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5 RESULTS AND DISCUSSION

5.1 Romi D800 Hybrid

5.1.1 Machine kinematics

Figure 26 presents the maximum real feed speed the machine was capable, as a

function of the linear increments.

Figure 26 — Maximum real feed the machine is capable during the linear toolpath of
200 mm in with different programmed linear increments in GO.
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Although the programmed feed speed was 20,000 mm/min (using GO0), the data
shown in Fig. 26 reveals that the real feed speed developed by the machine was always
lower and varies according with the segment length. Such correlation is found to be
proportionally linear (R? = 0.9902) to the length of the linear segment programmed in the
g-code. This behaviour is attributed to the inertia of the moving components and to the
time necessary to close the positioning loop (COELHO et al., 2010). Based on this simple
test, the machine can develop real feed rate higher than 600 mm/min for programmed

segments higher than 0.110 mm.

The CNC data acquired during the test for verifying the machine kinematic limits is

plot in Fig. 27. The graph shows the average data acquisition rate for each test performed
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in GO with different programmed linear increment. Overall, for this implementation version
of DTConnect, the average DAQ was 10.03 + 0.3 pps.

Figure 27 — Average data acquisition rate by DTConnect during the kinematics test at GO
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The same analysis were carried to the 2D and 3D geometry tests and the average
DTConnect DAQ for the tests were 9.0 Hz + 0.6 Hz and 10 Hz + 0.2 Hz, respectively.
The latest DAQ acquisition rate achieved after the last code optimization (implemented
to the 3D DED tests) was found to be the higher feasible out of the hardware available.
It is imperative to stress that the data sending rate from the CNC is limited due to the

amount of processing occurring in parallel to the FOCAS calls to access the variables.

It has been reported that a way to increase the DAQ for this system would require
an upgrade to the CNC so that the data could be transferred via optical fiber, as in
the FANUC HSSB interface boards. This upgrade is costly, however the events and data
calls would still be performed at random times, which would not aid much to the non-
deterministic sending of data. Therefore, regarding that the melt pool images can be
acquired at the range of 30 to 60 fps, linear regression was applied to the data from the
DTConnect in order to fill in points within the data so the amount of points collected

would respect the rate of 30 pps.

5.1.2 Powder delivery system

Figure 28 shows the plot of mass flow rate (g/min) against the rotation of the

powder carrying disk, Rot H1(%).

The data with a linear and a third degree polynomial fitting are plotted in Fig. 28.

The fitting curves reveals the tendency for the mass flow rate increase towards the increase
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Figure 28 — Powder feeder range of mass delivery to the system
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in the hopper disk rotation. Also, it is observed that for very low and high rotations, a

higher dispersion is produced to the mass flow rate.

The reliability of systems for handling solids and small particulates of metals,
in a great majority, is affected by several factors, such as the environment condition
(temperature, humidity), kinematic mechanism for conveying, the conveying line from the
hopper to the nozzle, etc. As one can see in Fig. 28, there is an optimum range of powder
delivery, in which the system dispersion is reduced. Such operational range is delimited
by the intersection of both curve fittings, and foresees mass flow rates from 6 g/min to

12 g/min, varying with the rotational speed of the disk in a near linear way.

5.1.3 Melt pool monitoring and camera setup

Figure 29 presents the track marks left on the substrate after running the laser on

the substrate without powder income.

What is seen in Fig. 20 has bases on the laser polishing principle, in which the
original feeding marks, left by the former milling operation, are smoothed down after
local fusion/solidification provoked by the movement of the laser beam. Three regions
are highlighted, representing the start/end point (O), a regular area within the linear
trajectory (B) and a point of change in direction (C).

The measured values for the bead width and length were 1532.84 um and 1577.15 um,
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Figure 29 — Melt pool track on the SS 304 substrate for pixel size calibration
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respectively, whereas the measured area for the melt pool mark in O (see fig.20b. for
reference) was 1.93 um?. In this respect, and comparing the geometry of the polished track
to the dimensions of the melt pool image, the pixel size was estimated in, approximately
7.10 pm.

5.2 Building DED parameters

Figure 30 presents the powder jet profile under different gases condition. In these
tests, the mass flow rate () considered was kept within the optimum range of powder
delivery from the system, whereas the gas flow rates varied within the range defined by

the manufacturer.

One can see in Fig. 30 the profile of powder jet at the nozzle exit. In this system,
the powder flows in a channel, so there is a length measured below the laser focal point
in which the powder can be caught at the melt pool — [,r;, where ¢ is an integer that
represents the setup number. In a similar way, the diameter in which the powder is revealed

at the laser focal point was estimated, defining the variable d, ;.

