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Abstract

Stellite 6 is a cobalt-based superalloy which has a good wear and corrosion resistance and retains these properties at high
temperatures. In this study, wire and arc additive manufacturing (WAAM based on the GMAW) was employed to deposit
Stellite 6 wire on low alloy high strength steel (S355) and stainless steel (AISI 420) plates. One of the main interests of this
study is to produce WAAM Stellite 6 deposits with quality comparable with laser deposition. The advantages of the WAAM
process include the high deposition rate, high productivity, high material usage, and energy efficiency with low cost. However,
superalloy deposition generally requires maintaining a low dilution level to avoid jeopardizing the integrity of the deposit. As a
result, it is important to manage the excess heat input during the WAAM deposition process through a parametric optimization of
WAAM deposition of Stellite 6 on S355 steel substrates. In this study, a WAAM process window is established to guide the
process optimization. The optimization method used in this study has been applied in our previous laser cladding work. The
generated process window also shows some correlations among the heat input, bead geometry, and dilution. The effects of heat
input on the resulting microstructure, elemental distribution, and hardness were discussed. Dilution, microstructure, and hardness
were considered for comparison from previous studies of laser cladding deposits. In addition, the obtained optimal conditions
were adapted to apply WAAM deposition of Stellite 6 layers on AISI 420 stainless steel substrates. The XRD result shows that
WAAM deposits contain Co-Cr-Fe solid solution (FCC), Cr,C; and Cr3C, carbides, and Co,W,C intermetallic compound. The
results obtained through this study lay a foundation for future research on the wear properties of WAAM Stellite 6 deposits. This
can contribute to further development of automated deposition of Stellite 6 using WAAM process for industrial applications.
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1 Introduction corrosion, and wear resistance [2]. It was reported that different

fractions of FCC and HCP crystal structures exist in Stellite 6

Stellite 6 alloy is commonly used as a hardfacing alloy, which
was developed in the early 1900s by Elwood Haynes [1]. Itis a
Co-based (Co-Cr-W-C) alloy with high hardness, good
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casting alloy. Pure cobalt has a hexagonal close-packed (HCP)
crystal structure. The typical microstructure of the Stellite 6
alloy consists of x-Co (Co-rich matrix) dendrites with a face-
centered cubic (FCC) crystal structure surrounded by a lamellar
mixture of the Cr-rich phase and carbide phase resulting from
the eutectic reaction into interdendritic phases during solidifi-
cation [3]. Due to the addition of different elements in Stellite 6,
the crystal structure (FCC or HCP) is affected. Specifically, the
elements Ni, Fe, Mn, and C act as stabilizing elements of FCC
structure, while W, Cr, Si, and Mo act as stabilizing elements of
HCP structure [4].

In addition to the effects on crystal structure by the added
elements, they contribute to the mechanical and physical prop-
erties of the Stellite 6. The presence of C decreases the solid-
ification temperature and increases the solidification range
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according to the Co-C binary phase diagram [4]. Two main
types of carbides can form as Cr-rich carbides (Cr;C,, Cr;Cs,
and Cry3Cg) and refractory element-rich carbides (M¢C and
MC) [5]. The presence of Cr provides oxidation and corrosion
resistance. On one hand, Cr provides solute strengthening to
the matrix. On the other hand, it also promotes the formation
of Cr;C;5 and Cr,3Cq carbides to improve the hardness of the
deposits. The addition of Mo influences the solidification be-
havior of cobalt-based alloys. This element has a dual function
in the cobalt-based alloys. From the aspect of solid solution
strengthening (below 8 wt.%), Kuzucu et al. [6] reported that
the structure of Cr-rich carbide changes from M,C3 to M»3Cyq
and its morphology from lamellar to granular shape in
interdendritic regions with the addition of 6 wt.% Mo in
Stellite 6 alloy. It can also form hard intermetallic compounds
(such as Laves phases) with Co and other elements when its
concentration is high (up to 28 wt.%) [7]. Tungsten W in
Stellite 6 alloy normally contributes to the strength via precip-
itation hardening by forming WC carbide and intermetallic
phases such as Co3(W). The difference is that the Cr mainly
provides resistance to corrosion and oxidation, while Mo and
W improve wear properties.

