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Wire arc additive manufacturing (WAAM) is suitable for near-net-shaped manufacturing of large-scale compo-
nents due to compelling factors such as high deposition rates and low feedstock costs. These factors notwith-
standing, an understanding of the process-structure-property relations is necessary for the industrial use of this
manufacturing process. However, the thermal cycles and heat accumulation in the WAAM process can result in
different microstructural transformations. These complexities make it non-trivial to establish the process-
structure-property relations. Hence, the objective of this work is to understand the various aspects of micro-
structure evolution in an as-fabricated material. A suite of characterization techniques, including optical mi-
croscopy, scanning electron microscopy, and electron backscatter diffraction were utilized to characterize a wire
arc additively manufactured maraging steel 250 thin wall. The characterization findings show grain refinement
and variation in precipitation categories and volumetric fraction as a function of the height of the thin wall.
These variations are then qualitatively related to the thermal conditions during fabrication. Overall, findings
from this work shed light on the impact of thermal cycles and heat accumulation on the microstructure evolution

in as-fabricated maraging steel 250.

1. Introduction

Wire arc additive manufacturing (WAAM), with its high deposition
rate and low feedstock costs, is an attractive option as it allows fabri-
cation of large three-dimensional (3D) parts within shorter lead times
and at a lower cost [1,2]. However, high energy input (on the order of
1000 W) and low travel speeds (on the order of 10 mm/s) results in heat
accumulation in the part with limited heat dissipation paths, thus
increasing the difficulty in fabricating components with a uniform
microstructure. For instance, heat accumulation was reported in prior
works as well [3-6]. In addition, the repeated thermal cycles and
spatially distributed temperature field in the heating and cooling con-
ditions only add to the complexity of predicting the microstructure
evolution in a wire arc additively manufactured part [7-13] Thus, the
mechanical properties of fusion-based additively manufactured parts are
dependent on the microstructure evolution during solidification
[14-16]. Also, the thermal cycles and heat accumulation ages and
tempers the material in-situ during the deposition process impacting the
mechanical properties of the as-fabricated part [17,18].

* Corresponding author.
E-mail address: snarra@andrew.cmu.edu (S.P. Narra).

Maraging steel is one of the martensitic steels with an ultra-high
strength of up to 2.8 GPa [19] and a relatively good fracture tough-
ness achieved via age hardening and the formation of retained austenite
(RA) [20]. It has been widely used as a critical structural material in
aerospace and military applications [21,22]. Compared to other
martensitic steels, maraging steels with low-carbon concentration gain
strength from the dislocation accumulation at the submicron-scaled lath
martensitic structure [23,24]. In addition, the main strength contributor
of maraging steel is their well-dispersed fine intermetallic compounds
such as NigMo, Ni3Ti, and FeoMo, which precipitate from the supersat-
urated iron-nickel lattice and grow during aging heat treatment [25,26].
Similar observations were reported in additively manufactured marag-
ing steel for both laser based methods and wire arc methods [27,28].

Prior literature on additively manufactured maraging steel features
utilization of both laser powder bed fusion (L-PBF) additive
manufacturing (AM) and WAAM processes. However, it is heavily
skewed towards L-PBF process, with information on process optimiza-
tion [29-32], microstructure evolution [27,33-36], and post heat
treatment [37,38]. Limited information is available on maraging steel
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Torch travel
direction

Fig. 1. (a) ABB six-axis robot arm, a Fronius wire feeder, and welding torch in the CMT- WAAM system used in this work; (b) Photograph showing the deposition of
thin wall on the start plate; (c) Schematic of snake-like deposition strategy used in the thin wall sample of interest in this work, Z direction marks the deposition
direction; Photographs showing the (d) front view; and (e) longitudinal section view of the as-deposited thin wall, examples of overflow defects are highlighted in red
boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fabricated using the WAAM process [28,39-42]. Due to the relatively
high input power (on the order of kW) and lower travel velocity (typi-
cally on the order of 10 mm/s), high heat accumulation is observed
promoting solid-state transformations during layer-by-layer deposition
[6,43], high heat accumulation promotes solid-state transformations
during layer-by-layer deposition [4,18]. It has been reported that the
hardness of maraging steel thin wall fabricated using WAAM, increased
by 20% from top to bottom region which is attributed to the aging effect
due to heat accumulation during deposition [28]. Hence, this heat
accumulation can count as an in-situ heat treatment step. In addition,
strong partitioning was observed for major alloy element such as Ni, Mo,
and Ti in the as deposited parts [27,30]. This could be due to the high
cooling rates (on the order of 10*K/s) during deposition [41]. Moreover,
the micro-segregated elements stabilize the retained austenite [42] by
increasing the martensite start temperature (M) [44]. Thus, a fine
retained austenite (RA) phase emerges in between dendritic arms, which
lowers the hardness but enhances the overall toughness and ductility of
the material [45,46].

