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Abstract

In developing a wire-arc plasma direct energy deposition process for creep-resistant alloys used in high-speed flight applica-
tions, structures were built from nickel-based superalloy Rene 41. Samples of additive manufacturing (AM) material were
analysed for their microstructural and mechanical properties, in both as-deposited (AD) and heat-treated (HT) conditions.
Tensile specimens were tested at room temperature, 538, 760, and 1000 °C. Macroscopically, large columnar grains made up
of a typical dendritic structure were observed. Microscopically, significant segregation of heavier elements, grain boundary
precipitates, and secondary phases were observed, with key differences observed in HT material. There was a clear distinc-
tion between failure modes at different testing temperatures and between AD and HT variants. A fractographic investigation
found a progressive move from brittle to ductile fracture with increasing testing temperature in both AD and HT conditions,

as well as microstructural features which support this observation.

Keywords Additive manufacturing - Direct energy deposition - Mechanical properties - Fractography - Microstructure -

Rene 41

Abbreviations
RE41 Rene 41

AD As-deposited
HT Heat-treated

1 Introduction

The use of a wire-arc-based direct energy deposition (DED)
process for the manufacture of creep-resistant superalloys
is a relatively new area of study, and the effect of DED on
material performance at high temperatures is little under-
stood. The DED process where an electrical arc is used to
melt and deposit a metal wire feedstock is also known as
wire + arc additive manufacturing (WAAM). WAAM has a
proven capability for the deposition of a range of different
alloys and metals. Williams et al. describe how the process
can be used to build components in titanium, aluminium,
and steel alloys [1], and Marinelli et al. had success with
depositing refractory components, using a tungsten inert gas
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(TIG) process to deposit high-purity tungsten [2]. In addition
to the above, Xu et al. deposited creep-resistant alloys such
as nickel-based superalloy Inconel 718 [3], and James et al.
deposited Rene 41 (RE41) and cobalt-based Haynes 188 [4].
WAAM can take advantage of a variety of different deposi-
tion processes such as TIG, MIG, and plasma transferred
arcs (PTA). WAAM is currently a developing technology in
the early stages of commercialising.

In developing the WAAM process for creep-resistant
alloys used in high-speed flight environments, James et al.
deposited RE41, amongst other superalloys, using a PTA
WAAM process in an oxygen-controlled environment. They
found that RE41 was the most suitable alloy, of those stud-
ied, for WAAM and the high-speed flight application [4].
This study goes on to continue this work, in investigating
the high-temperature properties and the effect of post-depo-
sition heat treatment as a method to return the performance
of RE41 to the wrought strength.

REA41 is a Ni-based, Cr, Co superalloy with applications
in aerospace components, where high strength is required
at operating temperatures between 650 and 980 °C, such
as afterburner and gas turbine parts [5]. Wile gives more
specific high-profile applications of RE41, such as its use in
the skin on the mercury space capsule and its application in
components for the nuclear power industry [6].
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There is little published research on specifically wire-
based DED of RE41 using PTA. The work presented in this
paper follows on from the work of James et al., in which
samples of several alloys including RE41 were deposited,
and testing in room-temperature (RT) conditions, they found
a mismatch in performance compared with wrought mate-
rial [4]. There is, however, more literature published on the
deposition of RE41 using laser-based AM. Li et al. used
a laser melting deposition (LMD) process to manufacture
RE41 specimens for analysis. They found LMD RE41 had
a fine rapid directionally solidified granular structure. They
also found that the standard heat treatment for RE41 was
not suitable for LMD built RE41, due to the extensive pre-
cipitation of y’ particles, the primary strengthening phase,
which resulted in high hardness and ductility and ultimately
worked to decrease the strength of the alloy compared with
AD material [7]. In another study by Li and Wang, RE41
was again deposited using LMD and underwent mechanical
testing. When testing at 800 °C, RE41 was described as hav-
ing excellent performance with an ultimate tensile strength
(UTS) of 855 MPa and a yield strength (YS) of 682 MPa.
They also found that the fracture surfaces contained second-
ary cracking and a local stepwise fracture surface [8].

Atabay et al. investigated RE41 deposited by a laser
powder bed fusion (LPBF) process. Much like Li et al. they
found that RE41 fabricated by LPBF had a fine columnar
grain structure. Atabay et al. also observed y’ precipitation
after heat treatment using transmission electron microscopy
(TEM) but did not observe the precipitates in AD condi-
tion. When they were observed after heat treatment they
were considerably smaller than suggested in literature.
They also observed the formation of Mo-rich carbides at
the grain boundaries. Specimens tested at RT achieved a
UTS and YS of approx. 1165 and 857 MPa respectively.
The fractographic analysis revealed samples fractured in a
ductile manner. In contrast to Li et al., Atabay et al. found
that the standard heat treatment was satisfactory to meet
their requirement [9][9].

The intended outcome of this study is to understand the
microstructural effects a plasma WAAM process has on
RE41 and how to maximise the performance for use in a
high-speed flight environment, where external structures
could reach service temperatures as high as 1000 K and
1200 + K for components in the propulsion flow path. The
choice to select a plasma process was made with a view to
building final components; in this respect, it is important for
heat input and wire feeding to be independently adjustable.

