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List of symbols

Symbol Name Units
Nigyers Number of layers of deposited material non-dimensional

N, Number of pulses in one single track non-dimensional
Prvg Average output power W

Ppack Pulse background power w

Py Pulse peak power W
Ty Room temperature °C
Cp Specific heat capacity JkgiK1
do Beam waist diameter m
kg Bulk solid thermal conductivity Wm1K1
kg Powder bed thermal conductivity Wm1K1
T Gaussian distribution parameter (for 1/e) m
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to Time constant S
tors Laser off period S
ton Pulse duration S
trot Pulsation period S
Vew Scanning speed with CW emission mst
VewEQ Equivalent scanning speed ms!
Vpw Scanning speed with PW emission mst
Wnelt Simulated track width pm
a Bulk solid thermal diffusivity m?st
a, Powder bed solid thermal diffusivity m?s?t
Ps Bulk solid density kgm-?
Pp Powder bed solid density kgm-?
AT, Temperature increase by pulse background power °C
AT, Temperature increase by pulse peak power °C
BR Build rate cmh?
M Integration constant n°1 non-dimensional
N Integration constant n°2 non-dimensional
P Integration constant n°3 non-dimensional
PRR Pulse repetition rate Hz
%4 Volume of deposited material mm?3
a Integral limit n°1 non-dimensional
b Integral limit n°2 non-dimensional
l Length of a single track m
l; Layer thickness pm
n n-th pulse non-dimensional
v Speed of moving heat source mst
w Mean track width pm
X, v,z Absolute coordinate system m
é Duty cycle non-dimensional
n Process efficiency non-dimensional




0 Relative density non-dimensional

u Integration variable non-dimensional

& Relative coordinate system m
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Abstract

A wide proportion of the industrial Selective Laser Melting (SLM) systems are operated with high brilliance
fiber laser sources. These sources are most commonly operated in continuous wave (CW). A smaller fraction
of these systems employs pulsed wave (PW) emission by power modulation, resulting in pulses with ps level
durations, kHz level repetition rates and comparable peak powers to CW emission. Clearly, the laser
temporal emission mode can have an impact over temperature fields, which in return control the melt pool
size, stability and densification behaviour. The aim of this paper is to investigate the effect of laser emission
regime on the melting efficiency in SLM. In particular, an analytical model was developed to investigate the
process efficiency in single track formation at fixed energy input when employing different emission modes.
A single mode fiber laser installed on an in-house developed prototype powder bed fusion system was used

as the experimental setup with AISI 316L metallic powders. The effect of duty cycle was evaluated starting



from CW (i.e. 100% duty) moving towards PW, at fixed energy density levels. Results show that at constant
energetic input, CW increases process melting efficiency up to 3 times whilst the deposition stability is
reduced with lower duty in PW regime. Although less efficient, at stable conditions the use of modulated

emission produces narrower tracks providing higher process resolution.

Keywords: selective laser melting; AISI 316L; melting efficiency; emission mode; analytical model

1. Introduction

In the current industrial panorama, additive manufacturing technologies are beginning an alternative
to conventional methods of production. Amongst these, Selective Laser Melting has attested itself
as capable of moving from rapid prototyping applications to full scale production of high value
mechanical components. This is demonstrated in the biomedical components realised by Santos et
al. (2006) as well as the numerous applications which have been reviewed by Yap et al. (2015),
ranging from heat exchangers to dental applications and jewellery. Nonetheless, many challenges
yet remain open towards obtaining a greater process control to optimise mechanical behaviour and
geometrical accuracy of SLM processed parts. In particular, densification behaviour of the powder
bed has been identified as key aspects that control part quality. For instance, Mumtaz and
Hopkinson (2009) investigated the effect of emission parameters on the top and surface roughness
of IN625 thin walled structures. Analogously, Demir et al. (2017) showed the effect of different
processing conditions on part accuracy and density of 18Ni300 maraging steel test geometries.
Panwisawas et al. (2015) demonstrated through modelling and experimental results the role of
thermodynamics in the formation of part porosity of Ti6AlI4V samples. In their comprehensive
work on a methodological approach for process parameter development, Yadroitsev et al. (2015)
demonstrate the importance of fundamental studies for the successful identification of optimal
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processing conditions. Therefore, a greater understanding of the basic phenomena occurring during

the powder bed fusion process is of interest for the scientific community.

Control over the temporal profile of the laser power delivered to the material has been identified as
a highly influencing aspect on thermal processes analogous to Selective Laser Melting. The work
by Kuo and Lin (2007) stands out as highly significative in comparing pulsed wave (PW) and
continuous wave (CW) emission for the laser welding of a Ni-based superalloy as well as the
research by Assuncao and Williams (2013) for mild steel joining. Kuo and Lin (2007) indicate that
PW emission might be detrimental for porosity formation due to lower melt pool stability, whilst
Assuncao and Williams (2013) identify a difference in the transition from conduction mode welding
to keyholing. Both works were conducted using PW emission with higher peak powers with respect

to CW emission.

