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Abstract

Laser directed energy deposition (DED) of high-density parallelepiped 316L stain-
less steel specimens has been performed while varying laser power, scanning
velocity, powder mass flow rate and layer thickness. An extensive set of analyses
has been performed into the resulting dimensions, surface roughness, microstruc-
ture, hardness, tensile strength, build substrate temperature, deposition efficiency,
production time and specific energy input with the aim of differentiating variations
in component performance and process efficiency for components that have already
been optimized in terms of density. Average layer height is found to be an approx-
imately linear function of the powder line mass flow rate, while samples with the
same powder feed per unit length have similar microstructures despite differences in
scanning velocity and total powder feed rate. The hardness of specimens is gener-
ally higher than bulk 316L stainless steel, while yield and ultimate tensile strength
are similar or higher than the bulk material but with dependence on the load direc-
tion. Deposition efficiency is strongly influenced by the scanning strategy and laser
off time, with values as low as 42% with a “raster” scanning strategy and up to
84% with a “snake” scanning strategy. The large number of analyses performed
on high-density components provides important new insight into factors affecting
build quality and process efficiency that go beyond simply maximizing density, sug-
gesting that significant further improvements can be obtained. Such knowledge is
exploitable for application-specific process optimization and implementation of open
and closed-loop height control strategies for production of bulk 316L stainless steel
components.
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Introduction

Use of laser technology as a heat source for deposition of metal and/or ceramic pow-
ders on metal substrates dates back more than thirty years. Scientific interest towards
laser-based powder deposition techniques began with the purpose of identifying an
alternative coating technology to flame and plasma deposition in generating wear-
resistant layers on less noble metallic substrates [1-5]. In the years that followed, the
potential of this technology pushed interest further with several studies devoted to
metallurgy [6], process monitoring [7] and modeling [8]. Focus then moved towards
new applications, process optimization for a large number of cladding powders and
mixtures [9-11], deposition on substrates other than carbon steels [12—14] and the
role of powder deposition equipment and powder stream behavior [15—-17]. From the
early 2000s, the large variety of laser sources available on the market moved attention
towards newer and more flexible sources including Nd: YAG [18, 19] and diode lasers
[20], as well as more complex applications such as repair [21] and hybrid manufac-
turing [22]. A completely new paradigm relating to laser directed energy deposition
(DED) started to gain more interest [23, 24]. The most extensive studies during this
period demonstrated fabrication of both thin-walled and bulk structures. In relation to
the former, the most widely studied topics included the control of process parameters
to build tall and defect-free hollow structures [25-29]. In relation to bulk structures,
most works considered small samples, including deposition of narrow structures for
stringers in AISI316 [30], production of thin cylinders for tensile tests [31], depo-
sition of titanium alloy samples for tensile and fatigue testing [32], evaluation of
Hot Isostatic Pressing (HIP) post-processing [33] and production of small blocks for
evaluation of microstructure and mechanical performance [34, 35].

The resulting mechanical properties and microstructure of components produced
by DED depend primarily on the applied energy density, powder feed rate, scanning
strategy and layer thickness. The effects of these parameters and control strategies
have been discussed extensively by Shamsaei et al. [36] in an overview of laser-based
additive manufacturing processes. Insufficient laser power leads to components that
are porous due to insufficient melting, while excessive laser power leads to uncon-
trolled thermal deformation and melt flow with formation of depressions and poor
dimensional accuracy. In terms of processing strategies, raster, bi-directional, offset
and fractal deposition patterns are commonly used. It has been shown that offset and
fractal patterns produce smallest deformations, while raster patterns are most effec-
tive where lines are oriented 90° to the long axis of the part [37]. Layer thickness and
the correct choice of vertical feed, Az, are of fundamental influence on the process.
The difference between the resulting layer thickness and Az must be as close to zero
as possible to ensure that laser focus and powder dynamics are constant with respect
to the surface being produced. In an open-loop configuration, the process is gener-
ally more sensitive to excessively high feed rates than low feed rates due to greater
energy loss as the DED head becomes progressively further from the workpiece. The
resulting layer thickness depends on parameters such as the powder feed rate, scan-
ning speed, hatch spacing and number of layers, for which correct selection of the
vertical feed rate is a complex task that must be optimized experimentally prior to
implementation of closed-loop control strategies.