1.1 Strengthening mechanisms of this alloy
The phases seen throughout superalloys are dependent

on their composition and are described by Donachie and
Donachie in their book, Superalloys: A Technical Guide.
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Most superalloys have an austenitic face-centred cubic
(fcc) phase known as the y phase and consist of several
other secondary phases. Carbides are a secondary phase
and take the form of MC, M(C, M,,C,, and M,C;, where
‘M’ represents the metallic element. Other secondary
phases consist of intermetallic compounds, which com-
monly include y' fcc phase Ni;(AlTi), y” body-centred
tetragonal (bct) phase Ni;Nb, n hexagonal ordered phase
Ni;Ti, and & phase orthorhombic Ni;Nb. In most super-
alloys given the right conditions, undesirable phases can
form, which can harm the performance if present in larger
amounts. These typically include topologically close-
packed (tcp) phases: p Co,W¢/(Fe,Co),(Mo,W),, Laves
phase A,B type where ‘A’ and ‘B’ represent metallic
elements, and ¢ can include more complex intermetallic
phases [10].

Schwartz et al. describe the basic metallurgy and
strengthening mechanism of RE41 when they investigated
the use of the alloy in extrusion dies; the alloy is a precipi-
tation strengthened Ni-based superalloy with a fcc austen-
itic matrix; RE41 also contains a large amount of Cr, Co,
and Mo. The main strengthening phase is ¥’ Ni;(Al Ti)
[11]. More historic research by Kaufman describes the
formable phases in RE41 in more detail. Ni;Al and Ni;Ti
form fine uniform particles at 760 °C which are coarser at
higher temperatures. Ni;Ti appears fine below 760 °C and
acicular above 760 °C. Ni;Al appears course and curved
and is seen in larger amounts at grain boundaries. 8 phases
are not seen generally due to Cr and Mo being tied up in
the carbides. Laves phase can form where C is less than
0.05% and Al less than 1% at 815 °C [12]. Weisenberg
and Morris describe how the main strengthening phase, y’,
forms as the alloy ages, y’ is mostly prevalently between
760 and 1010 °C, and the particles increase in size with
temperature until dissolved at around 1050 °C. The phases
present in the alloy vary with exposure to temperature
[13]. The characterisation of RE41 by Collins and Quigg
gives an estimation as to the probability of certain phases
being present in the alloy. Of the formable phases, the MC-
type carbide is the most dominant at lower temperatures
until 816 °C and again at higher temperatures between
1150 and 1200 °C. The tcp p phase is most stable around
930 °C. M¢C is most dominant between 980 and 1150 °C.
The amount of M,;C, increases with temperature until it
reaches a maximum at 870 °C and starts to become unsta-
ble at 980 °C. The amount of ¢ phase also increases with
temperature, reaching a maximum at 980 °C and becomes
unstable thereafter [14]. An interpretation of the phases
formable with aging temperature is presented in Fig. 1.

In the more recent study using LPBF, Atabay et al.
found that of the formable carbides observed, MC was
rich in Mo and Ti, M¢C was rich in Mo and Co, and M,;C¢
was found to be rich in Cr [9].
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Fig. 1 Minor phase concentration as a function of aging temperature.
Adapted from [14] and [13]

2 Experimental method
2.1 Manufacturing process

A PTA WAAM process was used to produce samples for
analysis from a commercially available 1-mm diameter
RE41 wire. The WAAM system consisted of a water-cooled
plasma welding torch and wire feeder mounted to a FANUC
six-axis robotic arm, a part-rotator, and a gas enclosure. The
enclosure provided an inert argon atmosphere for deposition,
where the concentration of oxygen was controlled below
800 ppm with the use of an oxygen analyser. A symmetrical
building process was used, meaning that material was depos-
ited on both sides of the substrate plate, the main advan-
tages of which are increased productivity and a reduction in
residual stress, as described by Williams et al. [1]. Two wall
structures measuring 350 110 X ~8 mm were deposited

Fig.2 Experimental WAAM
set-up

.
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| |

s

Part rotator <>

onto both sides of an Inconel 718 (IN718) substrate plate,
using an arc current of 180 A, a wire-feed speed of 2.4 m/
min, a torch travel speed of 0.36 m/min, a torch to work
distance of 8 mm, and an interpass temperature of 170 °C
after approx. 3 min of cooling time. A diagram of the set-up
is shown in Fig. 2.

After deposition, samples were extracted and underwent
the heat treatment recommended by Weisenberg and Morris
for achieving maximum tensile performance. The heat treat-
ment consisted of a solutionising treatment at 1065 °C for
4 h, after which the material was air-cooled to RT, followed
by an aging treatment at 760 °C for 16 h and completed by
air cooling to RT [13].

2.2 Composition

The wire feedstock underwent a chemical analysis to verify
the alloy wire met the requirements for UNS N07041, the
results of which are given in Table 1. To determine com-
position, the material was combusted and analysed using
inductively coupled plasma—optical emission spectroscopy
(ICP-OES).

2.3 Metallographic preparation and analysis

The WAAM walls were cut from the substrate plates and
samples were extracted through both the wall height and
length. Cross-sections were extracted and prepared for met-
allographic analysis following a procedure consisting of
mounting then grinding and polishing successively, followed
by etching. Samples were etched to reveal the microstructure
using 3-g CuSO,, 80-ml HCI, and 20-ml absolute alcohol [7]
swabbed for 30 s Figures 3 and 4.