To the present date, the greater part of industrial SLM systems uses high brilliance fiber laser
sources with continuous wave emission whereas only some employ fast power modulation of the
diode pumping current, generating pulsed wave emission with peak powers comparable to CW
emission (also denoted as modulated emission). The choice in terms of emission modes by system
manufacturers was previously reviewed by Demir et al. (2017) and Biffi et al. (2018) and shows
that EOS GmbH, Trumpf GmbH, Concept Laser GmbH, SLM Solutions GmbH, Realizer GmbH
and Sisma SpA for instance prefer continuous power delivery whereas only Renishaw plc adopts
modulated emission. However, part quality indicators of the SLM process such as porosity, thermal
stresses, dimensional accuracy and surface roughness are yet to be investigated with different
emission modes. In literature there is evidence that PW emission can have beneficial effects in
minimising thermal distortions and increasing process resolution thanks to a more contained melt
pool formation as demonstrated by Mumtaz and Hopkinson (2009, 2010). Moreover, the tailoring of

process parameters might enable the realisation of finer features as shown by Demir and Previtali
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(2017) for the additive manufacturing of cardiovascular stents. From a microstructural perspective,
Biffi et al. (2018) examined the properties of AISi10Mg samples produced with CW and modulated
emission on different commercial machines. Their results show that continuous wave emission
dictates a greater precipitation of Mg.Si, whilst more lattice defects could be identified in the
samples deposited with PW emission. This different behaviour is related by Biffi et al. (2018) to the
thermal history of the material. However, no authors have yet investigated this theme from a

fundamental perspective and will therefore be the aim of the present work.

With regards to the study of the principles of metal powder densification in the SLM technology,
single track studies have often been conducted. Li et al. (2012) have used this methodology to
understand the balling defect formation, Aboulkhair et al. (2016) to study the porosity formation
mechanisms in the deposition of AISi10Mg. On the other hand, Averyanova et al. (2012) used an
experimental design approach to identify the correct processing conditions for the deposition of 17-
4 PH martensitic steel, Ciurana et al. (2013) to optimise process parameters for the SLM of
CoCrMo alloy whilst Zhang and Coddet (2015) investigated the deposition of pure Fe. Extensive
experimentation on single track formation of different alloys was also conducted by Yadroitsev et
al. (2007). In particular, the research by Yadroitsev et al. (2009, 2013) was aimed at determining
process feasibility zones (of stable and unstable deposition) processing parameters for the
realisation of fine structured components. More recently, the track densification and process
dynamics have been observed with high speed imaging techniques showing the influence of process
parameters on the melt pool solidification as well as gas dynamics and beam spatial profile. In
particular, Bidare et al. (2017, 2018) investigated both melt flow and gas flow dynamics through
high speed imaging of single track deposition. Using an analogous approach Scipioni Bertoli et al.
(2017), measured cooling rates of the laser powder bed fusion process at varying levels of process

parameters, whilst Trapp et al. (2017) conducted in-situ absorptivity measurements. Furthermore,
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using single track deposition studies Roehling et al. (2017) showed how spatial beam shaping of the
laser beam can aid in controlling the microstructural evolution of the powder bed fusion process. A
common feature of these recent attempts is the use of customized equipment in order to flexibly

control the processing conditions, which is not commonly possible with industrial systems.

Therefore, in the present work it was chosen to investigate the effect of temporal modulation of the
laser input on the process efficiency using a similar approach. The realisation of single tracks was
conducted using a flexible in-house developed SLM prototype system. Experimental results from
the present investigation show that at single track deposition level, with varying levels of duty cycle
and delivered energy, significant differences appear in the volume of solidified material and track

width. These aspects are fundamental in determining build rate and process resolution for SLM.

Accordingly, the understanding of the physics of a process must be achieved through its modelling
and in the literature of laser material processing, the interaction between laser beams and workpiece
material has often modelled as a purely thermal phenomenon as in the research on heat treatment by
Ashby and Easterling (1984) or Cline and Anthony (1977) and on the laser welding process by
Eagar and Tsai (1983). Currently, the greater part of the research efforts regarding the modelling of
the SLM process have been directed towards numerical solutions as clearly shown in the literature
review by Zeng et al. (2012). Nonetheless, this approach requires elevated computational times and
an elevated number of input variable which do not allow for the understanding of the physics
underlying in a process. Analytical models are effective in summarising the effect of the principal
input parameters although their limitations reside in the strong hypotheses. Still, in the laser
material processing field there is extensive evidence of the use of analytical solutions to investigate
heat transfer mechanisms, as in the examples previously mentioned but also in numerous others: for
instance Gellert and Egli (1988) modelled the pulsed laser melting of copper using a motionless

heat source model, Steen et al. (1988) modelled the keyhole laser welding through a superposition

7



of the point and line heat sources. Ducharme et al. (1994) analogously employed a moving heat
source model to predict weld pool shapes and Binda et al. (2004) adopted a semi-empirical solution

to determine the weld beads for AISI 304.

The aim of this work is to assess the efficiency of the pulsed and continuous wave emission modes
using a semi-analytical approach. An analytical model which takes into account the main spatial
and temporal parameters affecting the energy delivered to the powder bed during the SLM
processing of single tracks is developed. The model is used to identify changes in the process

efficiency related to duty cycle, which is the main parameter defining the temporal emission profile.