@ Springer



428 Lasers in Manufacturing and Materials Processing (2020) 22: 426-448

To overcome issues relating to layer height, several studies have proposed mea-
surement systems and adaptive deposition strategies with closed-loop control of
parameters such as laser power, scanning speed, process time intervals and hatch
spacing [36, 38]. Song et al. [39] implemented a feedback control system utiliz-
ing three high-speed CCD cameras for triangulation and a two-color pyrometer to
monitor melt pool height and temperature, avoiding over- and under-building with
a rule-based master height controller and slave temperature controller for adaptive
laser power output. By producing turbine blades in AISI316L with and without active
control, they showed that the system could effectively compensate for variations in
heat accumulation due to workpiece geometry. More recently, Donadello et al. [40]
proposed a system for height monitoring employing a probe laser beam and coax-
ial camera to determine the mismatch between the programmed and actual build
height. By applying the system while building a 35 mm diameter hollow cylinder in
AISI316L, the authors were able to observe and quantify self-regulating mechanisms
taking place due to variations in melt pool dynamics and powder-laser interactions
throughout the process, thus proposing potential future approaches for identification
of optimal processing conditions.

The resulting microstructure and residual stresses following DED are strongly
dependent on the thermal history during the build [36]. Of the various materials
employed in additive manufacturing, AISI316 and AISI316L have seen extensive
investigation due to their wide range of applications, excellent mechanical properties
and ease of processing. Cooling rates in the order of 10> K /s during DED lead to
columnar grains with widths in the order of 40 — 100 um and lengths in the order of
500 — 2500 pum [41]. The imposed thermal heating and cooling cycles create a fine,
complex microstructure with austenite growing epitaxially from previously deposited
material at layer boundaries, leading to improved mechanical properties compared to
the wrought material [42, 43]. Works analyzing the porosity, density and defects of
AISI316L stainless steel blocks produced via DED have found that the track width
changes from the bottom to the top of the object due to changes in thermal gradi-
ent, while larger grain sizes are generally observed within the track body and oxides
along fusion lines [44]. An extensive overview of the effects of processing strategies
and parameters on DED outcomes for AISI316L is provided by Saboori et al. [43],
where thermal history, microstructure and mechanical properties are shown to depend
strongly on build parameters. Powder quality and build atmosphere are also high-
lighted as factors influencing oxide and non-metallic inclusions, ultimately affecting
mechanical properties.

While a large volume of literature evaluates DED build quality in terms of
dimensional accuracy and density, the present work evaluates the effects of process
parameters and deposition strategies on a wider range of outcomes for industrially-
relevant high-density AISI316 specimens, including the resulting dimensions, den-
sity, surface roughness, microstructure, hardness, tensile strength, build substrate
temperature, deposition efficiency, production time and specific energy input. The
analysis is specifically aimed at differentiating variations in component performance
and process efficiency for large samples whose density has already been maximized.
Optimization of process parameters is an essential step for obtaining defect-free com-
ponents [43], for which new insight gained into factors affecting build quality is
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exploitable for application-specific process optimization and implementation of open
and closed-loop height control strategies for production of bulk 316L stainless steel
components.

Experimental Procedure

The deposition scanning strategy employed for producing specimens consisted of a
single deposition pass along the perimeter of each layer followed by parallel-line
infill passes. The infill scanning direction was rotated 90° clockwise with each suc-
cessive layer. Two different infill scanning strategies were applied; the first involved
returning the DED head to the same starting edge for all lines within a given layer;
the second involved scanning adjacent lines in alternating directions. These “raster”
and “snake” scanning strategies are presented schematically in Figs. 1 and 2. In
both cases, movement between the end of a given line and the start of the next was
performed with rapid movement of the DED head and no laser emission; however,
powder emission continued due to limitations in the response time of the powder
supply system. Laser power was set to an initial value of P for the first layer and
decreased with each subsequent layer by AP until reaching a minimum value of
Pyin. For the raster scanning strategy, laser power was increased by 300 W for 0.5 s at
the start of each pass to ensure complete melting of the initial part of each deposition
line. Several process parameters were held constant following previous optimization,
including the hatch spacing, rapid movement velocity, transport and shielding gas
type and volume flow rate, laser spot diameter, stand-off distance and powder injector
diameter. All constant values are presented in Table 1.

