
Glass Struct. Eng. (2024) 9:185–200
https://doi.org/10.1007/s40940-024-00257-0

RESEARCH PAPER

Numerical investigation of laser powder bed fusion of glass

Kyriaki Corinna Datsiou · Ian Ashcroft

Received: 4 March 2024 / Accepted: 6 June 2024 / Published online: 2 July 2024
© The Author(s) 2024

Abstract Additivemanufacturing of glass using laser
powder bed fusion has been recently developed,
demonstrating its potential to be applied in small scale
applications such asflow reactors for the chemical engi-
neering and pharmaceutical manufacturing industries.
While previous research demonstrated that complex 3-
dimensional shapes can be manufactured, built parts
are often brittle, exhibit high porosity and lack trans-
parency. This study employs a transient, heat trans-
fer finite element analysis to shed light on the ther-
mal response of laser—glass powder bed interaction
and the impact of processing parameters. Through this
understanding, the research seeks to identify practical
strategies that can be employed to improve the quality
and properties of the built parts. Bulk solid and powder
soda lime silica glass properties are used as input in the
model, while the laser heat flux and scan strategy, con-
version of powder feedstock to bulk solid glass and heat
losses from convection and radiation effects are intro-
duced in the model through Fortran coding. The study
showed that effective powder consolidation, resulting
in well-defined geometrical features, is achieved for
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temperatures near the glass melting point. Addition-
ally, uniform consolidation depths and widths can be
achieved by increasing laser power, elevating substrate
temperature and reducing scan speed within certain
limits, whilst ensuring hatch spacing is below the cor-
responding single scan track width for unidirectional
adjacent laser trajectories.

Keywords Glass · Additive manufacturing · Laser
powder bed fusion · Finite element analysis · Heat
transfer analysis

1 Introduction

Additive manufacturing, has emerged as a pivotal tech-
nology in recent decades, facilitating the manufac-
ture of complex geometries with minimal waste. It
offers substantial benefit in customising components to
meet specific requirements while being cost-effective
for prototyping or where a limited number of compo-
nents is required. The above apply to metals, ceram-
ics and polymers and could also extend to glass.
While it is acknowledged that additive manufacturing
of glass cannot currently outperform the efficiency of
traditional manufacturing methods, such as the well-
established float process for flat glass or moulding
and extrusion processes for mass production compo-
nents, it offers significant advantage for developing
complex geometries that are challenging or impractical
to achieve through conventional means.
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Additive manufacturing for glass to date spans
across direct and indirect methods (Xin et al. 2023).
Direct methods involve high temperatures to sin-
ter/melt glass feedstock in a single step process such as
laser powder bed fusion (Datsiou et al. 2019, 2021;
Fateri & Gebhardt 2015), extrusion (Inamura et al.
2018; Klein 2015) and directed energy deposition
(Grabe et al. 2021; Spirrett et al. 2023). In contrast,
indirect methods are performed at ambient conditions
using a composite material, i.e. a binder that encapsu-
lates the glass feedstock, to print a “green” part. This is
followed by post-processing, that may include drying,
binder burning and sintering steps. Stereolithography
(Kotz et al. 2017; Liu et al. 2018) and direct ink writ-
ing (Nguyen et al. 2017) are notable for glass among
indirectmethods.Although indirectmethods are recog-
nised for their ability to produce optically transparent
parts, these often lack in dimensional accuracy due to
anisotropic shrinkage associated with post processing.
Laser powder bed fusion has the potential to address
this limitation as a single step process. Moreover, it
presents the additional advantage of preventing “lay-
ered” features and anisotropic properties, that are com-
monly associated with nozzle-based processes such as
extrusion.

To date, process maps for laser powder bed fusion
(LPBF) of soda lime silica glass have been populated
to identify its processing window (Datsiou et al. 2019,
2021). These studies also demonstrated the ability to
manufacture complex 3-dimensional shapes, such as
the lattice structures illustrated in Fig. 1. However,
glass remains a challenging material to process with
LPBF. Its lowabsorptivity forwavelengths used inmost
LPBF systems (typically operating around 1100 nm)
impedes laser processing. Coupled with the high melt-
ing temperature of glass, this leads to high energy den-
sity requirements for achieving feedstock consolida-
tion. Consequently, the LPBF process generates high
temperature gradients within the built parts leading to
the development of thermal stress and cracking, which
affects the flexural strength (Datsiou et al. 2021) and
thereby limits the application of this technology.