The present research is structured in two main sections: the first presenting the experimental results
of a campaign comparing continuous wave and pulsed wave emission; the second studying the
variations of the heat transfer efficiency of the SLM process in the different experimental
conditions, explaining the variations in the densification behaviour. Results confirm that process

efficiency is up to three times greater with CW emission compared to PW emission.

2. Modelling of process efficiency
2.1 Literature review of moving heat source analytical models

The aim of this review is to identify in the literature of laser material processing an analytical model
which can be employed to characterise the heat transfer mechanisms in the SLM process under the
action of either CW or PW emission modes in view of the efficiency estimate. An analytical model
is used because it is the proper compromise between time/cost of development and accuracy in the
estimate of heat transfer. The first analytical solution to a moving point heat source was determined
by Carslaw and Jaeger (1959) and studied by Rosenthal (1941, 1946) for the welding technology. In
literature, there have been several developments and applications of the moving heat source
solutions. The determination of the temperature distribution through the analytical solution of the

Rosenthal equation has led to a greater understanding of the solidification phenomena, micro-
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structure formation and heat transfer mechanisms as well as predictions regarding the shape and
size of weld beads, cut kerfs and melt pool formation. Cline and Anthony (1977) were amongst the
first to apply Rosenthal type analytical solutions for the laser heat treatment and melting of metallic
materials, followed in the next years by Eagar and Tsai (1983) for the prediction of weld pool

dimensions and by Ashby and Easterling (1984) for the hardening of steel surfaces.

In the study of the SLM process there have been few applications of analytical thermal models, as
reported by Zeng et al. (2012). Amongst these, the moving heat source solution has been used to
represent the Selective Laser Sintering process by Singh et al. (2009). The solution considers a
Gaussian spatial distribution (derived from Ashby and Easterling (1984)) but does not take into
account the possibility of temporal modulation of the heat source. Therefore, in order to compare
emission modes a heat transfer model capable of considering a temporal variation of the laser power

input should be taken into account.

With reference to the moving heat source problems, the solution for the temperature field generated
by a pulsed Gaussian distributed heat source was presented by (JunChang, Langlade, and VVannes
1999) for the study of PW laser heat treatment. A more rigorous approach to the modelling of PW
travelling heat sources was undertaken by Dowden (2001). On the other hand, the solution by
Vishnu et al. (1991) for the modelling of the heat flow during Gas Tungsten Arc welding, presents
both a complete mathematical derivation and experimental evidence confirming the validity of the
model. Hence, amongst all the analytical models reviewed, Vishnu et al. (1991) can be considered
as the most appropriate to model the interaction of a PW Gaussian distributed laser source with a
metallic powder bed.

2.2 Modelling of powder bed thermal and physical properties

Amongst the hypotheses of analytical solutions to moving heat source problems, there is the

consideration of a homogeneous, isotropic material with constant thermal and physical properties.
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In the proposed modelling of PW SLM, this hypothesis will be maintained and the value of specific
heat capacity, thermal conductivity and density at a mean temperature between ambient temperature
and solidus temperature of AISI 316L will be considered (i.e. at 700 °C, as shown in the values are

reported in Table 1), using the values determined by Mills (2002) as a reference.

Table 1. Thermal and physical properties of bulk AISI 316L at 700 °C recorded by (Mills 2002)

Property Symbol | Units Value at 700 °C
Bulk solid thermal conductivity | k, | Wm'K?|25.1

Specific heat capacity Cp JkglK?t | 600

Bulk solid density Ps kgm3 7628

Bulk solid thermal diffusivity ag | m%s?t 5.48x10°®

In order to determine the thermal conductivity of the powder bed (p,), the model by Sih and Barlow
(2004) will be employed. This approach has been previously used in the modelling of the laser
powder interaction (as for example in the work by Denlinger et al. (2016) or Vail et al. (1996).
Amongst the main input parameters to the model by Sih and Barlow (2004) is the relative density,
which is fundamental in determining the compactness of the powder bed. In literature, the value of
relative density & with respect to the bulk solid, defined as the ratio between p, and ps, has often
been taken as & = 0.5 and will be assumed also in this study. Matsumoto et al. (2002) used this
value for the finite element modelling of single layer deposition of Ni-based superalloys, Antony et
al. (2014) for the analytical modelling of single track deposition of stainless steel while Contuzzi et
al. (2011) for the development of a finite element model for the SLM of AISI 316L. On the other
hand, the specific heat capacity of the powder bed remains unvaried with respect to the bulk solid
value. Overall, the values of the thermal and physical properties implemented in the model are

reported in Table 2.
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Table 2. Thermal and physical properties of powder bed of AISI 316L at 700 °C

Property Symbol | Units Value at 700 °C
Powder bed thermal conductivity |  k,, Wm1K? | 0.46

Specific heat capacity Cp JkgiK?t | 600

Powder bed density Pp kgm3 3814

Powder bed thermal diffusivity a, m?st 2.02x107

The final consideration regarding the effective spatial domain of the solution is that the powder bed
is not infinite (a different assumption to the model by Vishnu et al. (1991)). Due to the strong
discontinuity in material properties between powder bed and bulk substrate it is possible the
hypothesis of negligible conductive heat transfer at the bottom boundary was made. Hence, the
physical domain is representable in the present model by applying the method of images which
consists in the reflection of the mathematical solution between the top and bottom boundary of the
domain and the summing up of the reflections to obtain the final solution (as represented

graphically in Figure 1).

