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Abstract In this work, the effect of pulse temporal and
spatial overlapping is evaluated in selective laser melting
(SLM). An SLM system operating with fiber laser in
pulsed wave (PW) emission was employed. The test ma-
terial was 18Ni300 maraging steel, which shows reduced
process stability due to a high amount of vapour and
spark generation during the process. The pulsation char-
acteristics of contemporary power-modulated fiber lasers
compared to previously employed Q-switched Nd:YAG
systems are explained. Processing conditions are studied
moving towards continuous wave (CW) by increasing the
duty cycle with fixed fluence. The key quality aspects,
namely part density and dimensional error, were evaluated
and the robustness was assessed. The results demonstrate
that with a limited amount of increase in duty cycle by
3%, part density can be improved, while the dimensional
error increases. The results show that CW is preferable
when fully dense large parts have to be obtained. On the
other hand, operating in PW is convenient when thin
struts as in lattice structure or micro and precise features
are required.
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1 Introduction

After more than two decades of process and system develop-
ment, selective laser melting (SLM) has reached industrial
reality. Several machine manufacturers produce fully automat-
ed systems capable of handling large amounts of metallic
powder (up to 100 kg) and processing them to realize parts
with different build heights (0.1-0.5 m). While the main sys-
tem concept remains the same, these systems differ mainly in
powder deposition, gas handling and laser scan strategies
employed. Among these, the laser scan strategy is a key factor
regarding the part quality indicators, namely porosity, surface
roughness, dimensional accuracy and mechanical properties.
The usual choice of the industrial system for SLM is a single
mode fiber laser (Yb:glass) due to the high brilliance and good
absorptivity of most materials to 1 um radiation. Fiber lasers
have become an enabling tool for the SLM process also due to
high stability in prolonged use and ease of control owing to
their simpler opto-electronic architecture. In the industrial sys-
tems, an important primary distinction can be made in terms of
the emission mode employed. A greater part of the industrial
systems employs continuous wave (CW) emission [1-5].
Other systems use pulsed emission (PW) by power modula-
tion of the fiber laser [3, 6]. Such pulsed emission is achieved
modulating the laser emission by fast switching of electrical
current injected to the pumping diodes. Thanks to the fast
responsivity of the fiber laser, pulse durations in microsecond
regime can easily be achieved with kilohertz level pulse rep-
etition rates.

There is no clear consensus over the use of CW or PW
within the SLM process. In scientific literature, a few works
compare the CW and PW emissions with older Nd:YAG sys-
tems [22, 39]. However, these systems are characterized by
lower brilliance (bigger spot), and their pulsation mechanism
is remarkably different from contemporary fiber lasers. In the
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case of Nd:YAG lasers, PW is employed mainly to
achieve high peak powers in order to overcome the
drawback of the large spot, which decreases energy den-
sity. These pioneering works often report reduced part
densities (<96%), which is overcome by today’s indus-
trial SLM systems. On the other hand, industrial SLM
systems are facing more stringent requirements for part
quality from the sectors they serve, especially aerospace
and biomedical, but also automotive, design and tool
making. Porosity even at low levels (<2%) can be prob-
lematic for fatigue properties. There is an increasing
demand for achieving near net-shape products with
SLM, avoiding post-processing steps for improving geo-
metrical tolerances, surface roughness and mechanical
properties. Compared to CW, PW emission can provide
a more flexible control over the heat input by control-
ling the pulse overlap in scan direction and between the
adjacent scan lines. Hence, PW can be highly beneficial
for small components and lattice structures, which are
sensitive to heat input. PW emission can also improve
geometrical integrity due to a more accurate positioning
of each pulse on the scanned area compared to raster
lines. On the other hand, PW can intrinsically introduce
melt pool instability due to the intermittent process, as
observed in laser welding [7]. To date, there are no
works investigating the differences between PW and
CW emissions concerning the use of power-modulated
fiber lasers.

Accordingly, this work provides a basis for a com-
parison between different emission strategies in SLM.
First of all, the literature on the use of different PW
systems in SLM is analysed to provide the main con-
cepts. In the experimental section, an SLM system op-
erating with a PW fiber laser was used to study
18Ni300 maraging steel powder. The aim was to reveal
whether pulse temporal or spatial overlap can improve
the part quality in terms of density and dimensional
error with fixed fluence. Particularly, SLM parameter
combinations were regulated to move from pulsed to
continuous regime, maintaining the amount of energy
deposited over the area. Design of experiments was
employed to reveal the statistical significance of expo-
sure time and pulse overlap at fixed fluence. The results
show that with fixed fluence, density can be improved
even with a limited amount of increase in duty cycle.
On the other hand, dimensional accuracy is reduced
moving towards CW conditions.

2 Use of PW emission in SLM

Some basic concepts regarding PW emission should be de-
fined for a better understanding of the processing conditions.