Stellite 6 as a hardfacing material has been well studied and
reported. It can provide sufficient hardness (380—490 HV) for
wear and corrosion resistance, which has been applied in
many harsh working environments [8—12]. As a valuable su-
peralloy, Stellite 6 is normally deposited on the surface of
large steel components to improve the surface performance
through laser powder deposition [13]. Robotic laser deposi-
tion offers many attractive advantages including localized rap-
id heating and cooling, less distortion, excellent metallurgical
bonding with minimum dilution (mixing) [14], and high level
of automation [15]. Laser deposition of Stellite 6 has been
studied by academics [16] and applied in the industrial appli-
cations [17]. The rapid cooling during laser deposition results
in finer grain with hard phases, leading to a high hardness
above 600 HV [18] and a low dilution level to ensure the
integrity of the deposits. However, such high hardness will
also increase the cracking tendency [19]. In addition, laser
deposition is a high-cost process when compared with other
arc-based deposition methods [20]. Therefore, a more eco-
nomically viable processing method such as wire and arc ad-
ditive manufacturing (WAAM) can be considered as alterna-
tives on industrial scale as it offers low cost in investment and
feedstock, high deposition rate, high material utilization effi-
ciency, and high level of automation. In recent years, WAAM
has been more and more successfully employed on various
metallic materials for different applications such as nickel al-
loy [21], stainless steel [22], and Stellite 6 [23].

WAAM is an economic and efficient direct energy deposi-
tion (DED) method [24], which is a combination of an electric
arc as a heat source and a consumable wire as feedstock.
Either a 3D object or a 2D surface can be additively deposited.
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Additionally, WAAM has been studied for applications in
aerospace [25], automotive [26], marine [27], and construc-
tion sectors [28—30], due to its advantages over other powder-
based direct energy deposition (DED) techniques [31].
However, not all arc heat sources of WAAM are suitable for
industrial robotic production [32], depending on not only low
costs but also product quality, materials, and high production
rate [33]. For instance, gas tungsten arc welding (GTAW) is
limited by its automation level, slower welding speed, and low
deposition rate in the case of processing steel alloy [34, 35].
The plasma arc welding (PAW) requires high investments in
equipment, has relatively low-energy efficiency, and needs
highly skilled and specialized operators [36]. The bulky de-
sign of the welding torch also limits the movement freedom if
mounted on a robotic arm [37]. Furthermore, laser welding or
cladding, GTAW, and PAW normally require an independent
feedstock unit. There are challenges in the synchronization
between a heat source and feedstock system, which could
affect the precision of the deposition.

Based on our previous knowledge of laser cladded Stellite
6 [14] and considering all the aspects mentioned above, the
GMAW-based WAAM process is expected to be able to de-
posit the Stellite 6 on steel substrates with relatively low cost,
high energy, and material efficiency with satisfactory material
properties and has the potential to achieve the high level of
automation for industrial applications. To the best knowledge
of the authors, the sensor-based robot arc welding system in
the past was not well developed [38]; only a limited amount of
literatures have reported the development of an automated
cladding process using WAAM. Therefore, this study mainly
focuses on the fundamental of Stellite 6 deposition on the steel
substrates using the GMAW-based WAAM. To evaluate the
optimization method used, this study will also focus on the
process optimization and analyzing the resulting dilution, mi-
crostructure, elemental distribution, and hardness. These
values are to be used as criteria during the optimization pro-
cess, as proper bead characteristics, and the hardness indicat-
ing the mechanical properties is important to provide naviga-
tion to further achieve high-quality layer deposition. These
research results will lay a strong foundation for automated
WAAM Stellite 6 deposition for future industrial applications.

2 Experimental details
2.1 Materials used

Steel substrate plates used in this study have the size of 250 x
60 x 10 mm® (S355 steel and AISI 420 stainless steel). A
Stellite 6 metal-cored wire (WEARTECH WT-6 GMAW-C
produced by Lincoln Electric) with a diameter of 1.2 mm was
used as the filler wire. The chemical composition of materials
used in this work is listed in Table 1 and Table 2. For
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Table 1 Chemical composition of steel plates (wt.%)

Materials C Si Mn P Cu Fe Cr

S355 steel plate 0.2 055 1.6 0.025 0.55 Bal. /
AISI 420 steel plate <0.15 <0.55 <1.0 <0.04 / Bal. 12-14

comparison, the typical chemical composition of Stellite 6
powder from manufacturer is also listed in Table 2. The
S355 steel was used as a substrate for process optimization
as it is more cost-saving than the AISI 420 steel. The optimal
condition was applied to AISI 420 steel substrates, which is
commonly laser deposited with Stellite 6 against erosion and
wear [39, 40].