It has been observed that, when d,; is much greater than the nominal laser spot
size, powder is delivered outside the melt pool region, generating powder loss and lowering
the powder catchment efficiency at the melt pool. Also, delivering powder excessively to
the melt pool lowers the dilution (p) once there will be more material to be melt, using the

thermal energy to melt new particles other than to dilute the new layer on the previous
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Figure 30 — Powder profile
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one. Lack of fusion can culminate from this excess of mass delivered, as a result of bad
dilution, as well as layer separation. A way to balance this is to increase laser power in

order to supply enough energy from melting and diluting, or reduce the mass flow rate.

In this regard, considering the laser spot size of 2 mm that can produce bead widths
ranging from 1.8 to 2.2 mm, a reasonable mass flow rate would follows to that geometry
when a 1.9 < d,;; < 2.1 is aimed. Therefore, for the 3D geometry set of experiments, the
powder flow rate was defined at 8.3 g/min, delivery by the conveying line of Argon gas at
6 L/min. Shielding gas at the rate of 12 L/min prevented the melt pool from oxidizing
whilst the nozzle gas at the rate of 5 L/min protected the lenses on the laser head against

back-flow of contaminants.

Figure 31 shows the microstructure of a good deposition, with low porosity and a
typical aspect of DED with beads cross section. Some porosities are visible, which can
be due to entrapped gases inside the powder, as seen in Fig.32. To this analysis, the

parameters were defined to reduce porosity and promote good dilution to the substrate.

5.3 DED tests
5.3.1 Conceptual tests

As a visual result, the built geometries are shown in Fig. 33 for the monitoring
only mode (Fig. 33a) and with active control on settings (Fig. 33b).

This validates that the both DT Connect and DTMap2D have succeeded in acquiring
data and exposing them in an easy and straightforward way — representative of the aim

of both software’s concept. Due to the nature of one-track line, the visual comparison
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Figure 31 — Microstructure uniformity with low percentage of pores (a) and good bead
dilution to the SS304 substrate (b) at the cross-section of the SS316L block
built in the contour strategy with P = 700 W, f = 600 mm/min and
m = 8.3 g/min. Scale: 500um.

Source: Author

Figure 32 — Cross-section from the 316L powder particles. Scale: 200um.

Source: Author

between the zigzag line performed with monitoring only and active feedback control on is

tough to present without the aid of specific inspection tools.

By adding active feedback control to the build of a thin wall, the influence of the
substrate to the first layers is considerably reduced, as shown in Fig. 56. Levels of melt

pool area that are achieved in the second layer of this set would only be achieved in the
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Figure 33 — Image from the zigzag line built with (a) monitoring only; and (b) active
control on.

Source: Author

third layer of the build with no active feedback control; same way to the 5th layer from the
set with feedback control, that would only be achieved at the last layer of the monitoring
only set. This is a result from the adjustment of laser power during the deposition, which
can also be identified at its DTMap2D graphic, reassuring that only the necessary energy

will be delivered during the process.

Figure 34 — Image from the thin wall built with (a) monitoring only; and (b) active control
on.

Source: Author

This effect into the part shape can be better explored in Fig. 34, which presents
images from the wall printed in monitoring only mode (Fig. 34a) and with active control
on settings (Fig. 34b). A rounder edge shape to the wall built with constant laser power,
is representative of accumulated deviation from form due to the higher and uneven energy
(added by laser plus the remained one from the previous layer) found at the melt pool
and the heat transfer phenomena. With the active feedback control, this behavior can be

managed towards a better part with better defined edge shape.
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5.3.2 Final tests

Figure 35 presents the cross-section of the pyramids built at lower laser power at
500 W and gradient, to the contour and zigzag strategies, i.e., sets la, 1b, 1c and 1d,

respectively.

Figure 35 — Cross-section of the pyramid built in the contour strategy at 500 W (a) and
with laser power gradient (b), as well as in the zigzag strategy at 500 W (c)
and with laser power gradient (d). Scale: 4mm.

Source: Author

In all sets presented in Fig. 35, defects due to lack of fusion between beads and
subsequent layers, as well as entrapped powder and pores were found. Although the
sets with zigzag strategy have presented a minor amount of defects, these sets are still
configuring a defected printing. In this case, a reinforced work into the build of parameters
is recommended in order to increase the part internal homogeneity. Later in this section,

the defects are quantified in terms of porosity percentage.

