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Abstract

The influence of keyhole TIG (K-TIG) welding parameters on the weld geometry and defects of a new nickel-based superalloy
VDM Alloy 780 alloy were investigated using a statistical design of experiment, and the microstructures of the heat-affected
zone (HAZ) and fusion zone (FZ) of the K-TIG-welded VDM Alloy 780 were characterized. No cracks are found in the
FZ and HAZ. Travel speed significantly influences the minimum weld width (Wm), face and root excess weld metal, face
underfill, and average pore diameter. Welding current and the interaction current*travel speed significantly influence the
face and root excess weld metals, respectively. Interdendritic microconstituents in the FZ are identified as (Nb,Ti)C particles
and y/Laves eutectic constituents based on SEM-EDS analysis. In addition, plate-like precipitates likely to be 8/ phase are
observed surrounding the interdendritic Laves eutectics, and y' precipitates are found to be inhomogeneously precipitated
in the FZ. In the partially melted zone (PMZ), (Nb,Ti)C, Laves phase, and plate-like particles are found in the liquated and
resolidified regions. Constitutional liquation of (Nb,Ti)C in HAZ is observed where the liquated (Nb,Ti)C appears to be
associated with the y/Laves eutectic as a resolidified product.
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1 Introduction

VDM Alloy 780 is a newly patented wrought -strengthened
Ni-based superalloy that VDM Metals have recently devel-
oped to improve the maximum service temperature while
maintaining the excellent processability of Alloy 718 [1-3].
This new alloy is intended for high-temperature applications
such as gas turbine components in aircraft engines with
service temperature requirements of up to about 750 °C.
The development of VDM Alloy 780 is accomplished by
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having substantial distinctions to Alloy 718 in the alloy
chemical composition, which are the addition of 25% Co
substituting Fe and, to some extent, Ni, improved amount
of Al (2% instead of ~0.6%), decreased amount of Ti (0.2%
instead ~0.94%) [4, 5]. The amounts of Nb, Cr, and Mo are
similar to Alloy 718. The alloy design strategy yields in the
v’ phase being the main hardening phase, which improves its
thermal stability compared to Alloy 718, which is hardened
by y".

The new alloy VDM Alloy 780 is a promising material
candidate to be utilized in the hot sections of aero engines,
which have been preferably fabricated by joining small
pieces of superalloys by welding process instead of cast-
ing single large parts. This type of fabrication strategy has
several benefits, such as increasing the design flexibilities,
e.g., it becomes possible to join cast (complex geometry)
alloys with wrought (high strength) alloys and join different
superalloys [6]. Another advantage is reducing the compo-
nent’s total weight, enhancing the engine’s fuel efficiency,
and eventually less CO, emission to the environment.

In the fabrication of structural components of the jet
engine in the aerospace industry, one of the most standard
techniques employed in the fabrication is still gas tungsten
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arc welding (GTAW) or tungsten inert gas (TIG) welding
[7]. However, TIG welding processes have undergone nota-
ble improvements that paved the way for the fabrication of
structural components of the jet engine, and now possible
to use lower heat input. One of the most recent TIG welding
processes, so-called keyhole TIG (K-TIG) welding, allows
one to weld with lower heat input and faster travel speed to
produce full penetration in a single-pass compared to the
traditional TIG. The main difference between K-TIG and
TIG welding is that K-TIG produces a more highly concen-
trated arc with higher energy density and arc pressure than
the traditional TIG, which is the primary reason why K-TIG
welding can achieve keyhole or full penetration in a single
pass with a much faster travel speed [8—10].

The fundamental principle of the K-TIG welding process
is explained as follows [9]. A cooling shoulder is attached to
the standard tungsten electrode or TIG torch in K-TIG weld-
ing to substantially cool down the tungsten rod. The cathode
area, i.e., the high-temperature region in the tungsten tip, is
confined to a highly narrow region. The current density in
the cathode region is thus enhanced, and the electromagnetic
effect further increases arc compression. The entire arc jet
diameter is restricted; hence, the arc pressure and energy
density of the arc are enhanced. When the welding current
is sufficiently high (above 300 A), the arc pressure is ade-
quately strong to overcome the surface tension of the molten
pool; the melted metal is expelled away, and then the forma-
tion of a keyhole occurs inside the weld pool. If the ability to
penetrate by the arc is powerful enough, a full penetration by
the keyhole in the workpiece will be achieved. This process
superiority is essential when welding advanced materials
such as superalloys in the jet engine. Moreover, K-TIG weld-
ing is much easier to operate and more cost-effective than
other high-energy density welding processes, e.g., laser and
electron beam welding [11], making it superbly suitable for
on-site fabrication [12].