Powder bed
domain

Substrate == Mathematical solution
domain 15t Reflection
2™4 Reflection
37 Reflection
= Method of images
solution

z

Figure 1. Applying the method of images to represent the powder bed domain

2.3 Analytical modelling of efficiency in SLM

As previously introduced, Vishnu et al. (1991) determined the solution for the temperature field

generated by a pulsed wave Gaussian distributed moving heat source and the solution may be

11



employed to represent the pulsed wave selective laser melting process. The heat source considered
in the model is moving at constant velocity v (with respect to the absolute coordinate system

indicated in Figure 2) and it is temporally modulated as shown in Figure 3.

Figure 2. Gaussian distributed heat source moving at constant velocity v in the x-direction with respect to absolute
coordinate system (X,y,z)

P [W] —— Power [W]
Pop (---T———-"-""=" T~ —— -
Epulse
N _naw _
lon Ly rr
t [s]
tror

Figure 3. Temporal profile of moving heat source

The mathematical solution (indicated in equation (1)) is given by the contribution of the peak power
(P,x) and the background power (P4 ) Of the PW emission (schematised in Figure 3) which
respectively causes increases in temperature of AT, and AT,,. Since the comparison between pulsed

wave emission and continuous wave emission is the focus of the present study, when considering
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CW emission, the background power will be taken as equal to the peak power (i.e. Ppgcr = Ppy)
whereas in the case of PW emission the contribution will be null (i.e. Pygcr = 0).

T(x,y,zt) =Ty + AT, + AT, 1)
The peak and background power contributions to the temperature distribution of the heat flow
model by Vishnu et al. (1991) are reported in equations (2) and (3) whilst the integration limits and

integration constants are reported in Appendix A.

ATp=n(6,v)%-exp[—v—f—ﬂ]-§fbn ! EXp[—M—L—P,uZ du
ppcp(47mp) 2ap  Aay ~Ja, 1+ p? w1+ p?

)
I [_v_f_ﬂ].’v”j"n LM N
» = ,v)ppcp(4nap)3/2 P 2,  4a, ;an1+MZEXp[ uz 1+ pu? wran

©)

The efficiency coefficient n is multiplicative of the temperature distribution and is representative of
the heat transfer mechanisms due to the gaussian distributed source acting upon the powder bed.
Therefore, its variation will be representative of the melting efficiency and will be characterised
with respect to process parameters, in particular on the scanning speed and duty cycle. In order to
demonstrate, the capability of the model of predicting a time-dependent temperature distribution an
example is shown in Figure 4. It is possible to view heating and cooling cycles generated by a
pulsed heat input on the surface (i.e. z=0) of an AISI316L powder bed (processing parameters for
this specific condition: v=162 mm/s, Pp=244 W, 6=0.4, t,n=200 ps and hypothesised efficiency

coefficient =0.19).
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Figure 4. Temperature distribution in spatial simulation domain (x and y coordinates) at successive time instants t: (a) t=1 ms

(b) t=2 ms (c) t=3 ms and (d) t=4 ms. Position of heat source when on indicated by red line.

2.4 Model implementation and calculation of melting efficiency

In order to determine the variation of the efficiency coefficient with respect to process parameters,
the simulated track width (wmei) was estimated from the temperature distribution and then
compared with the i-th experimental result (wi). The corresponding value of efficiency # that
yielded the i-th experimental measurement was thus considered for the specific experimental
condition. In general, the specific point with coordinates (x;,y;j,z;) at a specific time instant t, was
considered molten if its temperature was greater than the solidus temperature of the material (i.e.
T(X,Yi,Zj,t)>Tsolidus). The model was solved on the XY plane with coordinate Z=0 pum (i.e. where the

heat source is applied), taking into account a single reflection of the mathematical solution
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(considering a layer thickness of 50 pum) since the contribution of higher order reflections was
negligible (as resulted from preliminary calculations). The simulation domain in the X-axis was of 3
mm whereas a positive and negative variation of 300 um was employed for the Y-axis domain. The

spatial simulation domain used for the analytical model is reported in Table 3.

Table 3. The spatial domain implemented in the analytical model

X-axis Y-axis Z-axis
Domain {0:3000} pm {-300:300} pm {0,100} pm
Resolution 100 pm 1um 100 pm

The solution to the analytical model by Vishnu et al. (1991) is time dependent therefore, also the
simulated track width will vary with time. Accordingly, in order to view the expansion and
contraction of the simulated melt pool area correctly, the time domain considered was of at least 40
ms after the laser beam completed the single track (with a temporal resolution of 2 ms). Hence, the
simulated track width wmeit was considered as the highest expansion in the y-direction reached by

the melt area within that time domain.

Since the temperature distribution is dependent on its multiplicative efficiency coefficient #, also
the simulated track width will be dependent on # (i.e. Wmelt =Wmeit(77)). Hence, from the experimental
data replicates (with process parameters corresponding to the simulated condition) it is possible to
determine corresponding values of the efficiency coefficient and determine the statistical variation
of » which will be representative of the process variability. This operation can be viewed
graphically in Figure 5. By repeating this procedure for each experimental condition, it is then

possible to determine the variation of # with respect to process parameters.
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Figure 5. Graphical representation of method employed to determine #i from i-th experimental replicate wi for a given
experimental condition. Simulated track width as a function of # (Wmeit =Wmelt(#)) in blue. Experimental measurements wi, wa,
ws, Wa respectively in yellow, purple, red and green.