Figure 36 details some of the defects found at the cross-section of the pyramid
built with contour strategy at 500 W laser power (set la). The appearance of these defects
has shown that the energy delivered during printing was neither enough to promote the
adhesion of the first layer to the substrate (see Fig. 36a), which was built with a nominally
higher laser power of 550 1¥; nor to make a good bonding between subsequent layers (see
Fig. 36b), whose are naturally build over a pre-heated bead. The presence of entrapped
powder (see Fig. 36¢) also relates to the delivery of insufficient energy to melt the powder

at the melt pool and the previous layer, at a minimum range to promote layer dilution.
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Figure 36 — Defects presented at the cross-section of the pyramid built with contour
strategy and 500 W laser power (set 1a): (a) bad dilution, (b) lack of fusion,
(c) entrapped powder and (d) porosity.

Source: Author

Last but not least, pores were highly present in this microstructure as a possible result of

melt pool solidification shrinkage.

The average of porosity in each pyramid sample in both combinations of laser
power and scanning strategy are shown in Fig. 37. One can see that the set considering
lower laser power, regardless the printing strategy, has presented higher porosity than the

other sets, that for instance were produced with 700 W and its gradient.

The pyramid built with gradient 550 — 450 W in zigzag strategy has presented the
higher percentage of porosity, estimated in 2.76%, whilst the set with 500 W produced
the lowest (1.36%) from this set with 500 W. The percentage of porosity has decreased
considerably (at least 5 times) with the increase of laser power to 700 W and its gradient.
To the higher laser power set, it has also been observed an increase in porosity of,

approximately, 60% when performing printing with laser power gradient. This implies that
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Figure 37 — Porosity percentage from the pyramid builds against test condition in terms
of scanning strategy and laser power.
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using a higher laser power to the first layer of the build is effective once the substrate
works as a "heat sink’, however slightly decreasing the laser power through the first five
layers will not have an outstanding effect into the porosity percentage, when comparing it

to the samples that keeps the laser power constant from the second layer on.

Figure 38 — Pore area distribution from the pyramid builds in contour and zigzag strategies
with (a) 500 W and gradient and (b) 700 W and gradient.
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By evaluating the pore size (mm?) distribution from the pyramids built, as presented

in Fig. 38, one can infer about the predominance of pores and lack of fusion within the
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Figure 39 — Cross-section of the pyramid built in the contour strategy at 700 W (a) and
with laser power gradient (b), as well as in the zigzag strategy at 700 W (c)
and with laser power gradient (d). Scale: 4mm.

Source: Author

samples. In this scenario, higher area pores indicates lack of fusion defect, whilst minor
pore areas are related to pores due to entrapped gas, and weak powder quality. Thus, the
sets with higher presence of lack of fusion were the contour and zigzag with gradient laser
power (550 to 450 W) whilst a decrease in this defect has been estimated with the increase
in laser power (see Fig. 38b). These results can also be observed in Fig. 39, which presents
images from the cross-section of the pyramids built with higher laser power (700 W and

gradient), regarding the contour and zigzag strategy (i.e., sets 3a, 3b, 3c and 3d).

With the increase in laser power, the energy delivered at the melt pool has increased
in 40 %, being enough to significantly enhance the quality and homogeneity in both printing
strategies parts. Defects presented before, such as bad dilution, lack of fusion and entrapped
powder were highly mitigated. Pores were reduced even though they are still present. This
can lead to powder production defects, in which the powder has already porosity inside its
particles (see Fig. 32). This powder porosity could possible be reduced by increasing the
energy input to the process, however, this approach is limited as the increase in energy

can also lead to ablation.

The geometry of a pyramid mould brings the stair-case effect in the inner corners
of the part, differently from the pyramid. Figure 40, 41, Fig. 42 and Fig. 43, present the
cross-section of the pyramid mould parts built at lower laser power, set at 500 W and its
gradient (550 W to 450 W), in contour and zigzag strategies, i.e., sets 2a, 2b, 2¢c and 2d,

respectively.
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In this set, overall defects that have already been seen in the pyramids build at
lower laser power were found too: lack of fusion, bad dilution, and porosity. From Fig. 42
to Fig. 43, inner and outer regions of the build are presented in augmented view, in which
bad dilution between layers is also highlighted. These defects are most likely to be thermal

related, and so, influenced by the heat source displacement during the build.