@ Springer

In particular, the pulse shape and duration determine the re-
lease of energy onto the processed material [8, 37, 38]. In
SLM applications, the pulsation mechanism can vary mainly
between Q-switching and power modulation of free-running
lasers. Q-switching is commonly used with Nd:YAG lasers,
where the pulse shape and duration is determined by the laser
cavity and Q-switching method. The method commonly gen-
erates high peak powers in kilowatt range with relatively low
average power and pulse repetition rates. Fiber lasers, on the
other hand, allow for a fast modulation through their integrat-
ed opto-electronic design. Owing to the fast power modulation
of pump diodes, the laser can be pulsated. In this case, the
produced pulses are commonly in a square wave shape and the
peak power is the same as the power level obtainable at CW
mode. The temporal behaviour of the pulse wave emission is
represented in Fig. l1a. Regardless of the pulsation mode, the
pulse energy (E) can be calculated as:

E=Ig"P(t)dt (1)

where P(?) is the power level which can vary as a function of
time ¢, and 7, is the duration of the pulse. Pulse repetition rate
(PRR) can be defined as:
1
PRR = ——— (2)
fon + loft

where £, s the temporal distance between the end of the pulse
and the beginning of the consecutive one. Hence, average
power (P,ys) in PW emission can be calculated as:

Pavg = E'PRR (3)

Another important factor that determines the PW emission
characteristics is the duty cycle (6), which expresses the laser
on time over the whole pulsation period and can be calculated
as:

fon
B fon + ot (4)
The increasing duty cycle moves the emission regime to-
wards CW, where 100% duty cycle corresponds to CW emis-
sion. For square-wave-shaped pulses, the pulse profile does
not vary throughout the pulse duration. Hence, the average
power can be calculated as:

Poeakton
_ ZIpeakon Prcalc-d (5)

where Ppeai is the peak power of the pulse. While the
previous parameters express the PW emission character-
istics in time, pulse overlap (O,) in space is another key
factor, governed by point distance (d,,) parameter (see
Fig. 1b). For a given laser beam diameter (d;), if each
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Fig. 1 Schematic representation of a temporal and b spatial disposition
of pulses

pulse is placed with a certain point distance (d,), pulse
overlap can be calculated as:

Op = (dy=dy) /d, (6)

For a stationary beam pulse overlap is 100%, which re-
duces by the increase of point distance. On the other hand,
line overlap (O;) between consecutive scan lines depends on
hatch distance (d},) and can be calculated as:

01 = (dy=dy) /d (7)

For a beam passing over the same line, line overlap is
100%. Both pulse and line overlap can be negative, if point
distance or hatch distance is larger than the beam diameter. It
should be noted that molten pool can be larger than the laser
beam diameter, hence even with negative pulse or line over-
laps continuous molten tracks can be achieved.

Literature survey shows that PW emission is explored
relatively less compared to CW in SLM. The use of the
keyword “selective laser melting” in the Web of
Knowledge database produces 1966 results referring to
publications between 1997 and 2016 (last access on 28
June 2016). On the other hand, through a detailed anal-
ysis, 69 articles were found reporting the use PW emis-
sion in SLM. The main characteristics of the used laser
systems, along with the used material and maximum
relative density (pmax) achieved in the studies are report-
ed in Appendix A (see Table 6). Pulse characteristics
(fon» PRR, Pyye, Ppeak, 0) are reported in a representative

range for each work. If data were not explicitly provid-
ed, they were calculated using the available information,
where applicable. Figure 2 summarizes the main results
of the analysis. It can be observed that a certain tech-
nological change occurred around 2010 with the indus-
trial implementation of fiber lasers in SLM systems (see
Fig. 2). Until that period, Q-switched Nd:YAG lasers
were employed extensively integrated to in-house devel-
oped systems carrying out the pioneering works in
SLM. Nd:YAG lasers improved absorptivity in metals
compared to CO, counterparts. However, the large
beams—due to the low beam quality—had to be com-
pensated by high peak powers. Pulse durations were
mainly in ms region, whereas nanosecond pulses were
also employed. The resultant duty cycles were low, in
some cases <1%. At a proof-of-concept stage, part den-
sification was studied on single track geometries or
complete parts were not producible. In the later period,
parts were produced commonly with low density
(<96%), due to the low beam brilliance and reduced
duty cycles. The use of Q-switched Nd:YAG lasers with
nanosecond pulses has also been preferred specifically
for micro parts, despite the low densities achieved [34].