2.5 Model for constant energetic input comparison

The definition of equivalent process conditions for modulated and continuous emission regimes in
the SLM process is formulated from the consideration that a given energetic input is required to
melt a specific volume of material. A model to equate the energy delivered by the laser source
during the scanning of a single track respectively with CW and PW emission was developed by the
authors of the present work and presented in a previous publication (Caprio et al. (2018)).
Modulated emission with contemporary fiber lasers often consists in operating the laser source at
the same peak output power of CW emission whilst employing a fast-switching of the pumping
diodes to turn on and off the laser emission. The main regulating parameters are the duration of a

single laser pulse (ton) and the duty cycle () defined as:

_ ton
8 - ton+toff (4)

Where torf is the time period that the laser is not emitting between two successive pulses (as
analogously shown in Figure 3 for the modelling of the temporal profile of the heat source). If CW

emission is taken as the reference operating condition, the effect of modulating the laser emission
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(i.e. using a value of duty cycle lower than 1, which corresponds to CW emission) will be of
delivering a lower average power to the powder bed. Therefore, in order to deliver the same energy
density, the laser scanning velocity must be regulated accordingly as defined by the model

previously developed:

P
Upw = =4 - Vew (5)

PCW

As already mentioned, the process parameters which allow the compare the single track deposition
with different emission modes are the scanning speed v and average power output P of the laser
beam. The pedices pw and cw in the equation indicate the emission mode. Pcw Will correspond to the
instantaneous power output of the laser source during continuous wave emission, whereas Payg

indicates the average power delivered with modulated emission.

In the present work, in order to simplify the comparison of the different emission modes, the scan
speed of CW emission is taken as reference for a given energetic input, v.,,gq (the value of scan

speed was regulated accordingly for the PW emission conditions).

3. Materials & methods
3.1 Material

AISI 316L stainless steel was used as feedstock material under the form of gas atomised powder

with mean particle size 32 um and nominal material density 8.1 g/cm® (Cogne Acciai, Brescia,
Italy).

3.2 Selective laser melting system

The SLM system used to deposit the single tracks was an house developed machine, namely project
Powderful, whose working mechanism have been presented in previous publications by Demir et al.
(2017). The prototype system was equipped with a single mode fibre laser source (IPG Photonics
YLR-150/750-QCW-AC, Cambridge, MA, USA). The emission wavelength corresponded to

A=1070 nm and a Px=244 W maximum peak power output (measured after the optical chain). The
17



light beam deflection onto the powder bed was obtained through the use of a scanner head (EI.En.
Scan Fiber, Florence, Italy) whilst the beam trajectories were designed using LogoTag software
(Taglio, Piobesi d'Alba, Italy). The emission light was collimated using a 60 mm lens and focused
onto the build plate with a 255 mm f-theta lens. Theoretical calculations allowed to estimate the

beam waist diameter on the focal plane (do) as 55 pum.

Table 4. Principal specifications of the in-house developed SLM system, project Powderful

Maximum peak power, Ppk 244 W

Laser emission wavelength, 4 1070 nm

Beam quality factor, M? 1.1

Beam waist diameter, do 55 um

Build substrate dimension (LXWxH) 60x60x20 mm?®

The characteristics of the flexible prototypal system are summarized in Table 4. LabVIEW software
(National Instruments, Austin, TX, USA) was used to control the automated powder bed deposition
of project Powderful. Laser processing was conducted in inert atmospheric conditions that were
obtained by three successive purging procedures of the closed chamber (consisting in applying a

vacuum down to 50 mbar then introducing high purity Ar).

3.3 Experimental plan

The experimental campaign to evaluate the effect of pulsed and continuous emission was planned at
fixed energetic deposition levels. The powder bed layer height was kept at 50 pum (a value typical of
SLM processing of AISI 316L), the focal point was positioned at the surface of the powder bed and
peak power of laser emission was fixed at the laser source’s maximum level of diode pumping
current (corresponding to a peak power emission Pp=244 W). During preliminary experimentation,
stability conditions at single layer deposition with continuous wave emission were established at

scan velocities of 50 and 450 mm/s (identified in the previous publication by Caprio et al. (2017)).
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Consequently, three levels of equivalent scan speed were chosen (respectively fixed at 50, 250 and

450 mm/s). With modulated emission, two levels of duty cycle (6=0.4 — 0.6) and two levels of pulse

duration (ton=100 — 200 ps) were varied. Effective values of scanning speed are listed in Table 5 (ton

does not affect Payg therefore does not determine a change in the effective scan speed). As can be

extrapolated from Table 5, the lower average power emitted during modulated emission implies that

the laser source must travel more slowly in order to deliver the same energetic input in comparison

to CW emission. Fixed and varied factors in the experimentation plan are reported in Table 6.

Variation in terms of number of deposited layers (Niayers=1;5;10) was also tested and four replicates

of each experimental condition were run.