In view of the complexity of the microstructural evolution of mar-
aging steels, there is no existing work to decouple the possible
strengthening (in-situ aging and grain refinement) mechanisms in the
WAAM process and their effects on mechanical properties. To address
this gap, this work performed a comprehensive characterization of an as-
fabricated maraging steel 250 thin wall deposited using cold-metal
transfer (CMT)-based WAAM process. The results provide insights into
the variation of hardness, grain refinement, precipitation, and presence
of tempered martensite as a function of the height of the thin wall. These
variations are then qualitatively related to the thermal conditions during
fabrication.

2. Experimental procedures
2.1. Wire arc additive manufacturing

A cold metal transfer (CMT) WAAM system was used for the fabri-
cation task in the current work. As shown in Fig. 1(a) and (b) this system

consists of a CMT torch (Fronius, VR7000) mounted to the end of a six-
axis ABB industrial robot arm, an external wire feeder from Fronius, and

Table 1
Nominal composition of the wire and the start plate.

Element Wire (TURBALOY 250%) Start plate (annealed maraging 250 **)
Composition + Composition +
(Wt%) (Wt%) (Wt%) (wt%)

Ni 18.0 1.00 18.50 0.50

Co 8.0 0.50 7.50 0.50

Mo 4.9 0.30 4.80 0.20

Ti 0.40 0.10 0.4 0.10

Al 0.10 0.05 0.1 0.05

C <0.03 - <0.03 -

(0] - 0.0025 - -

From data sheet provided by *United States Welding Corporation and **Service
Steel Aerospace.

Table 2

Thin wall deposition parameters.
Parameter Magnitude
Wire feed speed (WFS) 120.65 mm/s
Torch travel speed (TS) 8.47 mm/s
Arc voltage 15.6 V
Arc current 200 A
Torch angle 90°
Contact-tip-to-work distance (CTWD) 12 mm

a vise to clamp the build plate, also known as a start plate, in AM pro-
cesses. The feedstock wire is a Turbaloy 250, sold by the United States
Welding Corporation. This wire has a diameter of 1.2 mm and was
cleaned with acetone prior to part deposition. The start plate is a 4.2 cm
thick annealed maraging steel 250 substrate with dimensions of 64 cm in
length and 11 cm in width and it was clamped by a vise to the worktable.
Table 1 shows the nominal composition of the wire and the start plate.
The CMT torch follows a pre-programmed scanning strategy, shown in
Fig. 1(c). Microhardness measurements and microstructure character-
ization were performed on the as-fabricated thin wall.

The thin wall under consideration is 160 mm in length, 5 mm in
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Fig. 2. (a) Illustration of the indent positions on the longitudinal section of the wall and its corresponding hardness map. The build direction is along the Z-axis; (b)
Plot showing a three-stage increase in hardness as a function of the distance from the top surface of the thin wall. The Y error bars are one standard deviation from the

mean value.

width, and consisted of 21 layers, resulting in a height of 46 mm. Table 2
lists the deposition parameters. To minimize heat accumulation, the
interlayer dwell time was set to 120 s. The contact-tip-to-work distance
(CTWD) was initially set to 12 mm with a 10 mm wire stick-out length.
In this WAAM system, the wire stick-out length changes according to the
surface topography of the previously deposited weld track to maintain a
constant voltage. This changes the CTWD during the deposition process.
The shield gas consisted of 16% CO, and 84% argon and the gas pressure
was set to 410 kPa during the deposition process.

2.2. Microstructure characterization and testing

The as-fabricated thin wall was separated from the substrate using a
wire electrical discharge machining (EDM) method. Then, thin strips
were cut at the center of the wall using a precision saw, assuming the
weld track geometry reached a steady state at this location. Further-
more, these strips were divided into smaller portions to facilitate sample
preparation and microstructure characterization. Following the coarse
grinding and fine polishing steps, the samples used for EBSD charac-
terization were polished using a 0.02-pm silica colloidal solution in a
vibratory polisher machine. After polishing, samples were sonicated in
ethanol to remove any remnants. The samples were then etched using
two types of etchants. 17% Nital was used to observe solidification
structure, and a combination of saturated picric acid and 0.2% hydro-
chloric acid were used to dye the RA phase. Metallography and crys-
tallographic texture analysis and microhardness measurements were
conducted to understand the mechanisms governing in-situ micro-
structural transformations during layer-by-layer deposition of a Mar-
aging 250 thin wall.