2.2 Experimental setup

The schematic of experimental setup is shown in Fig. la.
WAAM experiments were performed using active wire pro-
duction (AWP, MAG welding with Alumaxx as shielding
gas) with the Panasonic TM-1400WG3-AWP 6-axis welding
robot and an additional 2-axis workpiece manipulator (type
YA-1RJC62) integrated by Valk Welding. The schematic
drawing of the deposition tool path is shown in Fig. 1b. The
deposition conditions used are listed in Table 3. Before depo-
sition started, the top surface of the substrate was adjusted to
the flat position and cleaned using acetone ((CH3),CO) solu-
tion to remove all surface contaminants.

2.3 Ramping experiments and bead characteristic

To investigate the effect of different processing parameters on
the characteristics of the deposited Stellite 6, ramping deposi-
tion strategies were adopted in this study. It is a cost-effective
and time-saving approach, which used different processing
parameters on one bead but at different length sections to
avoid redundant experiments. It is also the technique used in
a previous laser powder material deposition study of some of
the authors, where similar processing windows were
established [41]. The ramping experiment is schematically
shown in Fig. 2. The obtained process window will be com-
pared with the laser powder deposition process windows

based on the effective energy input. This will be further
discussed in Section 3.1.

Figure 3 shows a cross section and schematic of a deposited
bead characteristics including width (W,,), height (H,,), melt
depth (d,,), and heat affected zone (HAZ). Figure 3a shows a
schematic and Fig. 3b shows cross section of an actual depos-
ited bead. The bead width over bead height is defined as the
aspect ratio (AR = W, /H,) [42]. The geometrical dilution is
defined as the ratio of melt depth over the sum of the melt
depth and bead height (D, = 100% x d,/(d,, + Hp)). The
elemental dilution is represented by the percentage of Fe con-
tent in “deposited bead” region. The heat penetration depth is
defined as a sum of melt depth + HAZ depth.

2.4 Overlap ratio experiments

In addition, experiments were performed by overlapping
beads through lateral displacement of the robot arm (d,) to
determine the optimal overlap ratio (OR = 100% x (W, —
d,)/Wp). Overlap ratio values were determined based on the
dimension of the bead, which will avoid inter-run porosity
(too small OR) at the weld toe and deep valley (too big OR)
on the surface of laid beads. The overlapping deposition in this
study consisted of seven overlapped beads. The length of each
bead is 200 mm. The deposition process is continuous without
inter-pass cooling after depositing each bead. After the depo-
sition, the deposited layer was naturally air cooled to room
temperature. Samples were cut and prepared according to
standard metallurgical procedure for further analyses.

2.5 Metallurgical analysis and microhardness
measurements

For a better understanding of the material responses to the
WAAM deposition process, the cross section of the as-
deposited Stellite 6 samples were prepared for metallurgical
investigation. Two-step etching procedures were carried out.
A 2% Nital (98% ethanol and 2% HNO5) was used to reveal
the microstructure of the substrate (S355 and AISI 420), and
an Aqua regia (25% HCI and 75% HNOs) solution was used
to reveal the microstructure of the deposited Stellite 6. The
etched cross sections were observed using a KEYENCE
VHX-5000 optical microscope (OM) for weld geometry char-
acterization. To further qualitatively evaluate the resulting

Table 2 Chemical composition of Stellite 6 feedstock (wt.%)

Materials C Si Mn w Cr Fe Mo Ni Co
Stellite 6 metal-cored wire 1.2 0.5 0.8 4.1 28.2 39 0.1 0.3 Bal.
(WEARTECH WT-6 GMAW-C AWS A5.21 ERCCoCr-A)

Stellite 6 powder 12 <2 / 4-5 30 <3 <1 <3 Bal.

((SF)A 5.21 ERCoCr-A)
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Fig. 1 a The experimental setup. (a)
b Schematic drawing of
deposition tool path

Wire discharging

(b)

Deposition
direction

RER

microstructure of WAAM Stellite 6 on the steel substrates, X-
ray diffraction (XRD) analyses were performed. A Bruker D8
Advanced diffractometer with Bragg-Brentano geometry,
equipped with a graphite monochromator and Vantec
position-sensitive detector, was used. Samples were scanned
using Co Ka radiation (45 kV 35 mA) with a divergence slit
6A16 V20 and no scatter slit. The coupled 620 scan was
performed using a 20 step size of 0.035 degree, and counting
time per step was 4 s. Similar phases were identified in both

