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Abstract: Direct laser deposition technology is used for the manufacture of large-size products
with complex geometries. As a rule, trial samples with small dimensions are made to determine
the deposition parameters. In order for the resulting products to have the required performance
characteristics, it is necessary to minimize the number of internal macrodefects. Non-fusion between
the tracks are defects that depend on the technological mode (power, speed, track width, etc.). In
this work, studies have been carried out to determine the power level at which non-fusion is formed,
dwell time between the tracks on the model samples. This paper considers the issue of transferring
the technological parameters of direct laser deposition from model samples to a large-sized part, and
describes the procedure for making model samples.

Keywords: direct laser deposition (DLD); direct energy deposition using laser beam (DED-LB); direct
metal deposition (DMD); direct energy deposition (DED); additive manufacturing (AM); stainless
steel 316L; thermocycles; macrodefects; non-fusion

1. Introduction

With the introduction of direct laser deposition technology in various industries,
the requirements for manufactured products are growing [1-3]. Additive manufacturing
technologies are currently being widely developed in all industrialized countries [4]. Such
technologies allow, in some cases, significantly lower energy and material costs compared to
traditional manufacturing processes. The most promising technology for the manufacture
of large-sized metal products is direct laser deposition (DLD) or, as it is also called, direct
energy deposition using laser beam (DED-LB). The method is based on the formation of
geometry by three-dimensional deposition of a metal powder with a laser beam [5,6].

One of the commonly used materials is 316L stainless steel [7-10]. The material is
widely used and studied due to the combination of relatively high mechanical properties
and corrosion resistance [11-14]. Today, many parts are manufactured from 316L steel by
additive methods, such as: parts for the shipbuilding industry (different impellers and
propellers), aircraft and aerospace industries (different sections).

Some large parts have a continuous deposition time of more than 100 h, therefore
the product parts must meet all specifications. One of the main stages of preparation is
to determine the technological parameters of the surfacing process, namely: laser power,
process speed, track width, etc. [15,16].

Since the products can have different sizes and geometries, a very important point is
the portability of the technological regime to the part, obtained during the manufacture of
technological samples of the products. In order for the finished samples to carry useful
information, it is necessary to understand that the thermal histories of a large-sized product
and a technological sample of small dimensions will be completely different. To do this,
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it is necessary to use the same pause between passes to repeat the thermal cycle. The
deposition of preliminary samples in a continuous mode without pauses between lanes
leads to severe overheating due to their small size. At the same time, similar parameters for
the deposition of a large-sized product can cause lack of fusion between tracks, since the
penetration depth will be insufficient due to intensive cooling of the previous layers [17,18].

In this work, 316L stainless steel samples were obtained by a direct laser deposition
process. Particular attention was paid to track non-fusion. This defect is directly related to
the technological mode of cladding, as well as to the formation of microstructure and mi-
crohardness of the obtained samples. In this work, model samples were examined in order
to develop technological modes. As well as metallographic examination, determining wall
formation and the presence of internal macrodefects were carried out. Static mechanical
tensile tests were carried out. Thermal cycles of deposited samples were obtained. Analysis
and causes of defects were carried out.

2. Materials and Methods

The samples of from austenitic stainless steel 316L were produced on a technological
complex of direct laser deposition. The experiments were carried out on a robotic complex
for direct laser deposition (Figure 1). Its main components were an industrial robot
M20iB/25 (Fanuc, Oshino-mura, Japan), LS-3 ytterbium fiber laser (IPG Photonics, Oxford,
MA, USA), and a FLW D30 laser focusing head (IPG Photonics, Oxford, MA, USA) with a
four-jet nozzle.

Figure 1. The robotic complex for direct laser deposition.

All the samples were deposited in an argon atmosphere in the sealed box. In the
experiments, metallic powder of fraction 60-200 um from austenitic stainless steel 316L
ASTM A240. Table 1 shows the chemical composition of the 316L powder:

Table 1. The chemical composition of the 316L.

Material

) H N C si Mn Cr Ni Mo s P Fe Ti
Grade.
316L <002  <0.0002 <002 <003 <10 <20 160-180 10.0-140 20-3.0 <003  <0.045 <05
v . . 02 <0 <10 <2 0-18. 0-140 2030 <. <0. . .
316L Powder 0021 032 132 16.52 10.05 208 0022 0041 -
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Figure 2 shows thepowder particles and a particle histogram:
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Figure 2. Powder 316L: (a) powder particles; (b) particle histogram.