The microstructure was analysed, using a Tescan VEGA
3 scanning electron microscope (SEM) and optically using

Axis of rotation

Ta.ble 1 Composition of RE41 Ni Cr Co Mo Fe
wire (wt.%)

Al Nb V Si C Cu Mn B S

5377 18.9

102 9.08 272 3.20

1.64 0.12 0.12 0.09 0.07 0.04 0.03 0.004 <0.003
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a Leica DM 2700 M microscope. To give an indication of
composition, a semi-quantitative analysis of phases was con-
ducted using the VEGA 3 SEM equipped with an Oxford
Instruments X-Max 20-mm energy-dispersive spectrom-
etry (EDS) detector. To determine the presence of lighter
elements within the matrix, a Tescan Solaris X SEM was
equipped with xenon plasma focused ion beam (FIB) and a
TOFWERK time-of-flight secondary ion mass spectrometer
(TOFSIMS).

The specimens were extracted in several locations
across the WAAM walls; their locations in reference to
the wall structure are shown in Fig. 5. From a total of
four WAAM walls built in pairs, three walls were utilised
for testing. After testing, the fracture surfaces of speci-
mens in each category and condition were observed. The
axis by which samples were observed is indicated going
forwards with reference to Fig. 5, where BD is the build
direction, WA is the wall axis, and TT is the through
thickness.

To determine the dilution of the IN718 substrate into the
RE41 matrix, samples containing both the deposited WAAM
wall and a section of the substrate were extracted. The line
scan function of the SEM-EDS system was then utilised to
determine dilution of specific elements.

2.4 Mechanical testing

Samples were extracted from the WAAM walls and
machined into coupons from the locations and in the

110 mm

Unused material

Fig.5 Location of extracted samples from WAAM walls. Green areas
indicate the location of metallographic samples. Temperature given
on the left of the coupon indicates testing temperature and on the
right the condition AD or HT. Metallographic samples AH-EH are
HT whereas single letters A-J are AD

orientations shown in Fig. 5. The room temperature (RT)
coupon, conforming to ASTM E8(M) sub-size specifi-
cation, is shown in Fig. 3, and the elevated temperature

i

‘ | 74.5

=
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Fig.4 Elevated temperature testing coupon (dimensions in mm)
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(538-1000 °C) coupon is shown in Fig. 4. Three coupons
were tested in both AD and HT conditions at each tempera-
ture. Samples were tested at RT, 538, 760, and 1000 °C,
using an Instron 8801 Servohydraulic Universal Testing Sys-
tem and tested to failure using ASTM E8(M) specification
for RT testing and ASTM E21 for high-temperature testing.
Tensile tests used a strain rate of 0.005 min~! until the onset
of plastic deformation and thereafter a crosshead speed of
1.6 mm/min. Prior to the start of testing, high-temperature
specimens were held for 30 min at the testing temperature.
Specimen

s were extracted from a variety of locations on the
WAAM wall to minimise variation in results due to the
WAAM aging effect. The fracture surfaces were carefully
preserved for analysis.

The alloys in both AD and HT conditions also underwent
microhardness testing using a Zwick/Roell hardness tester
under a load of 500 g and holding time of 15 s. Several
points were measured along a cross-section of material in
both conditions to obtain an average value.

Remelting |

Fig.6 AD [4] and HT macrostructure

Fig.7 AD (left) and HT (right)
optical observations

3 Results
3.1 Macrostructure

The macrostructure exhibits a typical solidified dendritic
structure made up of large columnar grains which appear to
extend along the BD from bottom to top. The macrostructure
presented in Fig. 6 includes the AD macrostructure previ-
ously observed by James et al. [4] compared with the HT
microstructure. The ripples of the successive welded layers
are also observed and appear to have no effect on the grain
structure. Several cracks were observed in the structure at
the macro level. This grain structure was expected and is
similar to that of IN718 seen in a previous study by Seow
et al. [15]; there is little difference in the observed macro-
structure, although HT specimens show a greater suscepti-
bility to the etchant.

3.2 Microstructure

The microstructure was analysed both optically and under
SEM. Optical images of the microstructure at comparable
locations in both the AD and HT conditions are presented
in Fig. 7. It can be clearly seen that the grain structure is
similar in appearance, with long dendrites extending through
the height of the samples in the BD axis. Grain boundary
locations are shown for both samples, with the AD images
displaying an intergranular crack. The micrographs show
the directionally solidified grain structure, where the HT
samples show a thicker dendritic structure and darker grain
boundaries. A comparison at greater magnification in Fig. 7
is given in the top left of the micrographs. Precipitates can
be seen at the crack edges in Fig. 7. Phases and carbides in
this section going forward have been identified based on
EDS composition and appearance using ASM Atlas of Micro-
structures [16]. It becomes clearer at greater magnification
the thicker and darker grain boundaries after heat treating.
In HT samples of RE41 (Fig. 7), the grain boundary area
presented is seen to consist of lighter coloured stringer-type

Grain boundary
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Fig. 8 AD microstructure viewed in transverse (WA-TT) plane, show-
ing cellular dendritic structure and precipitates in the interdendritic
regions

precipitates, measuring 0.5 pm, surrounded by a darker
grain-boundary background, with larger, irregular-shaped
grey precipitates, measuring mostly 1-4 pm, distributed in
the matrix. The lighter coloured precipitates at the grain
boundary are thought to be carbides, while the grain bounda-
ries are darkened in HT condition likely due to precipitation
of y'. The larger white, irregular-shaped precipitates, seen
mostly at the grain boundaries, are thought to be a complex
intermetallic phase. These phases can be observed in the HT
sample in Figs. 7 and 8, but are more easily observed under
SEM in Fig. 9.