In welding superalloys, it is of paramount importance
to produce a sound weld that meets the tight weld qual-
ity requirement in the aerospace industry in terms of weld
geometry and weld defects. Moreover, understanding the
microstructures in the HAZ and FZ is essential since they
influence the properties and integrity of the weldment and

can become the foundation for developing a suitable post-
weld heat treatment (PWHT) of the alloy. Since VDM Alloy
780 is a new alloy, no reports from the literature regard-
ing the influence of K-TIG welding parameters on the weld
geometry and defects and no knowledge available with
regard to the resulting microstructures in HAZ and FZ of the
welded alloy. Therefore, the aim in this article is to study the
influence of K-TIG welding parameters on the weld geom-
etry and defects when welding newly developed VDM Alloy
780 and to characterize the microstructures of welded alloy
in the HAZ and FZ.

2 Experimental procedure
2.1 Material and welding

As-received VDM Alloy 780 plates in solution-annealed
condition with the chemical composition (in wt%) shown
in Table 1 and thickness of 5.7 mm were used for the bead-
on-plate weld runs using the automatic K-TIG welding pro-
cess. The chemical compositions were measured by optical
emission analysis (Mg, P, and B), graphite furnace AAS
(Sn, As, Pb, Se, Bi, Ag, and Te), X-ray fluorescence spec-
troscopy (Mo, Cr, Mn, Nb, Si, Ti, Fe, Al, Cu, W, V, Zr, and
Co), inductive coupled plasma (Ta), flame AAS (Ca), and
combustion analysis (N, S, O, and C). High-purity argon
gas, 99.99%, was used as the shielding gas, with a 10 1/min
flow rate. The schematic of the bead-on-plate weld run on
the VDM Alloy 780 plates is shown in Fig. 1.

2.2 Statistical design of experiment

The design of experiment (DOE) used in this study to inves-
tigate the effect of K-TIG welding process parameters on
weld geometry and defects is based on a two-level full fac-
torial design with the two factors, i.e., welding current and
travel speed. The levels defined for process parameters with
their notations, units, and levels for the K-TIG welding pro-
cess are given in Table 2. The detail of sample numbers with
the corresponding factors or welding parameters in the full
factorial DOE runs is shown in Table 3. Here, Samples 5,

Table 1 Chemical compositions of alloy VDM Alloy 780 in wt% used in the present study

Element Ni Al Ti Nb S Cr Sn \% Zr Mo Co Cu
wt% Bal 2.19 0.30 5.39 0.0005 17.95 <0.001 0.01 <0.01 291 25.08 0.01
Element (cont.) Si Mn C P Ta Se Mg B N (0] Fe
wt% (cont.) 0.03 0.01 0.021 0.01 0.01 <0.0003 0.0006 0.003 0.008 0.001 0.47
Element (cont.) W Ca Se As Sb Ag Te Bi

wt% (cont.) 0.02 0.002 <0.0003 <0.001 <0.0005 <0.0001 <0.00005 <0.00003
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Fig. 1 The schematic of bead-
on-plate weld run on the VDM
Alloy 780 plates and the cor-
responding location where the
cross-sections were cut out

Cross-sections

Table 2 K-TIG welding process No

. K-TIG welding parameters Units Process parameter levels
parameters and their level used
in this study -1 0 1
1 Welding current A 480 485 490
2 Travel speed mm/s 8 8.5 9

Table 3 Full factorial DOE runs of K-TIG welding

Sample no Current (A) Travel
speed
(mm/s)

1 480 9

2 490 8

3 480 8

4 490 9

5 485 8.5

6 485 8.5

7 485 8.5

6, and 7 are the center points of the DOE runs. The weld-
ing current and travel speed ranges were chosen to achieve
full penetration without burning through the plate. The
distance between the electrode tip and the workpiece was
kept at 1.5 mm throughout the DOE runs. After welding the
samples, the typical features of weld geometry and defects
stipulated in AWS D17.1 M:2010 [13] as the responses were
measured in the as-welded alloy, i.e., underfill, excess weld
metal on the face and root, and average pore diameter. In
addition, measurements on minimum weld width (Wm)
and cracks were also performed. However, no cracks are
found in the HAZ and FZ of any sample. Then, the results
were inputted into Modde software (MODDE 12, Umetrics,
Umed, Sweden). Linear regression is used to model each
response according to Eq. (1) below.

y = ay + a;current + a,speed + a;,(current)(speed) + €
ey
where y is the response and dependent variable; the o
terms are constants, of which all except o, are called regres-
sion coefficients; € is the error or modeling residual. The
factor levels are represented on a coded scale. The weld-
ing current levels of 480, 485, and 490 A are coded -1, 0,

and 1, respectively. The travel speed levels of 8, 8.5, and
9 mm/s are coded — 1, 0, and 1, respectively. The calculation
of regression coefficients was performed in Modde using the
multiple linear regression method, and a 95% confidence
interval of these coefficients was also calculated. In addi-
tion, a square test was automatically performed in Modde to
detect possible square terms or non-linearity in the regres-
sion models. The reproducibility test is also carried out
in Modde by comparing the variation of replicates to the
overall variability and assigned a value of 0—1 in Modde,
wherein a value higher than 0.5 suggests good reproduc-
ibility [14]. Other diagnostic parameters, R* and p-value,
are also calculated by the Modde.

