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Abstract

Nickel-based alloys are known as non-weldable materials due to their complex characteristics. Consequently, additive manu-
facturing of these alloys is particularly challenging. In this paper, the influence of process parameters on the porosity, crack
formation and microstructure of additively manufactured CM247LC nickel-based alloy is analysed. The feasibility of the
direct laser deposition (DLD) process to manufacture crack-free and low-porosity CM247LC samples is studied. CM247LC
samples were built on Inconel 718 that has similar chemical composition, to form hybrid superalloy parts. It was shown
that crack-free and high-density CM247LC samples can be obtained through DLD without significant substrate preheating
for certain parameter combinations: laser power in the range of 800—1000 W and powder feed rates between 6 and 8 g/min.
High-cost and complex preheating was avoided that was commonly reported as necessary to achieve similar densities. For
hybrid parts, a large beam diameter and slow scan speeds were employed to achieve optimal conditions as it was evident
from the achieved bonding between the Inconel 718 substrate and the deposited layers. It was observed that good bonding
between the two materials can be obtained with laser power values between 800 and 1000 W, scanning speed higher than
300 mm/min and powder flow rates of 6—8 g/min.

Keywords Additive manufacturing - Nickel-based superalloys - Porosity - Microstructure

1 Introduction

Nickel-based alloys provide unique properties such as good
mechanical and chemical resistance to degradation in harsh
environments and when subjected to thermal exposures, due
to the precipitation of y’ and y’’ strengthening phases [1,
2]. These properties make them suitable for applications in
the aerospace and energy industries [3, 4]. Among these
alloys, the present work focuses on the CM247LC alloy that
is a chemically modified version of the more common MAR
M247 and was particularly developed for blade and vane
applications [5]. The modifications on its chemical composi-

> Prveen Bidare
p-bidare @bham.ac.uk

< Khamis Essa
K.E.A.Essa@bham.ac.uk

School of Mechanical Engineering, University
of Birmingham, Birmingham, UK

2 TECNUN Escuela de Ingenieria, Universidad de Navarra,
Manuel de Lardizabal 15, 20018 San Sebastian, Spain

3 MBDA UK Limited, Six Hills Way,
Stevenage, Hertfordshire SG1 2DA, UK

tion provide this alloy with improved castability, ductility,
fatigue strength and carbide stability [6, 7]. However, like
other nickel-based alloys, the additive manufacturing (AM)
of CM247LC components is particularly challenging. It is
known as a non-weldable material due to its high Nb, Al
and Ti content [8] that entails various cracking mechanisms
including solidification, liquation, strain age, ductility-dip
cracking and hot cracking [1, 7]. These issues are due to the
high thermal gradients between the substrate and deposited
material, mechanical constraints, the complex grain bound-
aries and the precipitate strengthening of these alloys [9,
10]. As a consequence, AM of crack-free and fully dense
CM247LC components is still a matter of research.