The hardware system used in this campaign was based on the equipment reported
in Fig. 3 and Table 2.

A first set of preliminary tests was performed by producing parallelepipeds over
as wide a range of operating parameters as possible with the aim of optimizing build
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Fig. 1 Raster scanning strategy employed to produce parallelepipeds
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Fig.2 Snake scanning strategy employed to produce parallelepipeds

density and dimensional accuracy. The nominal base area was 20 x 40 mm for each
layer, leading to samples with a base size slightly larger in both directions due to
the width of deposition lines. For the sake of simplicity, only combinations leading
to the best outcomes amongst these preliminary tests will be presented here within.
Parameters that were varied during these tests are given in Table 3, including the
powder feed rate (2), scanning velocity (V), Az, P, AP, P,;,, scanning strategy
and number of layers (n). The powder feed per unit length (deposition rate) (m) was
calculated by dividing the powder feed rate by the scanning velocity (m=nm /V).
Based on the results of the aforementioned preliminary tests, a second set of exper-
iments was performed over a more limited parameter range to produce parallelepiped
samples for complete process characterization. The idea behind the choice of process
parameters in this case (see Table 4) was to select only the maximum and minimum
powder feed rate so that only domain boundaries were tested. Two different nomi-
nal base areas were employed, 26 x 96 mm and 27 x 31 mm, respectively, with the
resulting base sizes being slightly larger due to the width of each deposition line.
The number of layers was chosen to achieve approximately the same geometry in
all cases based on the powder feed rate and average layer thickness obtained during
preliminary tests, noting that all specimens were to have sufficient stock to allowing
machining of tensile test specimens to standardized dimensions. The parallelepipeds
with larger base size were referred to as having horizontal orientation, while those

Table 1 Constant process

parameters Hatch spacing 1mm
Rapid movement velocity 50mm/s
Transport gas Argon (7.5 L/min)
Shielding gas Argon (20 L/min)
Laser spot diameter 2.3 mm
Stand-off distance 25mm
Powder injector diameter 1mm
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Fig.3 Photograph of experimental equipment

with smaller base size were referred to as having vertical orientation. Values of Az
and laser power were maintained similar to the preliminary tests, with minor correc-
tions to ensure that the Az error was as low as possible but always positive to avoid
an increase in the distance between the DED head and workpiece. Values of Az were

Table2 Experimental

equipment characteristics Laser source Laserline LDF 4000-30
Beam quality (BPP) 30 mm-mrad
Collimator focal length 82 mm
Focusing lens focal length 300 mm
Fiber core diameter 600 um
Theoretical spot diameter ~2.25 mm
Powder nozzle GTV 6-Way
Powder feeder GTV PF 2/2
Powder spot ~2 mm
Standoff distance 25 mm
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Table 3 Preliminary test parameters leading to best outcomes

Test m Vv m Az P AP Puin Scan.* n
[g/min] [mm/s] [mg/mm] [pm] [W] (W] [W]

1A 9.1 17 8.9 1300 2300 75 1800 R 18
1B 9.1 17 8.9 1300 2300 75 1800 R 22
2A 9.1 17 8.9 1200 2000 75 1500 S 18
2B 9.1 17 8.9 1200 2000 75 1500 S 21
3A 11.9 17 11.7 1650 2500 75 2000 S 15
3B 11.9 17 11.7 1650 2500 75 2000 S 16
4A 14.6 17 14.3 2000 2700 75 2200 S 10
4B 14.6 17 14.3 2000 2700 75 2200 S 14
SA 9.1 27 5.6 800 2200 100 1500 S 25
5B 9.1 27 5.6 800 2200 100 1500 S 33
6A 11.9 27 73 1000 2500 100 1500 S 25
6B 11.9 27 73 1000 2500 100 1500 S 27
TA 14.6 27 9.0 1300 3000 100 1700 S 18
7B 14.6 27 9.0 1300 3000 100 1700 S 21

R = Raster scanning, S = Snake scanning

generally lower for samples with vertical orientation than those with horizontal ori-
entation using the same process parameters due to the larger number of layers to be
produced in the former case and consequent tendency to achieve a lower average
layer thickness. The required value of P,,;,, was also lower for vertical samples than
for horizontal samples due to the smaller interface area with the base and therefore
lower thermal conduction losses.