2.3 Weld geometry and weld defects quantification

Five cross-sections transverse to the welding direction were
cut out from all the bead-on-plate weld runs at the center of
the plates (cf. Figure 1). The mounted cross-sections were
prepared by multistep grinding with the grit sizes down to
52 pm, followed by three polishing steps with 9 pm and
3 pm diamond suspensions and 0.02 pm colloidal SiO,.
Electrolytic etching using 10% oxalic acid at 2.5 V was car-
ried out to reveal the bead geometry. Macrographs of the
sections were then taken on etched samples using a light
optical microscope (LOM) to obtain precise measurements
of Wm, underfill, and excess weld metal. The average values
were obtained from five cross-sections. An example of a
LOM image of weld bead geometry and the corresponding
measurements is shown in Fig. 2. The average pore diameter
was quantitatively measured using LOM on an as-polished
surface in the whole FZ area of five cross-sections using
Imagel software.

The measured face underfill, face and root excess weld
metal, and average pore diameter in the DOE runs were
compared with the maximum acceptable limit stipulated in
AWS D17.1 M:2010 [13]. Note that Wm is not specified in
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Face excess weld metal

Face underfill

Root excess weld metal

Fig.2 OM image showing the example of weld bead geometry and
the measurements

the AWS D17.1 M:2010. Therefore, 1.5 mm was used as the
minimum acceptable value for Wm in aerospace applications
as the reference [15].

2.4 Scanning electron microscopy (SEM)
characterization

Microstructural characterization was performed on as-
polished and electrolytically etched samples using a field

@ (b)

emission gun scanning electron microscope (FEG-SEM)
operated in the in-lens and backscatter electron (BSE) modes
at an accelerating voltage of 10-20 kV. The FEG-SEM was
also equipped with Oxford energy-dispersive X-ray spectros-
copy (EDS). The SEM characterization was performed on
samples welded using the lowest (lowest current and fastest
travel speed) and highest (highest current and lowest travel
speed) heat inputs covered in the DOE. It is found that there
are no notable microstructural differences in both of these
welded samples; thereby, the welded samples produced in
all DOE runs are assumed to exhibit a similar microstruc-
ture. Thus, the sample welded using the lowest heat input is
presented in this article.

3 Results and discussion

3.1 Influence of K-TIG welding process parameters
on weld geometry and weld defects

All measured responses of Samples 1-7 are depicted in
Fig. 3. These data are taken directly from Table 4. The center
points in all responses, i.e., Sample 5-7, show reasonably
similar values. This is reflected in the calculated reproduc-
ibility value of 0.940, 0.856, 0.732, 0.938, and 0.984 for
Wm, face and root excess weld metal, face underfill, and

(c)
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Fig. 3 Measured responses of K-TIG welded samples (samples with
varied parameters are in blue, while replicates are in orange); meas-
ured face and root excess weld metal, face underfill, and average pore
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Sample number

diameter are compared with the maximum acceptable limit speci-
fied in AWS D17.1 M:2010, while 1.5 mm is used as the minimum
acceptable limit for Wm as a reference, shown in red dotted lines [15]
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Table 4 The measured responses in all DOE runs of K-TIG welding

Sample no Current (A) Travel speed Wm (mm) Face underfill ~ Face excess weld Root excess weld Ave. pore
(mm/s) (mm) metal (mm) metal (mm) diameter
(pm)
1 480 9 2.09 0 0.40 0.71 27
2 490 8 2.64 0.08 0.33 0.87 13
3 480 8 3.18 0.09 0.10 1.15 16
4 490 9 2.37 0.01 0.43 0.89 18
5 485 8.5 2.86 0.02 0.37 0.84 16
6 485 8.5 2.75 0.03 0.29 0.97 16
7 485 8.5 2.81 0.01 0.31 0.88 15

average pore diameter, respectively. Moreover, all the DOE
runs produced welds with Wm larger than 1.5 mm and
excess weld metals, face underfill, and average pore diameter
lower than the maximum allowable limit stipulated in AWS
D17.1 M:2010 [13] for aerospace applications.