Powder was obtained by the gas atomization method. The particle size distribution
was 60-200 microns, the powder surface was satisfactory, and the chemical composition
was within the acceptable range according to ASTM A240. The powder particles had an
elongated shape, and the sphericity of the powder was ¢ = 0.89. The powder contained
elliptical and irregular-shaped particles, and satellites were found on the surface. For chemical
analysis of 316L powder, a scanning electron microscope Tescan Mira3 with an energy-
dispersive microanalysis system Advanced Ultim Max 65 (Tescan, Brno, Czech Republic).

In this study, two series (eight samples each, Table 2) with different pauses between
the adjacent tracks were made. In the first series, the dwell time was 5 min. Such a big
pause between the layers imitates a very large product, the most aggressive conditions
for the tracks formation, and favorable conditions for non-fusion. Deposition was carried
out in single passes (not raster), Az between layers was 0.8 mm. In the second series, the
waiting time between the adjacent tracks was reduced twice for 2.5 min. The depositing
strategy was in separate tracks, i.e., the first track was made on the first sample in the
series, then the first track on the second sample, etc. The dimensions of the standard model
sample are shown in Figure 3.

Table 2. The technological parameters of the deposited samples.

Dwell time = 5 min, velocity = 25 mm/s, width track = 2.5 mm
No.1 Samples 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Power, W 2600 2400 2200 2000 1800 1600 1400 1200

Dwell time = 2.5 min, velocity = 25 mm/s, width track = 2.5 mm
No.2 Samples 2.1 2.2 2.3 24 25 2.6 2.7 2.8
Power, W 2600 2400 2200 2000 1800 1600 1400 1200

The power range of deposition samples that have been investigated previously was
chosen for the study [18-20]. Table 2 shows the technological modes of the direct laser
deposition process.

The chromel-alumel type K thermocouple with a wire diameter of 1.2 mm was used for
measuring thermal cycles. The period of the temperature measurement by a thermocouple
was 20 ms. The thermocouple was installed on the samples 1.3 and 2.3 during the process,
since the power is often used with such parameters. Special attention was paid to the
temperature to which the sample has time to cool between passes.
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Microstructural studies were performed by light optical microscopy using an inverted
Leica DMi8 (Leica Microsystems, Wetzlar, Germany) microscope equipped with an Axalit
image analyzer (Axalit, Moscow, Russia). The macrostructure and microstructure were
obtained by etching in HNO3 + HCl (1:3) with an exposure time of 30-60 s.

S

Figure 3. The dimensions (in mm) of the standard model sample and the substrate.

The obtained data were also used to determine the percentage of non-fusion in the
macrosections. An image processing program was written in the Matlab software package.
The loaded image of macrosection is converted into a binary (black and white) image. The
developed algorithm allows you to find the coordinates of the boundaries points of the
obtained contrast areas. Furthermore, the algorithm determines the boundaries that fall
into the area of the macrosection, and this allows you to find the percentage of the pores
and non-fusion area (in this case, mainly non-fusion) in the total area of the macrosection.

Microhardness measurements were performed on an FM-310 (Future Tech, Kawasaki,
Japan) series microhardness tester with a 300 g Vickers load and a Thixomet Pro image
analyzer (Thixomet, St. Petersburg, Russia). Mechanical tests were performed on a univer-
sal testing machine, Zwick Roell Z100 (Zwick Roell, Ulm, Germany), with a longitudinal
strain gauge of 100 kN for tensile testing of metals, with two specimens for each direction.
The impact toughness tests were performed on the Zwick Roell RKP450 (Zwick Roell, Ulm,
Germany) at 20 °C. There were two samples to test for each direction.

The parts to be manufactured were cylindrical in shape and a full circle corresponding
to a pause between tracks was a 5 min track. In this regard, two pauses of 5 min and
2.5 min (to reduce sample fabrication time) were analysed. One thermocouple was used in
each series of experiments. We were most interested in the 2200 W samples, as they were
potentially used at 25 mm/s and a height offset of Az = 0.8 mm.

3. Results and Discussion
3.1. Metallographic Studies

Figures 4 and 5 show samples from the experimental series for the study of defects at
different laser DLD.
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Figure 4. The thin cross-sections of the samples (first series), laser power in the range of P = 2600 W (1.1) to P = 1200 W (1.8).

Figure 5 shows the macrosections of the second series samples:

_2mm s_2mm 2mm i 2mm

(21—-P=2600W) (22—P=2400W) (23—P=2200W)  (2.4—P=2000 W)

2mm _2mm_

25—P=1800W) (26—P=1600W)  (2.7—P=1400 W)

Figure 5. The thin sections of the samples (second series), laser power in the range of P = 2600 W (2.1) to P = 1400 W (2.7).