In other words, it is feasible that the scanning strategy has affected the amount
of defects in this geometry. When the geometry imposes long distances between adjacent
deposition tracks, the printed layer/bead has time to cool down, so the thermal energy
that remains from the previous bead deposition is lower in longer and distant trajectories,
e.g. contour strategy, than when adjacent beads are build within a minimal time spare,
e.g. in zigzag strategy. Thus, the contour strategy, in this case, brings less advantages and

more defects to the part than when building with zigzag pathway.

Figure 40 — Cross-section of the pyramid mould built with 500 W in contour strategy, in
(a) overall view, (b) outer left, (c) inner left, (d) inner right and (e) outer right
views.
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This is cleared when evaluating the porosity levels shown in Fig. 44, which has
decreased in about 63.2 % to the set built with constant laser power and 62.7 % to the one
with laser power gradient. The sets built with the same scanning strategy but different
laser power configuration has presented no significant difference under the current data
sets, which leads to state that building with laser power gradient does not affect the

porosity levels in this geometry.
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Figure 41 — Cross-section of the pyramid mould built with laser power gradient (550 W
to 450 W) in contour strategy, in (a) overall view, (b) outer left, (c) inner left,
(d) inner right and (e) outer right views.

Source: Author

Figure 42 — Cross-section of the pyramid mould built with 500 W in zigzag strategy, in (a)
overall view, (b) outer left, (¢) inner left, (d) inner right and (e) outer right
views.
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Source: Author
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Figure 43 — Cross-section of the pyramid mould built with laser power gradient (550 W

to 450 W) in zigzag strategy, in (a) overall view, (b) outer left, (c) inner left,
(d) inner right and (e) outer right views.
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Figure 44 — Porosity percentage from the pyramid mould builds against test condition in
terms of scanning strategy and laser power.
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Figure 44 also introduces the porosity results from the set built with higher laser
power. By doing so it is clear that, regardless the geometry, the reduction in terms of
defects due to porosity, lack of fusion and bad dilution is strictly dependent on the energy

delivered to the melt pool. Looking further into the porosity, Fig. 45 presents the pore
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area distribution for the pyramid mould parts produced with lower and higher laser power.

Figure 45 — Pore area distribution from the pyramid mould builds in contour and zigzag
strategies with (a) 500 W and gradient and (b) 700 W and gradient.

o o
S S
o | Laser Power o Laser Power
e W 500 W e . 700 W
w0 O 550450 W o B 300-700 W
s | = 500 W S = 700 W
— =2 O 550450 W — ° 0 800-700 W
E E
= o = o
s o 0 s o
L o 7 ! L 5 7
S o - o ©
o ' . o
[e] o
a & - H E a &8 —_— T —_
o - 1 [ 1 1
S ! | ! S i i !
o I ! o H 1
= N
|
o o
o <
P T T T T P T T T T
Contour Zigzag Contour Zigzag

)

Source: Author

Likewise the data presented for the pyramid geometry (see Fig. 38), the pore
area distribution indicates the presence of micro-pores, and larger pores areas that can
be physically identified as regions of lack of fusion. The narrower the interval from the
quarters, the most homogeneous is the structure evaluated. Thus, it is clear that contour
strategy has produced more homogeneous parts at both laser power configurations, and

when comparing the two levels of laser power, it is also given that overall pore size is lower
to the builds produced with 700 W.

Figure 46, Fig. 47, Fig. 48 and Fig. 49 present the microstructure at the cross-
section of the pyramid mould parts built under 700 W and gradient (800 W to 700 W),
in contour and zigzag strategies i.e., sets 4a, 4b, 4c and 4d, respectively. From Fig. 46 to
Fig. 49, inner and outer regions of the build are presented in augmented view, as well as
an image of a typical microstructure showing the uniformity of the printed layers. The few
defects that were present in these sets were pores most likely to be from entrapped gas or

remained from powder production process.

Regarding the final geometry of the builds, a rounder top edge is found in the
pyramid moulds produced by contour strategy, when compared to the final form of the
parts produced in zigzag pathway. This difference was mainly noted in the sets produced
at 700 W and gradient (see Fig. 46 to Fig. 49), and can be due to a loss of focus at the
end of the build, adding up to the edged geometry, which is already know to have form
deviation highly affect by deposition out of focus.
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Figure 46 — Cross-section of the pyramid mould built with 700 W in contour strategy, in
(a) overall view, (b) outer left, (c) inner left, (d) inner right and (e) outer right
views.

