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ABSTRACT: Welding with filler material can be considered as an additive
manufacturing process whereby it involves the deposition of molten metal in
a form of droplets onto a substrate. Wire and Arc Additive Manufacturing
(WAAM) and laser direct metal deposition (DMD) are applied for repair
purposes, hard facing, and building structures in various industries such as
the aerospace industry. In this research, High-Powered Diode Laser (HPDL)
and Gas Tungsten Arc Welding (GTAW) were used as the heat sources to
deposit Waspaloy wire layer-by-layer to form a thin wall. The heat flow
during the deposition process causes a change in the microstructural and
mechanical properties of the subsequent layers. Following the deposition
process, solution treatment and aging heat treatment were performed on the
Waspaloy thin wall. Understanding the process/property relationship is
crucial to ensure the reliability of the built structure. Tensile testing was
performed prior to fractography. Fractography is critical to the failure analysis
of metals. The objective of this research is to study the microstructure at the
fracture surface of wrought Waspaloy, as-deposit, and the heat-treated thin
wall, in which it was observed by using a scanning electron microscope (SEM).
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Fracture surfaces of samples tested transverse and parallel to the deposition
height show major difference. SEM fractography revealed an intergranular
failure in the wrought Waspaloy. The laser and arc deposited Waspaloy both
show fractures by microvoid coalescence initiated by interdendritic particles.
Fractography analysis in this research has effectively employed to identify the
fracture origin, failure mechanism, material defects, and the nature of stresses.

KEYWORDS: Fractography; High-Power Diode Laser; Gas Tungsten Arc
Welding; Metal Deposition; Wire and Arc Additive Manufacturing

1.0 INTRODUCTION

Considering fusion welding with feed material as an additive
manufacturing process (AM), it was seen as a suitable process for the
layer-by-layer deposition known as various names such as Wire and
Arc Additive Manufacturing (WAAM) [1], direct metal deposition
(DMD) [2], shape metal deposition (SMD) [3] and metal wire
deposition [4]. The three-dimensional (3D) structure is produced by
layer-wise AM of thin two-dimensional (2D) cross-sections until a final
geometry is acquired. The principle of AM is similar to conventional
fusion whereby a heat source is used to melt the substrate and filler
material. The filler material is then fused into the melt pool. Metal wire
has advantages over powder as a filler material or feedstock for the AM
[5]. Apart from its cleanliness when compared to metal powders, the
metal wire has higher material usage efficiency and the deposition rate
for wire feeding was found to be much higher than powder feeding.
Microstructures for both methods were similar, but the surface finish
was found to be better for wire-feed samples [6]. Another merit is that
metal wires are easily available and cheaper than powder, which
makes the wire deposition very cost-competitive [7]. Heat sources used
in various types of metal wire AM process include electric arc [1, 3],
plasma arc [8], electron beam [9], and laser [4]. In this research, Gas
Tungsten Arc Welding (GTAW) and High-powered Diode Laser
(HPDL) was used as the heat sources for the AM process.

Waspaloy is a nickel-based superalloy which developed to improve the
strength-to-weight ratios at useful service temperatures of up to 954°C
of the jet engine [10]. The service temperature is typically up to 650°C
for critical rotating parts and closer to 850°C for less demanding static
applications [11]. The microstructure of Waspaloy mainly comprises of
an austenitic FCC, solid solution, y-phase matrix, y’precipitates phase
(FCC ordered Nis(Al, Ti)), and carbide particles [12]. Considering the

dynamic changes of microstructural properties that affect the
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mechanical properties of Waspaloy following DMD and WAAM
processes [10], solution treatment and aging commonly performed to
eliminate non-uniform composition. More uniform microstructure and
high hardness, as well as high tensile strength of the deposits, can
provide suitable material for use in aero engines and other applications
[13]. Heat treatment of Waspaloy involves heating to a temperature
above the y’solvus temperature to dissolve the coarse y’structure,
followed by rapid cooling and reheating to a temperature below the
v’solvus for controlled re-precipitation of the y’phase on a fine-scale
[12].

Based on the literature review, it was evident that most of the
researchers working on the laser DMD and WAAM processes were
interested in the effect of process parameters on the microstructural [7]
and mechanical properties such as tensile properties [13] and
microhardness [4], metal transfer mode [8] and heat flow modeling
[10]. Fractography on the fractured surface of the deposits was found
to be still very limited available information. Fractography is critical to
the failure analysis of metals. Therefore, the objective of this research is
to study the microstructure at the fracture surface of wrought
Waspaloy, as-deposit, and the heat-treated thin wall. Fractography
analysis in this research was hoped to identify the fracture origin,
failure mechanism, material defects, and the nature of stresses.