Studies in the literature have been focused on the opti-
misation of AM parameters to achieve the best results. It
has been shown that AM enables the generation of parts
with tensile strength and elongation similar or even better
than those achieved by conventional processing, although
special attention must be paid to the combination of param-
eters employed. Laser power, laser spot diameter, scanning
speed and scanning strategy have a significant influence
on the properties of the generated components [4, 11].
Energy density must be enough to ensure proper melting of
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materials, but excessive input thermal load may lead to the
formation of unstable melt pools [12]. Pleass and Jothi [13]
added the characteristics of powder as another factor that
influences the properties of manufactured components. In
this regard, MacDonald et al. [9] analysed the influence of
particle size and characteristics on the microstructure and
mechanical properties of laser power bed fusion (L-PBF)
CM247LC after HIP treatment. They observed that fine
powders promote the formation of certain boundaries that
are detrimental to the mechanical properties of AM com-
ponents. They also noted that a wide range of particle size
distribution (0—150 pum) provided the best balance of prop-
erties at high temperatures. Weng et al. [14] analysed the
influence of powder feeding rate and scanning velocity on
microstructure and tensile properties of wire-based DED of
316L stainless steel. They observed that, for an optimised
combination of laser power, powder feed rate and scanning
speed, the process enabled the formation of dual austenite/
ferrite microstructure samples with high tensile strength and
good performance in terms of plastic deformation.
Although a great effort has been made to optimise AM
process parameters, these technologies still present some
issues that need to be addressed. AM nickel-based com-
ponents exhibit microstructural defects as high crystallo-
graphic texture, columnar grain structure and intergranular
defects that affect their mechanical behaviour. They also
present high residual stresses, deformations due to ther-
mal distortions, poor surface quality, ageing issues and
anisotropic mechanical properties [15-17]. Additionally,
the appearance of cracks is another issue to consider [11].
Residual stresses generated and the rapid cooling rates that
are common when employing these technologies intensify
the cracking tendency of these alloys [2]. Initial defects
such as gas pores, shrinkage porosity, inhomogeneous
microstructure and lack of fusion might be responsible
for the initiation of cracks under loading conditions [18].
Due to the mentioned issues, AM samples are usually
subjected to post-process heat treatments or HIPing to
reduce cracking occurrences and improve porosity which,
in turn, improves their mechanical behaviour [19, 20]. In
their work, Bhaduri et al. [21] evaluated the feasibility
of L-PBF technology to generate bi-material components
and it was observed that tensile properties of parts had
improved after annealing and ageing heat treatment. In
addition to heat treatments, the feasibility of machining
operations to improve the accuracy and properties of AM
components has also been analysed recently by research-
ers [15, 21-25]. As an example, in the work conducted by
Careri et al. [26], heat treatments and machining opera-
tions were combined as post-processing techniques to
direct laser deposited (DLD) nickel-based components.
They noted that the machinability of DLD and then heat-
treated components is comparable to that of conventionally
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manufactured components. Regarding the benefits of
this post-processing technique, authors observed that by
increasing cutting parameters, the surface qualities can
be improved.

Other methods have also been proposed in literature to
avoid the formation of cracks in AM of superalloys. Seidel
et al. [1] proposed a different approach to avoid hot crack-
ing during DLD of nickel-based alloys that included heat-
ing the substrate through induction. This led to a decrease
of the temperature gradient between the substrate and the
melt pool and, therefore, the thermally induced stresses
could be controlled. The authors obtained crack-free sam-
ples with the proposed methodology. The use of a pulsed
laser was the solution proposed by Imbrogno et al. [27] to
improve the metallurgical characteristics of Inconel 718
alloy. The authors noted that the formation of Nb-rich
phases (known as Lave) during the welding process that
occur in AM increases the tendency to crack formation due
to the brittle nature of this phase. They observed that by
using a pulsed laser, less Nb is segregated, which in turn
can reduce cracks development.

It can be stated that AM of nickel-based alloys and par-
ticularly CM247LC alloy is still an active research field.
Concretely, the optimisation of process parameters to
obtain best results in terms of porosity, crack formation
and mechanical properties of printed components needs
further investigation. It has been shown that, in most
cases, substrate preheating or post-processing treatments
(heat treatments or machining operations) are needed to
obtain high-quality, fully dense and crack-free CM247
AM samples, which is time consuming. Additionally,
these processes are sometimes hard to accomplish due to
the complex geometries and high-added values of the AM
components.

Given this context, the present work is aimed to find
DLD process parameter ranges that enable the formation
of fully dense and crack-free samples without the need
of preheating and/or post-processing operations through
auxiliary equipment, as previously proposed by different
research groups. In this regard, a series of experimen-
tal tests are conducted with varying process parameters
to analyse their influence on porosity, crack formation
and microstructure and in this way to understand better
the process. Based on those results, a range of process
parameters is provided that ensures a good performance
of the DLD process and enables the generation of CM247
components with good properties. The work is also aimed
at studying the feasibility of using the DLD technology
for repair of nickel-based components. Considering this,
a second set of experiments is conducted with Inconel 718
as substrate material and the bonding between deposited
CM247 material and Inconel 718 substrate is analysed
in detail.
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Table 1 Composition (wt. %) of the CM247LC powder used in this research