Table 4 Characterization test parameters varied during tests

Test  Orient.* m Vv m Az P AP Ppni, Scan* n
lg/min]  [mm/s] [mg/mm] [um] [W] (W] [W]

IM H 9.1 17 8.9 1150 2300 75 1800 R 30
2M \% 9.1 17 8.9 1050 2300 75 1600 R 95
3M H 9.1 17 8.9 1200 2000 75 1500 S 28
4M v 9.1 17 8.9 1100 2000 75 1300 S 88
SM H 14.6 17 14.3 2000 2700 75 2200 S 18
6M \% 14.6 17 14.3 1800 2700 75 1900 S 55
™ H 9.1 27 5.6 700 2200 100 1500 S 49
8M v 9.1 27 5.6 700 2200 100 1400 S 131
M H 14.6 27 9.0 1100 3000 100 1700 S 32
IOM V 14.6 27 9.0 1050 3000 100 1500 S 91

"H= Horizontal, V = Vertical, R = Raster scanning, S = Snake scanning
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Sample Analysis

Several equally-spaced measurements were performed between parallel faces on each
sample with calipers to determine the average dimensions of each specimen with an
accuracy of £0.05mm. The average deviation in base geometry was evaluated as
the average difference between the dimensions of the scanned area and the length
and width of each sample. The average layer height was calculated based on the
build height and total number of layers. This value was compared with Az to deter-
mine the feed rate error, which was defined as being positive when the average layer
height was greater than the feed rate. Density measurements were performed with
Archimedes’ method for all samples with precision electronic scales. Three mea-
surements were performed for each specimen, with average values expressed as a
percentage of the bulk density of 316L stainless steel, 8.00 g/cm?>. For microstruc-
tural analysis, samples were mounted in phenolic resin and mirror polished prior to
etching with Vilella’s reagent and image capture with an optical microscope.

The surface topography of lateral sample surfaces perpendicular to the build plane
was acquired with a Taylor Hobson Talysurf optical profiler with 10x objective for
the first set of tests, from which representative areal surface roughness parameters
were calculated. After milling to a depth of 2mm, HRA hardness tests (EN-ISO
6508) were performed on samples from the second set of tests along the center of
the largest lateral face at regular intervals in the vertical direction. By determining
the hardness along the entire height of each sample, it was possible to determine
the average hardness and uniformity of the resulting hardness profile. The locations
of hardness tests are shown schematically in Fig. 4. Tensile tests were performed
on samples that had been machined to the standard geometry defined in ISO 6892-
1:2016, shown in Fig. 5. Tests were performed with an Instron 8032 machine with
a deformation rate of 0.00025s~! as per the aforementioned standard. The yield
strength was calculated based on the point at which each sample reached 0.2 % per-
manent deformation, while the ultimate tensile strength was based on the maximum
load.
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Fig.4 Locations of hardness tests performed on machined samples
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Fig.5 Representation of tensile test sample

A number of process variables were monitored during production of the second
set of samples, including the substrate temperature, deposition efficiency, production
time and specific energy input. The substrate temperature was monitored with 1 mm
diameter K-type thermocouples placed in two 1.25 mm-diameter, 10 mm-deep holes
drilled at the center of the largest and smallest lateral faces of the base, as shown in
Fig. 6.
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B
/
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A

Fig.6 Positions of thermocouples on the platform
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Deposition efficiency (D.sr, see Eq. 1) was calculated based on the mass of sup-
plied powder (m ) and the mass of powder lost during the process (m ), which was
recovered and weighed after each test with precision electronic scales.

mps —mp[

Dosf = - 100 (1)

M pg

Production time was recorded for all samples and divided by the total deposited
mass to calculate the deposition time required per unit mass. Finally, specific energy
input was calculated based on the average laser power and deposited mass. This
parameter allowed evaluation of the most energy-efficient deposition strategy, noting
that all parameter combinations in the second group of tests resulted in high-density
components.

