and postheat treated WAAM Inconel 740H superalloy
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Table3: Tensile properties of alsuilt and postheat treated WAAM Inconel 740H superalloy

Sample YS (MPa) UTS (MPa) Elongation
(%)
As-built 649+19 925+14 37.5+2.4
Postheat 655+18 963+11 29.5+1.2
treated
ASME 620 - 20
Minimum

For high thermal energy density processes such as WAAM, the heat source movement is modelled as a
double ellipsoid (Eqg. 1). To model the wire deposition under a high energy electric arc in WAAM, the
double ellipsoid heat sourcesgnchronized with the element birth technique. A brief description of the
thermal model for WAAM is provided below.

3.3 Mechanical modeling for single build Inconel 740H superalloy and P91 steel

3.3.1. Processscale thermal model for WAAM

For high thermal energy dsity processes such as WAAM, the heat source movement is modelled as a
double ellipsoid (Eqg. 1). To model the wire deposition under a high energy electric arc in WAAM, the
double ellipsoid heat source is synchronized with the element birth techniquef Adsgription of the
thermal model for WAAM is provided below.

. QMo-0Q. _  ow VO e ouwe W o G2 A (1)
——==W o 5 G

(I) (b (ﬁm n w w w

P = laser power

v = scan speed

laser absorption efficiency: n

local coordinates : x',y", 2’

Semi-axis: a = ¢

Penetration depth: b/a

Scale factor: f =1

Heat source
position (X4ar)
|

Double ellipsoid
cross section

Activated nodes
/

Inactivate nodes
~—

{

JEIement 2 dz \

Element 1 dx Element 4

dy

\h EIM
For centroids of element 2 and 3 Centroia/ For centroids of elements 1 and 4
dx < a, dy <b, dz <c dx>aordy>bordz>c

Centroids of elements 2 and 3 lie inside the double ellipsoid

Figure 38. Schematic of element activation with heat source movement

First, the location of the heaburce at any time instant is identified, e.g., for a predefined time
increment Y0 ; the instantaneous location of the heat source alengs is defineda® y ®

0 Yo, whereb is the scan velocity. The centroids of the elements asseidtethe heat source position
(w y ) are identified as shown Fig. 38 For an element to be eligible foraetivation, its centroid
should lie within the double ellipsoid bounded by the dimensibrisanddalong the three axes. Thus,
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as illustrated in Figure 1, elements 2 and 3 are activated whereas; elements 1 and 4 remain inactive. The
activation of elements for multiple layer deposition in WAAM is demonstrateair39

Layer 1 Layer 2 Layer 3

Layer 4 Layer 5 Layer 6

Figure 39. Demonstration of element activation for WAAM

Specific to each of the alloyPg1 and hconel740H), the thermal model needs to be calibrated for the
input power ) and the double ellipsoidal heat source paramei#gsandc) using the melpool
dimensions measured experimentally. Therefoeegsential mejpool dimensions required for
calibration are length, depth, height, and width as showgindQ The meltpool length, depth and

height will be measured using a higheed camera in the side view during deposition at UTRC. For the
melt-pool width dimension the solidified width, post deposition will be considered for model calibration.
In addition to the melpool dimensions, the thermal model will be calibrated/validated by the far field
temperature profile measured using thermocoupldgedbcations specified iRig. 41 Note that, the
results from the thermal model will be used to determine the grain evolution and for thegbart

residual stress analysis due to the process. Therefore, it is essential for the thermal modeldtyaccurat
predict thermal gradients and cooling rates in the computational domain to calculatpribeess

stresses using the inherent strain theory.

Temperature (K)

can direction 1011.02
0 mm 940.05
885.09

822.12

Melt-pool 759.16 /’_
)
N

Height

Y,

696.20
ength 633.23
570.27
507.30

Depth

Length

444 .34 )
381.37 Side view
318.41
255.44

z  Side view =
alf of melt-

pool width

Width

Front view Front view

Cut section of computational domain Melt-pool dimensions

Figure 40. Thermal model of WAAM with mgdbol dimensions

44



Top mounting Bottom mounting

" .‘_i‘Wdirection
N

Thermocouple locations

Dimensions indicated by blue color, thermocouple locations indicated by black color

* Thermocouple 2 (TC2 at the start of scan) to capture the temperature profile at the boundary

Figure 41. Thermocouple locations for measuanent of far field temperature profile

Thermal model: Calibration

The following major activities were performed for calibration of the thermal model to obtain a full
thermal detailed simulation of the WAAM process:

a The Gol dakds heat source in the model was modi fi
long tail of hot wire behind the torch.

b) The material properties and process parameters were adjusted to obtain a better process simulation

¢) The model geontey was modified from a half model to a full model

d) A temperaturébased inherent strain model was idealized.

The significant results from the thermal model are discussed in the following paragraphs.

a) The Goldak double ellipsoid heat source was modifieiivide the heat source in a front and rear section.

This captures the effect of having a tail behind the heat source that is at a higher temperature than the rest
of the wire. The new parameters are shown in the ilfleige42 as al and a2 with the redtthe parameters
remaining the same. The parameters for the front and rear distance were extracted from the infrared
measurements conducted RYRC.