C Al Ti Cr Mo Hf Ta Co

B N (0} O (supplier) Ni

0.09 557 080 829  0.61 1.31 3.10 959

9.57 140 ppm

<20 ppm <100 ppm 75 ppm Bal

2 Materials and methods

DLD tests were conducted on Mazak Integrex i-400AM
hybrid machine [28]. This machine integrates the DLD tech-
nology into a 5-axis machining setup. The laser employed in
this hybrid manufacturing centre is 1 KW single-mode laser
with 1.064 um wavelength. The AMBIT high-rate deposition
head from Hybrid Manufacturing Technologies was used.
On the substrate, a beam spot size of 2 mm was achieved
with a 10-mm standoff distance. A large laser beam diameter
was selected because it has been shown to improve laser-
based AM processes because of the beneficial effects on the
conduction welding regime that is more stable and enables
the generation of almost fully dense parts [29]. During the
experimental tests, shield gas pressure, shield gas flow rate,
nozzle gas flow rate and carrier gas flow rate were set to
1.5 bar, 10 I/min, 10 I/min and 6 I/min, respectively. A first
operation was run before deposition with a defocused beam
was performed before the deposition to evaporate grease,
coolant, oil and other possible residues from the substrate
surface. No major change in substrate temperature was
noticed due to this process. The chemical composition of
the CM247LC powder employed during the experiments is
provided in Table 1.

In Fig. 1, the morphology and particle size distribution of
the CM247LC powder used in the experiments are shown. It
can be seen in Fig. 1a that the powder has a mainly spheri-
cal morphology, dendritic structure on surfaces and satellite
particles that are typical in gas-atomised powders. Addition-
ally, according to the size distribution (Fig. 1b), the powder
can be considered unimodal as no noteworthy peak can be
identified in the distribution with dsy=63 um.

Preliminary tests were conducted to obtain a range of
process parameters that ensure a good performance of

Fig. 1 CM247LC powder
characteristics: a SEM image
of powder morphology and b
particle size distribution

the deposition process. Multi-track deposition tests were
later accomplished on Inconel 718 substrates using the
processing window that was identified with the conducted
preliminary trials.

After deposition, all samples were sectioned, ground
and polished for a follow-up analysis. The samples were
sectioned in the cross and longitudinal directions (XZ and
YZ) as shown in Fig. 2.

In order to analyse the influence of different process
parameters on the microstructure, porosity and bonding
of samples, images from both sections were taken using
Hitachi TM3030 SEM equipment. The images were later
analysed using ImagelJ software. Regarding the analysis
of experimental data, the influence of different process
parameters on the microstructure, porosity and bonding
of samples was studied. To analyse the influence of laser
heat input, as suggested by Read et al. [30], the so-called
energy density y was calculated as follows for different
process parameter combinations:

P

‘P:fr-h-t (1)

where P being the laser power, f, is the scanning speed, h
is the hatching space and  is the deposited layer thickness.
The influence of other parameters such as the energy input
per unit length (£, [J/mm)]), the applied powder mass per
unit length (G [mg/mm]) and the specific energy (E,, [J/mg])
on porosity of samples was also analysed. These parameters
were suggested by Hentschel et al. [31] to analyse the influ-
ence of laser-related and process-related parameters on the
obtained results in AM and they can be calculated as follows:

E=7 0

Weight %

< Y < T MR
& » > 9’ ©’ AN g & Q
. S Y
Sieve size (um)
(b)
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Fig.2 Sections conducted to analyse the microstructure and porosity
of DLD samples

G=% 3)

C)

where riz being the powder flow rate.

According to the experimental tests, single-track deposi-
tions were first conducted with varying process parameters
to find a window for optimal DLD conditions that lead to
smooth tracks with no internal cracks or porosity. A wide
range of laser power, scan speed and powder flow rate values
were employed in order to analyse the influence of all vari-
ables on the obtained deposition characteristics.

Multi-layer deposition tests were conducted next with
the parameter combinations that demonstrated the optimum
results in the preliminary tests. These parameters are pro-
vided in Table 2.

The 30 mm long and ~20 mm in height ribs that are
shown in Fig. 3 were generated during multi-layer tests on
SS304 substrate. Once the samples were created, microstruc-
ture, porosity and crack formation in the deposited material
were analysed. Subsequently, the best parameters that gave
crack-free high-density builds were further used to deposit
CM247LC powder on IN718 substrates. Special attention
was paid to the boundaries between the substrate and the
first deposited layers in order to evaluate the bonding of
CM247LC onto Inconel 718.