Analyzing the data obtained from the microscope, we can say that the power level
at which non-fusion begins to form in the first series of experiments was 2200 W, i.e., on
sample 1.3 the defects were already visible. In the second series the power level dropped
to 2000 W (sample 2.4). Sample 2.8 is not shown due to lack of fusion with the substrate.

Furthermore, the pore percentages were determined for each sample. Table 3 shows
the data of the series No. 2:

Table 3. Percentage of the non-fusion in the second series of experiments.

Samples Number 21 22 2.3 24 2.5 2.6 2.7
% of Non-Fusions 0.01 0.02 0.06 0.02 0.2 0.9 2.8

After analysis of the macrodefects, the modes with 2600, 2200, 1800 W power were
selected to determine the macrostructure and fusion zones in Figure 6.
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(Sample 1.1)  (Sample13) (Sample 1.5)

(Sample 2.1) (Sample 2.3) | (Sample 2.5) .

Figure 6. Macrostructure of samples with different modes, laser power in the range of P = 2600 W
(Sample 1.1; Sample 2.1), P = 2200 W (Sample 1.3; Sample 2.3), P = 1800 W (Sample 1.5; Sample 2.5).

The samples in Figure 6 (1.1, 1.3 and 2.1, 2.3) show grain growth throughout the
height of the deposited material. At high power, samples 1.1 and 2.1 show a deposited
track boundary through which the dendrites grow. At low power (samples 1.6 and 2.6)
non-melting along the boundaries of the tracks is observed, and grains are formed inside
the tracks. The grain growth is greater in sample 1.3 than in sample 2.3, which is due
to the thermal cycle occurring during the deposition. The heating temperature and the
average temperature of sample 2.3 are higher than those of sample 1.3 (Figure 9). The
macrostructure is close to cast. At high power, the grains have blurred the boundaries of
the melted tracks, indicating epitaxial growth of new grains from remelted zones following
in the direction of the maximum temperature gradient.

Figure 7 investigated the microstructural features of the samples with a pause of 2.5 min.

The microstructure is a fine cellular substructure. The samples exhibit a complex
cellular microstructure and small sub-grains (Figure 7), typical of samples obtained by
direct laser deposition, which are the result of rapid solidification.

In the samples deposited at high power of 2600-2200 W, dendritic structure is formed,
and grain growth increases with increasing power. At 2600 W the average grain size is
6.4 um, at 2400 W 5 um, at 2200 W 4 pm.

At further reduction of power the dependence is inverse proportional and at
2000 W—5 pm, at 1800 W—5.1 pm, at 1600 W—>5.2 pm. This dependence is most probably
related to partial preservation of the powder grain size when the laser does not melt the
powder particles completely. Hence, the optimal laser power is 2200 W. In this case a homo-
geneous microstructure with fine grains will be formed, which increases the performance
characteristics. Figure 8 shows the non-fusion percentage dependence on the power (for
two series of samples).

The graph shows that with a power decrease, the non-fusion percentage increases,
and with the decrease of the pause between the layers at the same power, the non-fusion
percentage decreases. This does not apply to extremely high and low power values, at
which, regardless of the pause, non-fusions are either almost absent (at high powers), or
there are a lot of them (at low powers).



Metals 2021, 11, 1550

7 of 10

(2.5—P = 1800 W)

Figure 7. Microstructure of samples with different production power, laser power in the range of P = 2600 W (2.1) to

P = 1600 W (2.6).
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Figure 8. The non-fusion percentage dependence on the power of laser radiation.

This method for determining the number of non-fusions is incomplete, because of the
possibility of misalignment with defects while preparing samples for research. The next
step of the samples study is industrial tomography, which makes it possible to obtain a
real ratio of the total number of discontinuities to the entire volume of the sample.

3.2. The Comparison of Thermal Cycles

As the heat source moves, an increasing volume of metal is heated, and in previously
heated areas the temperature levels off. Thus, an uneven temperature field is formed in the
deposition product with a large temperature gradient in the area of local heating. When
making samples for analysis of microstructure and mechanical properties obtained by
the DLD method, it is necessary to take into account the thermal field and thermal cycles
in the deposited samples. When making samples for the analysis of microstructure and
mechanical properties obtained by the DLD method, the heat input and thermal cycles in
the deposited samples must be taken into account. Figure 9 shows a graph (of one layer)
with two series of samples, indicating the points to which the sample was able to cool.
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Figure 9. Comparison of thermal cycles of samples with modes 1.3 and 2.3.