Table 5. Effective values of scan speed respectively for modulated and CW emission

Vew Vow at 6=0.6 Vopw at 6=0.4

[mm/s] | [mm/s] [mm/s]

50 28 18

250 142 90

450 256 162

Table 6. Constant and variable factors of the experimental plan

Constant factors Value
Single track length, | [mm] 30
Layer height, I; [um] 50
Peak power, Py [W] 244
Focal position, Az [mm] 0

Varied parameters CW emission | Value

Scan speed, Vew [Mm/s]

50; 250; 450

Varied parameters PW emission | Value

Scan speed, Veweg [Mm/s]

50; 250; 450

Duty cycle, &

04,;0.6

Pulse duration, ton [JS]

100; 200
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3.4  Single track characterisation

Track morphology was acquired using focus variation microscopy (Infinite Focus from Alicona,
Graz, Austria) which allowed for track width (w) and volume measurements (V). The measurements
were conducted onto the whole of the substrate plate employing a 5X magnification. The vertical
and lateral resolutions were respectively estimated as 0.5 um and 7 um. A representative digital
reconstruction of the single tracks is shown in Figure 6 (a) along with the track width measurement
procedure (Figure 6 (b-c)). The track width measurements were used successively to calculate the
efficiency with the analytical model. From the volume measurements, it was also possible to
calculate the single track build rate of the process BR, defined as:

Vv

BR=—CY_ (6)

Nlayers'l

where v is the scan speed, Niayers the number of layers of deposited material.

Figure 6. (a) Digital reconstruction of single tracks plate obtained using focus variation microscopy (b) top view of one single
track; red line indicates data selection for width measurement (c) single track profile obtained from previous data selection

for width measurement
The deposited single tracks were cut transversally to provide metallographic cross-sections which

were prepared by polishing and chemical etching with a tripartite solution of hydrochloric acid,
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nitric acid and distilled water. The cross sections were photographed using optical microscopy with

a 2.5X objective (Ergolux 200 from Leitz, Wetzlar, Germany).

4. Experimental campaign results
4.1 Volume of deposited material and build rate

The variation of track volume with respect to equivalent scanning speed, duty cycle and pulse
duration is reported in Figure 7. The data shows an analogous densification behaviour with
increasing number of layers of deposited material. The effect of pulse duration on the deposited
volume was negligible with respect to duty cycle and veweq therefore, for the sake of clearness, is

not reported graphically.
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Figure 7. Track volume as a function of process parameters and number of layers of deposited material. Error bars are one
standard error from the mean. Red and grey colour indicates pulsed wave emission respectively with duty cycle levels of 0.4

and 0.6, blue colour indicates continuous wave emission corresponding to 6=1.
Experimental measurements show that with increasing values of energy density (i.e. lower values of

equivalent scanning speed) a greater volumetric deposition can be witnessed. As can be clearly

21



denoted in Figure 7, analogous behaviour can be observed in the duty cycle effect where the highest
deposition is obtainable with CW emission (i.e. =1). On the other hand, modulated emission has a
positive effect in reducing process variability, indicating that this processing condition is more

appropriate when greater control is required.
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Figure 8. Build rate as a function of process parameters. Error bars are one standard error from the mean. Red and grey
colour indicates pulsed wave emission respectively with duty cycle levels of 0.4 and 0.6, blue colour indicates continuous wave

emission corresponding to 6=1.

The effective values of scan speed are lower in the case of PW emission, since to deliver a constant
energetic input the laser beam must advance more slowly (as previously indicated in Table 5). The
combined effect of this aspect and the changes in deposited volume related to different emission
mode causes the build rate to be significantly affected. Thus temporal modulation yields notably
lower values of build rate whereas CW emission resulted the most productive (as reported

graphically in Figure 8). The build rates reported in the present research are comparable in terms of
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magnitude to values reported in literature for the realisation of bulk AISI 316L specimen although

differences can be accounted for due hatching distance parameter (Wang et al. 2017).

4.2 Track width and cross section analysis

In Figure 9, the variations of the width of single tracks with respect to process parameters is shown.
Analogously to the volume, it was possible to denote that pulse duration was not significant in
affecting the measured variable therefore its variation was not reported graphically. Furthermore,
the results depict a clear increase in terms of deposition width at increasing values of duty cycles.
The track width is a fundamental parameter in defining the resolution of the SLM process and its
capability of realising fine features, as indicated by Yadroitsev et al. (2010, 2007). As a matter of
fact, the use of temporal modulation coincides with a lower process variability with respect CW

emission which suggests that this might be the appropriate strategy for the realisation of detailed

features.
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Figure 9. Width of single tracks as a function of process parameters and number of deposited layers. Error bars are one
standard error from the mean. Red and grey colour indicates pulsed wave emission respectively with duty cycle levels of 0.4
and 0.6. Blue colour indicates continuous wave emission corresponding to 6=1.

In accordance with previous single track studies by Yadrotisev et al. (2013, 2015), track width
decreases with higher values of scanning speed. This phenomenon was reported both with
continuous wave and pulsed wave emission. By observing the cross sections of the deposited single
tracks (representative conditions are shown in Figure 10 for single layer deposition and in Figure 11
for 10 layers), it is possible to extract information regarding track morphology in terms of width and

depth of the dilution zone.
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Figure 10. Metallographic cross-sections of 1-layer single track depositions at varying levels of veweq and emission modes.