Fig.3 Multiple-track samples

of CM247 deposited on 304SS
substrate (a) wall 1-9, (b) wall
10-17 and (c) wall 18-25

@ Springer

Table 2 Process parameter values employed in the multi-layer tests

Parameter Lower level Mid-level Higher-level
Laser power (W) 600 800 1000

Scan speed (mm/min) 200 300 400

Powder flow rate (g/min) 6 8 10

3 Results and discussion

Results obtained in the conducted experiments are presented
next. First, the influence of process parameters on achieved
aspect ratios of single-track samples is analysed. Then,
the analysis of porosity, crack formation and microstruc-
ture of these samples is conducted. Finally, the analysis of
boundaries between the Inconel 718 substrate and deposited
CM247LC is presented.

3.1 Analysis of preliminary trials

Figure 4a shows the single-track samples deposited in 304SS
substrate during the preliminary trials with different process
parameters. Depending on the parameters used, different
results were obtained regarding the bonding (no bonding,
partial bonding or good bonding) to the substrate. In addi-
tion, the morphology of the deposited tracks was evaluated
by calculating the achieved aspect ratios (AR), i.e. the ratio
between the width (W) and the height (H) in the YZ cross
section of a single-track sample as shown in Fig. 4b. It is
commonly accepted that depositions with AR between 3 and
6 exhibit adequate bonding. However, in this study, as sug-
gested by Shamsaei et al. [32], only parameter combinations
that led to aspect ratios between 2 and 4 were considered
optimal.

To give an overview of the effects of varying process
parameters on AR achieved, Fig. 5 provides the SEM
images of the YZ cross section of analysed single-track
CM247LC samples deposited on 304SS substrate. It was
possible to identify a range of parameters that can lead to
depositions with optimal AR. Concretely, high laser power
value (above 800 W), scanning speeds between 200 and
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Fig.4 Single-track samples: a
whole length of the samples and
b SEM image of the YZ cross
section of one of the samples
with achieved AR

No bonding

Partial bonding
(@)

400 mm/min and powder feed rates between 4 and 10gr/
min showed best results. Additionally, those processing
windows led to crack-free and dense depositions.

It is observed in Fig. 5 that for 200 m/min scanning speed,
if low laser power (P =600 W) and low laser feed rates
(FR =3 g/min) are employed, AR of the deposited layer is
5. However, by using this same scanning speed (S =200 m/
min), combined with a higher laser power (P =800 W) and
a slightly higher powder feed rate (FR =4 g/min), an AR=4

Fig.5 AR values obtained in

Good
deposition

AL D104 x50 2mm

is obtained that is considered within the optimal range. As
known, laser power directly influences the temperatures
achieved in the melt pool; therefore, it has a major influence
on the melting processes and the obtained density. Addi-
tionally, scanning speed can also influence the temperature
achieved on the melt pool, its geometry and the cooling
rate and solidification process once the layer is deposited.
Finally, it is observed that powder flow rate must also be
taken into account to optimise process parameters. If a high

304 SS substrate

single-track DLD experiments 600 T T
on 304SS substrate with investi- Out of optimum range
gated process parameters
Within optimum range
500 —
— FR=10 g/min
FR=5 g/min AR=3.1
g 4001 AR=6.2 ’ 7
£
g
E ,
=] FR=6 g/min
g 300 AR=3.4 7
% B
en
=
‘g
=
3 .
@ 200+ FR=4 g/min ]
AR=4
Lok FR=3 g/min i
AR=5
0 1 1
500 600 700 800 900
Laser power (W)
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Fig. 6 Influence of the applied

Inconel 718 substrate

304 SS substrate

powder mass per unit length G 2.5 15 o
on AR of single-track samples °
deposited on a Inconel 718 and o LY
b 304SS substrates =) o3 o
B [ ] B 10 +
N 1 ) 5 L N—
) ° )
= o =
< < [ J
& 7
g g
o a5 °
° °
<ot < -
0 : : 0 : :
0 20 40 60 0 10 20 30
(a) G (mg/mm) (b) G (mg/mm)

powder flow rate is selected, enough heat input to properly
melt all the powder must be ensured. Therefore, based on
the results shown in Fig. 5, the need for an analysis of the
combined influence of process parameters on the resulting
AR was stated.