When viewed in the transverse plane (WA-TT) in Fig. 8,
a typical dendritic structure is apparent, with precipitates
of 1-2 pm seen mostly in the interdendritic regions. Also
seen in Fig. 8 is a darkened grain boundary consistent with
the HT material seen in image HT 2 (Fig. 7) although the
precipitates along the grain boundary in AD material appear
finer, which suggests the precipitates are carbides.

Fig.9 BSE images of AD (left)
and HT (right) samples

SEM MAG: 5.00 kx
View field: 55.4 ym
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SEM HV: 20.0 kV LILIL]
WD: 15.04 mm 10 ym
Det: BSE BI: 10.00

The AD WAAM structure shows significant amounts of
segregation of Mo at Ti throughout the matrix, as seen in the
elemental maps (Fig. 10). The segregation of Mo can be seen
clearly, which corresponds to the lighter coloured phases in
the BSE images; in these areas, Ni is depleted but Cr is not,
indicating possible ¢ intermetallic phase (CrNiMo), which
is supported by spectrum A in Table 2.

The darker grey coloured phases correspond to areas
rich in Ti. These smaller Ti-rich zones were analysed using
TOFSIMS to detect the presence of Ti and specifically C,
which is less reliably indicated using EDS. In these areas,
C and Ti were detected where Ni and Cr were shown to
be depleted, indicating the presence of Ti—rich carbides,
most likely TiC. Elemental maps of these areas are shown
in Fig. 11 for AD material and correspond to the smaller
grey-coloured precipitates seen in the matrix, labelled as B
in Fig. 9 with EDS composition in Table 2. HT material was
also analysed using the TOFSIMS facility, which identified
similar formations of Ti-rich zones, corresponding to areas
with higher concentrations of C. The HT material appears
to have much larger precipitate formations, as well as detect-
ing Al-rich precipitates. The carbide formations seen in HT
material could be M,;C4 where M is a combination of Ti
and Al which was also observed by Franklin and Savage
[17] Fig. 12.

3.3 Dilution of IN718 substrate into RE41

As stated in Sect. 2.1, the deposition process utilised an
IN718 substrate plate. It is necessary to examine the dilu-
tion of IN718 into the RE41 WAAM wall to determine how
the composition of the WAAM material might be affected by
using a different Ni-based alloy as a substrate. To determine
the extent of dilution of IN718 into the RE41 matrix, ele-
ments which are not common between the two alloys were
analysed, Fe forms 18.5%wt of IN718 and 2.72%wt. of the
RE41 wire, whereas Co forms 10.2%wt in RE41 and is not
present in IN718. The line scan results shown in Fig. 13

."
VEGA3 TESCAN

SEM MAG: 5.00 kx SEM HV: 20.0 kV | |

BI: 10.00 WD: 13.46 mm 10 pm

VEGAS3 TESCAN| BD

Cranfield University

Det: BSE View field: 55.4 ym

TESCAN-UK
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Fig. 10 EDS elemental map of
AD material

Ni Kal

Mo Lal

Cr Kal

Ti Kal

' 50pm '
Table 2 EDS analysis of areas Spectrum Al Ti Cr Fe Co Ni Mo
marked in Fig. 9 (%at) label
A 1.55 34.16 10.86 30.26 23.17
B 15.61 2221 62.18
C 1.77 4.35 22.86 2.53 9.94 39.79 18.26

show how the level of Fe and Co changes with distance
from the substrate. It can be seen that the level of Fe sta-
bilises after approx. 2.1 mm. Co levels begin to stabilise
after 1.2 mm increasing slightly until 2.1 mm beyond which
remains relatively stable. To avoid any doubt in the reliabil-
ity of mechanical results, samples were extracted more than
10 mm from the substrate.

3.4 Mechanical testing

The results of tensile testing are given in Table 3, where
wrought (Wro) values from the superalloy book by Don-
achie and Donachie [18] are presented alongside results for
AD and HT samples. The data shows that even after heat
treating, the WAAM material has not regained its wrought
strength.

Graphs comparing the performance across the range of
temperatures are shown in Fig. 14. An increase in perfor-
mance was observed in the AD material during the 760 °C
test and affected an increase in the performance compared
with the 538 °C test which was unexpected. The AD mate-
rial achieved an average of 58.8% of the wrought maxi-
mum, and when heat treated, the performance increases to
an average of 61.4%.