The introduction of fiber lasers provided high brilliance
beams with a smaller diameter. With the ease of integra-
tion and robustness provided by these lasers, different
system producers developed industrial grade SLM sys-
tems. The beam brilliance allowed to operate at CW emis-
sion, without the need for high peak powers to melt ma-
terial, owing to which many system producers took up
this strategy. PW emission has also been employed in
order to provide higher flexibility in process parameters,
which can be beneficial for managing the heat input. It is
no surprise that in literature all the SLM systems integrat-
ing PW fiber lasers are industrial machines. The literature
review shows that with the introduction of PW fiber la-
sers, the research focus was also shifted to materials such
as Ti and Al alloys, Co-Cr-Mo and W for high-end aero-
space, biomedical and automotive applications. These ma-
terials for the given applications should be free of defect
and are demanding for SLM process due to the high melt-
ing temperature, low absorptivity or thermal distortions.
Also, due to the overall high quality of the produced
parts, research themes moved towards finishing opera-
tions [51, 67] or advanced applications of the produced
components [76].

On the other hand, the clear distinction between the differ-
ences and advantages of using PW or CW modes with fiber
lasers has not been studied. While the overall performance of
PW and CW pulsed emissions with fiber lasers is beyond the
performance of their ancestors, Nd:YAG lasers, in certain appli-
cations, the distinction between the two emission regimes be-
comes more relevant. In particular, materials with a high melting
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Fig. 2 Main results of the
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point [56], reflective materials [69], fine geometries and materials
prone to spark and vapour generation can require different emis-
sion modes in order to ensure full density, low roughness and low
thermal distortion. For high-end application part density is ex-
pected to be higher than 99%, in order to maintain the required
mechanical strength both in static and dynamic conditions. As
seen in the literature review, high part density is not readily
achievable with PW fiber lasers for all materials and a study of
process parameters is required (see Table 6). Maraging steel,
from this point of view, shows difficulty in maintaining high
density over large components. The use of a correct processing
strategy is a critical point for increased robustness. Therefore, the
effect of moving from PW towards CW emission by controlling
temporal and spatial pulse overlap is highly important. Previous
works on 18Ni300 maraging steel have been carried out with
CW emission [78—81]. Yasa et al. [78] reported relative density
around 99%, whereas Casalino et al. [81] reported density higher
than 99%.

Another recent development is the use of ultrafast pulses in
SLM as presented by Bai et al. [68, 71]. The authors propose a
bonding mechanism based on ionization with the use of
picosecond- to femtosecond-long pulses. In this regime, the
authors demonstrate that very small details can be achieved on
parts and microstructural manipulation is possible.
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3 Experimental
3.1 SLM system

Renishaw AM250 was used throughout the experimental
work (Stone, UK). The system implemented a 200-W active
fiber laser (R4 from SPI, Southampton, UK). The optical
chain was composed of a galvanometric scanner with integrat-
ed z-axis positioner, which enabled to control the focal posi-
tion of the beam. In this configuration, the estimated beam
diameter is 75 pm. The build space was
250 x 250 x 300 mm® (W x D x H). Prior to processing,
vacuum is applied to the processing chamber down to
—950 mbar pressure and then it is flooded with Ar reaching
15 mbar overpressure. Throughout the process, a circulation
pump maintains the gas flow parallel to the powder bed and
the oxygen content of the process chamber is maintained be-
low 1000 ppm.

The system employed the PW emission. In particular, the
laser is positioned on a certain spot to emit with a given peak
power (Ppeai) for a fixed exposure time (Z,,) in microsecond
range. The laser jumps onto the consecutive spot on the
scanned line and applies the exposure. At the end of each
scanned line, the laser jumps to the adjacent one. The



Int J Adv Manuf Technol

\

\‘ = == STL border

i mm= External border
1
!
/

me=Hatch lines
@®@@ Fusion point

————

b)

Fig. 3 a Positioning of STL border with respect to the scanned external border and hatch lines composed of different fusion points. b Change of beam

size as function of focal position f

operation is continued until the layer is scanned completely.
For a given layer, the system applies different scan lines for
the part volume (hatch lines) and part external border, which
use different parameter sets (see Fig. 3a). Beam compensation
can be applied by placing the external border inward with
respect to the design geometry defined by the STL border.

Five principal process parameters have been identi-
fied for the study. The laser power controls the pulse
peak power (Ppeax). Pulses are generated by power mod-
ulation with a shape very close to a square wave.
Hence, the emission profile does not vary throughout
the pulse duration, i.e. P(t) = Ppea. Exposure time con-
trols the duration of the laser pulse applied to each spot
on the scanned line and corresponds to f,,. The mini-
mum exposure time that can be employed is 20 ps. The
focal position (f) controls the position of the beam
focal point with respect to the powder bed surface.
For the present system, negative focal position values
refer to a laser spot focused above the powder bed
surface, and positive values refer to the focal point be-
low the powder bed surface (see Fig. 3b). The focal
position controls the spot size (d;) on the powder sur-
face and in either case the beam size enlarges moving
away from the focal position. Point distance (d,) and
hatch distance (d},) are the other parameters that were
varied.

For support generation, slicing and post-processing of the
layer trajectories Magics 19 was used (Materialize, Leuven,
Belgium).