The influence of process parameters on AR of single-track
samples was analysed for all parameter combinations inves-
tigated in this research, considering both substrate materials.
A similar set of single-track CM247LC samples were pro-
duced on Inconel 718 substrate. Figure 6 shows the evolu-
tion of AR with respect to the applied powder mass per unit
length G (3) for the two substrate materials investigated in
this research that gives a general view of their influence on
achievable AR.

It can be stated that regardless of the substrate material,
the aspect ratio of single-track samples decreases with the
increase of the applied powder mass per unit length G.

3.2 Analysis of the deposited material
3.2.1 Influence of process parameters on microstructure

Figure 7 shows SEM images of CM247LC bulk obtained
from the YZ cross section of different rib samples deposited
on 304SS substrate.

The parameter values employed to generate the ribs
shown in Fig. 7a, b led to the formation of cracks. Both
samples were deposited with high energy input (800 W laser
power) and the morphology of the cracks that appear is the
typical solidification cracking that occurs in those cases [33].
These high values led to a fast cooling rate that is the reason
for crack formation. At the same time by analysing Fig. 7c,
d, it can be stated that a higher laser power leads to improved
density of the produced samples. The porosity in the sample
included in Fig. 7c is due to lack of fusion that occurs when
power is not enough to melt powder properly. Higher laser
power induces a better melting of the powder, therefore,
enables the formation of more dense ribs. Another possible

@ Springer

reason for the appearance of this spherical porosity is a bad
shielding that leads to the so-called gas trapped porosity.
During the depositions, local shielding was employed, which
in some cases might not be enough to ensure optimal deposi-
tion conditions.

Regarding the microstructure of the samples, it was
observed that columnar and directional microstructure with
elongated grains oriented along the build direction can be
obtained (see Fig. 7d) when high laser power and low scan-
ning speeds are used. This is a consequence of the slow
solidification that is the result of the applied combination
of parameters. In fact, comparing Fig. 7b, d, it is seen how
scanning speed affects the solidification. It is seen that a
decrease in scanning speed provides more time to a bet-
ter solidification and enables the generation of a crack-free
sample.

Also, by analysing the images in Fig. 7, it can be noted
that a window of parameters can be identified (Fig. 7d) for
304SS substrate that lead to crack-free and high-density
CM247LC samples with good microstructural properties.
In this regard, high laser power (above 800 W) and inter-
mediate scanning speeds (300 mm/min) that enable a good
solidification have shown the best results.

In Fig. 8, SEM images of the same samples previously
shown in Fig. 7 are included, but in this case with their cor-
responding XZ cross sections of the ribs.

By comparing Figs. 7 and 8, it can be stated that simi-
lar results have been obtained in both directions. Therefore,
only the images and values corresponding to the transversal
cross-sectional (YZ) cuts are included and discussed further.

Figure 9 shows the SEM images of CM247LC ribs pro-
duced on Inconel 718 substrate.

Analysing the SEM images, it can be stated that the
samples shown in Fig. 9a—c do not depict an optimal
microstructure. In particular, the low laser power used for
the samples in Fig. 9a, b is not sufficient to fuse the pow-
der and thus pores are formed in the lattice. Additionally,
if a higher scanning speed is employed (Fig. 9b, c), the
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Fig.7 SEM images of the

YZ cross section of the ribs
produced on 304SS using dif-
ferent process parameters: a
800 W, 400 mm/min, 10 gr/min;
b 800 W, 400 mm/min, 8 gr/
min; ¢ 600 W, 200 mm/min, 6
gr/min; and d 800 W, 300 mm/
min, 8 gr/min

A D11.1x30

(@)

deposited layer cannot solidify sufficiently before the fol-
lowing one is deposited. The heat load generated during
the deposition of successive layers leads to side effects
that are similar to heat treatments. As a result, a coarse
microstructure is formed that entails low nucleation rates
and a continuous grain growth in the structure. Further-
more, if the powder melting is not adequate, cracks can be
generated during the process (see Fig. 9c). On the other
hand, deposition parameters employed in Fig. 9d led to a
defect-free microstructure, with only a marginal amount of
pores. In this case, a columnar, directional and elongated
grain microstructure along the build direction can be seen.
The columnar grains are a consequence of the tempera-
ture gradients in the build direction, which is typical for
AM components. Additionally, the large size of the grains
is attributed to the slow solidification that, in turn, is a
consequence of the lower scanning speed employed, i.e.,
200 mm/min. Lastly, the grain orientation reflects the scan-
ning strategy employed during the deposition, especially
the zig-zag growth orientation as seen in the cross section
(Fig. 9b), that is attributed to the continuous motion of the
laser that is typical in the CW regime.