Wrought RT hardness is provided in the manufacturer’s
data sheet as a minimum of 363 HV [19]. When tested,
the AD and HT material had an average hardness of 410
HYV and 497 HV respectively. The reason that there is an
increase in hardness after heat treating is due to RE41
being precipitation strengthened.

It should be noted that unlike other alloying systems,
the elastic modulus of Ni-based alloys is dependent on
composition. As discussed by Parveen and Murthy, the

@ Springer
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Fig. 11 TOFSIMS elemental
maps of AD material, showing
potential carbides in areas rich
in Ti and C, with depletion of
Ni and Cr

Y fum)

Y ]

X [wm]

elastic modulus is sensitive to minor changes in chemi-
cal composition that occur during heat treatment [20]. By
extension, this could also apply to AD samples due to the
partial aging effect which was observed by Xu et al. in
WAAM built maraging steel [21].

3.5 Fracture surfaces

In the macrographs, most of the fracture surfaces have a woody
appearance, indicating a shearing action across the grain plane
which has produced cracking along many parallel longitudi-
nal planes; further to this, most samples failed on an inclined
plane also suggesting a shearing action. The woody appear-
ance suggests that most fractures seen here are intergranular;
a good example of this is seen in Fig. 15 image HT 1 that
shows the surface of which is fibrous. On several samples, the
lines sometimes take a chevron shape; these are theorised to be
slip steps, although similar in appearance to striations which
occur microscopically. Chevron patterns appear on mostly RT,
538 °C, and to a lesser extent 760 °C specimens; these patterns
are indicative of rapid fracture associated with more brittle
fractures, as seen in the ASM fractography atlas [23].

@ Springer
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On 1000 °C specimens, the fractures appear more ductile
in nature with distorted cross-sections. Specimens appear
to have deep central void—type cracks which extend a good
distance into the length of each specimen, suggesting much
larger intergranular separation. The fracture surface of the
760 °C specimen appears far rougher and woodier in appear-
ance. Fracture surfaces at this temperature appear to have
areas seen as blue in colour, this perhaps indicates the for-
mation of an oxide scale at this temperature, as samples were
tested in air.

In Fig. 16, the microstructure 3 mm directly behind the
fracture surface is shown for both conditions at each testing
temperature. The grain boundaries appear to grow thicker
with increased testing temperature; the difference is most
noticeable in comparing the 1000 °C sample to the other
temperatures (images AD 7 and AD 8). The grain bounda-
ries are also noticeably thicker and more pronounced in HT
specimens.

When looking at the features present 3 mm behind the
fracture surfaces of specimens tested at 760 and 1000 °C
(Fig. 17), differences were observed. The 760 °C specimen
presents two distinct phases, of which one is bright in colour
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and is rich in the alloying elements Cr, Ni, and Mo (spec-
trum A, Table 4) and is consistent with the appearance of
the o intermetallic phase (CrNiMo). ¢ phase is formed with
exposure between 540 and 980 °C; it is seen to be irregu-
larly shaped in the atlas of microstructures [16] and was
also observed by Donachie and Donachie in Ni-Co alloys
[10]. The second phase present (indicated by green arrows in
Fig. 17) is rich in Ti (spectrum B, Table 4) and suggests the
presence of carbide formation, likely TiC. A secondary crack
in shown for the 1000 °C tested specimen. There appears
to be, based on initial appearance, d phase precipitates
(indicated by red arrows and C in Fig. 17). However, this
is not the case, but on closer inspection using EDS analysis
(Table 4), they appear to be entrapped oxide, which retain a
good distribution of the alloying elements. This differenti-
ates them from precipitates labelled D which is seen as the
bright irregular-shaped areas central to the crack and form-
ing along the crack edges, which is consistent with possible
o phase (CrNiMo).

When the fracture surfaces were examined microscop-
ically in AD samples tested at RT and 760 °C (Fig. 18),
the fracture surface exhibits a stepped surface with some
evidence of beach marks in RT specimens which, although
commonly associated with fatigue crack propagation, can be
evidence of brittle fracture modes. Secondary cracking was
observed in 760 °C specimens which showed an oxidised
fracture surface.

4 Discussion
4.1 Macro- and microstructure

The macrostructure seen in RE41 is similar in appearance
to that of IN718 observed by Seow et al. in an AD WAAM
material. Large columnar grains extending through the BD
axis, which extend outward with the flow of heat in the mate-
rial in IN718, were also observed [15]. The appearance in
RE41 of this effect is also noticeable, and it is likely that the
same heat flux influenced grain structure seen by Wang et al.
[24] is also occurring in WAAM built RE41.