It is arguable that the trends recorded for the volumetric deposition and track width measured using
focus variation microscopy can be denoted in the cross-section observations: the depth of the
dilution area is notably more restricted at elevated values of equivalent scanning speed and lower
values of duty cycle. Furthermore, dilution zone width increases with greater energetic input, once

again in agreement with observations from Yadroitsev et al. (2013).
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The first signs in terms of process instability can be denoted from the cross-sections at veweq=450
mm/s, shown in Figure 11. These defect can possibly be generated by insufficient energetic input
which determines an unstable melt pool formation due to higher surface tension forces which can
give rise to the balling phenomenon as was also determined experimentally by Li et al. (2012). This
hence also brings supporting evidence to the reasons for porosity formation due to melt flow

instabilities as discussed by Qiu et al. (2015).
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Figure 11. Metallographic cross-sections of 10-layer single track depositions at varying levels of veweq and emission modes.

4.3  Melting efficiency

The analytical model yields as a result the trend of the process melting efficiency at different levels
of emission modes and equivalent scanning speed. The simulations indicate a significant increase in
n at higher levels of duty cycle and increasing values of equivalent scanning speed (i.e. lower

energetic deposition levels). In order to characterise the trend of the process efficiency at different
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energetic values and under varying temporal emission modes, a regression model was determined

(reported in equation 16 whilst the full statistical analysis is reported in Table 7):

In(n) = —3.8094 + 0.008691 Vo — 1075V2,p, + 1.0178 62 @

Table 7. Regression analysis for process efficiency coefficient

Source DF SeqSS Adj SS Adj MS  F-Value P-value
Regression 3 28.1829  28.1829 9.39429  265.60 0.000
VewEQ 1 19.9696  6.1187 6.11871 172.99 0.000
VeweQ? 1 2.2701 2.2701 2.2701 64.18 0.000
82 1 5.9432 5.9432 5.9432 168.03 0.000
Error 56 1.9807 1.9807 0.03537

Lack-of-Fit 5 0.3709 0.3709 0.07418  2.35 0.054
Pure Error 51 1.6098 1.6098 0.03156

Total 59 30.1636

R?=93.4%, R%qj=93.1%, R%res=92.4%
In order to depict graphically the response surface generated by the regression equation and relative

confidence intervals, the following equation was employed as defined by Montgomery (2017):

Y(0) = b, TRGXD) o < Byjy < ¥(o) + /TR g ®

Where y is the regression equation, n is the number of observations, p the number of regression
coefficients, t the t-student distribution inverse function, a the confidence level, & the estimated
standard deviation, X the design matrix with the levels of the independent variables of the

experiment, Xo the vector of the condition at which the regression equation is being calculated.
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Figure 12. Response surface of the regression equation. Red planes indicate minimum and maximum confidence intervals of
the response surface

The response surface is shown in Figure 12. The model fits the data well as expressed by the high
RZ.q; value and the narrow confidence intervals shown in the response surface. Both of the
examined parameters have a second order relationship with process efficiency. The sign of the
second order regressor coefficients indicates how the parameters interact with the process
efficiency. The increase in duty cycle provides a rapid increase in the process melting efficiency
reaching its effective peak at CW emission. On the other hand, the increase in scan speed is
expected to provide the maximum efficiency at a certain point and then drop as indicated by the
negative value of its second order coefficient. Such condition is coherent with the physical reality,

since the process will eventually yield lack of fusion due to the lower energetic input.

5. Discussion

The volume and track width variations underline a significantly high difference in the powder bed

solidification when exposed to temporally modulated laser beams. Process melting efficiency can
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be linked to different components regarding the optical and thermal efficiencies, as well as

mechanical instabilities generated due to the emission region being used.

Firstly, an improved optical coupling between laser emission and melt pool during continuous wave
emission as was suggested for the analogous process of laser welding by Assuncao and Williams
(2013). It can be expected that the fraction molten pool remains stably at a higher temperature,
which can improve the optical absorption, as stated by Steen and Mazumder (2010). On the other
hand, this might be lower during pulsed wave emission due to the formation of stronger recoil
pressures which are reported by Mumtaz and Hopkinson (2010) during PW SLM. Effectively, this
reduced interaction can be symptomatic of the more contained dilution zone observable in the cross-
section of single tracks obtained with modulated emission (shown in Figure 10). As Qiu et al.
(2015) state, Marangoni forces and recoil pressure can be detrimental for the solidification
phenomena, thus explaining the lower volume of material deposited with PW emission. Analogous
conclusions regarding defect formation and lower densification were achieved by the authors
(Demir et al. (2017)) in a previous work which employed PW emission, supporting the observations
made in the present research. In general, it might be stated that continuous wave emission is
characterised by more efficient heat transfer mechanisms that can be beneficial for higher material
deposition rates. Yet this emission condition also coincides with a higher process variability terms
of track width and volumetric deposition as can be seen from the greater spread of the results for
CW emission respectively reported in Figure 7 and Figure 9 which might be detrimental for the

final roughness of SLM produced specimen.