e Por'qsity=0.‘5 1%

Porosity=0.091%

=1
@

=
@
©
(]
-
T

o

D9.5 x30

3.2.2 Influence of process parameters on porosity

Firstly, the influence of laser power (P), scanning speed (S)
and powder flow rate (FR) on bulk porosity was analysed
independently. Figure 10 shows the evolution of bulk poros-
ity in CM247 deposited on Inconel 718 (dashed lines) and
304SS (continuous lines) substrates with varying parameters.

As expected, porosity decreases with the increase
of laser power as it is shown in Fig. 10a. However, the
opposite trend is observed with increasing powder flow
rate in Fig. 10c. As laser power increases, the heat input
increases and, therefore, an adequate melt pool is gener-
ated that reduces the formation of pores during the depo-
sition. However, if the heat input is fixed, the increase
of powder flow rate leads to higher porosity. This can be
explained with no sufficient heat input to melt all deliv-
ered powder. Additionally, an excessive amount of pow-
der can obstruct the laser beam resulting in poor melting.
Finally, the influence of scanning speed on porosity is not
clear for both substrate materials.

The effect of parameters' combinations on porosity was also
investigated. Figure 11 shows the evolution of the porosity

@ Springer
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Fig.8 SEM images of the

XZ cross section of the ribs
produced on 304SS using dif-
ferent process parameters: a
800 W, 400 mm/min, 10 gr/min;
b 800 W, 400 mm/min, 8 gr/
min; ¢ 600 W, 200 mm/min, 6
gr/min; and d 800 W, 300 mm/
min, 8 gr/min

A

H D44 x40

(@)

of CM247LC walls ribs deposited on Inconel 718 substrate  the figure that porosity decreases with an increase in energy
with respect to the energy density y that combines the  density. Again, this can be attributed to the increase of heat
effects of laser power and scanning speed. It can be seenin  input that facilitates the melting of all delivered powder.

Fig.9 SEM images of the YZ
cross section of ribs produced
on Inconel 718 using different
process parameters: a 800 W,
200 mm/min, 6 gr/min; b

800 W, 300 mm/min, 8 gr/min;
¢ 1000 W, 300 mm/min, 8 gr/
min; and d 1000 W, 200 mm/
min, 6 gr/min

AL D96 x50 AL D11.0x50

AL D11.0x50 AL DS.7 x50
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Fig. 10 The influence of process parameters on porosity of the deposited bulk, especially the effects of a laser power, b scanning speed and ¢

powder flow rate

3.3 Analysis of the boundaries between the substrate
and deposited layers

As it was already mentioned, a special attention was paid
to the analysis of substrate/layer boundaries of samples
deposited on Inconel 718 to investigate the potential appli-
cation of DLD for the repair of nickel-based superalloys’
components. The bonding between the substrate and first
deposited layers was analysed by evaluating the so-called
bonding ratio between the width of the adequately bonded
material and the total width of the boundary between
them. Figure 12 depicts the boundaries between Inconel
718 substrate and the first CM247LC layers for two sets
of deposition parameters. It can be seen that the process
parameters affect the resulting bonding, too. It was evident
that low laser power (Fig. 12a) led to certain regions of

Inconel 718 substrate
0.35 T T .

Porosity (%)

0.05 | 1

10 12 14 16 18 20 22

Energy Density (J/mm3)

Fig. 11 The effect of energy density on porosity of deposited ribs

the deposition (marked with arrows) to not bond to the
substrate adequately. At the same time, high laser power
(Fig. 12b) resulted in a better welding of deposited layers
to the substrate.

To analyse the influence of each process parameter inde-
pendently on the bonding performance, the evolution of the
bonding ratio was analysed with varying processing param-
eters as shown in Fig. 13. The effects of each parameter
on the bonding ratio were analysed while keeping the other
two constant. The information about the values of the fixed
processing parameters in each experiment is included in the
figure legend.