4 Material

Throughout the study 18Ni300 maraging steel powder
was used (Sandvik Osprey, Neath, UK). The powder
was atomized in nitrogen and characterized by a spher-
ical shape. The average particle size was 32 pum and
with 5 g/em® tap density. The nominal material density
is 8.1 g/cm® [78]. Nominal chemical composition and
particle size distribution are reported in Table 1 and
Fig. 4, respectively.

4.1 Characterization equipment

Part density was measured using Archimedes method. Each
built part was weighted in air and in pure water using a high
precision balance with a dedicated measurement kit (Precisa
100A-300 M, Turin, Italy). Metallographic cross-sections of
the realized samples were prepared by cutting, mounting in
resin and polishing. Optical microscopy images of the cross-
sections were acquired with 5x objective (Quick Vision ELF
from Mitutoyo, Kawasaki, Japan). Scanning electron micro-
scope was also used to examine cross-sections (SEM, EVO-
50 from Carl Zeiss, Oberkochen, Germany). Dimensional ac-
curacy of the build parts was assessed using a coordinate mea-
surement machine (CMM, Prismo 5 VAST MPS HTG from
Carl Zeiss, Oberkochen, Germany).

4.2 Moving towards CW emission with fixed fluence

In order to assess the effects of temporal and spatial pulse
overlap, the experiments were carried out with fixed energy
density, namely fluence, which is defined by the following
equation.

F— Ppeak'ton (8)

dyedy

For fixed fluence, the effect of varying exposure time (%)
and pulse overlap (Op) is schematically shown in Fig. 5. The
influence of increased exposure time is represented by an in-
crease of the molten zone diameter. The same effect can be
expressed mathematically by rewriting Eq.6 substituting d,,
and d,.

F= Ppeak'ton (9)
(ds—0y-ds)-(ds—Ordy)
Table 1  Chemical composition of the maraging steel 18Ni300 powder

declared by the producer

Element Ni Co Mo Ti Cr Si Mn Al Cu

wt% 176 96 53 07 049 01 01 009 0.05
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Fig. 4 Size distribution and SEM image of the 18Ni300 maraging steel
powder

From Eq.(9) , it can be seen that in order to keep fluence
constant, for fixed pulse overlap (O,), the increase of exposure
time (%,,) should be compensated by lowering the line overlap
(O)). Therefore, the adjacent lines move away from each other.

On the other hand, with fixed exposure time, if the
pulse overlap increases (O,), then the line overlap (O))
should be reduced to maintain the fluence. As a conse-
quence, the adjacent lines move away from each other.

4.3 Experimental design and test geometries

A parameter set recommended by the system producer
was used as reference condition (Ppeax = 200 W,
fon = 80 us, d, = 65 um, dy, = 80 um, /= 0 mm),

Fig. 5 Schematic representation
of pulse positions within a scan p
line and between adjacent scan

lines for fixed fluence conditions

Table2 Fixed and varied parameters as function of test geometries and
response variables

Fixed parameters

Laser peak power, Ppeax (W) 200
Focal position, f'(mm) 0
Layer thickness, z (1m) 40
Varied parameters
Exposure time, #,, (11s) 70, 90
Pulse overlap, O, Low, high

Measured variables
Part density, p (%)

Average dimensional error, e,y (Lm)

which produced 308 J/cm? fluence. The focal position
was fixed at powder bed surface (f = 0 mm), employing
the smallest spot size. The laser peak power was fixed
at the highest value (Ppeac = 200 W). Layer thickness
(z) of 40 um was used throughout the experiments. In
this specific case, the #,; can be calculated as:

loff = dp/vs (10)

where v; is the average scan speed between consecutive laser
spots, equal to 5 m/s. In the experimental plan, fluence was
fixed to the level obtained with the recommended parameter
set, and conditions were varied to move closer to CW emis-
sion. The employed experimental design was 27 full factorial
plan with exposure time (¢,,) and pulse overlap (O,) as the
varied parameters. The experimental plan is summarized in

- — - Scan axis
—— Laser beam
===:Molten zone
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Table 3 Process parameter

combinations tested in the study Strategy fon d, dy, 0, O [ 0 Py
with corresponding pulse (us) (um)  (pm) (us) W)
temporal and spatial
characteristics ton = 80 ps med Op— 80 65 80 13% 7% 13 86.0% 172.0
recommended
ton = 70 ps, low O, 70 65 70 13% 7% 13 84.3% 168.6
ton = 70 ps, high O, 70 57 80 24% 7% 11 86.0% 172.0
ton = 90 ps, low O, 90 73 80 3% 7% 15 86.0% 172.0
ton = 90 ps, high O, 90 65 90 13% —20% 13 87.4% 174.8
Fig. 6 Technical drawings of the a) b)
test geometries (a, b) and
photographs of the produced parts
(¢, d). Prism for density study (a,
¢) and tower for dimensional error 8
characterization (b, d) O o)
N N
15 20
10
%)
ol O
—| N
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Table4 ANOVA table for density (p (%))

Source DF Adj SS Adj MS F value P value
fon (U8) 1 0.000323 0.000323 10.15 0.008
0, 1 0.000079 0.000079 2.49 0.140

t (us)-0, 1 0.000016 0.000016 0.51 0.488
Error 12 0.000382 0.000032

Total 15 0.000800

Table 2. For each level of exposure time, high and low pulse
overlap levels were determined by varying the point distance.
Hatch distance was calculated using Eq. (8) to maintain the
fluence value. The resultant conditions are listed in Table 3.