The analysis performed in Modde modeled the responses
of the Wm, face and root excess weld metal, face under-
fill, and average pore diameter of the seven samples to
know which parameters had the strongest influence on the
responses and whether there are any substantial interactions
among these parameters. Thus, regression coefficients and
their 95% confidence interval are plotted in Fig. 4. The sta-
tistically significant parameters (p-value < 0.05) are marked
in green, while those that are not statistically significant
(p-value >0.05) that had zero included in their confidence
intervals are marked in red. All the calculated p-values are
shown in Table 5, where values lower than 0.05 are marked
in bold. It is shown that travel speed significantly influences
the Wm, face and root excess weld metal, face underfill,
and average pore diameter. The current and interaction
current*travel speed significantly influence the face and root
excess weld metal, respectively.

The next step is to know the comparison between all the
experimentally measured weld geometry and defects and the
calculated results of the regression model. The regression
models of Wm, face excess weld metal, root excess weld
metal, face underfill, and average pore diameter are shown in
Egs. (2)-(6), respectively. No square terms or non-linearity
is detected in all the response regression models based on
the square test automatically carried out in Modde. Plots
comparing the measured and calculated weld geometry and
weld defects are presented in Fig. 5. The line crosses the
points where the calculated values are equal to the meas-
ured values. The R? values of all measured responses are
displayed in Table 5.

From Table 5, face and root excess weld metals exhibit
high R? values of 0.91 and 0.95, respectively, indicating that
the calculated results were close to the experimental results.
It is seen that for face and root excess weld metal presented

in Fig. 5 that the points are crossed by the 1:1 line, indicat-
ing a good fit. The p-values of the face and root excess weld
metals’ regression models generated in the ANOVA table are
0.018 and 0.045, respectively (Table 5). This suggests that
the regression models of face and root excess weld metal,
as displayed in Eqgs. (4) and (5), are statistically good or
significant.

Wm (mm) = 2.847 — 0.021current — 0.327speed

2
+ 0.161(current)(speed) )
Face excess weld (mm) = 0.352 + 0.062current + 0.101speed
(€)]
— 0.050(current)(speed)
Root excess weld (mm) = 0.959 — 0.024current — 0.106speed
4)
+ 0.113(current)(speed)
Face underfill (mm) = 0.035 + 0.001current — 0.042speed
5
+ 0.006(current)(speed) ( )
Ave.porediameter(um) = 17.286 — 3.000current + 4.000speed
©)

— (current)(speed)

The R? values of Wm, face underfill, and average
pore diameter, as displayed in Table 6, are 0.83, 0.81,
and 0.88, respectively. Even though the R* values of the
regression models are reasonably high in the range of
0.81-0.88, it can be seen from Fig. 5 that the calculated
Wm, face underfill, and average pore diameter values
did not accurately match the experimental results. The
p-values of regression models of Wm, face underfill, and
average pore diameter, as shown in Table 6, are 0.114,
0.332, and 0.065 indicating that the regression models
displayed in Eqgs. (2), (5, and (6) are statistically poor or
not significant. The statistically poor models may explain
the discrepancy between calculated and experimental
values for Wm, face underfill, and average pore diam-
eter, as shown in Fig. 5.
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Fig.4 Regression coefficients for different factors and interaction of factors affecting weld geometry and weld defects (green bars show signifi-

cant factors, while red bars show non-significant factors)

Table 5 p-values calculated using Modde software for the regression constants that had significant (significant values are marked in bold) and
non-significant influence on the responses (Wm, face and root excess weld metal, face underfill, and average pore diameter).

Factor p-value of Wm p-value of face excess p-value of root excess p-value of face p-value of ave.
weld metal weld metal underfill pore diameter

Current 0.839 0.033 0.468 0.969 0.072

Travel speed 0.042 0.009 0.034 0.038 0.036

Current*travel speed 0.191 0.060 0.029 0.667 0.265

Moreover, it is apparent in Fig. 5 for face underfill that neg-
ative values are predicted. This does not, however, mean that
negative face underfill exists. In reality, the measured values
are near zero, which along with a lack of fit, make it numeri-
cally possible to predict negative values. From the constructed
ANOVA table, it is seen that the regression model of face
underfill has a significant lack of fit.
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3.2 SEM microstructural characterization
3.2.1 Base material microstructure
The primary microstructural features of the VDM Alloy 780

base materials are depicted in the low magnification back-
scatter electron (BSE) image in Fig. 6a. The average grain
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Fig.5 Comparison of all experimentally measured weld geometry and weld defects with the predicted weld geometry and defects from the

regression model

Table6 R?> and p-values of regression models calculated using
Modde software for the responses (Wm, face and root excess weld
metal, face underfill, and average pore diameter)