Results and Discussion

The dimensions, average layer height, average deviation in base geometry, vertical
feed rate error, density and lateral surface average areal roughness of the best results
obtained during preliminary tests are summarized in Table 5. The error in Az was no
more than 0.08 mm per layer in all cases, within the range reported in other studies
employing online height monitoring systems [40], while the actual base dimensions
were 2.0 — 3.6mm larger than the scanned dimensions due to the width of each
deposited line. The density of all samples was greater than 99% in all cases. The aver-
age areal surface roughness (S,) of lateral surfaces perpendicular to the build plane

Table 5 Dimensions, density and average surface roughness of best results obtained during preliminary
tests

Test Dimensions Av. layer Av. base Az error Density Lateral
(W x L x H) [mm] height [mm] error [mm] [mm] [%] Sa [um]
1A 22.8 x 42.5 x 23.2 1.29 2.6 -0.01 99.3 91.5
1B 22.5 x 42.8 x 294 1.34 2.6 0.04 99.3 47.8
2A 22.6 x 42.8 x 23.0 1.28 2.7 0.08 99.4 25.1
2B 222 x 41.8 x 25.6 1.22 2.0 0.02 99.4 40.1
3A 232 x 433 x25.2 1.68 32 0.03 99.4 37.8
3B 23.1 x 43.1 x 254 1.59 3.1 -0.06 99.4 47.9
4A 234 x 43.9 x 20.2 2.02 3.6 0.02 99.3 36.3
4B 234 x 43.4 x 28.2 2.01 34 0.01 99.3 74.2
5A 22.0 x 41.7 x 21.8 0.87 1.8 0.07 99.4 19.6
5B 22.5 x 427 x 27.2 0.82 2.6 0.02 99.4 19.9
6A 22.2 x 41.8 x 26.6 1.06 2.0 0.06 99.3 19.5
6B 22.3 x 42.1 x 28.7 1.06 22 0.06 99.3 22.7
TA 22.8 x 424 x 24.2 1.34 2.6 0.04 99.3 329
7B 22.7 x 42.6 x 26.5 1.26 2.6 -0.04 99.3 30.0
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Fig.7 Average layer height as a function of line deposition rate for the results in Table 5

ranged from 19.5 um to 91.5 um, with values generally lower for the snake scanning
strategy with lower scanning velocity and powder feed rate. Previous works have
reported roughness values in the range 30 — 80 um and dependence on the scanning
strategy [45], confirming that as-built surface quality is strongly dependent on the
processing conditions employed. These results show that high density components
with good dimensional accuracy can be achieved over a relatively wide operating
range in terms of powder feed rate, scanning velocity, laser power and scanning strat-
egy, provided that the deposited energy density is chosen correctly. The average layer
height is presented as a function of the powder feed per unit length in Fig. 7. Not-
ing the constant hatch spacing (1 mm), the average layer height is an approximately
linear function of m over the given parameter range, with no apparent difference
between the raster and snake scanning strategies (Figs. 1 and 2). Similar dependence
of layer height on m has been reported in other works for single layers of much lower
thickness [46].

Samples SM to 8M produced during the second set of tests are presented in Fig. 8.
Despite their similar form, it is possible to observe differences in the characteristics
of each parallelepiped depending on their orientation and layer thickness. Differences
in the morphology of the external surfaces with changes in the powder feed per unit

Fig.8 Samples SM to 8M produced during second set of tests (dimensions in [mm])
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length are evident, particularly when comparing specimens 5M and 6M, produced
with m = 14.3 mg/mm, to specimens 7M and 8M, produced with m=56 mg/mm.