A metallographic analysis was performed using a Nikon Epiphot 200
inverted metallurgical microscope, a Sensofar S Neox 3D optical pro-
filometer, and a JEOL 7000F scanning electron microscope (SEM)
equipped with both energy-dispersive spectrometry (EDS) and electron
backscatter diffraction (EBSD) pattern detectors. The EDS spectrum was
analyzed with Aztec software and the EBSD data was processed using
MTEX software [47].

The microhardness measurements were performed using a Wilson
VH3300 Vickers-Knoop Hardness Tester equipped with a Vickers Pyra-
mid tip. The manufacturer suggested maximum load of 0.5 kg and a
holding time of 10 s for steel parts with hardness around 300 HV. Indents
were made along the wall height, using the suggested maximum load,
and holding time. As shown in Fig. 2(b), five indents were made at

different heights along the deposition direction to quantify the vari-
ability in hardness measurements by error bars.

3. Results
3.1. Part quality

This section provides a qualitative description of surface roughness
of the thin wall shown in Fig. 1(c). In this work, Layer 1 refers to the
bottom layer and Layer 21 refers to the top layer. From visual inspection,
it is evident that the two edges of the thin wall demonstrate a lower
height than the center region, which can be attributed to the accumu-
lation of start-of-the-track and end-of-the-track defects [48]. Although,
an alternating scan strategy was adopted to minimize these defects, the
two edges still demonstrated lower dimensions, as compared to the
center indicating that the snake-like deposition strategy is not sufficient
to fully compensate the deficiency. In addition, a couple of overflow
defects were also observed. These defects are highlighted using a red box
in Fig. 1(d). It is interesting to note that the overflow defects seem to
occur at transition between the edge and the center region and appear
only in the top layers of the thin wall. This could be due to the heat
accumulation during layer-by-layer fabrication, which in turn, raises the
deposition temperature. The heat accumulation increases the weld pool
size and also results in lower cooling rates, thus promoting the possi-
bility of weld overflow [4,49,50]. Fig. 1(e) shows the cross-section of the
center region of the as-fabricated thin wall. The bottom region of the
part has a better printing accuracy, while the top region is more likely to
show off-center deposition due to instability of the weld pool [51]. In
summary, both weld pool-scale and part-scale phenomena govern the
part quality.

3.2. Microhardness

An average of 23% increase in hardness was observed from the top of
the wall to the bottom, as shown in Fig. 2(a). This increase in hardness
from the top to the bottom of the wall indicates that the layer-by-layer
fabrication-induced microstructural transformations driven by
repeated thermal cycles and heat accumulation that could result in in-
situ strengthening. The deposition of new layers can result in an in-
crease in the temperature of the previous layers due to heat propagation
towards the substrate via conduction. This emulates a transient in-situ
heat treatment that could significantly increase the hardness from
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Fig. 3. (a) Low magnification optical micrograph showing the overall contrast along the wall height resulting from varied microstructure; high magnification
micrograph of the solidification substructure in the (b) top region of the weld bead in Layer 21, (c) center region of the weld bead in Layer 21, and (d) interface
between Layer 20 and Layer 21; (e) Relatively darker contrast in the micrograph taken from the center region of the weld bead microstructure indicating tempering
in Layer 18; Tempered martensite observed in Layer 18, Layer 19, and at the interface (f) near the center region and (g) near the edge region of the weld bead; (h)
Tempered martensite observed near the bead and interface region in Layer 1 and Layer 2.

310 HV to around 330 HV, as shown in Region I in Fig. 2(a). Then, the
variation of hardness becomes less pronounced in Region II. On the
other hand, as the deposition continues, the microhardness further in-
creases up to 360 HV in Region III. This indicates a possible occurrence
of another strengthening mechanism that may contribute to an increase
in the hardness in the bottom region (Region III) of the thin wall. Hence,
it is important to understand the in-situ microstructural transformations
to explain the non-uniform variation in hardness along the wall height,
which is the focus of this work.