Source: Author

Figure 47 — Cross-section of the pyramid mould built with laser power gradient (800 W
to 700 V) in contour strategy, in (a) overall view, (b) outer left, (c) inner left,
(d) inner right and (e) outer right views.
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Figure 50 presents the parts printed with 500 W and its gradient to the different

geometries and scanning strategies, as built.
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Figure 48 — Cross-section of the pyramid mould built with 700 W in zigzag strategy, in (a)
overall view, (b) outer left, (¢) inner left, (d) inner right and (e) outer right
views.

Source: Author

Figure 49 — Cross-section of the pyramid mould built with laser power gradient (800 W
to 700 W) in zigzag strategy, in (a) overall view, (b) outer left, (c) inner left,
(d) inner right and (e) outer right views.
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Figure 51 presents the parts printed with 700 W and its gradient to the different

geometries and scanning strategies, as built.
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Figure 50 — Image from the parts built with 500 W and gradient.
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Figure 51 — Image from the parts built with 700 W and gradient.
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Figure 52 presents the assembly of the parts printed with 500 W and its gradient

to the different scanning strategies, as built.
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Figure 52 — Assembly of the parts built in contour strategy with (a) 500 W and (b)
gradient, and in zigzag strategy with (c) 700 W and (d) gradient.

Source: Author

5.4 Data Analysis
5.4.1 DTMap2D

The first application of the DTMap2D was during a build up of a zig-zag track.
First, the wall was built without any feed back control of laser power. All data was acquired
by DTConnect software and exported as CSV data to the DTMap2D, which then plotted
a graph for each of the monitored parameters (laser power, feed speed and melt pool area).
Figure 53 presents the monitoring data with no intervention from the controller on the
laser power. To this set, the color from the DTMap is expected to be constant to the laser
power, as shown. On the other hand, a higher variation to the melt pool area is expected,
since the interaction between the laser power and the substrate vary due to the complex
phenomena that occurs during DED operations. The feed speed is one parameter that has
high influence on the produced part, which makes its monitoring imperative to the process

besides laser power and mass flow rate.

The variation of feed speed in CNC machines is expected to happen during a change
of motion direction (due to inertia), as well as through some readings of lines in G-code
and sub programs. In this respect, when the feed speed is lower than the programmed,
more material will be delivered at that specific region, introducing variability of layer
height to the build. The same defect can occur when a higher feed speed is obtained during
deposition, generating a lower layer height in this case. The DTMap2D for feed speed has
identified a decrease in the feed speed at the corners of the zigzag toolpath, leading to a

gain of material thus a higher layer height at these turnabouts.

By adding a feedback control to adjust the laser power within the specified range
of melt pool area, the deposition rate can be influenced by the melt pool shape. Figure

54 shows the plot for the same parameters (laser power, feed speed and melt pool area),
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Figure 53 — DTMap2D plot of (a) laser power; (b) feed speed; and (c) melt pool area from
the build of a zigzag track with no active feedback control (monitoring only).
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now with a feed back control ’ON”. In this case, the change in laser power is shown in the
plot, which can be beneficial for identifying defects and failure in future applications of
DTMap2D.

As for the feed speed, there was no substantial change from the results afore-
mentioned since the G-code from both sets of zigzag track geometry is the same. This
culminates in a highly reproducible behavior on the position and motion from the CNC.
Last, but not least, the melt pool area and shape will also have significant changes during
the process, as it also varies with laser power and the in-process powder capture efficiency

by the melt pool.

The deposition of a thin wall increases the challenges during the building and
the inspection due to the accumulative effect of the reheating cycles — which has higher
influences on the melt pool parameters, thus to the final layer height (assuming that the
powder capture efficiency at the melt pool remains constant during deposition). Figure 55

presents the monitored data from the build of a thin wall with no feedback control.
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Figure 54 — DTMap2D plot of (a) laser power; (b) feed speed; and (c) melt pool area from
the build of a zigzag track with active feedback control on.
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In Fig. 55, there is no variation in laser power and, as for the feed speed, there is
some at the end of each deposited line. This variation in the feed speed data is expected
from the CNC machine, once it will slow down at the end of each layer for increasing the
height for the build of the following line. The melt pool area is shown to be lower at the
first layers.

This is found because the substrate (at room temperature) dissipates energy, which
tends to create a smaller melt pool area. As the wall becomes higher, the following layers
no longer experiences a high temperature difference, but preheated material that would

still carry energy from the last built line, in favor of higher melt pool area generation.

Regarding these two setups, both DTConnect and DTMap2D concepts and appli-
cations were presented and validated. DTMap2D has been shown to be a feasible tool for
visualizing captured data, and DTConnect to capture and export data and monitor the
CNC activity (including from the DED processes in this case). This makes the DTMap2D
a potential tool to speed up the identification of critical regions for post-build inspection.