Response R? p-value of the regression
model (from ANOVA
table)

Wm 0.829 0.114

Face excess weld metal 0.951 0.018

Root excess weld metal 0.910 0.045

Face underfill 0.814 0.332

Average pore diameter 0.883 0.065

size of the as-received base material is around 55-60 pm or
ASTM 5-5.5. Bright and dark particles, identified as Nb-
rich carbide containing Ti and C, i.e., (Nb,Ti)C and Ti-rich
nitride containing Nb and N, i.e., (Ti,Nb)N by SEM-EDS
analysis, respectively, are observed in the base metal micro-
structure. One example of the typical EDS profiles and cor-
responding chemical compositions of (Nb,Ti)C and (Ti,Nb)
N found in the base material microstructure is displayed
in Fig. 7 and Table 7, respectively. The presence of Nb-
rich carbide and Ti-rich nitride in VDM Alloy 780 is also

reported by Sharma et al. [16]. Note that it is not possible
to measure the concentrations of C and N by SEM-EDS
analysis quantitatively; therefore, both elements are excluded
from the analysis. It is revealed in the higher magnification
BSE image (Fig. 6b) that (Ti,Nb)N particles are associated
with (Nb,Ti)C in a single body. In addition, fine y' with the
size of ~ 10 nm or less are present uniformly throughout the
microstructure (Fig. 8).

3.2.2 FZ microstructure

Figure 9a shows the low magnification SEM-BSE image of
the as-polished FZ microstructure consisting of a cellular-
dendritic structure. A higher magnification image (Fig. 9b)
displays a high number density of microconstituents pre-
sent in the interdendritic region imaged in bright contrast.
SEM-EDS analysis in higher magnification (Fig. 9c)
reveals two types of microconstituents, i.e., particle A,
which exhibits blocky and rod-like morphologies, and
particle B, which has an irregular shape distributed semi-
continuously in the interdendritic region. Examples of
particles A and B’s chemical compositions are depicted
in Table 8 based on SEM-EDS analysis. The SEM-EDS
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Fig.6 SEM images of base
material microstructure of
as-received VDM Alloy 780
observed on the etched surfaces
showing the presence of (Nb,Ti)
C and (Ti,Nb)N in (a) low
magnification and (b) higher
magnification (BSE images)

V

Fig.7 Typical EDS profile of
(a) (Nb,Ti)C, (b) (Ti,Nb)N,
and (¢) matrix in the base metal
microstructure of VDM Alloy
780

(Nb,Ti)C /'"
X

r

(NoT)C () B

Table 7 Chemical composition

of (Nb,Ti)C, (Ti,Nb)N, and Element (wt%) Al Ti Cr Fe Co Ni Nb Mo
matrix obtained from semi- (Nb,Ti)C 0.05 4.86 0.34 0.00 0.00 1.83 92.93 0.00
quantitative SEM—EDS point (Ti,Nb)N 0.13 56.19 175 0.00 2.94 532 33.67 0.00
analysis Matrix 1.96 0.23 16.35 0.66 24.17 49.25 4.82 2.55

analysis suggests that particle A appears to be (Nb,Ti)
C-type carbide. The blocky and rod-like morphologies
are also typical for MC carbide in precipitation-hardening
superalloys [17-20]. Meanwhile, irregular-shaped particle
B exhibits eutectic-type morphology, which is the typi-
cal morphology of y/Laves eutectics constituent found in
other Nb-carrying superalloys such as alloy 718 and ATI
718Plus [21-23]. Note that VDM Alloy 780 is also an Nb-
carrying superalloy with the Nb content almost identical to
alloy 718 and ATI 718Plus. It is observed that the chemi-
cal composition of particle B has a substantial similarity

@ Springer

with y/Laves eutectics in alloy 718 and ATI 718Plus, in
terms of Nb, Mo, Cr, and Ni enrichments. Particle B also
seems to contain Fe and Ti to a much lower extent than
alloy 718 and ATI 718Plus. This is likely due to lower Fe
and Ti concentration in VDM Alloy 780 compared to alloy
718 and ATI 718Plus. Therefore, particle B appears to be
y/Laves eutectics type constituent based on the morphol-
ogy and the SEM-EDS analysis. Table 8 also shows that
y/Laves eutectics constituent in the FZ of VDM Alloy 780
exhibits a high Co concentration of about 23 wt%, which is
close to the nominal Co content in the alloy (24.17% wt%).
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Fig.8 High-magnification SEM image showing high number density
of fine y' in the base material microstructure of as-received VDM
Alloy 780 (SE in-lens image)

This behavior resembles the Co concentration of y/Laves
eutectics in ATI 718Plus (7.59 wt%), which is close to the
nominal Co content in the alloy (8.9 wt%) as reported by
Andersson et al. [24].