Figure 42. Goldak heat source

b) The material properties and parameter for the materials were diptiagerevised mechanical properties

for Inconel740H and A36 low carbon steel were added into the model. All the values were taken from
published literature. The absorptivity parameter was modified into an arc efficiency parameter and given a
value of 0.7 The absorptivity refers to the amount of energy that gets transferred from the laser into the
material, because wire arc uses a welding power source, in WAAM the parameter is referred to as welding
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efficiency. The value of the efficiency depends on tlkélimg technology being used and some properties
inherent to the system. This value is usually between 0.7 and 0.85. All those changes added accuracy to the
thermal model as seenhiig. 43

\ I\I\N\P\ﬁ W\ ,\/W\

|
o

TC O (right under wire) TC1

Figure 43. Thermocouple data from thieermocouples at the bottom

The focus of the calibration has been the two thermocouples at the bottom of the substrate. Those
thermocouples were selected because they are free from the influence of plasma. Some of the data from the
thermocouples at thep is believed to be modified by the plasma gas and not only the heat conduction
from the wire.

¢) The geometry of the entire substrate plate and the clamp was implemented and meshed. The new model
is slower because of the additional elements iRigure 44shows the temperature distribution during the
printing process with the gray section being the dead elements that have not been printed yet.

Figure 44. Thermal finite element analysis

e) A new method for calculating the deformation caused by resstitegsses has been idealized. This is
needed because it would be impossible to perform a full simulation of a large WAAM part due to
extended computation times. The solution needs to reduce the amount of simulation time without
compromising model qualityA temperaturébased inherent strain method was idealized to incorporate
this technique into the WAAM process.
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The method starts by performing a laygrlayer thermal simulation of the entire part being studied.
The layerby-layer method applies heat to all the elements at once to obtain results in an accelerated
way. Then, the average temperature of every |layextracted.

Detailed simulations are then performed for each different average temperature found. The detailed
simulation consists of a twlayer representative model from where the inherent strains are extracted.
Finally, the corresponding inherent stia are applied to the entire part depending on the average
temperature of the part. Further development of this method could allow us to reduce the number of detailed
of simulations needed by clumping layers with similar temperatures together.

3.3.2. Heat sourcecalibration

In order to calibrate the model heat source, the ICME team requested thermal measurements be performed
on a range of WAAM deposits. Substrates were instrumented with thermocouples to capture the heat input
during the deposition process of ni#tyer buildup for different conditions with both materials. A
schematic of the substrates is showfimn 45 including thermocouple locations (orange) and the deposit
location (blue). The build direction was held constants for all testss{ngle direction deposits).

Build Top Bottom
direction

30 o O

20

Figure 45. Thermocouple locations on the substrate for WAAM heat source calibration

The first test on the thermocouple instrumented substrates was operated with the wire feeding disabled.
This provided a representati of only the WAAM heat source to assist in model calibration. The process

was operated with different plasma powers, representative of the range of power settings used in deposition
of the test coupons. Here, the melt pool size is observed, which contdinmelted substrate material.
Subsequent tests introduced wire feeding for 10 layer deposits. Between layers, 60 seconds of cooling time
was used to best represent the test coupons shown above. For each material, two deposits were produced.
The first with higher power conditions, and the second with lower power conditions. The higher power
conditions resulted in deposit widths on the order of 10 mm, while the lower power conditions were in the
range of 6 to 8 mm. Example thermocouple data is showigindg along with the resulting 10 layer

deposit (higher power, wide deposit).

900

2 406
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Figure 46. Thermal measurements from the four thermocouples (left) and the resulting 10 layer deposar{dght)
System motion (velocity) for the first four layers oflthié40H "wide" deposit. Blue denotes the travel speed (mm/s),
and red denotes whether the heat source (plasma) was on or off

For the thermal measurements, the substrate was elevated off of the table, and clamped only along one edge
(i.e., cantilevered). fiis provided access to the back surface for thermocouple placement, in addition to a
controlled heat sink effect for the modeling team. For each layer, the melt pool was imaged and measured,
to give the modeling team further calibration information aloitf the thermal datal'o better assess the
sequencing/timing during the process, process monitoring was utilized to depict the duration of the
deposition as well as the dwell periods more accurately between layers (with resulting cooling). The robotic
motion platform used for WAAM enables capture of actual process parameters, including travel speed along
the toolpath. It was determined that the prescribese60nd wait between layers resulted in an actual 74.5
second dwell, due to the system motion wtelgacting the robot away from the deposit and then returning

to restart a subsequent layer. This data was used along with a confirmation of the travel speed and full cycle
time, to provide a more accurate input to the model configuration. An example yfstieen motion is

shown inFig. 46 The system retract speed (20 mm/s) can be seen when moving into position and away
from the deposit, adding to the overall dwell period between deposits. The red line indicates when the
welding/deposition powder supply wan, during each deposit layer.

3.3.3. Residual stress measurement using XRD

Five locations on the surface of the substrate and on the deposit were selected for measurement of the
residual stress in WAAM process:-rdy diffraction (XRD)measurements were condesttat American

Stress Technologies, Inc. with a Stresstech Xstress 3000 XFidpate 4 7shows the schematic of the XRD
measurement locations marked as5and the thermocouple measurement locations as TC.

Figure 47. Schematic of XRD measurement locations
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