Two specific test geometries, namely prism and tow-
er, were employed. Figure 6 shows the dimensions of
each geometry as well as photographs of the built parts.
Prism geometry is a simple square prism with
15 x 15 mm? base and 26 mm height. Prism was used
to determine the part density as a function of process
parameters. Four parts were produced for each combi-
nation. Tower geometry was used for characterizing
geometrical error. It was composed of a square prism
base (20 x 20 x 6 mm’) and an extruded section
(10 x 10 x 20 mm®). Dimensions of the extruded sec-
tion were measured and the average dimensional error
was calculated using the following expression

lmx + lm.)
€avg — : 2 ! —Iy

(11)

where /,, and /,,, are the measured length on x and y axes,
respectively, and /;, is the nominal length of the part described
by the STL file. Two parts were produced for each parameter

a) Main Effects Plot for p (%)
Data Means

0.984
0.983
0.982
0.981
0.980
0.979

Mean

0.978
0.977
0.976
0.975

70 20
t,, (1s)

combination. The density of the tower specimens was also
measured.

All specimens were produced also using the process pa-
rameter combinations recommended by the SLM system pro-
ducer for comparison purposes. The analysis of variance was
applied to determine the effects of process parameters on the
response variables. The statistical significance level was set as
a = 5%. Residuals were controlled for normality and
homogeneity.

In all the experimented conditions, a single external border
was applied. The laser parameters employed for the external
border were recommended by the system producer
(Ppeak = 150 W, fo, = 50 ps, d), = 20 pum, = 0 mm) and kept
constant throughout the experimentation.

5 Results
5.1 Part density

Part density varied between 7.773 and 7.996 g/cm’ in the
experimented combinations, corresponding to 96.0-98.7%
of the nominal density of the material. As shown in Table 4,
exposure time is the only effective parameter in varying the
part density, as both pulse overlap and interaction were not
significant. Figure 7a shows the main effects plot for the den-
sity of the prism parts. In particular, a higher exposure time
with fixed fluence improves the part density.

Figure 7b shows the density variation for each strategy. The
density measurements of tower samples are pooled in this
graph. It can be seen that with increased exposure time and
pulse overlap, at fixed fluence conditions the part density in-
creases. As shown in Fig. 7b, the highest group average and
smallest standard error interval corresponds to the highest av-
erage power condition (f,, = 90 us, O, = 13%,

) 994
- t,,=70 ps (tested)
® t,,=80 s (recommended)
_,{ - t,,=90 ps (tested)
98.5+ {» _____________
98- { ’’’’’
~ -
EQ, ,,,,,,,
s |
97.5 -
974
96.5 T T y v ,
0 5 10 15 20 25
0, (%)

Fig. 7 a Main effects plots part density showing the effect of the statistically significant parameter exposure time (z,,). b Density comparison between

different processing strategies (error bars represent standard error)
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Fig. 8 Optical microscopy and
SEM images of the sample cross
sections showing pore
morphology. Highest (a, ¢)
porosity obtained with 7., = 70 ps
and Oy = 13% (Pyye = 168.6 W)
and lowest porosity conditions (b,
d) obtained with #,, = 90 us and
Op =13% (Payy = 174.8 W)

P,ys = 174.8 W). For this condition, the average density lies
over 98.5%. The lowest average and the highest standard error
are achieved with the same pulse overlap, but with reduced
average power (fon = 70 ps, O, = 13%, P,,, = 168.6 W)
strengthening the importance of temporal pulse overlap over
spatial component. In this configuration, the process strategy
shows variability of part density between 97% to above 98%.
It can also be seen that the recommended condition by the
system manufacturer falls between the experimented condi-
tions within the factorial plan, following the general trend.
Figure 8 shows the cross-section images of conditions with
lowest and highest density. It can be seen that the use of low
temporal pulse overlap (ft,n = 70 us, O, = 13%,
P,z = 168.6 W) produces large pores dispersed around the
part (see Fig. 8a). The close up SEM image shows that the
pore is filled with non-molten powder particles (see Fig. 8c).
The porosity is lower in amount (see Fig. 8b) and smaller in
size (see Fig. 8d) with increased temporal pulse overlap
(ton =90 ps, O, = 13%, Pyye = 174.8 W).