Table 3  The deposition parameters used

Current (/) 180 (A)
Voltage (U) 10.2-29.2 (V)
Wire feed speed (WFS) 0.5-5 (m min ")

Deposition speed (v) 1and 1.5 (m min ")
Contact tip-to-work distance (CTWD) 0.001 (m)

Shielding gas flow rate (30% 18 (L min ")

He + 70% Ar)
Polarity Direct current, reversed polarity
Stick out length 0.015 (m)

@ Springer

Gas regulator

Power source

Wire feed nozzle Heat source

Bead4 ¢
Bead 3
Overlap
direction
Bead 2
Bead 1

cases (Stellite 6 + S355 and Stellite 6 + AISI 420). The ob-
tained X-ray patterns were analyzed using the Bruker software
DiffracSuite. EVA vs 5.0. The JEOL JSM-5600 field emission
scanning electron microscope (FESEM) was used to reveal
the microstructure with a high resolution. The phase charac-
terization and elemental distribution were examined through
energy dispersive spectroscopy (EDS). The hardness of the
cross section was measured using the Struers DuraScan-70
hardness test machine. The Vickers pyramid hardness was
tested using a 0.2 kgf and a loading time of 15 s.

3 Results and discussion

In the direct energy deposition (DED) process, it is essential to
understand how the material responds to the supplied energy.
The measured responses in our case were the bead geometry,
dilution, microstructure, elemental distribution, and hardness,
which can help to determine the optimal deposition conditions
[43, 44]. The effect of different heat input levels (combina-
tions of different deposition parameters) on the bead charac-
teristic was evaluated through the ramping tests.
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Fig. 2 Schematic of ramping . Deposition direction .
deposition Start point > End point
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3.1 The bead geometry and process window

Figure 4 shows the Stellite 6 bead deposited at various process
conditions using the ramping approach. The discontinuous
and unstable beads, due to the low heat input, are marked with
a yellow dashed line. As the heat input increases, it is easier to
deposit continuous bead as the energy is sufficient to melt the
electrode filler metal and encourage the spreading of the melt
due to the reduced surface tension. The continuously deposit-
ed beads are marked with the blue dashed line in Fig. 4.
Narrow bead shape leads to a small aspect ratio. More energy
is needed to obtain a better bead shape, which will be suitable
for overlapped deposition used for 3D printing/additive
manufacturing. The further increasing heat input helps melt
pool spreading, resulting in wider bead and hence a larger
aspect ratio. Samples shown in Fig. 4 were subsequently cut,
and cross sections were prepared for further analyses.

A process window is generated based on the cross sections
obtained from Fig. 4 as shown in Fig. 5. The minimum heat
input during WAAM depositing of Stellite 6 was found to be
around 55 J mm ™" in this study. To a certain degree, this
finding can be regarded as a basic reference for the future
parameters optimization of depositing Stellite 6 on steel sub-
strates. The aspect ratio varies from 2.25 to 4.02 at different
heat input levels. Dilution can be achieved below 5% to reach
the level with laser deposition [45]. As the heat input in-
creased, both aspect ratio and dilution increased. However,

\ 4

Bead length

excessive heat input can lead to an excessive dilution [46]
and jeopardize the integrity of the deposited material, which
often reflects on the hardness value. Therefore, bead geome-
try, dilution, and hardness need to be considered during para-
metric optimization, where the lower dilution will have a min-
imum influence on the deposited material properties. A larger
aspect ratio [47] will be preferable for overlapped deposition.

Schneider [48] has reported that 15% of the dilution for
laser depositing Stellite 6 on steel substrate is necessary to
be effective in achieving clad layers with good hardness and
bonding. It was also reported that the hardness can reduce to
around 500 HV, [14] when the dilution is above 28% during
laser cladding. According to the data shown in Fig. 5, to en-
sure the material properties with good bead geometry, the
aspect ratio is appreciate to be larger than 3, and the dilution
level can be kept between 10 and 20%, which can be used as
primary criteria for the process optimization in this study.
Therefore, the conditions A, B, C, D, and E (in Table 4) are
identified as candidates for further study in the overlapped
deposition experiments. Comparing results from these condi-
tions with our previous results of laser cladding [41], similar
graphs Fig. 6a and b can be plotted using the supplied laser
energy and arc energy.