Finite Element Analysis (FEA) has emerged as a
fundamental tool for better understanding the ther-
mal behaviour of the LPBF process in metals. Despite
numerical challenges in realistic modelling of the laser
source, providing accuratematerial properties and real-
istic accounting for heat losses, experimental thermal
investigation is difficult to undertake due to localised

Fig. 1 Additively manufactured lattice structures of soda lime
silica glass with laser powder bed fusion (Datsiou et al. 2021)

ultra-fast heating—cooling and melting—solidifica-
tion phenomena. Early studies employed numerical
models to simulate the thermal behaviour and predict
temperature distributions and melt pool characteris-
tics during LPBF (Gusarov & Smurov 2010; Kolossov
et al. 2004; Roberts et al. 2009). More recently FEA
was used for optimisation, providing the correlation
between thermal response and laser processing param-
eters (Li et al. 2020; Li & Gu 2014; Zhang et al. 2018)
while thermomechanical analyses were also used to
predict residual stress development and optimise scan
strategies (Parry et al. 2016; Wu et al. 2017).

Despite the available research on the numerical opti-
misation of LPBF for metals, there is a lack of research
on glass. This study develops a transient, heat trans-
fer finite element analysis model of a moving heat
source operating in a glass powder bed in order to
capture the thermal behaviour and investigate consol-
idation characteristics. The model is validated against
experimental results and is subsequently extended to
capture the impact of set-up and processing parame-
ters, including substrate material and preheating tem-
perature, laser power, scan speed and hatch spacing.
The primary goal of this study is to gain a comprehen-
sive understanding of the thermal response of LPBF
of glass and identify practical strategies that can be
employed to improve thequality of built parts. Section2
below provides an overview of the method, including a
detailed description of the FEAmodel and the material
properties of glass. Section 3 presents and discusses the
obtained results, including the validation of the numeri-
calmodel against experimental results, whilst Section 4
summarises important results and conclusions.
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Fig. 2 Laser powder bed fusion

2 Method

LPBF is an iterative additive manufacturing process
extensively used for metals. In LPBF, a high-power
laser is used to selectively sinter or melt powder parti-
cles in layers of controlled thickness to create a three-
dimensional object (Fig. 2). In detail, a thin layer of
powder is spread on the build platform for processing,
which incorporates a heated stage to reduce tempera-
ture gradients and hence, residual stress in built parts.
The layer is subsequently processed by the laser source
which moves in predetermined trajectories based on
the selected scan strategy and the cross section of the
geometrical model. After each layer is processed, the
stage moves downwards, and a fresh layer of powder is
deposited. The sequence is repeated until the built part
is complete.

In this study a thermal FEA model is developed to
simulate the LPBF process and predict the heat dis-
tribution within the powder bed. Heat conduction in
solids takes the following form:

Q � ρCp
∂T

∂t
− ∇ · (λ∇T) (1)

where Q is the volumetric heat flux, ρ is the density of
the material, Cp is the specific heat capacity, λ is the
thermal conductivity and T is the temperature.

This can be expressed in 3d coordinate space as fol-
lows:
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In addition to conduction, heat losses qtot (Eq. 4),
arising from convection qcon, and radiation qrad, effects
(Eq. 3a-b) also occur and must be considered in the
analysis.

qcon � hc(T − T0) (3a)

qrad � εpσ
(
T 4 − T 4

0

)
(3b)

qtot � hc + εpσ(T + T0)
(
T 2 − T 2

0

)
(4)

where hc is the heat transfer coefficient, εp is the emis-
sivity of the powder bed, σ � 5.67·10–8 W/m2K4 is the
Stefan Boltzmann constant and T0 is the temperature
of the environment.

2.1 Finite element analysis model

The FEA model was developed in Abaqus 2023 (Das-
sault Systemes, USA) to simulate the laser powder bed
fusion process through a transient heat transfer analy-
sis. The model closely matches the set-up used in the
experimental studies of Datsiou et al., (2019, 2021).
In detail, the model (Fig. 3) features a 1.5 × 1.5 ×
0.07 mm3 glass powder bed on a 2.0 × 2.0 × 0.5mm3

dense substrate. Alumina substrates were considered in
this study unless otherwise specified. The model was
discretised with 8-node, full integration heat transfer
brick elements, DC3D8, (Abaqus 2023Documentation
2023). A fine mesh with an element size of 30 µmwas
used for the powder bedwith a total of 22,405 elements,
while a coarsermeshwas used for the alumina substrate
to reduce the computational cost. A mesh convergence
study with varying density for the mesh (Fig. 4) was
initially undertaken for a single linear scan track (laser
power P � 75 W and scan speed v � 26 mm/s) con-
firming the suitability of the selected mesh (22,405 ele-
ments) and providing balance between output accuracy
and computational cost.

Individual analysis stepswere introduced in the FEA
model to describe each step of the LPBF process for a
single layer i.e. pre-heating of the substrate and laser
processing of the powder bed.