5.2 Dimensional error

The measured dimensional error varied between 363 and
454 pum. In terms of statistical significance, exposure

Table 5 ANOVA table for average dimensional error (€,ys)

Source DF Adj SS Adj MS F value P value
ton (US) 1 1234.65 1234.65 8.17 0.035
0, 1 299.16 299.16 1.98 0.218
Error 5 755.42 151.08

Lack-of-fit 1 471 477 0.03 0.881
Pure error 4 750.65 187.66

Total 7 2289.24

time (¢,,) was found to vary the dimensional error (see
Table 5). The main effects plot of the only statistically
significant parameter, exposure time, is reported in
Fig. 9a. The influence of exposure time on the dimen-
sional error can be attributed to the expansion of the
molten and solidified area. Despite the fact that border
line is applied with fixed conditions, the extent of mol-
ten and solidified material also depends on the scan
parameters of the volume.

Figure 9b compares the different processing strategies with
the recommended one. It can be seen that the geometrical error
increases following a similar trend to the density increase.
Also, in this case, the recommended condition by the system
manufacturer falls between the experimented conditions with-
in the factorial plan, following the general trend. Moving
away from CW emission appears to be more beneficial for
maintaining the dimensional accuracy.

It can be expected that the dimensional error mea-
sured is close to the molten track width, which varies
with process parameters. Following the same trend with
density measurements, the dimensional error indicates
that an increase of #,, from 70 to 90 us is expected
to increase the average molten pool size by approxi-
mately 125 pm.

6 Discussion

The experimental results put into evidence that the tem-
poral pulse overlap plays an important role on the part
quality. With fixed fluence, it is shown that higher den-
sity can be achieved by increasing the duty cycle (9).
Within the limitations of the control scheme available to
the end user, experiments were conducted to move the
emission conditions towards CW conditions. Within the
experimental range, average power (P,.,) was varied
only by 6.2 W with fixed fluence (F = 308 J/cm?)

@ Springer
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a) Main Effects Plot for eavg (um)
Data Means
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415

410

Mean
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400
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440 ® t,,=80 us (recommended)
- t,,=90 ps (tested)
430
~ 40T
E_ -
~ 410
2
7 -
40 ® {
3901 {» —————
380+
370 T T T T J
0 5 10 15 20 25
0, (%)

Fig. 9 a Main effects plot for dimensional error showing the effect of the statistically significant parameter exposure time (). b Dimensional error
comparison between different processing strategies (error bars represent standard error)

and fixed peak power (Ppcax = 200 W). Such variation
generated a density increase of 1.1% in average.
Moreover, the pore morphology and dimensions also
change, since smaller pores are observed with increased
exposure time. This change is remarkable, since the part
density variations around these levels can deteriorate the
fatigue behaviour drastically.

On the contrary, moving towards increased duty cy-
cle, hence CW, geometrical precision decreases. It can
be expected that increased duty cycle maintains a con-
stant molten pool with increased width. While this fact
is beneficial for improving the part density, geometrical
integrity is also reduced. The dimensional error can be
compensated by changing the border distance. However,
in order to obtain fine structures, such as lattice or thin
walls, the effect of large molten and solidified tracks as
well as high roughness is disadvantageous. Employing
PW emission with reduced duty cycle, a greater control
over the geometrical precision and thermal load can be
achieved, which becomes of greater importance with
reduced solid mass overhanging on the non-molten
powder.

7 Conclusions

This work presents the influence of spatial and temporal
pulse overlap in SLM employing PW emission. The
process parameters were set to move closer to CW con-
dition with fixed fluence level. Experimental analysis
was carried out on 18Ni300 maraging steel, which
shows lower processability with SLM due to high po-
rosity. The main outcomes of the work can be listed as
follows:

@ Springer

* PW emission is achieved with Q-switching in older
Nd:YAG lasers and with power modulation in con-
temporary fiber lasers. The previously employed
Nd:YAG lasers provide high peak powers with low
repetition rates, compensating for the low brilliance
due to the low beam quality. Pulse profiles with the
fiber lasers are commonly uniform, peak power
levels are lower and repetition rates are higher.

*  With fixed fluence level, exposure time plays the
major role in improving the part density by increas-
ing the average power. This implies that the tempo-
ral overlap is more important than spatial overlap
over a scanned line.

*  Moving towards CW, process robustness increases as
higher density is maintained with smaller process
variation. In addition to the reduction of porosity,
the pore size is also observed to be smaller.