It is interesting to notice in Fig. 6a and b that the material
has similar responses to the supplied energy as both the heat
penetration depth and aspect ratio of the deposits increase with
the increased energy in general. Specifically, the trend of

a
Bead width
I —— :_]. P ——
I'l Bead
Deposited bead ' height
Dllutlon zone_ 7 ./ Melt
_____ : ____:::_ — == T N Mepth
Heat affected zone 'P'éﬁéﬁﬁﬁaﬁm-lgusmn line
depth
Substrate

Fig. 3 Stellite cross section: (a) schematic drawing and (b) as deposited Stellite 6
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Fig. 4 The overview of the
ramped WAAM deposits

WFS (m/min)
_10.2

Voltage (V) v (m/min)

== No bonding [ Unqualified _, . w & w =

aspect ratio (blue dashed lines) for laser and WAAM process-
es contains two stages. The steep slope in the early stage
indicates a limited wetting and bonding due to insufficient
energy. When the energy reached a critical limit, the melt
spreads gradually, which is indicated by the gentle slope in
the second stage.

It is well known that the way of powder feeding is different
between co-axial and off-axial laser cladding. In this study,
total effective energy absorbed from laser beam is assumed to
be same for off-axial and co-axial feeding due to no significant
loss. However, compared with co-axial feeding, no powder
cloud formed for off-axial powder feeding, which means the

Flg. 5 The WAAM process 4.5 o ARWFS -5 mimin 748
window for Stellite 6 deposition F —A— AR:WFS - 4 m/min
4.2+ —i=— AR;WFS - 3 m/min 1
! —m— Dilution;WFS - 5 m/min 442
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I 4 36
- 1 S
'..g 3.6 No bonding | 130 °\°
@ " region ~
L. 1 [
g 33 424 9
8 m__..__..__..::_ S ————y 1 '.__'.__'.__'.__'.__'.__'.__'.__'.T_ §
n 30F =
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2.7 + :
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Table 4 The candidate WAAM
process conditions used in this Condition A Condition B Condition C Condition D Condition E
study
Energy input 101 107 115 127 152
(mm™)
Aspect ratio 2.8 3 323 3.51 4.02
Dilution 9.7 13 16.5 18.1 20.8

interaction time between powder particles and laser beam is
small. In this case, more energy is absorbed by the substrate
and lesser by the powder stream compared with the co-axial
feeding. This results in a larger heat penetration depth by
increasing HAZ depth as shown in Fig. 6a. Considering the
energy efficiency of the YAG laser (50% [49]) and consum-
able electrode arc welding (84% [50]), Fig. 6¢ is plotted to
compare the laser and WAAM processes. It shows that the
onset of bead spreading is in the similar energy region be-
tween 80 to 90 J mm ™. Afterward, the aspect ratio shows a
gradual linear increase as the energy input increases. The dif-
ference is that the spreading in WAAM is less than the co-
axial and off-axial laser cladding cases, where powder was
used during laser deposition.

The condition D, as shown in Fig. 5 and Fig. 6, is selected
as it has a relatively large aspect ratio for WAAM process. For
comparison, the conditions A and E were also studied as they
represent different dilution levels. Hence, hardness measure-
ments were performed on the single beads deposited using
conditions A, D, and E on S355 steel substrate. The average
hardness measured was 581 + 15.8 HV,, (condition A, dilu-
tion, 9.7%), 553 £ 10.5 HV » (condition D, dilution, 18.1%),
and 506 + 9.7 HV,, (condition E, dilution, 20.8%). The av-
erage hardness of laser cladded samples measured at dilution
around 15% was 530 = 15 HV,, [13].

The SEM micrographs (Fig. 7a, b, and ¢) are obtained on
the WAAM samples produced using conditions A, D, and E.
They show that the average primary dendrite size increases