The comparison in Fig. 7 between AD and HT samples
is especially interesting. The microstructure is similar in
appearance to that which Li and Wang observed in their
study of LMD of RE41 [8]. They observed the same epitax-
ial growth of the dendritic structure along the heat flux direc-
tion that was observed in this study. When the microstruc-
ture of HT RE41 is viewed optically, there are clear stringer
like precipitates at the intergranular regions surrounded by
a darker background which became more pronounced after
heat treating, best seen in Fig. 7. Further investigation into
literature suggested that these precipitates are likely to be
MC, MC, or M,;C,, carbides while the darker background

is indicative of y' precipitation, as seen in the microstruc-
tures atlas [16], which is expected post-aging. Franklin and
Savage found that grain boundary carbides in RE41 form as
M,C type in solution annealed material and M,;Cg in over-
aged material [17]. These precipitates, which appear darker
grey in colour on the BSE images (Fig. 9), are thought to
be Ti-rich carbides. This is supported by the EDS analysis
of spectrum B in Table 2. The TOFSIMS analysis (Fig. 11)
further indicates the presents of carbides by confirming
the presence of C in these precipitates and the depletion of
Ni and Cr. The larger white precipitates seen most clearly
in image (Fig. 9), are thought to be ¢ intermetallic phase
(CrNiMo) which is further supported by the EDS analysis
in Table 2 spectrum A. These phases are also seen in HT
samples, indicating that the standard 1065 °C solutionising
treatment is not sufficient to dissolve these intermetallic tcp
phases.

When the microstructure is viewed in the transverse (WA-
TT) plane (Fig. 8), the dendritic structure is more apparent
and is similar to the LMD microstructure observed by Li and
Wang [8]; however, the cellular-dendritic structure observed
in the WAAM material shows a more pronounced formation
of secondary dendrite arms, and the precipitates forming
in the interdendritic area are smaller with sizes of 1-2 pm.
Precipitates forming at the grain boundary in AD material
appear finer than was observed in HT samples, which is
indicative of carbide formation, most likely M,;C¢ during
heat treatment which was observed by Franklin and Sav-
age, who found that a network of M,;C, carbides forming in
intergranular locations can be a cause of cracking in RE41
[17].

4.2 Effect of microstructure on mechanical
performance

In the tensile results from RT-760 °C, a significant difference
is observed in the performance of both variants of WAAM
material and their stated maximum values from literature.
Comparing UTS values, the HT specimens achieve roughly
67, 54, and 64% of their stated maximum at RT, 538, and
760 °C respectively. This difference was also observed in
a previous study on IN718 by Xu et al. in which wrought
IN718 was compared with WAAM material. The study
showed that WAAM IN718 had a grain structure of far
greater thickness and less grain boundary area than the
wrought material. The strength of the wrought material is
gained through its finer equiaxed grain structure and smaller
dendrite arm spacing, allowing for more effective strength-
ening by precipitation of secondary phases at the grain
boundaries. The larger columnar grains seen in the WAAM
material made precipitation of these phases less likely. In
this study, large columnar grains in RE41 also appear to
have affected the strength in a similar way. A very similar
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«Fig. 12 TOFSIMS elemental maps of HT material, showing potential
carbides in areas rich in Ti with increased levels of Al and C

mismatch between HT WAAM specimens at the wrought
strength was seen in Xu et al.’s study on IN718, which went
further to examine the effect of differing heat treatments and
found that unless a mechanical process was used to produce
a more favourable starting microstructure, little to no addi-
tional enhancement in performance can be made [25].

An increase was also observed in the UTS and YS perfor-
mance of the AD specimens when tested at 760 °C, which
appear to have undergone aging during testing to ‘catch-
up’ to the HT specimens, which was an intriguing finding.
This finding is consistent with the microstructure observed
in tested specimens (Fig. 16), where a clear darkening effect
was observed around precipitates as the testing temperature
was increased. The result of the increased stress performance
is consistent with the results of Franklin and Savage when
they examined the stress relaxation effect with temperature
in RE41; they found that when tested at 760 °C the alloy
precipitates larger ¥ particles and also precipitates M,;C¢
carbides in a continuous network at the grain boundaries,

Fig. 13 Dilution of Fe and Co at !
substrate interface

<— Substrate

resulting in increased stress but also results in greater levels
of grain boundary cracking [17].

At 1000 °C, there was a sharp decrease in the perfor-
mance, which is consistent with what was expected to be
seen if the literature data is extrapolated to this tempera-
ture. Excessive blackening and oxidisation cracking were
observed on the 1000 °C samples post testing and is consist-
ent with the findings of Greene and Finfrock with IN718,
who found that at temperatures of 1000+ °C, volatile Cr,05
forms and results in the loss of the protective Chromia scale
[26]. As the samples were tested in air at all temperatures,
it is reasonable to assume that RE41 underwent this loss of
protection, contributing to the performance reduction. The
results from Collins and Quigg indicate that at temperatures
around 900 °C, M,;C, carbides dissolve leaving the grain
boundaries free of precipitates [14], which would explain
why the elastic modulus and mechanical performance were
significantly reduced and the reason for the ductile behaviour
when tested.

Very promising results were obtained for the reversal of
strength loss at temperature, particularly for AD samples
which close the gap in performance compared to HT samples
at increased temperature. The findings help to understand the

- -

-
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Fe Kal
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Table 3 Tensile results [22]

0.2% YS (MPa) Elastic modulus E Tensile elongation

(GPa) (%)

Wro AD HT Wro AD HT Wro AD HT

. Tempera- UTS (MPa)

comparing wrought data (Wro) ture (°C)

[18] with AD and HT material

from RT-1000 °C Wro AD HT
RT 1420 855 945
538 1400 703 757
760 1105 728 704
1000 183 179

1060 733 812 220 140 149 14 6.5 5.1

1020 611 688 191 120 120 14 11.0 25

940 669 671 173 103 107 11 3.8 1.4
135 106 70 74 19.8 157

impact of matrix condition on mechanical properties at high
temperatures. As the matrix structure of the AD and HT
samples should be similar, it is interesting to observe AD
sample age hardening during high-temperature testing. This
aging process needs to be studied further to interpret the
creep strength of RE41 and other such alloys at high temper-
atures. An investigation into precipitation kinetics would be
vital to develop a fundamental understanding of precipitate
evolution with temperature, and this would determine the
suitability of an AD structure for high-temperature service.