It also makes the visualization and the interpretation of data collected easier. This can lead
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Figure 55 — DTMap of (a) laser power; (b) feed speed; and (c) melt pool area from the
build of a thin wall with no active feedback control (monitoring only).
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to faster identification of builds that are experiencing difficulty and that need operator

intervention.

Overall, these experiments have illustrated one possible use of these collection and
visualization tools. The base concepts to the development of these software tools can
also be used for a wide variety of processes when paired with appropriate sensors, data
collection, and automatic error detection algorithms. These concepts were imperative for

the development of the DTMap3D, discussed on the following section.
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Figure 56 — DTMap2D plot of (a) laser power; (b) feed speed; and (c) melt pool area from
the build of a thin wall with active feedback control.
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5.4.2 DTMap3D

Figure 57 presents the DTmap3D for the feed speed as the monitoring data acquired
during the pyramids built at 500 W and gradient by contour and zigzag strategies, in
isometric view. As one can see, there is no much difference from the sets with laser power
gradient to the ones with constant laser power. Although minor differences were achieved
during the toolpath performance, feed speed is highly influenced by the scanning strategy
and independent from laser power. This adds up to the variation in heat distribution that
the scanning strategy brings to the building, making zones with reduction in feed speed

potential zones of higher bead height, and deviation from form by consequence.

Furthermore, regarding the contour and zigzag strategies, both presents zones of
reduction in feed speed. To the contour, these zones are located in the corners from each
square loop, while presented at every single bead border in zigzag trajectories — both
particularities shown clearly in Fig. 57. The major outcome from this parameter deviation
is the potential height fluctuation in borders (zigzag). This influences the part surface
roughness, in zigzag strategy, and only corners to contour strategy. Thus, when considering

printing pyramids in contour, variation in feed can bring to the part form defect in borders
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Figure 57 — DTMap3D plot of feed speed from the pyramids sets built by contour at (a)
500 W and (b) gradient, and by zigzag at (c¢) 500 W and (d) gradient.
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although the part may present better surface finishing when compared to the one produce
by zigzag strategy. In both cases, the parts finishing will be affected by the stair-case
effect.

Figure 58 presents the DTmap3D for the feed speed as the monitoring data during
the pyramids built at 700 W and gradient, by contour and zigzag strategies, in isometric
view. As shown, similar results were achieved when compared to the ones presented in Fig.
57. This is due to the fact that these sets do not vary in terms of feed configuration, only
in therms of laser power. Also, this is valid to pose that the machine kinematics has great

repeatability.
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Figure 58 — DTMap3D plot of feed speed from the pyramids sets built by contour at (a)
700 W and (b) gradient, and by zigzag at (¢) 700 W and (d) gradient.
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Figure 59 presents the spot area from the melt pool as the monitoring data acquired
during the pyramids built at 500 W and gradient by contour and zigzag strategies, in
the xz-plane at y = 10. The data presented shows an average spot area around 3.5 mm?,

whilst higher and lower values are observed at the plots cross-sections.

Higher levels of melt pool area were reached at the higher laser power set, as shown
in Fig. 60. Figure 60 presents the spot area from the melt pool as the monitoring data

acquired during the pyramids built at 700 W and gradient by contour and zigzag strategies,
in the xz-plane at y = 10.

The data presented in Fig. 60 shows a higher variation in the melt pool spot area
measurements. Lower spot area is expected to take place in the first layers as a result from
the heat dissipation process to the substrate. The higher the lase power, the higher the
energy delivered in setups with feed speed and mass flow rate steady. As the print goes

up, the melt pool spot area may vary at the borders, once the plane for back-reflecting
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Figure 59 — DTMap3D plot of spot area from the pyramids sets built by contour at (a)
500 W and (b) gradient, and by zigzag at (c) 500 W and (d) gradient, at the
xz-plane for Y=10.
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the light to the camera can be highly influenced by the stair-case effect.

Also, zones with a very high melt pool spot area, mainly presented in Fig. 60c.
and Fig. 60d., can also represent regions in which the deposition had occurred out of
focus. The reason for this regards the methodology for image processing developed in this
research, that allows zones of lose focus to be identified. Such a feature is possible because
the higher the distance between laser and camera focus, the blurrier the image formed at
the camera; so a minor amount of light intensity reaches the system, bringing the OTSU’s
threshold to a lower level. That directly affect the adaptive threshold used to the image
processing stage adopted here. Thus, the binary image presents a higher region of white
pixels than the usual, and although this mislead the area of the melt pool, it actually
indicates a region that the focus is lost. When considering a calibration to quantify how
far the deposition is of its focus by means of how the adaptive threshold and the layer
height produced under different Z-offset circumstances are related, this method and map
can also be used for feed-back information that can adjust the z-layer increment between

layers to prevent deposition out of focus to occur.