3.3. Microstructure characterization

3.3.1. Solidification microstructure

This discussion focuses on the solidification substructure/pattern
formed at solidification and the martensitic structure that can undergo
tempering due to thermal cycles in the layer-by-layer fabrication. Fig. 3
(a) shows a high-level overview of the cross-sectional microstructure of
the as-fabricated maraging 250 steel wall at different layers. Clear
layered structure can be observed. The top layer formed a large round
cross-section which is different from the lower layers, which can be
owing to that the newly deposited layer becomes unstable and at the risk
to overflow from the previous layers due to the heat accumulation. The
relatively darker contrast is due to the lath martensite microstructure
observed in these regions under same etching and imaging conditions.
Fig. 3(b—d) illustrates dendritic solidification bands in Layers 21 and 20,
located in the top region of the thin wall. The microstructure from the
top surface of Layer 21 changes from columnar dendrites in Fig. 3(b) to a
coarse cellular structure in Fig. 3(c), and to a fine cellular structure in

Fig. 3(d), which indicates that the cooling rate was reduced during so-
lidification of the new bead [52]. On the other hand, Fig. 3(e-h) shows
the microstructure in the subsequent layers of the thin wall. This
microstructure represents traditional lath martensitic bands unlike the
solidification structure observed in Layers 20 and 21. It indicates that
the top two layers maintain the microstructure formed at solidification
without any in-situ heat treatment, whereas the martensite in the bot-
tom layers experience tempering due to repeated thermal cycles and the
heat accumulation. Additional observations in Fig. 3(f)-(h) show an
abrupt change in lath martensite band size between two neighboring
layers. This indicates that these remelted regions that originally
comprise the microstructure in Fig. 3(d) undergo tempering as they
transform to their current form. Additionally, the center region and the
edge region of the thin wall identified in Fig. 3(a) consist of different
microstructure at the same height. For instance, Fig. 3(e) illustrates lath
martensitic band structure in the center region of Layer 18, while the
edge region in Fig. 3(g) shows equiaxed dendrites. Considering its
proximity to the remelted region of Layer 19, the originally formed
equiaxed dendritic structure at solidification in Layer 18 could undergo
tempering during the deposition of Layer 19.

To summarize these findings, high magnification optical microscopy
with a focus on the solidification substructure along the wall height
indicates in-situ tempering that occurs during the layer-by-layer fabri-
cation. The lath martensitic structure derives its strength from the
twinning plane and the lath block boundary can effectively pin the
dislocations. However, the tempering process can slightly reduce hard-
ness and increase ductility [53].
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Fig. 4. (a) An example martensite variant map that shows the block and packet structure in the as-fabricated thin wall sample extracted from Layer 21; (b) (100,110)
pole figures showing orientation of the martensite variants. The hollow black circles indicate the average orientation of the parent austenite phase.

Layer 21 (top) Layer 17

Layer 9 d Layer 1 (bottom)

Fig. 5. (a—d) Inverse pole figures of samples extracted from Layers 21 (top), 17, 9, and 1(bottom) qualitatively, showing blocks oriented at approximately + 45° with
the deposition direction; (e-h) Martensite variant maps of samples extracted from Layers 21, 17, 9, and 1 that correspond to the (100) pole figures in (i-1); (i-1) (100)
pole figures showing a comparison between the observed martensite variant orientations and theoretical orientations shown by hollow black circles. The theoretical

orientations are derived using the K-S relation with the average orientation of the RA grains as the orientation of parent phase.

3.3.2. Prior austenite grain structure

The austenite phase undergoes diffusionless phase transformation as
the material cools to the My temperature, resulting in the formation of
lath martensite. Within a PAG, the martensitic phase shows a hierar-
chical sub-grain structure that consists of packets, blocks, and laths
[23,24]. Fig. 4(a) shows example hierarchical structure from the EBSD
data analyzed in this work illustrating packets and blocks, while laths
are a fundamental crystallographic unit of martensite phase and require
a sub-micron scale resolution. As a result, laths are not distinguishable in
Fig. 4(a).

Each set of these martensite orientations follow the Kurdjumov-
Sachs (K-S) orientation relation [54] to describe the 24 unique

crystallographic lath variants that can develop from a single parent
austenite grain. These laths align parallel to each other to form blocks
that consist of a pair of different variants. The parallel blocks that have a
common habit plane from the orientation of the parent phase arranges as
packets. It is reasonable to state that the lath martensite in Fig. 4(a) is
transformed from two PAGs with an orientation difference of around
30°, since the (100) and (110) pole figures in Fig. 4(b) indicate two
parent-child orientation relations that are offset from each other.
Further analysis of the EBSD data collected from different wall
heights show micron-scaled martensite blocks oriented at around 45°
with the build direction; see Fig. 5(a)-(d). The texture of these
martensite blocks qualitatively indicate that the orientation of their
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d Layer 1 (bottom)