Figure 9 shows that the temperature of the sample’s “substrate” with a 5 min wait
between the tracks is 20 degrees lower than in the sample with a 2.5 min wait, and is at the
level of 30 degrees, while the power level at which non-fusion is formed in the first series
is 200 watts higher.

Sample 2.3 (2.5 min) shows more significant grain growth compared to sample
1.3 (5 min), which is due to the thermal cycle occurring during precipitation. The grain
size at the 2.5 min pause is 4 pm and 3.3 pm at the 5 min pause. The number of heating
cycles with a pause of 2.5 min is higher compared to the pause of 5 min, and the average
temperature of sample 2.3 is higher than that of sample 1.3 (Figure 9). The microstructure
with the lower pause is more homogeneous and close to the cast microstructure.

Since the pause between tracks decreased from 5 min to 2.5 min and the average
substrate and sample temperature increased, it is logical to assume that the penetration
depth in the second series of experiments is higher than in the first. Consequently, the power
level at which non-melting occurs is slightly lower in the second series of experiments than
in the first. Since the difference between the experiments is small, a pause of no more than
5 min should be used to simulate the fabrication of large parts by direct laser deposition.

3.3. Mechanical Properties

The microhardness graph and measurement scheme of the samples are shown in
Figure 10:

Hardness measuring

area
Weld bead

e

T T T T
11 12 13 14 15 16 1.7 21 22 23 24 25 26 27

(a) (b)

Figure 10. Microhardness of the deposited samples: (a) microhardness graph; (b) microhardness scheme.

The micro-hardness curve (Figure 10) shows that the scatter at a pause of 5 min is
greater than at a pause of 2.5 min in samples 1.1 and 1.2. In the samples of 2200 W, the
scatter of values is approximately the same. It is concluded by that with increase of power
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of laser radiation in samples the homogeneous structure with uniform distribution of
microhardness is formed. At power of 2600 and 2400 W the microhardness in samples is
equally distributed. The optimal admissible power is reached in a mode with power of
2600-2400 W (mode 1.1, 1.2 and 2.1, 2.2).

The mechanical properties of the deposited samples are higher than those of the
conventionally produced samples. This is due to the formation of a well-directed dendritic
structure. In samples obtained by traditional casting or rolling, the 316L microstructure
consists of ferrite dendrites in an austenitic matrix. The grain size is rather large, due
to which the mechanical properties have high ductility and impact toughness, and the
ultimate strength is significantly lower compared to the deposited material [21].

The homogeneous dendritic structure throughout the height leads to an increase in the
mechanical properties of the deposited specimen. In selecting the optimal DLD modes it is
necessary to take into account the fact that the choice of pause must take account for the
material overheating, which can affect the deformation of the workpiece. As can be seen in
Table 4, the mechanical properties are almost identical at different pauses. Consequently,
reducing the sample fabrication pause from 5 min to 2.5 min speeds up the preparation
process for deposition large-size parts.

Table 4. Mechanical properties.

Samples Tensile Strength, (MPa) Yield Strength, (MPa) Elongation, (%) Impact Strength, KCU, (J/cm?)
ASTM A240 485 170 40 160-180
1.3 570 272.5 41 160
2.3 556 269 39 150

4. Conclusions

In this study, two series of samples were made with different waiting time between the
tracks. In this way, the thermal history of a large-sized product was simulated on small sam-
ples. We chose maximum possible working day conditions and 5 min waiting time between
the layers. The second series of samples was made with a waiting time two times shorter
of 2.5 min. Metallographic studies of the deposited technological samples were carried
out. The percentage of discontinuities was determined within one macrosection for each
sample. Thermal cycles were measured during the production of technological samples.
The power levels at which non-fusions appeared between the tracks were measured.

Both temperatures of the “substrates” in the nominal mode were low. These pauses
imitated very large-sized products, but only at the start of their deposition. The next step
of the research will be to reduce the waiting time to 40 s. Such a waiting time is comfortable
from the point of view of the time spent on making technological samples; on the other
hand, the samples will be cooled enough and simulate a large-sized product. During the
deposition of the next series of samples, thermal cycles will be measured and compared
with the previous series. The power level of non-fusion will be determined.

Consequently, we conclude:

e  When manufacturing large-sized parts by direct laser deposition, it is necessary to set
high power values, because low power values lead to the formation of non-fusion.

e Tosave time in determining the technological mode, it makes no sense to set the pause
between the tracks on the model sample at more than 2.5 min, since the sample has
time to cool down and simulate a large-sized part.
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