2.0 METHODOLOGY

Two different deposition systems i.e. HPDL and GTAW were used in
this research and both comprised of an energy delivery system, wire
feeding apparatus, and CNC for controlling the gantry (in HPDL
process) and robot (in GTAW process) movement, and work table
motion. These two systems also consisted of an atmosphere control
system including argon supply and an oxygen sensor (Dansensor) and
a camera system for process control and monitoring. DMD of HPDL
was performed with a Rofin Sinar DL025 and the WAAM process was
performed with a Hitachi Inverter 500GP3 welding power source with
the GTAW torch was attached to the KR15/2 6-axis robot. A 3.2 mm
diameter tungsten electrode was grounded to a conical angle of 60°.
The GTAW WAAM process was also conducted in a controlled argon
atmosphere.

The wire material used in this research was Waspaloy which had a 1.2
mm diameter. Waspaloy walls were deposited onto 10 mm thick
Waspaloy substrate. The nominal compositions of the wire and
substrate are given in Table 1.

ISSN: 1985-3157 Vol.16 No.2 May-August 2022 43



Journal of Advanced Manufacturing Technology (JAMT)

Table 1: Nominal compositions of the Waspaloy wire and substrate (in wt.%)

Material Element (wt.%)

Ni Cr Co Mo Ti Al Fe C
Wire Bal. 19.1 13.2 4.3 3.0 1.4 0.9 0.1
Substrate | Bal. 19.8 12.8 4.5 3.1 1.4 0.7 0.1

The optimization of the deposition parameters has been conducted in
previous studies [10]. A list of parameters that have proven feasible to
produce pore and crack-free deposited structures are listed in Table 2.
Heat input per unit length during deposition using DMD of HPDL and
WAAM of GTAW was 742 and 400 J/mm, respectively.

Table 2: Parameter for DMD of Waspaloy wire using HPDL and GTAW

Heat
Sources
Wire
Laser Traverse Feed Stgp Work
Parameter Power Speed Rate Height Angle (%)
HPDL kW m/s mm
W s | (mm)
Values 2 0.0017 0.025 2 45
Peak Base Traverse Wire Step Work
Voltage Frequency Feed .
Parameter Current Current W (Hz) Speed Rate Height | Angle
VA
GTAW A A m/s mm| ©
@) @) GO I I G
Values 175 95 10.2 8 0.0035 0.015 1 45

Thin walls of dimension ~120 x 120 mm were built as in Figure 1.
Fractography was performed after the thin walls were being subjected
to tensile testing. Since dimensional changes can occur during aging,
finish machining for the tensile testing bar was performed after the heat
treatment process. Figure 1 also shows the position of samples were
from the thin wall for the heat treatment, tensile testing, and
fractography. The thin wall was cut at transverse (T) and perpendicular
(P) to the deposition build-up so that fractography and fracture
analysis at a different plane of the layer interface could be determined.
Heat treatment conditions were solution treatment (ST) and solution
treatment and double aging (STA). The ST involved heating up for
20K/min to 1080°. The STA involved the ST conditions, stabilization for
845°C/24 hours/air cooling and aging for 760°C/16 hours/air cooling.

Tensile testing procedure and results were reported in previous studies
[*2]. Following the tensile testing, fracture analysis was performed on
the fractured samples. The fracture surface was dried with air, putin a
sealed plastic bag, and stored in a desiccator. It was necessary to cut 10
mm length from the fracture surface of the fractured tensile test bar for
fracture analysis and fractography under the scanning electron
microscope (SEM). The fracture surface was cut using a cut-off machine
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where the coolant was used. The fracture surface was solvent cleaned
and dried immediately in warm air after cutting. Finally, the fracture
surface was analyzed under SEM to characterize its type of fracture and
to identify the location of the fracture-initiating site.
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Figure 1: Photograph of the laser deposited Waspaloy thin wall showing
(a) the top, middle, and bottom sections transverse (T) to the build direction
and (b) the start, middle, and end sections parallel (P) to the build direction.

3.0 RESULTS AND DISCUSSION

Tensile testing was performed on the wrought, as-deposited, and heat-
treated Waspaloy. The fractured occurred within the gauge length. The
width and thickness of the samples were 6 mm and 3 mm, respectively.
Figure 2 shows the macrograph of a cross-section through tensile
fracture of (a) ST, (b) STA wrought Waspaloy, (c-h) laser, and (i-n) arc
deposited Waspaloy. The macrographs for laser and arc deposited
Waspaloy were taken for the middle sections of the thin wall.