Table 6 presents the dimensions, average layer height, average deviation in base
geometry, vertical feed rate error and density of samples produced during the second
set of tests. Deviation in base geometry is within the range 1.5 — 3.3 mm and gener-
ally increases with increasing powder feed per unit length based on the total powder
feed rate (increasing) and scanning velocity (decreasing). This outcome is due to the
size of the melt pool during deposition, which increases as laser power is increased
to deal with higher powder feed rate or as velocity is decreased and heat accumu-
lation becomes more severe. A larger melt pool size results in greater fluidity and
therefore greater lateral dispersion of material [39]. The average deviation in base
geometry also tends to be higher for samples with vertical orientation than horizon-
tal orientation due to the smaller base area in the former case and therefore greater
heat accumulation and more frequent adjacent line passes. The error in Az remains
within the range 0.00 — 0.10 mm per layer in all cases, within the range reported in
other studies [40]. The average layer height is shown as a function of m in Fig. 9.
As with the preliminary tests and in other works [46], the average layer height is
an approximately linear function of the powder line mass flow rate over the entire
tested parameter range. There is nonetheless a slight reduction in average layer height
for specimens with vertical orientation compared to horizontal orientation due to the
greater number of layers. There is again no apparent difference between specimens
produced with raster and snake scanning strategies. The measured density is greater
than 99% in all cases, indicating correct choice of process parameters, particularly in
relation to the laser power profile.

The microstructures of selected samples from the second test group are presented
in Figs. 10 and 11 for horizontal and vertical orientations, respectively, and various
positions and powder line mass flow rates. Only the upper zone of each horizon-
tal sample is presented, while both upper and lower zones are instead presented for

Table 6 Dimensions and density of samples produced during second test group

Test Dimensions Av. layer Av. Base Az error Density
(W x L x H) [mm] height [mm] error [mm] [mm] [%]
IM 28.3 x 98.0 x 35.9 1.22 2.2 0.07 99.02
2M 29.6 x 33.5 x 104.8 1.10 2.6 0.05 99.14
3M 28.0 x 97.3 x 32.4 1.20 1.7 0.00 99.08
4M 30.0 x 33.7 x 99.2 1.13 2.9 0.03 99.19
5M 28.9 x 98.2 x 35.4 2.01 2.6 0.01 99.12
6M 30.5 x 34.1 x 101.1 1.84 33 0.04 99.05
™ 28.0 x 97.0 x 38.6 0.80 1.5 0.10 99.13
8M 29.0 x 32.6 x 95.8 0.73 1.8 0.03 99.13
oM 28.3 x 97.3 x 37.0 1.18 1.8 0.08 99.03
10M 29.2 x 33.0 x 98.6 1.09 2.1 0.04 98.93
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vertical samples due to their larger height. Both parallel and perpendicular laser
passes are evident in the images, with clear distinction of the melt zone in each
case. These characteristics are typical of bulk AISI316L samples produced via DED
[45], with dendritic microstructures at the edge of the melt pool and epitaxial growth
from the preceding solid interface [42]. With reference to the samples with hori-

zontal orientation,

Ty
a

it can be seen that the melt pool size increases with powder feed

Fig. 10 Comparison of microstructures obtained with horizontal sample orientation and variations in pow-
der line mass flow rate (a) SM (14.3mg/mm) upper zone; (b) 7M (5.6 mg/mm) upper zone; (c¢) 3M

(8.9 mg/mm) upper zo
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Fig. 11 Comparison of microstructures obtained with vertical sample orientation and variations in position
and powder line mass deposition rate (a) 6M (9.0 mg/mm) upper zone; (b) 6M (9.0 mg/mm) lower zone;
(¢) 8M (5.6 mg/mm) upper zone; (d) 6M (5.6 mg/mm) lower zone

per unit length (r;z) (Fig. 10 (a) and (b)), while samples obtained with the same
value of 7 have similar microstructures despite differences in scanning velocity and
total powder feed rate (Fig. 10 (c) and (d)). The resulting microstructure is therefore
relatively insensitive to the scanning velocity and total powder feed rate at con-
stant powder feed per unit length. In relation to samples with vertical orientation
(Fig. 11), it is instead evident that initial layers tend to have reduced dimensions
compared to upper layers within the same sample. This effect is due to a grad-
ual reduction in thermal conduction losses to the build platform as the build height
increases.