Figure 10a shows a high-resolution SEM in-lens image of
y/Laves eutectic in the interdendritic region of the electro-
Iytically etched sample. Interestingly, a high number density
of plate-like phase was revealed surrounding the y/Laves
eutectics after etching. Because of the extremely fine size of

Fig.9 SEM-BSE images

of fusion zone; (a) low-
magnification image showing
cellular-dendritic microstruc-
ture; (b) higher magnification
image from a region marked

in (a) showing the presence of
microconstituents in the inter-
dendritic regions; (c) higher
magnification image marked in
(b) showing the morphology of
different types of interdendritic
microconstituents, i.e., particle
A is (Nb,Ti)C, while particle B
is y/Laves eutectics

the plate-like phase, it is impossible to analyze the phase’s
chemical composition using SEM-EDS. The presence of
plate-like precipitates surrounding the interdendritic Laves
eutectic constituents is reported in the FZ of TIG-welded
[25], and the deposit of WAAM-built [26] ATI 718Plus by
Asala et al. The plate-like phase is identified as n-phase
using TEM selected area diffraction pattern by the same
authors and found to be enriched in Ni, Nb, Al, and Ti from
the TEM-EDS analysis. In VDM Alloy 780 itself, plate-
like precipitates are reported in the fully heat-treated condi-
tion by Ghica et al. [2] using HRTEM characterization, and
they exhibit a layered structure composed of alternating n
and d thin stripes. Interestingly, Ghica et al. also found that
the plate-like phase in fully heat-treated VDM Alloy 780 is
enriched in Ni, Nb, Al, and Ti, similar to those reported by
Asala et al. [25, 26] in as-welded and as-built ATI 718Plus.
Therefore, there is a possibility that the plate-like precipi-
tates present in the surrounding of y/Laves eutectics in the
FZ of VDM Alloy 780 are 1/8 phase, further TEM investiga-
tion would however be necessary to confirm this.

A high magnification image (Fig. 10b) of the region
marked in Fig. 10a reveals the existence of fine y’ precipi-
tates in the y phase within and immediately adjacent to the
Laves particle. The spherical morphology of y' particles sug-
gests that y' precipitates are likely formed through solid-state
precipitation during cooling and not by solidification reac-
tion. The y’ phase that forms as solidification product, i.e.,
y-y' eutectics, typically has an irregular shape as reported in
other superalloys [17, 27, 28]. The presence of y’ particles is
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Table 8 Chemical

composition of interdendritic Ele@ent (Wt%) Al
microconstituents (particles A Particle A 0.41
and B) in the FZ obtained from Particle B 0.98
sellnl—quantlt.atlve SEM-EDS Interdendritic y 2.09
point analysis L.
y/Laves eutectic in -
FZ of alloy 718
[21]
y/Laves eutectic 1.02

in FZ of ATI
718Plus [24]

Ti
6.12
0.40
0.32
2.0

1.35

Cr Fe Co Ni Nb Mo
3.88 0.24 1.87 4.96 82.09 0.44
12.01 0.50 22.93 38.40 21.60 3.20
18.18 0.23 23.71 46.68 5.99 2.80
13.2 114 - 48.6 19.1 4.4
13.2 6.03 7.59 42.07 20.04 3.65

Fig. 10 (a) SEM in-lens image
showing y/Laves eutectic in

the interdendritic region of

the etched sample; (b) higher
magnification image of a
region marked in (a); (c¢) high-
magnification image of primary
dendrite core.

not clearly resolvable from the SEM micrograph in the inter-
dendritic region away from y/Laves eutectics, as shown in a
region marked X in Fig. 10b and the dendrite core (Fig. 10c).
This suggests that y’ precipitates do not form uniformly in
the FZ.

In other Nb-bearing superalloys such as alloy 718 and
ATI 718Plus, Nb-rich phases such as MC carbide and
Laves eutectics in the interdendritic region are generally
well-known to form through eutectic reactions during the
solidification process due to elemental microsegregation
[21, 22, 25, 29, 30]. The formation of both constituents in
VDM Alloy 780 may follow a similar solidification reaction
sequence as those reported in alloy 718 and ATI 718Plus due
to similar Nb and C content in those three alloys. DuPont
et al. [30] reported that the general solidification reaction
sequence of Nb-bearing Ni-based alloys with a high Nb con-
centration (> 2 wt%) and low C concentration (< 0.075 wt%)