(a) (b)
A Offaxial feeding 18.0 = WAAM 418.0
2.00 | — -Aspect atio 2.00 } = ~Aspect ratio
_ ¢ Co-axial feeding 17.5 {175
17.0 47.0
16.5 £ 16.5
1602 © 1602
1558 155 =
508 508
1452 145 &
414.0 14.0
: - 3.5 13.5
Toasp L7 130 130
7’ g
ool des T e
140 160 180 200 220 240 260 280 80 90 100 110 120 130 140 150 160
Laser energy supplied per unit I?n?th (J mm™) Arc energy supplied per unit length (J mm™)
C
181" _:':::, ratio Off-axial aspoc:ra—tio__ - - 17.0
) Bt po les
14t 190
1.2} 1552
o o
§10f A4 ey R ™
Sosl ”,—‘ -4.5§
2 .. ~ “Co-axial aspectratio| 4 o <
© 06} - -
o - -
%04} 3 _ -~ = = ~WAAM aspect ratio 135
ks s -7 13.0
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Fig. 6 a Changes in laser clad aspect ratio (dashed line) and heat penetration depth (solid line) with laser energy [41]. b Changes in WAAM bead aspect
ratio (dashed line) and heat penetration depth (solid line) with arc energy. ¢ Comparing laser and WAAM heat penetration depth and the aspect ratio
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Fig.7 The microstructure under different heat input, (a) condition A, (b) condition D, (¢) condition E, (d) laser clad around 15% geometrical dilution, (e)
higher magnification of the marked region in (d)

with the increased heat input, which is also observed and
reported by other researchers [51, 52]. The size of the primary
solidified dendrites increases with the increased heat input,
indicating that the cooling rate decreased. This can contribute
to a hardness reduction together with the Fe dilution from the
substrate, which has been reported in the literature [53, 54].
SEM micrographs (Fig. 7d and e) of the laser clad with 15%
dilution compares well with WAAM samples produced using
condition D. Carbides formation at both eutectic region and
the primary dendrites is noticed. The formed carbides appear
to be smaller in laser cladded samples, which is maybe due to
the higher cooling rate observed for laser cladding. From the
above-mentioned analysis, it can be concluded that WAAM is
capable to deposit Stellite 6 on steel substrate with satisfactory
material properties, similar to the ones obtained by laser
cladding.

3.2 Microstructure and elemental distribution

With processing condition D, the optical micrographs in Fig. 8
and Fig. 9 show that the similar microstructures are obtained
when WAAM depositing on both S355 and AISI 420 stainless
steels. The observed microstructural variations (Fig. 8(a)—(e)
and Fig. 9a—e) from the fusion line to the top of the beads
(location D to A) are due to the cooling rate differences at
different locations during solidification. The temperature gra-
dient (G) over the moving solidification interface (solid-
liquid) moving velocity is much larger at the fusion line than
in other positions of the melt pool [55]. It is followed by the
cellular (Fig. 8(e)) and columnar grain growth toward the

@ Springer

center of the bead where the primary grain solidifies with a
slower cooling rate. Small equiaxial grains (Fig. 8(b) and Fig.
9b) are observed in edge locations of beads (location A) where
the conduction and convection cooling with ambient room
environment exists. This results in finer grain as its cooling
rate is relatively higher than at the center of the bead. The
observed microstructure similarity suggests that the adopted
process optimization technique can be applied to different
steel substrates.

In general, the observed microstructures in the Stellite 6
deposits belong to a hypo-eutectic structure consisting of
the primary dendritic cobalt solid solution and an eutectic
mixture of Co-Cr solid solution and Cr-rich carbides. The
high-resolution SEM micrographs of WAAM deposited
Stellite 6 are shown in Fig. 9a—d. The lamellar interdendrite
is composed of Co-rich solid solution and eutectic carbides
as indicated in Fig. 9d. The eutectic carbides exist as a net-
work formed inside the interdendrite and mixed with the
Co-rich phase (Fig. 9¢). The dendritic region is expected
to be richer in Co, and the interdendritic region is expected
to be richer in Cr, W, C, and Si elements. Cr, W, C, and Si
elements in the interdendritic regions can contribute to the
formation of hard carbides such as Cr,3Cq and Cr,Cs [5].
However, as pointed out by Houdkov et al. [56], the hard
carbide contributions to wear mechanism is not fully under-
stood in the scientific community. Hence, the wear proper-
ties of the WAAM deposited Stellite 6 needs to be further
investigated separately.

For comparison, Fig. 10(a) is presented as the cross section
of the WAAM deposited Stellite 6 on the AISI 420 steel
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Fig. 8 Cross section of Stellite deposits on the S355 using condition D, (a) overview, (b) top of the bead (location A), (¢) center of the bead (location B),
(d) within the bead close to fusion line (location C), (e) around the fusion line (location D), (f) in the substrate (location E)

substrate using the condition D. From the fusion line to the top
of'the deposit (Fig. 10(b)—(e)), similar microstructure behavior
during solidification is observed as shown in Fig. 8. Hence, it
is expected that similar material properties are to be obtained
when condition D is used to WAAM depositing Stellite 6 on
S355 and AISI 420 steel substrates.