101

Figure 60 — DTMap3D plot of spot area from the pyramids sets built by contour at (a)
700 W and (b) gradient, and by zigzag at (c) 700 W and (d) gradient, at the

xz-plane for Y=10.
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Figure 61 and Fig. 62 present the laser power as the monitoring data acquired
during the pyramids built at 500 W and gradient by contour and zigzag strategies, in the
xz-plane at y = 10, and at 700 W and gradient by contour and zigzag strategies, in the
xz-plane at y = 10, respectively.

In all sets, the laser power configuration tends to remain constant during the
deposition, unless in points that it is starting or shutting from firing, or when programmed
to vary every layer. By considering the contour strategy, laser starts at the beginning of
each bead, and shuts down at the end of each one, allowing the head can move to the
starting point of next bead without depositing material. This is the reason why some
laser variation is found at the center of the pyramids build by contour, in both laser

configurations (see Fig. 61a., Fig. 61b, Fig. 62a. and Fig. 62b).

Big size pores and lack of fusion were observed in the pyramids built by contour
strategy sets with 500 W (see Fig. 35a.) and its gradient (see Fig. 35b.), and 700 W (see
Fig. 39a.) and its gradient (see Fig. 35b.). Although further studies must be done towards

this defect-parameter relationship, the presence of high area pores and lack of fusion is
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Figure 61 — DTMap3D plot of feed speed from the pyramids sets built by contour at (a)
500 W and (b) gradient, and by zigzag at (¢) 500 W and (d) gradient.
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likely to be related to a minor local delivery of energy, as suggested in the DTMaps3D for

each correspondent sample.

Although the pyramid mould configures another geometry, the analysis of the
DTMap3D for those samples are well aligned to the one presented for the pyramids in this
section. The reason for this is that both geometries are affected by the stair-case effect
in the build of its angled faces, which together with the feed variation will potentially
influence the part’s rough finishing, as well as its bead height at those points with reduced
feed speed. The regions with higher melt pool spot area will indicate a potential range
with printing out of focus; and sudden reduction in laser power can indicate areas with
lack of fusion and porosity related formation. For further information on the monitoring
parameters, see all correspondent DTMap3D plots to the pyramids and pyramid moulds
in Appendix A and Appendix B, respectively.
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Figure 62 — DTMap3D plot of laser power from the pyramids sets built by contour at (a)
700 W and (b) gradient, and by zigzag at (c) 700 W and (d) gradient, at the
xz-plane for Y=10.
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6 CONCLUSIONS

In this study, a novel methodology for collecting and visualizing data including
laser power, feed speed, and melt pool area in DED operations was developed. The main

conclusions that can be drawn from the results presented in this thesis are:

e The methodology for monitoring DED operations developed in this study was aided
by the concept, design, and implementation of five software applications: DT Connect,
MPIG, MPIP, DTMap2D, and DTMap3D. Each of these software applications plays
an important role in monitoring data from the process, from data acquisition and

processing to the graphic representation of the data.

e The DTMap inputs are files containing MPM and spatial data, acquired from the
CNC by the newly developed DTConnect and MPIG applications and processed by
MPIP. These tools have been demonstrated through a proof-of-concept case in which

four geometry types (zigzag, thin wall, pyramid, and pyramid mold) were deposited.

o The maximum average data acquisition rate obtained through the current FANUC
hardware by DTConnect was 10.03 + 0.3 pps. Although the data can potentially
be acquired at higher rates through optical system based hardware, the data sending
rate from the CNC is still limited due to the amount of processing occurring in
parallel by the FOCAS calls. For that reason, the rate of data acquisition and the

image acquisition had to be adjusted.

o Two sets were experimentally evaluated in the build of the pyramid and mould
pyramid geometries: one considering laser power at 500 W (and gradient: 550 to
450 W), and the other one at 700 W (and gradient: 800 to 700 ). These sets have
given different microstructure and material quality. Regardless the printing strategy,
contour or zigzag, to the lower power set, defects due to lack of fusion between
beads and subsequent layers, as well as entrapped powder and pores were found in
both geometries. With the increase in laser power, the energy delivered at the melt
pool has increased in 40 %, being enough to significantly enhance the quality and

homogeneity in both geometries, highly mitigating the defects aforementioned.

e The pyramid built with vertical gradient 550 —450 W in zigzag strategy has presented
the higher percentage of porosity, estimated in 2.76%, whilst the set with 500 W
produced the lowest (1.36%) from this set with 500 V.

o The percentage of porosity has decreased considerably (at least 5 times) with the

increase of laser power to 700 W and its gradient. To the 700 W laser power set of
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pyramids, it has also been observed an increase in porosity of, approximately, 60%

when performing printing with laser power gradient.