* Dimensional error can be correlated to the melting
capability of the processing parameters. Moving to-
wards CW, a constant and wider molten track is
expected to be generated. Within the experimented
range, an increase of 20 pus in exposure time results
in 125 um of increase in geometrical error, which
is expected to be close to the enlargement of the
melt pool size. This ensures a higher density with
higher dimensional error. Thus, the use of PW
emission can be more adequate for finer geometries
such as lattice structures and thin walls.
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Appendix

Table 6  Literature survey on the use of PW emission in SLM. Data collection was terminated on 28 June 2016

Ref. Year System Source  dy (um) PW method 7, PRR (Hz) Pu (W) Ppeac (W) 0 Material Prmax
[91 1998 In-house developed Nd:YAG 50 Q-switched  ns 60,000 15 2000 0.1% AISI316L n/a
[10] 1999 In-house developed Nd:YAG 800 Q-switched  ms n/a n/a 2500 n/a Pure Cu n/a
[11] 1999 In-house developed Nd:YAG 500 Q-switched n/a n/a 20 n/a n/a Sn-Cu n/a
[12] 2001 In-house developed Nd:YAG 80 Q-switched  ns 30,000 70 11,667 0.6% AISI316L n/a
[13] 2001 In-house developed Nd:YAG 800 Q-switched ms 50 50 1000 5.0% Nialloy n/a
[14] 2002 In-house developed Nd:YAG 800 Q-switched  ms 50 50 1000 n/a Commercially 95.0%
pure Ti (GI)
[15] 2003 In-house developed Nd:YAG 620 Q-switched n/a n/a 100 5000 n/a Low carbon steel 95.5%
[16] 2003 In-house developed Nd:YAG 400 Q-switched pus 1000 15 45,000 0.1%  Commercially pure Ti n/a
[17] 2004 In-house developed Nd:YAG 100 Q-switched ns 60,000 80 n/a 0.1%  AISI316L 85.0%
[18] 2004 In-house developed Nd:YAG n/a Q-switched  n/a 100,000 10 n/a n/a W n/a
[19] 2004 In-house developed Nd:YAG n/a Q-switched n/a 50,000 10 n/a n/a W, Al n/a
[20] 2004 In-house developed Nd:YAG n/a Q-switched  ms 40 36 n/a 8.0%  Pure Fe, Fe-0.2-0.4 C 95.0%
[21] 2004 In-house developed Nd:YAG 100 Q-switched  ns 5000 2 n/a 0.1%  Commercially pure Ti n/a
[22] 2004 In-house developed Nd:YAG 800 Q-switched  ms 50 300 n/a 32.0% Fe-alloy n/a
[23] 2005 In-house developed Nd:YAG n/a Q-switched  n/a 100,000 10 n/a n/a AISI 316L, W, Ni alloy n/a
[24] 2005 In-house developed Nd:YAG n/a Q-switched  n/a 100,000 10 n/a n/a W n/a
[25] 2005 In-house developed Nd:YAG 350 Q-switched  ms 80 15 90 24.0% Ti 65.0%
[26] 2006 In-house developed Nd:YAG 750 Q-switched ms 50 50 1000 5.0%  Various 92.0%
[27] 2007 In-house developed Nd:YAG 800 Q-switched ms 10 9 n/a 5.0%  Waspaloy-Zr 99.6%
[28] 2007 In-house developed Nd:YAG n/a Q-switched n/a 100,000 10 n/a n/a AISI 316L, W, n/a
Ni alloy, Mo, Cu, Ag
[29] 2007 In-house developed Nd:YAG n/a Q-switched ns 100,000 10 n/a 2.0% AISI316L, W, Ni alloy, n/a
Mo, Cu, Ag
[30] 2008 In-house developed Nd:YAG 800 Q-switched ms 10 550 1800 5.0% Waspaloy 99.7%
[31] 2008 In-house developed Nd:YAG n/a Q-switched ns 100,000 10 n/a 2.0%  AISI316L, W, Ni alloy, 90.0%
Mo, Cu, Ag
[32] 2008 In-house developed Nd:YAG n/a Q-switched ns 100,000 10 n/a 2.0%  Ceramic materials, Mo, Cu n/a
[33] 2008 Concept Laser M3  Nd:YAG 53 Q-switched  n/a n/a n/a n/a n/a AISI 316L, TI6AI4V n/a
[34] 2009 In-house developed Fiber 12.5 Q-switched ns 80,000 4 280 1.4% W, Al 95.0%
[35] 2009 In-house developed Nd:YAG 800 Q-switched ms 10 550 1800 2.5% Inconel 625 n/a
[36] 2010 Concept Laser M3  Nd:YAG 53 Q-switched ns 50,000 n/a n/a n/a AISI 1045 n/a
[37] 2010 In-house developed Nd:YAG 800 Q-switched  ms 10 100 1800 40.0% Inconel 625 n/a
[38] 2010 In-house developed Nd:YAG 800 Q-switched ms 10 100 1800 40.0% Inconel 625 n/a
[39] 2011 In-house developed Nd:YAG 600 Q-switched ns 50,000 26 26,000 0.1%  Pure Mg n/a
[40] 2011 In-house developed Nd:YAG 600 Q-switched  ns 50,000 26 26,000 0.1%  Pure Mg n/a
[41] 2012 In-house developed Nd:YAG 150 Q-switched ns 20,000 100 n/a 2%  AISI316 L, n/a
pure Ag
[42] 2012 Renishaw AM 250 Fiber 70 Power mod.  ps 4348 191 200 95.7% Ti6Al4V n/a
[43] 2012 Renishaw AM 250 Fiber n/a Powermod. ps n/a n/a 200 n/a Ti6Al4V n/a
[44] 2013 In-house developed Fiber 12.5 Q-switched  ns 80,000 4 280 1.4%  Molybdenum n/a
[45] 2013 Renishaw AM 25  Fiber 70 Power mod. ups 9091 182 200 90.9% H20 97.5%
[46] 2013 Renishaw AM 125  Fiber 70 Powermod. ps n/a n/a 200 n/a AISI316 L n/a
[47] 2014 Renishaw AM250  Fiber 70 Powermod. us n/a n/a 200 n/a TicAl4V n/a
[48] 2014 MTT 250 Fiber n/a Powermod. ps 3831 192 200 96.2% Ti6Al4V n/a
[49] 2014 Renishaw AM 250 Fiber n/a Powermod. ps 4348 191 209 95.7% Ti6Al4V n/a
[50] 2014 In-house developed Nd:YAG 25 Q-switched ns n/a 500 8300 n/a Molybdenum n/a
[51] 2014 Renishaw SLM 125 Fiber 70 Powermod. ups 8929 179 200 89.3% AISI316L n/a
[52] 2014 Renishaw AM 250 Fiber 70 Power mod. us 4348 191 200 95.7% Ti6Al4V n/a
[53] 2015 Renishaw AM 250 Fiber 75 Powermod. pus 8772 175 200 87.7% Co-Cr-Mo >99%
[54] 2015 In-house developed Nd:YAG 150 Q-switched ms n/a n/a 4500 n/a All2Si 95.0%
[55] 2015 Renishaw SLM 125 Fiber 70 Powermod. ps n/a n/a n/a n/a AlSil2 n/a
[56] 2015 Renishaw AM 250 Fiber 75 Power mod. us 3226 194 200 96.8% Tungsten n/a
[57] 2015 Renishaw AM 250 Fiber 70 Powermod. ps 14,285 151 200 75.7% Aisi 304L n/a
[58] 2015 Renishaw AM 250  Fiber 70 Powermod. ups 9091 182 200 90.9% AISI 316L 99.6%
[59] 2015 Renishaw AM 250 Fiber n/a Powermod. ps 6410 179 200 89.7% AlSilOMg n/a
[60] 2015 Renishaw AM 250 Fiber n/a Powermod. pus n/a n/a 200 n/a Ti6Al4V 97.6%
[61] 2015 Renishaw AM 250 Fiber 70 Powermod. ps n/a n/a 200 n/a AlSilOMg n/a
[62] 2015 Renishaw SLM 125 Fiber 70 Powermod. ps 6250 169 180 93.8% Hastelloy X >99%
[63] 2015 Renishaw AM 250 Fiber n/a Power mod. us n/a n/a 400 n/a Duplex SS <90%
[64] 2015 Renishaw AM 250 Fiber 75 Powermod. ps 6061 182 200 90.9% Ti6Al4V n/a
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Table 6 (continued)