It can be seen in Fig. 13a that bonding improves with
the increase of laser power, while it decreases with the
increase of powder flow rate (Fig. 13c). The effect of laser
power on the bonding performance is due to the increase
of the heat input that enables a better melting of materials
and, in turn, a better welding between the substrate and the
deposited layers. Regarding the scanning speed, no clear
interdependence between the bonding performance and
scanning speed can be identified in the obtained results
in Fig. 13b. Further research needs to be carried out to
understand the effect of scanning speed on the bonding
performance. It should be noted that the scanning speed
affects the width of the layers, as its increase deduces their
thickness. However, no relation with the bonding perfor-
mance has been previously reported. As for the powder
flow rate, it can be stated that the weldability of materials
degenerates when higher volumes of powder are deliv-
ered. Therefore, to maintain the bonding performance
with the increase of the flow rate, it would be necessary
to increase heat input in order to melt all delivered powder
properly. In addition, if powder flow rate is too high, it
might obstruct the laser beam and lead to an inadequate
melting and bad bonding between materials.
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Fig. 12 SEM images of the
boundaries between Inconel
718 substrate and first layers
deposited with the follow-

ing processing parameters: a
600 W, 200 mm/min, 10 gr/min,
and b 1000 W, 200 mm/min, 10
gr/min
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Fig. 13 The effects of processing parameters on the bonding performance, i.e. the influence of a laser power, b scanning speed and ¢ powder

flow rate

4 Conclusions

The paper reports an investigation of DLD process param-
eters’ effects on microstructure, porosity and crack forma-
tion in CM247LC samples deposited on Inconel 718 and
304SS substrates. Additionally, the boundaries between the
Inconel 718 substrate and the deposited layers were analysed
to investigate the potential use of this technology for repair
of nickel-based alloys’ components. The main reason to use
304SS substrates for the initial trails was its relatively low
cost, availability and better machinability. After the initial
trial on the 304SS substrate, the optimal parameters were
subsequently used on IN718 substrates to investigate the
achievable bonding performance with the DLD process
The influence of laser power, scanning speed and powder
flow rate on the porosity, crack formation and microstructure
of samples produced on both substrate materials was ana-
lysed. Lastly, the feasibility of deploying the DLD process
for repairing Inconel 718 components by using CM247LC
powder was also investigated. Special attention was paid to

@ Springer

the interface between the Inconel 718 substrate and depos-
ited CM247LC layers, to analyse the achievable bonding
performance while varying the processing parameters. From
the results obtained, the following conclusions can be drawn
in this research:

e There is a certain range of deposition parameters that ena-
ble the build-up of pore-free and crack-free CM247LC
samples by employing the DLD technology without any
substrate preheating and/or part post-processing. One of
the main reasons for this is the use of a large diameter
laser beam and low scanning speeds.

e Regarding the effects of process parameters on the
microstructure of the deposited ribs, it can be stated
that high laser power and low scanning speed lead to a
columnar and directional microstructure with elongated
grains oriented in the build direction. This can be attrib-
uted to the good melting and successive solidification
of the deposited material that, in turn, is due to the high
heat input and sufficient cooling time, respectively.



The International Journal of Advanced Manufacturing Technology (2022) 120:8063-8074 8073

e The influence of process parameters on the resulting
porosity was also analysed. As expected, it was observed
that porosity decreases with the increase of laser power.
However, the powder flow rate has the opposite effect on
porosity. The high powder flow rate led to higher poros-
ity. It can be also stated that scanning speed did not have
a clear effect on the porosity for the range of investigated
processing parameters.

e As for the achieved bonding between the nickel-based
alloys, it has been determined that good results can be
obtained when a certain range of process parameters are
used. Thus, it can be stated that the DLD of CM247LC
can be considered a potential option for the repair of
Inconel 718 components.

e The increase of laser power and powder flow rate led to a
better bonding between deposited CM247LC lasers and
the Inconel 718 substrate. However, scanning speed did not
have a clear effect on the bonding performance within the
range of deposition parameters investigated in this research.

In addition to the conclusions listed above, it has been
noted that time gap between consecutive layers has also an
important influence on the quality of depositions. Therefore,
further research will be carried out in the future to analyse
this and find the optimal time delay constant.
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