c Layer 9

i

Fig. 6. PAG reconstructions illustrating the packet boundaries (white lines) and the PAG boundaries (red lines) in samples extracted from (a) Layer 21, (b) Layer 17,
(c) Layer 9, and (d) Layer 1. The dispersed red regions within a PAG and along the block boundaries represent the nuclei of the reverted austenite. The (100) pole
figures show a clear match between the observed martensite variant orientations (shown as blue circles) in a single PAG, and theoretical orientations (shown as
hollow yellow circles) derived using the K-S relation and the orientation of the reconstructed parent phase (shown as red circles). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

parent grains aligns with the build direction. Furthermore, the orien-
tation of the prior austenite grains along the build direction could be due
to the conduction-based heat transfer towards the substrate during the
layer-by-layer fabrication process.

A qualitative description of the transformed microstructure is pro-
vided as a background to the quantitative analysis discussed in the
following section. Fig. 5(e)-(h) shows martensite variants that corre-
sponds to Fig. 5(a)-(c) after performing block coarsening by 3 pm and
variant classification using optimized K-S orientation relation by aver-
aging the orientations of the RA grains as parent phase's orientation.
Fig. 5(i-1) shows the pole figures of the martensite blocks along the (100)
direction. In Layer 21, the martensite variants follow the prediction of K-
S relation indicating that all the martensite is transformed from one PAG
and any RA in Layer 21 is directly inherent from the parent phase. On
the other hand, in Layer 17, two sets of martensite parent-child orien-
tation relations appear, and the theoretical K-S relation does not fit them
accurately. This disagreement indicates that two PAGs emerge in Layer
17, and that the RA is no longer a remnant of the austenite formed
during solidification, but rather is reverted from the martensite phase
during the thermal cycles. Further, Fig. 5(k) indicates a similar trend
occurs in Layer 9 as well. Finally, in the bottom layer, the variants re-
lations become undistinguishable, which indicates that many finer PAGs
may emerge in this layer.

Further characterization of the transformation of PAGs provides in-
formation on the mechanisms governing martensitic microstructure
evolution and reverted austenite formation. The procedure for PAG
reconstruction from the orientation of the child martensite variants
comprises block boundary pair identification, misfit calculation with
parent-child orientation relations, classification of the misfit distribution

to form packets, and combining packets that belong to one PAG [55].
The misorientations of the block boundary were identified and then
compared with the parent-child orientation relations determined from
the theoretical K-S relation optimized via Tuomo Nyyssonen's iteration
method [56]. The packets are reconstructed by classification of the
misfit between the misorientations of the block boundary and optimized
K-S relations. Finally, merging packets with similar parent orientations
gives the reconstructed PAGs.

Fig. 6(a)-(d) shows the packet boundaries and PAG boundaries at
various locations in the wall. The resulting pole figures from the analysis
show a good match for all parent-child phases. In Layer 21, all
martensite blocks belong to one PAG, which agrees with Fig. 6(a). After
four additional thermal cycles, the PAGs refine into two grains with
similar orientation in Layer 17. In addition, an austenite phase (shown
as red dots in Fig. 6(b)) is observed along the block boundaries and
dispersed within a PAG. Further, reconstruction in Layer 9 shows two
PAGs with different orientations. Notably, more nuclei are present in
Fig. 6(c). Finally, in the bottom layer, in addition to the two PAGs with
different orientations, the austenite nuclei start to coarsen, which ex-
plains the disarrayed pole shown in Fig. 5(1).

In summary, Fig. 6(a—d) demonstrates the PAG refinement that oc-
curs during the layer-by-layer fabrication of the thin wall. The PAG
refinement can lead to block size refinement [57]. This results in an
increase in high-angle boundaries in martensite microstructure, which
act as effective barriers to dislocation movement during the deformation
of lath martensite and affect the strength and ductility of the material as
per the Hall-Petch relationship [58,59]. Moreover, changes in disloca-
tion density and carbon distribution (in solution or forming carbides)
through the microstructure may occur because of PAG reduction by
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Fig. 7. (a) lllustration of the martensite blocks; (b) Histogram showing the variation in the quantity and size of the martensite blocks as a function of layer number in
the thin wall; (¢) Summary of the block size measurements from samples extracted from different layers. The Y error bars are one standard deviation from the

mean value.

thermal cycling, which increases measured hardness [60].