Ref. Year System Source  dy (um) PW method 4, PRR (Hz) P, (W) Puea (W) 6 Material Pmax
[65] 2015 Renishaw AM 250 Fiber 75 Powermod. pus 8772 175 200 87.7% Co-Cr-Mo n/a
[66] 2016 Renishaw AM 250 Fiber 70 Powermod. ps 13,333 100 125 80.0% Ti6Al4V 94.6%
[67] 2016 Renishaw SLM 125 Fiber 35 Powermod. pus n/a n/a n/a n/a AISI 316L n/a
[68] 2016 In-house developed Fiber n/a Mode locking fs  10° 1000 n/a 107 W >99.%
[69] 2016 Renishaw AM 250 Fiber 70 Powermod. ps n/a n/a 200 n/a AlSilOMg n/a
[70] 2016 Renishaw AM 250 Fiber 75 Powermod. us n/a n/a 200 n/a AISI 316L 99.8%
[71] 2016 In-house developed Fiber n/a Mode locking fs n/a n/a n/a n/a w n/a
[72] 2016 Renishaw AM 250 Fiber n/a Powermod. ps 10,000 180 200 90.0% AISI 316L n/a
[73] 2016 Renishaw AM 250 Fiber 70 Powermod. ps n/a n/a n/a n/a n/a n/a
[74] 2016 Renishaw AM 250 Fiber 70 Powermod. us n/a n/a 190 n/a Ti6AI4V 99.0%
[75] 2016 Renishaw AM 250 Fiber n/a Power mod. us 4348 191 200 95.7% Ti6Al4V n/a
[76] 2016 Renishaw AM 250 Fiber n/a Powermod. pus 6410 179 200 89.7% AlSilOMg 99.5%
[77] 2016 Renishaw AM 250 Fiber 70 Power mod. us 8772 175 200 87.7% AISI 316L 97.7%
n/a not available
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