3.1 Fractography of Wrought Waspaloy

In the case of wrought Waspaloy, macroscopic fracture surface for the
ST material sheared with the fracture inclined at ~45° and for STA
material fracture was perpendicular to the tensile axis as shown in
Figure 2 (a) and (b), respectively. The overall morphology of the
fracture surfaces for W(ST) and W(STA) samples is shown in the SEM
fractography, Figure 3, at low and high magnifications. For the W(ST)
material fracture occurred along the grain boundaries. Examination of
the tensile fractures at the higher magnification indicates that grain
boundary cracking and shallow dimpling can be seen. There are
dimples of varying sizes with shallow and fine microscopic voids. In
the W(STA) sample, similar features are seen but with uniformly
distributed and deeper microscopic voids. Grain boundary cracking is
also visible. The intergranular dimple rupture in the W(STA) sample is
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more substantial than in the W(ST) material. The M23Cs type carbide
was detected at the grain boundary of the W(STA) sample. These
dimples and microscopic voids from both W(ST) and W(STA) samples
indicate they have experienced ductile fracture by microvoid
coalescence. Grain boundary cracking is probably initiated around
grain boundary carbides.

Solution Treated and
Aging (STA)

(b)

As-Deposited Solution Treated (ST)

Wrought
Waspaloy
W)

Laser
Deposited
(Sample LT)

Laser
Deposited
(Sample LP)

Arc
Deposited
(Sample AT)

Arc
Deposited
(Sample AT)

Figure 2: Macrograph of a cross-section through tensile fracture of (a) ST,
(b) STA wrought Waspaloy, (c-h) laser, and (i-n) arc deposited Waspaloy.

3.2 Fractography of Laser Deposited Waspaloy

On the macroscopic scale, the tensile fracture of the LT material was by
shear with the fracture inclined at ~30° to the tensile axis as shown in
Figure 2 (c). The overall morphology of the fracture surfaces for LT
samples is shown in Figure 4 (a) and exhibits a clear dendritic pattern
with interdendritic cracking. This suggests that the fracture took
preferentially along the interdendritic region. The interdendritic
cracking probably occurred at the dendrite boundaries and initiated
around the interdendritic carbides. There are dimples with fine
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microscopic voids indicating a ductile failure by microvoid
coalescence. MC type carbide was detected in the microvoids (Figure 4

(b)).

Figure 3: SEM micrographs showing fracture surface features of samples
taken from wrought Waspaloy following (a-c) ST, and (d-f) STA.

Tensile fracture of the LP material was by a combination of shear with
the fracture surface inclined at ~30° and perpendicular to the tensile
stress as displayed in Figure 2 (f). The fracture surfaces of the LP
samples as shown in Figure 4 (c) reveal a dendritic pattern with a
cruciform shape. Interdendritic cracking was noted. Dimples and
microscopic voids observed at higher magnification indicate the sample
has experienced ductile fracture by microvoid coalescence. MC type of
carbides was found in the dimples suggesting the potential location of
fracture initiation. The cruciform pattern is prominent due to the ductile
shear of the dendrites, which probably the last feature to have failed
during the test.

Figure 4: SEM micrographs showing fracture surface features of (a-b) LT,
and (c-d) LP material.
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3.3 Fractography of Arc Deposited Waspaloy

Tensile fracture of the AT material, which is represented by Figure 2 (i)
was almost perpendicular to the tensile axis at the width of the test bar
but shear approximately 45° at the thickness of the test bar. The overall
morphology of the fracture surfaces for AT samples, as shown in Figure
5, exhibits a clear dendritic pattern similar to the LT materials.
However, the dendritic pattern for the AT material appears to be
smaller. The fracture surface features of the AT are similar to the LT in
regard to the dendritic pattern, interdendritic cracking that might be
initiated by the by grain boundary MC type of carbides, and dimples
with microscopic voids which indicate a ductile fracture.

On the macroscopic scale, the tensile fracture of the AP material was
perpendicular to the tensile stress as in Figure 2 (I). The overall
morphology of the fracture surfaces for AP samples as shown in Figure
5 exhibit similar to the LP in regard to the dendritic pattern,
interdendritic cracking, and dimples with microscopic voids which
indicate a ductile fracture. However, the interdendritic cracking is
more apparent in AP than LP materials.

Figure 5: SEM micrographs showing fracture surface features of (a-b) AT,
and (c-d) AP material.

3.4 Fractography of Heat-treated Deposited Waspaloy

The tensile fractures of the LT(ST) were by shear with the fracture
surface inclined at ~45° to the tensile stress at the thickness of the tensile
test bar as shown in Figure 2 (d). Similarly, the fracture surface of
AT(ST) samples was also sheared with an inclination of ~45° to the
tensile stress (Figure 2 (j)). The overall morphology of the fracture
surfaces for LT(ST) and AT(ST) samples exhibits a similar feature
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which showing a dendritic pattern although dendrites were
significantly reduced after the solution treatment. Interdendritic
cracking could be observed in both LT(ST) and AT(ST) materials. The
fracture surface feature of the LT(ST) is similar to the AT(ST) in regard
to the dendritic pattern, interdendritic cracking by grain boundary MC
type of carbides, and dimples with microscopic voids which indicate a
ductile fracture.