It is interesting to observe the different performance at
RT between samples extracted in the BD by James et al. and
samples extracted along the WA in this study. James et al.
found a RT UTS of 1017.4 MPa and a YS of 764.0 MPa for
BD-oriented specimens [4], which performed approx. 19 and
4.2% higher than the performance of samples in this study,
for UTS and YS respectively. The differing performance is
thought to be due to the difference in orientation of the large
columnar grain structure.

In general, the WAAM process is thought to partially age
alloys in varying amounts dependent on the process used
and the metallurgy of the alloy being deposited. This was
observed in IN718 by Xu et al. who found that the hard-
ness increase due to the WAAM process is also variable,
dependent on the amount of successive heating cycles the
material has been subjected to [3]. For example, the WAAM
walls produced for this study had roughly the same number
of deposited layers; for RE41, this was between 147 and
153 layers per wall, meaning roughly the same number of
successive thermal cycles has occurred during the process.

Fig. 14 Graphical represen- 1600.00

tation of data presented in
Table 3. UTS (left) and YS

1400.00 (&——

1200.00

(right)
= 1000.00 |1
Q b4
2 80000 (T———_
® 3
O 600.00
400.00
200.00
0.00
0 200 400

Temperature (°C)
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However, only the very first layer has experienced all of
these cycles, whereas the very last layer, i.e. the top of the
WAAM wall, has only experienced one heating cycle. This
means that the partial aging effect is more pronounced at
the bottom of the WAAM wall, whereas the top of the wall
is significantly less aged. This effect was investigated by Xu
et al. in a study on maraging steel, in which it was found that
the bottom part of the WAAM walls was harder than the top
parts. Xu et al. found that the number of precipitates in the
bottom part of AD walls was roughly double the number of
precipitates found in the top part. With an aging treatment
however, the precipitates in the top part of the wall increased
to be approximately the same as the bottom part [21]. The
location of AD samples extracted for hardness testing in
this study was in the centre of each wall, where the WAAM
aging effect is roughly half the number of deposited layers.

4.3 Fractography

With the largely different performance of AD samples at
760 °C and the suggestion that these samples appear to
undergo aging during testing to ‘catch-up’ to the pre-HT
duplicate, it was not surprising to see that the macrof-
ractography shows a visible difference in the fracture
surfaces at this temperature. The surface of the fractures
appears blue in colour. This is useful evidence for the
theory that the alloy has undergone a change during test-
ing at 760 °C, which is not entirely surprising given that
RE41 is routinely aged around this temperature. What
is surprising is the change in appearance even on the

1600.00
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o L HT
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AD HT

RT

538 °C

1000 °C

TT

BD

Fig. 15 AD and HT macrofractographic images of fracture surfaces

macroscale which suggests that this is merely the appear-
ance of an oxide formation.

The fracture surfaces of specimens tested at 1000 °C
suggest that fractures were very much ductile in nature,
due to the distorted cross-sections and ‘hour-glass’ shape.
The testing data also showed a clear reduction in elastic
modulus of samples tested at this temperature. Again, this
is consistent with the findings of Greene and Finfrock
on IN718, in which it was found that at temperatures of
1264 °C, not hugely removed from 1000 °C, the defor-
mation in the alloy became unacceptable for the applica-
tion [26]. It is also noticeable that with increasing testing
temperature, the grain boundaries become much thicker.
This was seen in RE41 by Schwartz et al. in a study where
RE41 underwent heating cycles which affected the thick-
ness of the grain boundaries and also the susceptibility to
the metallographic etchant [11]; this was also observed in
this study especially 1000 °C tested specimens (Fig. 16:
image AD 8 & HT 8). Specimens tested at RT, 538, and
to a lesser extent 760 °C showed signs of more brittle
fractures, which is supported by the elongation data that
shows only a fraction of the elongation expected com-
pared with wrought data. Furthermore, chevron patterns
seen in these specimens add to evidence of brittle-type

fractures, as the fractography handbook suggests they are
indicative of more rapid fracture modes [23].