3.3.3. Martensite block structure

To facilitate martensite block identification, the clean-up steps
comprise eliminating precipitation phases, grain coarsening (area larger
than 6 pm?), and identifying block boundaries (misorientation that ex-
ceeds 3°). Fig. 7(a) demonstrates martensite block boundaries and Fig. 7
(b) shows the martensite block size distribution at various locations
along the wall height. From Layer 21 (top layer) to Layer 1 (bottom
layer), more fine martensite blocks emerge. This observation corre-
sponds to the nucleation process that occurs during PAG refinement. As
shown in Fig. 7(c), the average size of the blocks reduces from 168 pm to
80 pm within the first 4 thermal cycles and then reaches a steady state,
where the size reduction is at a lower rate from Layer 17 to Layer 1. The
resulting increase in strength can be estimated using the Hall-Petch
relationship shown in Eq. 1

o, =k/\D e

where, oy is the strength gain by the Hall-Petch effect and k is the
microstructure-dependent constant. The strength will increase by 30%
as the block size is reduced by 53% from Layer 21 to Layer 17, which is
more pronounced than the hardness increase observed in Region I in
Fig. 2(b). The counteracting softening effects from tempering (Section
3.3.1) could possibly explain this disagreement between the expected
increase in strength and the measured values. On the other hand, from
Layer 9 to Layer 1, the average block size was reduced by around 10%,
which corresponds to around a 5% improvement in strength. However,
the hardness increases from around 330 HV to 360 HV in Region III in
Fig. 2(a) and indicates the presence of an additional strengthening

mechanism, which is discussed next.

3.3.4. Precipitation

Maraging steels gain ultra-high strength following traditional heat
treatment methods, such as quenching and aging, commonly at
400°C-500°C for 2-6 h [61]. Higher temperature and different aging
time ranges have been tested in precipitation kinetics research and
widely employed [25,26,62]. The solutionized and quenched maraging
steels will also show a hardness enhancement by 10% after aging at
200°C for only 30 s [62]. This temperature and time range match with
the temperature elevation in parts due to thermal cycles or heat accu-
mulation in AM. Furthermore, precipitates were also observed in the as-
fabricated components in AM [27,28]. Fig. 8 provides an overview of the
precipitation microstructure of the thin wall characterized in this work.

EBSD phase mapping was employed to identify the various pre-
cipitates by gridding up a 25 pm by 30 pm area with a step size of 50 nm.
At each grid, the Kikuchi diffraction maps were measured and compared
with predefined theoretical direction pattern for phase identification. To
quantify the variability, four such probe windows were selected for the
same layer height, sampling 1 million grids for that layer providing a
qualitative trend in volumetric fraction change in different precipitation
phases. The predefined precipitation phases were considered as Ni3Ti, p-
NigMo, p-Fey;Mog, A-FesMo, c-FeMo, and R-FesMoy reported in the
literature [25-28,62,63]. Fig. 8(a) illustrates the EBSD phase mapping
results and Fig. 8(b) shows the relative composition change for different
precipitation phases. In these figures, Layer 21 has a higher percentage
of p-NigMo precipitates on the order of microns and the p-NigMo per-
centage lowers towards the bottom region of the wall indicating that this
phase is not thermally stable during the layer-by-layer fabrication. The
contribution of micron-scale precipitates to the strength of the material
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Fig. 8. (a) Qualitative demonstration of the phase distribution at different layers in the thin wall; (b) Quantitative variation in the precipitates as a function of layer
number in the as-fabricated maraging steel 250 thin-wall; (c) Total amount of precipitates without considering NizMo. The Y error bars in this figure are one standard

deviation on the mean value.

is less compared to the contribution of well-dispersed, nano-scale pre-
cipitations. Like the p-NizMo, the amount of A-Fe;Mo and 6-FeMo lowers
from the top layer to the bottom layer of the thin wall. On the other
hand, the percentage of NisTi and p-Fe;Mog precipitates increase during
the layer-by-layer fabrication process. Fig. 8(c) details the amount of
total nano-scaled precipitates at different locations. From Layer 21 to
Layer 17, the amounts of A-FeaMo, R-FesMo,, and 6-FeMo reduce, yet
NisTi and p-FeyMog increase. Consequently, the total amount increased
from 0.68 to 0.77 (~13%) between Layer 21 and Layer 17, which cor-
responds to the hardness increase in Region I in Fig. 2(a). The compo-
sition of each precipitation phase and the total amount of precipitates
remain the same between Layer 17 and Layer 9, which corresponds to
the steady state in Region II. Finally, because of the further increase in
Ni3Ti and p-Fe;Mog, the total precipitation amount increased by 36%, as
compared to the top layer. This increase agrees with the strengthening in
Region III in the hardness map. A comparison of Figs. 2(a) and 8(c)
shows agreement between the trend in hardness increase and the pre-
cipitation amount.