In the case of LT(STA) and AT(STA), the macroscopic fracture surface
was perpendicular to the tensile axis as shown in Figure 2 (e) and (k).
The overall morphology of the fracture surfaces for LT(STA) and
AT(STA) samples exhibits a similar feature which showing a dendritic
‘ghost” pattern. The dendrites were significantly reduced after the
solution treatment. The formation of the dendritic pattern in the
fracture surface might be due to the carbide phase in the interdendritic
region. Interdendritic cracking could be observed in both LT(STA) and
AT(STA) materials. Interdendritic cracking by the grain boundary
carbides was noted. The M23Cs type of carbides was detected at the
fracture surface. Dimples with microscopic voids indicating ductile
fracture and particles observed in the dimples are most likely to be the
fine v’ precipitates.

On a macroscopic scale, the tensile fractures of the LP(ST) and AP(ST)
samples were by shear with the fracture surface inclined at ~45° to the
tensile axis as shown in Figure 2 (g) and (m), respectively. The overall
morphology of the fracture surfaces for LP(ST) and AP(ST) samples
exhibits similar features which showing a dendritic pattern with
cruciform shape although dendrites were significantly reduced after
the solution treatment. Interdendritic cracking by grain boundary MC
type of carbides could be observed in both LP(ST) and AP(ST)
materials. Dimples with microscopic voids which indicating ductile
fracture was evidently similar.

In the case of LP(STA) and AP(STA), the macroscopic fracture surface
was perpendicular to the tensile axis as shown in Figure 2 (h) and (n).
The fracture surface feature of the LP(STA) was similar to the AP(STA)
in regard to the dendritic ‘ghost” pattern and grain boundary cracking.
The M2Cs type of carbides was detected at the fracture surface.
Dimples with microscopic voids indicating ductile fracture and
particles observed in the dimples are most likely to be the fine v’
precipitates. Intergranular fracture in LP(STA) and AP(STA) material
was more apparent as compared to those as-deposited and solution
treated. This is might due to the formation of a film of M23C6 type of
carbides [10].

ISSN: 1985-3157 Vol.16 No.2 May-August 2022 49



Journal of Advanced Manufacturing Technology (JAMT)

3.3 Failure Mechanism in Different Samples

Examination of the tensile fracture surfaces does provide useful
information pertaining to the effect of microstructural features on the
strength and ductility of the samples employed in this research.
Fractography of the wrought and directly deposited Waspaloy in their
as-deposited condition and following ST and STA showed dimpled
fracture surface, which is the characteristic of ductile fracture. Failure
in ductile solids arises from the concentration of plastic deformation
into a localized region [14]. During straining in the direction of the
tensile axis, there exists a tendency for inhomogeneous deformation
due to the shearing of the strengthening precipitates dispersed through
the alloy matrix. The inhomogeneous deformation is concentrated in
certain specific regions of the microstructure and is referred to as being
localized [15]. The inhomogeneous deformation is conducive for the
formation of an array of macroscopic cracks as was observed for
instance in the AT(STA) and AP(STA) materials. In addition,
nucleation of microvoids initiated at the second-phase particles
undergone considerable growth, and their eventual coalescence results
in shallow dimples. Nucleation of microvoids at these particles could

begin at the stage as early as after the yield point [14].

As a result of the nature of the ductile fracture, the ductility of the
W(STA), AT(STA), AP(STA), LT(STA), and LP(STA) samples
significantly decreased with the increase of y’precipitates. A similar
observation was obtained by Zhang [16] who studied the fractography
of laser deposited Inconel 718.

Inclusion was observed in the LTT sample, only partial bonding is
obtained between this inclusion and the surrounding material and
thus, this is also creating porous deposited material. When the pore is
under tensile stress, severe stress concentration occurs. Consequently,
a crack may occur and become a highly stressed region that propagates
further cracking and fracture.

40 CONCLUSION

Fracture surfaces of samples tested transverse and parallel to the
deposition height show major difference. The tensile strength and
ductility could be predicted to be definitely lower when the tensile axis
was perpendicular to the growth of the grain which was caused by the
crack propagation by the carbide at the grain boundaries. SEM
fractography revealed an intergranular failure in the wrought
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Waspaloy. The laser and arc deposited Waspaloy both show fractures
by microvoid coalescence initiated by interdendritic particles.
Fractography analysis in this research has effectively employed to
identify the fracture origin, failure mechanism, material defects, and
the nature of stresses.
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