The sets with higher presence of lack of fusion were the ones built by contour and
zigzag strategy with gradient laser power (550 to 450 W), whilst a decrease in this

defect has been achieved with the increase in laser power.

In the case of pyramid mould builds, defects such as lack of fusion, bad dilution,
and porosity were observed in the sets with 500 W and gradient. However, it was
reassured that the scanning strategy used affects the re-heating cycles of the part and,
consequently, material solidification and the presence of defects. Scanning strategies
that require long distances between deposition tracks, such as contour strategy, result
in more defects such as pores and lack of fusion compared to those that minimize

the time between tracks, such as the zigzag strategy.

The study found that porosity levels decreased by about 63.2 % in pyramid mold
parts built with constant laser power and 62.7 % in parts with a laser power gradient.
There was no significant difference in porosity between sets built with the same
scanning strategy but different laser power configuration. The reduction in defects
due to porosity, lack of fusion, and bad dilution is dependent on the energy delivered

to the melt pool, regardless of the geometry.

A round top edge was found in the pyramid moulds produced by contour strategy,
when compared to the final form of the parts produced in zigzag pathway. This
difference was mainly noted in the sets produced at 700 W and gradient, which can
be due to a loss of focus at the end of the build, adding up to the edged geometry,

which is already know to have form deviation highly affect by deposition out of focus.

The traditional thresholding method is not accurate for binarizing melt pool images,
especially when the deposition occurs out of focus or at the borders. An adaptive
thresholding method based on Otsu’s method was proposed and applied to automat-
ically categorize the threshold for each image during processing, forming the basis
of the MPIP software. This new method can identify when the deposition has lost
focus and has the potential to provide valuable data to correct z-increment during

deposition. However, further investigation is required to explore this potential.

From the DTMap3D plots, one could see that the feed speed is highly influenced by
the scanning strategy, making zones with reduction in feed speed potential ones for

presenting higher bead height, therefore form deviation defect by consequence.

Higher levels of melt pool spot area were obtained in the sets with higher energy

delivered; lower spot area took place in the first layers as a result of the heat
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dissipation process to the substrate, whilst higher spot area was obtained most likely

at the top and borders of the geometry.

In DTMap3D, zones with a very high melt pool spot area can also represent regions
in which the deposition had occurred out of focus. The reason for this regards the
methodology for image processing developed in this research that allows zones of

lose focus to stand out in melt pool spot area related data.

In all sets, the laser power configuration tends to remain constant during deposition,
except at points where it is starting or shutting off or when programmed to vary for
each layer. Large-sized pores and lack of fusion were observed in the pyramids built
using the contour strategy. Although further studies are needed to investigate the
relationship between these defects and process parameters, the presence of high area
pores and lack of fusion is likely to be related to a minor local delivery of energy, as

suggested by the DTMap3D for each corresponding sample.

The DTMap2D and DTMap3D were both able to display process variables in a color
map and could potentially detect defect regions caused by deposition out of focus.
This makes DTMap3D a potential tool for identifying critical regions for post-build
inspection, and the software toolset is primarily used to accelerate the correlation

between monitoring parameters and the quality of the as-built workpiece.
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7 FUTURE WORK

The possibilities for future applications of this approach are vast. Although the
demonstration described here focused on early-stage offline data processing for algorithm
refinement, the ultimate goal of this research is to develop real-time data processing
techniques for defect detection. Future work could include improving the sensitivity and
accuracy of the DTMap3D by acquiring data at higher rates and conducting more in-depth
studies of the presented melt pool image processing technique. Real-time generation of
3D plots and enabling feedback for layer z-increment, as well as increasing data sampling
frequency, would add operational flexibility to this solution. Additionally, further evaluation
of metallurgy correlated to spatial combinations of parameter and process signatures would
increase confidence in the software pack presented here as a quantitative evaluation tool
capable of identifying zones of defects with high levels of porosity, thermal cracks, lack of

fusion, and other issues.
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