Asreported by Yaetal. [14], the Fe dilution in the Stellite 6
can lead to the hardness reduction. The increase in the Fe
content is suspected to be the reason for the hardness reduction
as Fe promotes Co phase transition from HCP to FCC. The
experimental results obtained by Xu et al. [57] show that a Fe
dilution of 46% reduces the hardness to around 400 HV,». In
our cases, the elemental distribution in the samples produced
with conditions A, D, and E on S355 steel substrate and AISI
420 stainless steel substrate was examined through the line
scanning along the center of the bead from substrate to the
deposit top using energy dispersive spectroscopy (EDS) as
shown in Fig. 11. It shows a relatively uniform elemental

distribution, which indicates that uniform Stellite 6 layer with
overlapping beads can be WAAM deposited.

3.3 WAAM deposition of overlapped beads - single
layer

In practice, a surface is continuously cladded by overlapping
several beads (then called as a clad layer), which can be scaled
up for applications. Hence, several overlap ratio values (30—
60%) were investigated using conditions A, D, and E on both
S355 and AISI 420 substrates. The deposited layers under
different conditions are presented in Fig. 12a—h. Based on
the surface waviness (peak-to-valley distance), dilution level
(geometrical), and considering the elemental distribution, the
42% overlap ratio with condition D on S355 steel (Fig. 12¢
and d) is identified to be optimal, when considering the bal-
ance between waviness and satisfactory dilution. These results
are summarized in Table 4. The surface waviness was
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Fig. 9 SEM micrograph of
WAAM deposited Stellite 6: (a) =
overview of Stellite 6 deposits, X N
(b) primary and secondary ' Dendrite
dendrites, (c¢) lamellar RS IR
interdendrite and dendrite, (d) D o
eutectic carbide, (e) dendrite and
interdendrite morphology at high
resolution

Interdendrite

measured using optical microscope, and minimum/maximum
dilution is calculated using geometrical definition [58].

Therefore, both Stellite 6 single bead and overlapped beads
were deposited on the AISI 420 steel substrates using condi-
tion D. The average hardness of the obtained single bead was
measured to be 547 HV, = 7.4 HV,. The obtained waviness
and dilution were comparable with the results of WAAM de-
posited Stellite 6 on S355 steel substrates (Table 4).

It is interesting to observe from Fig. 12 that with the in-
creased heat input, the surface waviness reduces due to the
ability of the molten metal to provide sufficient energy to
support its flow. With the heat accumulation in the substrate,
the dilution was expected to increase as deposition progresses
and becomes stable eventually when a thermal balance is
reached [59]. However, during WAAM overlapped bead
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deposition, the supplied arc energy is partially used to melt
previously laid layer, resulting in less dilution as shown in Fig.
12b, d, f, and h. It is important that the dilution can be kept at a
satisfactory level (smaller than 28% as mentioned earlier) to
maintain the material properties. The maximum geometrical
dilution (represented by the largest substrate melting by the
bead) and the minimum geometrical dilution (represented by
the smallest substrate melting by the bead) of the layer shown
in Table 5 agree with the single bead data based process win-
dow shown in Fig. 5.

EDS scanning along the transverse cross section of the
WAAM deposited Stellite 6 layer on S355 and AISI 420 steel
substrates was performed, and obtained results are shown in
Fig. 13. Various locations within the layer were examined.
The scanning paths are selected in the transition zone between
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Fig. 10 Cross section of Stellite 6 deposits on the AISI 420 steel substrate using condition D: (a) overview, (b) top of the bead (location A), (c) center of
the bead (location B), (d) within the bead close to fusion line (location C), (¢) around the fusion line (location D), (f) in the substrate (location E)

the adjacent beads so that any variation of the element content
can be checked directly. It can be seen from Fig. 13 that Fe,
Cr, Co, and W elements are distributed fairly uniformly, with
fluctuations of 4.05%, 2.69%, 4.88%, and 5.85%, respective-
ly. This result has a good correlation with the uniform micro-
hardness observed and presented in Fig. 14. The average mea-
sured microhardness of the deposited single bead (dashed line)
is also plotted in Fig. 14a together with the hardness profile of
the deposited overlapped layers produced under different
WAAM conditions. It is noticed that the hardness of over-
lapped layers decreased slightly comparing with single bead
average hardness. The relatively uniform hardness distribution
in the longitudinal direction (Fig. 14b) indicates that the mi-
crostructure under overlapping condition is expected to be
uniform within each deposited beads.