The in-situ aging effect can be a result of two heating steps: (i) short-
term aging when NizMo dissolves and NisTi and A precipitations forms
caused by thermal cycles with peak temperature ranges between 790°C
and 330°C for a duration of 25 s per cycle when depositing a subsequent
layer, as described in full detail in Section 4.2.1. This heat propagates
downwards along the wall to heat the subsequent layer to an elevated
temperature that can reach as high as the solutionizing temperature
(around 1500°C); however, this cyclic heat decays quickly as it propa-
gates and will only be effective within several layers below the new
layer, and (ii) long-term aging caused by the raised temperature (up to
330°C) in the workpiece due to heat accumulation during the deposition
process. It is reasonable to summarize that the short-term aging con-
tributes to the increase in precipitation in Layer 21 to Layer 17 and the

hardening observed in Region I, whereas the diffusion-controlled pre-
cipitation mechanism during the long-term aging explains the steady
state Region II and significant increase in hardness in Region III.

4. Discussion

4.1. Thermal cycles and temperature buildup in wire arc additive
manufacturing

During the thin wall fabrication, the power input, depending on the
arc efficiency, arc voltage, and deposition current, is around 3 kW. This
energy melts the substrate and the wire, forming a weld pool and molten
droplet respectively. The molten pool and the droplet solidify as the
energy mainly conducts from the molten region to the previously
deposited layers [64]. For a thin structure, such as the thin wall in the
current work, there is limited path for heat propagation and can result in
temperature build up. The layer temperature tolerance is determined by
the properties of the materials and the deposition parameters such as arc
length and power density [8,65]. The introduction of idle times between
the deposition of subsequent layers allows the as-fabricated part to be air
cooled [50]. On the other hand, the thermal cycles can span the tem-
perature range covering an A temperature of 650°C or higher and the
temperature as low as an Mg temperature of 160°C [8]. The broad shift in
temperature range promotes a rapid transformation between austenite
and martensite phases that leads to unique phenomena, such as PAG
refinement and martensite reversion that can result in nucleation of RA
[57]. In addition, the resulting heat accumulation can increase the
temperature of the substrate and the deposited workpiece significantly.
This means the part temperature is high, which reduces the heat dissi-
pation rate, and hence, reduces the cooling rate in the newly deposited
layer.



Y. Xu et al.

Fig. 9
T =1500°C L -y + TiC
T =790°C MFezMo) precipitation
T =550°C Ni3Ti precipitation
T = 410°C MFey;Mo) + TiC — NigTi + MeC((Fe, M0)sC)
T = 400°C y - MFexMo) + o
T =330°C MFe;Mo) — p(FeyMog)

4.2. Strengthening mechanisms

4.2.1. Precipitation hardening

Maraging steel can be age hardened at temperatures as low as 200°C.
For instance, aging for 15 to 60 s at 480°C to 500°C can enhance the
hardness to 450-525 HV and aging at 200°C for time intervals as low as
30 s can improve hardness by 10% [62]. Understanding this behavior
involves an investigation of thermodynamics and precipitation re-
actions. Fig. 9(a) shows the liquidus projection of an Fe-Ni-Mo system
calculated by Thermo-Calc 2021a with TCFE11 database. The liquidus
temperature and solidus temperature for maraging steel 250 is around
1500°C and 1450°C, respectively. In Fig. 9(a), this temperature range
corresponds to Liquid + y phase at nominal composition. However, the
high cooling rate (up to 10% K/s [41]) of the WAAM process promotes
strong element partitioning during solidification, especially for Mo [66].
At 18 wt% Ni and with Mo partitioning, the solidified phases will fall
into the L + p-NizMo + R-FesMoy + o-FeMo regions between freezing
range of 1450°C and 1500°C. As a result, the liquid in the last stages of
solidification contains a large amount of rejected Mo and it will solidify
to form micron-scale p-NigMo precipitates, as shown in Fig. 8(a) and
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results in a higher initial composition of R-FesMo, and ¢-FeMo in Layer
21. Furthermore, Fig. 9(b) illustrates the isothermal ternary phase dia-
gram of an Fe-Ni-Mo system at 1200°C to which the previously depos-
ited layer can be heated up by the successive layer. The p-NisMo is not
stable in a region with Ni <20 wt%, which indicates that the remnant p-
NigMo post solidification will dissolve during successive thermal cycles
in the lower layers to form c-FeMo, p-Fe;Mog, and y. Note that the
o-FeMo is also a non-stable phase at low temperature and further con-
verts to other phases, thus explaining the reduction in o-FeMo that is
shown in Fig. 8(c).