Figure 12 displays the hardness of samples from the second test group as a func-
tion of the distance from the build platform. It is evident that only relatively minor
variations in hardness take place along the height of each individual sample. Hard-
ness values are generally higher than those of bulk 316L stainless steel (81 HB,
approximately 50 HRA) due to the thermal cycle induced during DED. While the
results are similar in magnitude to measured values in other works for bulk AISI316L,
reported as approximately 173-198 HV in [44] depending on indentation location,
175-255 HV in [41] depending on laser spot size and 185-235 HV in [27] depending
on layer number, the current results highlight important variations depending on part
geometry. Samples produced with horizontal orientation are characterized by higher
hardness than samples produced with vertical orientation due to the larger available
area for thermal conduction in the former case and therefore higher cooling rates.
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Fig. 12 Hardness measurements on all samples in the second test group. The legend reports: powder feed
rate; deposition speed; scanning strategy; specimen orientation

Horizontal samples produced with a raster scanning strategy exhibit the highest hard-
ness, again due to the high cooling rate, which is accentuated in this case as the laser
does not emit for longer periods between each deposition line.

The yield and ultimate tensile strength of samples from the second test group
are given in Fig. 13, together with reference values for bulk 316L stainless steel.
Columns filled with solid color refer to horizontal specimens, while dashed columns
refer to vertical specimens. Results for sample 2M are not presented due to damage
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Fig. 13 Yield and ultimate tensile strength of all samples in the second test group. The horizontal axis
labels report: powder feed rate; deposition speed; scanning strategy; specimen orientation
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that occurred during the machining phase. The yield and ultimate tensile strength
of samples produced by DED are similar and in some cases higher than the bulk
material, consistent with the findings of previous studies [42, 43]. While values of
yield and ultimate tensile strength are similar in magnitude to those reported in
the literature, where dependence on laser spot size and energy density has been
observed [41], the present study highlights important variations due to the laser scan-
ning strategy and sample geometry. Energy density is defined as E = P/(V - d),
where P is the laser power, V the deposition speed and d the average track width
[41]. Highest strength was obtained with sample 1M, which was likely due to the
high cooling rates obtained with the raster scanning strategy. The tensile and yield
strength both tended to be lower for samples with vertical orientation, where the
load was applied perpendicular to the build plane, than those with horizontal ori-
entation, where the load was applied parallel to the build plane. The elongation
instead tended to increase with a higher powder feed rate, as well as for samples
with vertical orientation. No correlation between the density and yield or ultimate
tensile strength was observed, which was likely due to the high density of all sam-
ples. Fig. 14 instead presents the same parameters as a function of the average
HRA hardness, where it is clear that higher hardness generally results in higher
strength.

The substrate temperature profile measured by thermocouples located at the cen-
ter of the largest and smallest lateral faces of the base during production of sample
M6 are presented in Fig. 15. It can be seen that the substrate temperature gradu-
ally increased with progressive material deposition up to a maximum, after which
the height of the specimen and thermal dispersion prior to the base led to a grad-
ual reduction in base temperature. This decrease was faster for samples with vertical
orientation due to faster vertical growth of the specimen and lower surface area at
the interface between the specimen and base. The temperature at the center of the
largest lateral face was always higher than that of the smallest face due to the greater
distance of the latter from the specimen. The maximum substrate temperature for
production of all samples in the second test group is presented as a function of pro-
cess parameters in Fig. 16. The maximum temperature was lower for samples with
vertical orientation than horizontal orientation. The results show relatively strong
dependence on the powder feed rate, as an increase in this parameter from 9.1 g/min
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Fig. 14 Yield and ultimate tensile strength as functions of average hardness
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to 14.6 g/min requires higher laser power. There are instead no discernible trends in
relation to the scanning velocity or use of a raster or snake scanning strategy.
Deposition efficiency is presented in Fig. 17 as a function of powder feed rate and
scanning velocity for the second test group. This parameter was essentially related
to the total distance that the DED head had to travel between deposition lines. It
must be noted that no laser emission took place during rapid movement between
the end of each line and the start of the next; however, powder emission continued
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Fig. 16 Maximum base temperature as a function of powder feed rate and scanning velocity for second
test group
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Fig. 17 Deposition efficiency as a function of powder feed rate and scanning velocity for second test group