The cumulative heat input introduced by the thermal
cycles can promote the Fe dilution. However, as part of

the arc energy is used to re-melt previously laid bead, this
can lead to a melt depth reduction and a lower dilution.
Eventually, a thermal balance can be reached, which can
maintain the dilution level between 10 and 20%. This in-
dicates that the effect of thermal cycles on elemental dis-
tribution is marginal when WA AM deposition of Stellite 6
on steel substrates is done.

3.4 XRD phase identification of WAAM Stellite 6 on
steel substrates

The XRD results (Fig. 15) show that the FCC structure is
a Co-rich solid solution matrix with elements such as Cr
and Fe dissolved inside. The Cr;C; and Cr;C, were iden-
tified as the carbides present in the deposits. The interme-
tallic compound was identified as CosW,C. The Cry3Cg
carbide was not found in the WAAM deposited Stellite 6
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Fig. 11. Elemental distribution measured using EDS: (a) condition A (Stellite 6 + S355), (b) condition D (Stellite 6 + S355), (¢) condition E (Stellite 6 +
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Fig. 12 The macroscopic appearance and cross section morphology of deposited layer: a, b condition A, S355; ¢, d condition D, S355; e, f condition E,
S355; g, h condition D, AISI 420
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Table 5 Geometry of the single
layers Condition A Condition D Condition E Condition D
(S355) (8355) (8355) (AISI 420)
Energy input 101 127 152 127
(Jmm™)
Surface waviness (pum) 400 = 12 201 £8.7 150+53 278 £7.3
Maximum dilution (%) 12.18 £0.25 18.05£0.36 20.32 £0.44 19.6 £ 0.39
Minimum dilution (%) 7.89+0.16 10.58 £0.21 15.08 £0.3 7.8+0.16
layer in our study. These identified phases may contribute 4 Conclusion
to the final corrosion, wear, and erosion properties of
WAAM deposited Stellite 6, which will be the focus of =~ WAAM deposition of Stellite 6 on the different steel sub-
our future research.

strates was investigated in this study. It is concluded that
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Fig. 13 EDS examination across the transverse cross section of the WAAM deposited Stellite 6 layer which measured across the adjacent overlapped

beads: (a) on S355 steel substrate and (b) on AISI 420 steel substrate
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With the optimized deposition parameters, a spreadable
and continuous weld toe, little oxidation and silicide on the
bead appearance, stable arc and melt droplet transfer during
the process, and a near parabolic bead profile were realized.
Defect-free Stellite 6 bead and layer mainly refers to the ab-
sence of crack and macropores in them. Stellite 6 beads and
layers have been successfully deposited on both S355 and
AISI 420 steel substrates with WAAM process.

A process window was established to guide the optimiza-
tion of bead shape and dilution (geometrical). It was found in
our study that a minimum heat input of 55 J mm " is needed to
deposit a continuous bead. An increased heat input leads to
grain growth and increased dilution, both of which contribute
to the hardness reduction. The onset energy of Stellite 6 bead
spreading is between 80 and 90 J mm™'. A heat input of 127 J
mm ' was found to be optimal for depositing the Stellite 6
without jeopardizing its hardness while maintaining a good
surface finishing. Considering the surface waviness and dilu-
tion, the optimal overlap ratio was found to be 42%. The
deposition conditions optimized based on S355 steel substrate
can be applied on the AISI 420 stainless steel substrate.

The results of hardness and EDS measurements, performed
in transverse direction and in longitudinal direction of the
deposited layer, show uniform values. This indicates that ther-
mal cycle introduced during multi-beads deposition has limit-
ed effects on the material properties of deposited layer. The
XRD analysis identified the presence of Co-Cr-Fe solid solu-
tion matrix with FCC crystal structure in the WAAM depos-
ited Stellite 6 layer. The Cr,C5 and Cr;C, carbides which can
contribute to the strengthening mechanism and intermetallic
compound with W (Co4W,C) which can contribute to the
wear properties of the Stellite 6 WAAM deposits were also
identified from the XRD and EDS analyses.

This research can provide a sound foundation for exploring
the wear properties of the WAAM deposited Stellite 6 layer
produced under various conditions. The multiple thermal cy-
cles have limited effect on the microstructure, elemental dis-
tribution, relative uniform bonding, and hardness. In many
industrial applications, WAAM can replace laser cladding as
it is more economical, easy to adapt to robotic automation, and
yields a high throughput.
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