In Fig. 17, oxide formation at the grain boundaries
of RE41 tested at 1000 °C was observed, and the oxide
takes a similar shape to that of the & phase commonly
seen in IN718, with its acicular needle-like shape and
its formation in close proximity to potential intermetal-
lic phases; however, this is not possible in RE41 due to
the lack of Nb needed for its precipitation. Upon inves-
tigating the composition using EDS, it was found that
the composition retains the distribution of the alloying
elements; however, it shows an increase in the amount of
detected O. This is consistent with the finding of Ungure-
anu et al. In their study, RE41 underwent a thermal shock
process to understand the effects on the microstructure;
at 1000 °C, it was found that with increased thermal
shock, oxide layers were seen to grow and retain a simi-
lar distribution of the alloying elements [27]. Ultimately,
the formation of oxide in the samples is consistent with
the tensile results, as the elongation of the samples rep-
resents only a fraction of the expected elongation from
wrought material, indicating that the presence of oxide
has affected the ductility of the alloy. Entrapped oxides

RT

538 °C

760 °C

1000 °C

T

Fig. 16 Microstructure of AD & HT tensile specimens directly behind
fracture surface
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Fig. 17 BSE images behind
fracture surface: 760 °C tested
specimen (left); 1000 °C tested
specimen (right). Green arrows
indicate Ti-rich potential MC
carbides, blue arrows indicate o,
phase, and red arrows indicate
oxide formation

760 °C specimen

SEM MAG: 5.00 kx
BI: 12.00
Det: BSE

'WD: 10.01 mm 10 pm
View field: 55.4 um

SEM HV: 20.0 kV |

. .
VEGA3 TESCAN| SEM HV: 20.0 kV
WD: 15.13 mm 20 pm

View field: 76.4 pm

SEM MAG: 3.62 kx

BI: 15.00
Det: BSE

TESCAN-UK

Table 4 EDS analysis of areas

o Label O Al Si Ti Cr Fe Co Ni Mo Possible phase
marked in Fig. 17 (%at)
A 1.17 218 3329 239 1036 2922 2125 o (CrNiMo)
B 3.13 15.16  18.68  2.09 795 41.89 10.87 MC (TiC)
C 9.13 285 257 356 19.74  2.66 9.12  45.34 5.04  Oxide
D 13.17 123 1.73 440 20.76 1.73 8.16 2858 2025 o (CrNiMo)

formed during the welding process would not be possible
to dissolve into the matrix during solutionising, due to
their extremely high melting point. The low viscosity of
Ni alloys makes them particularly susceptible to oxide
entrapment, which is also consistent with the findings of
Xu et al. in their study on maraging steel, in which oxides
were also found to have a strengthening effect on the
matrix when dispersed on the hundred-nanometre scale
[28]. It appears that controlling the oxygen level below
800 ppm during deposition was not sufficient to prevent
oxidisation. In future studies, the level should therefore
be controlled to a lower concentration to prevent oxide
entrapment. Microscopically, in Fig. 18, fracture surfaces
generally exhibited a local stepwise method of fracture
with signs of brittle fracture at RT, and secondary crack-
ing was observed at increased testing temperature where
fracture surfaces were also oxidised.

4.4 High-speed flight application

In reference to the introduction of this paper, the intended
application of this research is in understanding the high-tem-
perature performance of RE41, for highly stressed service in
temperatures of 1000+ K for durations of < 1 h.

In terms of tensile performance, RE41 achieves high
stress values at most tested temperatures. However, toward
the 1000 °C testing temperature, the performance of
RE41 decreases somewhat exponentially, illustrating that

@ Springer

the alloy has a much better performance definitively at
temperatures < 1000 °C.

Elastic modulus is another important factor for high-
speed flight applications, as components need to retain their
shape at service temperatures; a lower deformation during
loading is therefore preferred. However, alloys need to retain
some ductility to avoid the devastating impacts of brittle-
type fractures during service. RE41 showed only a fraction
of the expected elastic modulus from wrought material. The
majority of fractures were brittle in nature; however, with
increasing temperature the fracture mode tends toward more
ductile fractures, with the noted exception of the 760 °C test.

A small amount of intergranular cracking was observed in
both AD and HT materials. It is hoped that a further mechani-
cal process introduced during WAAM deposition will help
to alleviate the cracking issues through the relief of residual
strain induced by the process. This will be the subject of a
future study.

5 Conclusion

1. AD WAAM RE41 achieves 58.8% of the maximum
wrought performance. Heat-treating results in a perfor-
mance increase to 61.4% and in the alloy being 37%
harder than the minimum wrought values.

2. When tested at 760 °C, the performance of AD precipi-
tation-strengthened alloys increases to meet the perfor-
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Fig. 18 Fractography of AD material tested at RT (top) and 760 °C (bottom). Images show stepwise fracture surface. Image B shows beach

mance of pre-HT specimens, indicating an in-test aging
process.

Subjecting RE41 to the standard heat treatment post-
deposition causes the hardness to increase above the
minimum wrought values, which is likely due to the
formation of potential tcp phases during heat treatment,
as a result of the segregation of heavier elements during
deposition.

Performance and elastic modulus reduce at a 1000 °C
testing temperature, potentially due to the dissolution
of carbides and presence of undesirable oxide phases at
the grain boundaries.

The formation of carbide networks and potential inter-
metallic phases at the grain boundaries are responsible

marks on step surface. Image C shows secondary cracks and D the oxidisation on the fracture surface

for intergranular cracking observed in both AD and HT
material.

A solutionising temperature of 1065 °C is not sufficient
to dissolve undesirable potential tcp phases in WAAM
built RE41.

There is a small dilution of the IN718 substrate into the
REA41 deposition. This could vary depending upon the
deposition parameters and should be accounted for when
building dissimilar AM/substrate structures.

WAAM built RE41 requires additional investigation to
increase performance to wrought values and to make the
WAAM built material suited to high-speed flight appli-
cations.
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