@ Springer

could be described by a three-step process as follows. Firstly,
the solidification is initiated by forming primary y dendrites
via a reaction of L »y+L, and during the growth of the
dendrite, it rejects the solute elements with partition coef-
ficients less than unity to the interdendritic liquid. Once the
solubility limit of the solute elements in the interdendritic
liquid is surpassed, the formation of secondary solidification
microconstituents starts to occur. During the growth of pri-
mary dendrite, strong MC carbide forming elements, i.e., Nb
and Ti, continuously enrich the interdendritic liquid that may
ultimately lead to the formation of MC-type carbides. This
is most likely to take place via a univariant eutectic-type
reaction of L —y+MC over a range of temperatures [31].
On further cooling, the residual liquid would continue to
get enriched by Nb, which may eventually lead to the forma-
tion of Laves eutectics via a reaction of L — y+Laves over
a range of temperatures due to the supersaturation of Nb.
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Thermodynamics simulation by Thermo-Calc (Thermo-Calc
2020a version) using the TTNI8 (ThermoTech Ltd.) database
for commercial Ni-based superalloys based on the classic
Scheil solidification module assuming no back diffusion in
the solid (Fig. 11) shows that the liquid is enriched with Nb
and Ti atoms as the solidification progressed in VDM Alloy
780, suggesting Nb and Ti segregate into the liquid dur-
ing the weld solidification that ultimately may result in the
formation of Nb-rich MC carbide and Laves phase through
eutectic reactions as previously described. Meanwhile, it is
still unclear whether the plate-like phase surrounding the
Laves phase particles in the FZ of VDM Alloy 780 was
formed through solidification or precipitation.

The existence of intermetallic constituents, i.e., Laves
phase and plate-like precipitates, in the FZ of VDM Alloy
780 needs careful consideration. Schirra et al. [32] reported
in their study on alloy 718 that Laves phase has a weak inter-
face with the y matrix, and it acts as a preferential site for
easy crack initiation and propagation owing to its inherent
brittle nature. Furthermore, the formation of Laves eutectic
constituents would also cause the matrix a depletion of main
alloying elements needed for its strengthening. It is reported
by Vishwakarma et al. [29] in their study of as-welded ATI
718Plus that precipitation of the primary strengthening
phase y’, which contains a notable amount of Nb (approxi-
mately 14 wt.%), in FZ was restricted owing to the Laves
phase formation. Regarding the plate-like precipitates, their
presence in the interdendritic region may also significantly
deteriorate the mechanical properties of the weldment, espe-
cially on the notch sensitivity and intergranular fatigue crack
resistance [26]. Recall that y’ precipitates do not form homo-
geneously in the FZ of VDM Alloy 780. Inhomogeneous
distribution of ¥y’ may negatively influence the mechanical
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Fig. 11 Thermo-Calc simulation showing the enrichment of Nb and
Ti in the liquid during solidification of VDM Alloy 780

properties at high temperatures [33]. Therefore, a suitable
PWHT is needed to eliminate Laves and plate-like phases
and produce uniform precipitation of y' particles.

In general, the FZ microstructure of welded Nb-bear-
ing superalloys may also be influenced by the welding
parameters, which are connected with the heat input, and,
ultimately, the weld cooling rate. Manikandan et al. [34]
reported that a reduction in weld cooling rate weakens the
Nb segregation, decreases the formation of Laves phase,
and refines the dendrite arm spacings in Alloy 718. In ATI
718Plus, it is reported by Asala et al. [25] that y'/y"” and
d/mphases are found apart from Laves phase and NbC in
the TIG welded FZ microstructure. However, Vishwa-
karma et al. [29] reported that only Laves phase and NbC
are present in the FZ of the electron beam (EB)—welded ATI
718Plus. Note that the heat input of EBW is much lower
than TIG welding, resulting in a much faster cooling rate
in EBW. EBW is also reported to form Laves phase with
a lower Nb content than TIG welding in the FZ of Alloy
718 [35]. However, in this work, as mentioned in Sect. 2.4,
there are no notable microstructural differences in terms of
the type, size, morphology, and number density of constitu-
ents, dendrite arm spacings, and Nb-content in Laves phase
in the samples welded using the highest and lowest heat
input covered in the DOE. This suggests that the samples
produced in all the DOE runs exhibit similar as-welded FZ
microstructure. The similarity in the FZ microstructure in
all samples is plausible due to reasonably narrow welding
parameter windows used in the DOE, i.e., welding current
of 480-490 A and travel speed of 8—9 mm/s. The fairly nar-
row parameter windows produced heat inputs that arguably
led to a comparable cooling rate in all samples during the
weld solidification, resulting in no distinct microstructural
difference in the FZ of all samples.

3.2.3 HAZ microstructure

The HAZ microstructure of welded VDM Alloy 780 directly
adjacent to the fusion boundary consists of a partially melted
zone, i.e., PMZ (Fig. 12a), with numerous liquated and reso-
lidified regions in the grain interior and grain boundary.
PMZ has been described as the area outside the FZ where
liquation happens during welding because heating exceeds
the equilibrium solidus temperature of the alloy [22].