On the other hand, the analytical model shows that heat transfer efficiency increases at higher
values of equivalent scanning speed (i.e. lower energetic conditions). Such increase can be
attributed to a more efficient use of the released energy over a limited thickness, reducing the

remelted layer region. Another important factor is the optical absorptivity that may vary due to the
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scan speed. A maximum absorption is achieved at Brewster angle, where for molten iron and the
wavelength of a fiber laser is approximately 80°. Lower scan speeds correspond to an increase in
the glancing angle resulting in a sudden drop of absorptivity as Mahrle and Beyer (2009) state. A
similar effect can be observed if the molten pool oscillates due the repetitive heating and cooling
cycles induced by the PW regime. On the other hand, interplay between increased optical efficiency
and reduced melting capability exists. Further increases in scanning speed can also generate melt
pool instability due to the balling phenomena caused by the higher surface tension and Marangoni
forces, as observed experimentally by Li et al. (2012) and Yadroitsev et al. (2007) in the SLM
processing of stainless steels. Accordingly, also Qiu et al. (2015) support this view. As Khairallah
and Anderson (2014) predict through their model that lower values of scan speed allow the
achievement of full melting of the powder bed avoiding residual porosity. However, increasing the
energetic input by lowering the scan speed aspect is detrimental with regards to the obtainment of
fine features. On the other hand, higher scan speeds might generate inter-layer porosity formation
due to a lower remelting of the previous layer, as observable in the cross-sections of the deposited
single tracks of Figure 10 and in Xia et al. (2017). High speed imaging observations of the selective
laser melting process under analogous conditions, were conducted by the authors of the present
research Caprio et al. (2018). Results indicated that melt pool dimension are effectively more
confined using pulsed wave emission although this is coincides with an intermittent behaviour of
the melt area due to the pulsating nature of the power input. On the other hand it was possible to
denote the higher stability of the melt pool achievable with CW emission which however yielded a
perturbation of the powder bed causing a denudation phenomena. The higher process variability in
terms of track width and volumetric deposition recorded in the present work can thus be found to
coincide with the greater perturbation recorded through high speed observations of the previous

research. Moreover, the process efficiency determined with the analytical model is descriptive of
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higher stability and thus a more efficient heat transfer mechanisms occurring during the single track

deposition.

Further considerations should be made when taking into account the effect of multi-track scanning
since there is a thermal build up phenomena caused by the heat affected zone of previous scan
tracks as evidenced by Criales et al. (2017). The partial overlap between the adjacent track also
varies the material properties under the scanning laser beam, since both solid and powder material is
processed. Indeed, the scan strategy as well as the geometry can have a significant impact on the

process efficiency, which can be combined with the effect of the emission regime.

6. Conclusions

In this work, the process efficiency of CW and PW emission modes in single track selective laser
melting of AISI 316 powder was studied experimentally and by means of an analytical model. The
experimental work clearly indicates the improved melting capacity by CW emission, while the
analytical model provides a clear indication to the process efficiency. The principal outcomes of

this work can be listed as:

e Volumetric deposition with CW emission was from two to three times higher than with
modulated laser input.

e Build rate was also significantly higher in the case of CW emission (up to 40 cm®/h), also
due to the reduced effective scanning speed that must employed for a fixed energetic
deposition during PW emission.

e Process resolution, determined through track width measurements was notably increased
with power modulated emission (from 350 um to 200 um at single layer and low energetic
deposition condition).

e Process efficiency estimated through the analytical model resulted three times higher with
CW emission and yielded greater values at higher levels of scan speed (n~0.35). Optical
coupling between melt pool and laser radiation is considered the main influential parameter.

Increased scan speed improves the efficiency intrinsically by limiting the remelted region as
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well as a possible improvement in the optical absorption. At higher scan speeds a limit exists

due to the melt pool stability due to the insurgence of the balling phenomenon.

As the SLM technology progresses in the industrial world, the need for more flexible systems able
to process both bulk and fine geometries will be essential. The combination of the two emission
regimes is applicable to the vast majority of the implemented laser sources, while the part

programming and trajectory planning require further attention.
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9. Appendix A — Integration constants and limits

The integration constants and limits of Vishnu et al.’s solution for a pulsed wave Gaussian
distributed moving heat source are hereby reported (for the complete derivation of the terms please

refer to Vishnu et al. [4]):

k
a=—" (9)
PpCp
%o (10)
g = ——
B 2\/2
2
_TB
to = ta, (11)
E=x—v(t+ty) (12)
z° 13
dayt (13)
2 + 2
y=t 1Y (14)
day,ty
p= Ut (15)
- 40:,,

Table 8. Integration limit for peak power contribution to the temperature distribution

Integration Limit t< (n— Dty Mm—Dty <t < (n—Dity, + t,, t>m— Dty + to,
Q . . Jt — [0 = Dot + ton]
to
b, 0 t—(n— Dt t—(n— Dty
to to
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Table 9. Integration limits for background power contribution to the temperature distribution

Integration Limit t<(n— Dty +to, n— Dty +t,, <t <nt,y, t > nt,y
t—nt
a, 0 0 L tot
to
b 0 t— [(Tl - 1)ttot + ton] t— [(Tl - 1)ttot + ton]
" to to
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