during this phase as system response was not sufficiently fast to allow interrup-
tion in supply. Lowest deposition efficiency was therefore obtained with a raster
scanning strategy due to the large return distance to the same starting edge of each
line within a given layer. In the case of a snake scanning strategy, deposition effi-
ciency was a function of the ratio between the total deposited volume and the total
number of lines. Worse results were achieved with a scanning velocity of 27 mm/s
that at 17mm/s, all other parameters being constant, as the layer thickness was
lower requiring a greater total number of deposition lines. Similarly, samples with
vertical orientation achieved lower deposition efficiency than those with horizon-
tal orientation due to the shorter average line length and therefore greater number
of lines. Higher efficiency would be expected with more rapid movement between
each deposition line. Values above 75 % are nonetheless higher than those reported
in the literature [47, 48], indicating that correct choice of the scanning strategy can
drastically improve deposition efficiency. The relatively large difference between
maximum and minimum values of deposition efficiency highlights the problem of
powder waste under certain process conditions despite high build quality. Recycling
of unused powder is highly advisable, with further investigation required into treat-
ment methods for powder recycling and improved reusability for industrial DED
processes.

Actual deposition rate is presented in Fig. 18 as a function of powder feed rate
and scanning velocity. This parameter is calculated as the ratio between the actual
deposited mass and the actual deposition time.

Finally, the specific energy of deposition is presented in Fig. 19, calculated by
dividing the average laser power by the powder feed rate. The deposition efficiency
was not considered in this calculation as powder loss was generally considered to
take place between each deposition line, when the laser source was not emitting.
The specific energy of deposition provides an indication as to which combination
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Fig. 18 Actual deposition rate as a function of powder feed rate and scanning velocity

of process parameters leads to the most energy efficient outcomes, noting that all
samples achieved consistently high density. This parameter is generally correlated to
heat loss, with more limited losses leading to lower energy requirements. The specific
energy of deposition therefore decreased with increasing scanning velocity, due to
more limited lateral heat conduction losses, and increasing powder feed rate, due to
a shorter build time. Furthermore, samples with vertical orientation required a lower
specific energy of deposition due to the smaller interface with the base and therefore
more limited thermal conduction losses towards the base.
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Fig. 19 Specific energy of deposition as a function of powder feed rate and scanning velocity
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Conclusions

By investigating the effects of DED process parameters over a range in which high-
density specimens were achieved, it was possible to observe important differences
in terms of process outcomes and effectiveness going beyond the density. The pow-
der line mass flow rate was found to influence the average layer height in a linear
manner, while the resulting microstructure was relatively insensitive to the scanning
velocity and total powder feed rate at constant powder feed per unit length. Devia-
tion in base geometry increased with increasing powder feed per unit length due to
the larger size of the melt pool during deposition, while the average areal surface
roughness of surfaces perpendicular to the build plane was lower with a snake scan-
ning strategy, lower scanning velocity and lower powder feed rate. The yield and
ultimate tensile strength, while generally similar or higher than the bulk material,
displayed higher values parallel to the build plane compared to the orthogonal direc-
tion. The production time per unit mass was found to be inversely proportional to the
powder feed rate and deposition efficiency, while the specific energy of deposition
decreased with increasing scanning velocity and powder feed rate due to a shorter
build time and therefore reduced thermal conduction losses. Mostly significantly,
however, deposition efficiency was strongly influence by the scanning strategy and
laser off time due to continual emission of powder throughout the build, with the
raster scanning strategy leading to values as low as 42 % compared to values up to
84 % with a snake scanning strategy for horizontally oriented specimens produced at
high scanning speed. While surface roughness clearly improves at lower deposition
rates, the specimen strength, production time and deposition efficiency all improve
at higher deposition rates over the tested parameter range, suggesting that production
and quality requirements are well-aligned where post-processing is foreseen.
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