Most of the liquated and resolidified matrix and grain
boundaries in the PMZ show different compositional con-
trast with respect to the unmelted matrix in the SEM-BSE
image. Microconstituents imaged in bright contrast are
also present in the liquated and resolidified regions. Based
on the SEM-EDS analysis, the first microconstituent is
found to be rich in Nb and contains a small amount of
Ti, while the other one is found to be enriched in Nb,
Mo, Ti, Ni, Co, and Cr, suggesting that they are likely
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Fig. 12 (a) SEM-BSE image
showing (Nb,Ti)C particles and
y/Laves eutectic in the resolidi-
fied regions in PMZ; (b) higher
magnification image of a region
marked in (a) depicting Laves
phase particle and plate-like
precipitates surrounding it.

to be (Nb,Ti)C and Laves phase particles, respectively,
that are formed as resolidified eutectics from the former
PMZ liquid. Furthermore, a high magnification image of a
region marked in Fig. 12a as shown in Fig. 12b reveals that
plate-like precipitates are present surrounding the Laves
phase particle, which is similar to the observation made in
FZ. Thus, it is probable that the solidification behavior of
liquid in PMZ, to some extent, is likely to follow a similar
pattern to the one observed in FZ. The initial solid to form
from the PMZ liquid would be y solid solution followed
by y/(Nb,Ti)C eutectic and y/Laves eutectic reactions, as
observed in the HAZ microstructure. As in FZ, the forma-
tion of plate-like precipitates surrounding the Laves parti-
cle in HAZ is still unclear, whether through solidification
or precipitation reaction.

In addition, constitutional liquation of (Nb,Ti)C par-
ticles on grain boundary is observed in HAZ. Constitu-
tional liquation happens because of incomplete solid-state
dissolution of secondary phase particles under nonequi-
librium rapid heating conditions during welding. This
situation leads to a compositional gradient on the matrix
interface in equilibrium with the particle. The interface
starts to melt and forms a liquid when the temperature
during the welding heating cycle reaches the eutectic
temperature of the system. Therefore, liquid exists due
to constitutional liquation of secondary phase particles
below the equilibrium solidus temperature of the alloy.
Figure 13 shows an SEM-BSE image of liquated (Nb,Ti)
C in HAZ further away from the fusion boundary with a
resolidified eutectic-like product at the (Nb,Ti)C-matrix
interface. SEM-EDS point analysis (Table 9) shows that
the resolidified product appeared to be y/Laves eutectic-
type constituent. Constitutional liquation of Nb-rich MC
carbide with y/Laves eutectic as the resolidified product
has been reported in numerous studies in welding similar
Nb-bearing superalloys, i.e., alloy 718 [36-39] and ATI
718Plus [18, 30, 40], and may lead to HAZ cracking.
However, in this study, no cracking occurred in the K-TIG
bead-on-plate weld of VDM Alloy 780.
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Fig. 13 SEM-BSE image showing constitutional liquation of (Nb,Ti)
C particle in HAZ further away from the fusion boundary and its
association with y/Laves eutectic constituent (as-polished sample)

4 Conclusions

1. All K-TIG welding DOE runs of VDM Alloy 780 pro-
duced welds with Wm larger than 1.5 mm, face underfill,
face and root excess weld metal, and average pore diam-
eter below the maximum acceptable limit stipulated in
AWS D17.1 M:2010 for aerospace applications.

2. No cracks are found in the FZ and HAZ.

3. Travel speed significantly influences the Wm, face
and root excess weld metal, face underfill, and aver-
age pore diameter. Welding current and the interaction
current*travel speed significantly influence the face and
root excess weld metal, respectively.

4. Microconstituents in the interdendritic regions of FZ
are identified as (Nb,Ti)C particles and y/Laves eutectic
constituents based on SEM-EDS analysis, suggesting
elemental microsegregation during the weld solidification.
In addition, plate-like precipitates likely to be /0 phase are
also observed surrounding the interdendritic Laves eutectic
constituents. y' particles are found to be inhomogeneously
precipitated in the FZ.
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Table 9 Chemical composition of liquated Nb-rich carbide and the associated Laves phase as the resolidified product in the HAZ obtained from
semi-quantitative SEM—EDS point analysis

Element (wt%) Al Ti Cr Fe Co Ni Nb Mo
(Nb,Ti)C 0.06 2.54 0.47 0.00 1.07 1.31 94.55 0.00
Laves phase 0.43 0.34 10.33 0.15 23.86 30.46 29.49 4.94
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