Fig. 9(c) shows the phase diagram at nominal element composition
of Fe-Ni-Co8-Mo5-Ti0.4-C0.02 system as a function of temperature and
Ni content. Graphite phase was ruled out from calculation considering
the low concentration of carbon. For a nominal Ni content (18.0 wt%),
solutionizing occurs at approximately 790°C. Above this temperature,
only the TiC is present in the matrix. The precipitation temperature of
commonly reported intermetallic phases, such as A-Fe;Mo is 790°C,
NisTi is 550°C, and MgC-(Fe, Mo)eC is 400°C. The A-FeoMo will further
transform to p-Fe;Mog at 330°C. Fig. 9(d) shows the solid-state trans-
formations that occur during equilibrium cooling at the nominal
composition stoichiometry Fe-Ni18-Co8-Mo05-Ti0.4-C0.02. This reaction
sequence provided below explains the changes observed in EBSD at
various locations in Fig. 8, where A-FeoMo reduces while p-Fe;Mog and
Ni3Ti increase during the layer-by-layer deposition process.

4.2.2. Grain refinement
The thermal cycling of maraging steels leads to PAG and martensitic
microstructure (blocks) refinement, which results in an increase of the
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Fig. 9. (a) Ternary liquidus projection of the Fe-Ni-Mo system; (b) Isothermal ternary phase diagram at 1200°C of the Fe-Ni-Mo system; (c) Phase diagram with
varying Ni composition in maraging 250 steel; (d) Phase fraction versus temperature of maraging 250 steel that highlights the solid-state transformations as a

function of temperature.
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density of high misorientation angle boundaries [52]. Fig. 10 illustrates
the mechanisms that govern PAG refinement during thermal cycles.
During the thermal cycling, when the peak temperature exceeds the Ag
temperature, the transformation from martensite to austenite produces a
strong localized shear strain field among grains due to the 3-4% volume
difference between the martensite and austenite crystal structures
[67,68]. This localized shear strain field drives nucleation of new
reverted austenite at the grain boundaries. In the lower region of the thin
wall where the peak temperature of thermal cycles is not high enough to
drive martensite to austenite transformation, the nucleation process
ceases. However, the accumulated heat could promote the grain growth
and, hence, PAG refinement. In the current work, the nucleation of the
austenite phase and the growth of the nuclei was observed throughout
the sub-layers. The resulting reduction in block size was found to be
continuous throughout the deposition and to be more pronounced in the
top region.

5. Conclusions

In the present work, a 21-layer maraging steel 250 thin wall was
fabricated using a cold metal transfer-based wire arc additive
manufacturing process. Overflow defects were identified in the top re-
gion of the thin wall. The hardness map of the as-fabricated thin wall
component showed a three-stage hardening process: i) in Region I, the
hardness increased by 10% from Layer 21 to Layer 17; ii) in Region II,
the hardness remained consistent from Layer 17 to Layer 9; and iii) in
Region III, the hardness increased further by 13% from Layer 9 to Layer
1. Overall, an average of 23% increase in hardness was observed along
the height of the wall.

In Region I, the nucleation of the prior austenite and the martensite
block size refinement was observed, which indicates that the peak
temperature is higher than the A; temperature. Meanwhile, the micron-
scale NigMo precipitates that formed during solidification due to strong

10

Mo partitioning started to dissolve into finer A-FeoMo and NisTi pre-
cipitations in this region, which indicates short-time in-situ aging effect
in this region. In Region II, the thin wall was held at an elevated tem-
perature due to heat accumulation and the accumulated heat allows the
martensitic structure to be further tempered, which softened the
component. These softening effects were countered by the long-time in-
situ aging, which resulted in the formation and growth of p-Fe;Mog and
NigTi precipitates. The hardness continues to increase further in Region
I11. This is an indication of long-time aging caused by the accumulated
heat outweighing the softening mechanisms.

In summary, the thermal cycles and heat accumulation during the
layer-by-layer deposition process can result in both strengthening and
softening of the as fabricated maraging 250 steel. Strengthening results
from PAGs/blocks refinement and/or precipitation hardening. On the
other hand, martensite tempering results in softening. These competing
in-situ strengthening and softening mechanisms could have caused the
three-stage hardening observed in the thin wall studied in this work.
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