Preheatingof the substrate:A stepwith a timeperiod
of 1 s was introduced at the beginning of the analysis.
This time period was found to be sufficient for the sub-
strate to be effectively pre-heated. A fixed temperature
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Fig. 3 FEA model
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Fig. 4 Temperature output during laser processing for powder
bed models of 3,048 to 31,735 elements for laser power of P �
75 W and scan speed of v � 26 mm/s

of 250 °C (unless otherwise specified) was applied to
the lower and side surfaces of the substrate. This was
to replicate the experimental conditions in which these
surfaces are in direct contact with the heat source. The
pre-heating temperature was preserved during the pro-
cess while an ambient temperature of 20 °C was used.

Laser processing of the powder bed: A laser process-
ing step was introduced after the preheating step. Its
time period was adjusted to account for the selected
laser scan speed and the scan strategy / distance to
be covered. Laser processing of the powder bed was
incorporated through a moving heat flux, described by
a Gaussian distribution (Papazoglou et al. 2022) which
takes the following form:

q � 2ηP

πR2
0

exp

(
−2r2

R2
0

)
(5)

where η is the absorption coefficient for the powder, P
is the laser power, R0 is the laser spot size and r is the
radial distance from the centre of the laser beam to the
point of interest on the powder bed.

The heat flux input was defined in a DFLUX user-
subroutine through a Fortran script. The scan strategy
(laser trajectories) and the laser processing parameters
including laser power, scan speed and spot size were
also included in the script.

Powder consolidation was integrated in the FEA
model through a solution dependent state variable
(SDV). During the analysis the state variable changed
as a function of temperature based on the output results.
A state variable value of:

• SDV � 0 was used to describe glass powder ele-
ments. This was the opening value assigned to all
elements of each new powder layer by default. Pow-
der elements that did not consolidate during laser
processing maintained SDV � 0.

• SDV � 1 described bulk solid glass elements that
consolidated during the process. The SDV changed
from 0 to 1 when the element temperature exceeded
the transition temperature of glass (Tg � 575 °C).
ForT ≥Tg, powder particles soften and fuse together
beyond the transition temperature, leading to powder
consolidation,without necessarily reaching themelt-
ing temperature of glass (Tm � 1280 °C), (Kamyabi
et al. 2017).

The phase change from powder to solid was imple-
mented in Abaqus with a USDFLD user-subroutine,
coded in Fortran. The solution dependent state variable
was updated in every analysis increment and deter-
mined the material properties (glass powder or bulk
solid glass) to be used per element.

Heat losses from convection and radiation effects
were combined as shown in Eq. 4 and considered in all
steps of the analysis through a FILM user subroutine,
that was also coded in Fortran. A summary of relevant
input parameters used for the FEA model are available
in Table 1.

Overall, a total of 23 FEA models of the LPBF pro-
cess of a single layer were undertaken in this study
to understand the thermal behaviour and the consol-
idation characteristics for soda lime silica glass. The
investigation involved a parametric study of the effects
of laser power, scan speed, hatch spacing and substrate
temperature and material to explore their impact on the
additive manufacturing process.
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Table 1 Summary of FEA
input parameters Property Variable Value Comments/Reference

Laser wavelength λw (nm) 1064 ReaLizer GmbH SLM-50, Germany

Laser Spot size R0 (µm) 60 for a focus position of 9.55 mm,
(Batalha et al. 2020; Datsiou et al.
2021)

Substrate temperature T sub (oC) 250* (Datsiou et al. 2019, 2021)

Layer Thickness tl (µm) 70* (Datsiou et al. 2019, 2021)

Laser power P (W) 20 ≤ P ≤ 120

Scan speed v (mm/s) 10 ≤ v ≤ 60

Convection coefficient hc (W/m2K) 14.73 For argon gas in Realizer GmbH
SLM-50 (B. Liu 2013)

*Unless otherwise specified

2.2 Materials

The powder feedstock material used in this study
was soda lime silica glass (72.1% SiO2—13.7%
Na2O—10.2%CaO—2.5%MgO—1.1%Al2O3) with
an average particle size of 44 µm, to match the feed-
stock material used in Datsiou et al., (2021). The mate-
rial properties for the FEA model were defined for
both glass powder (SDV � 0) and bulk solid (SDV
� 1) states. The thermal conductivity, λs, and specific
heat capacity, Cp,s, for bulk solid glass are temperature
dependent and respectively described by Eqs. 6 and 7
(Carré & Daudeville 1999):

λs � 0.975 + 0.000858T (6)

Cp,s � 893 + 0.4T − 1.8 · 10−7

T 2 (7)

where T is the material temperature in °C.
The Sih & Barlow (1992) model was subsequently

employed to predict the effective thermal conductivity
of the powder bed, which is simplified to the following
form based on Dai & Shaw, (2004):
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where ϕ is the fractional porosity of the powder bed,
λf is the thermal conductivity of the fluid surrounding

the powder particles (argon gas in this study) and λr
is the thermal conductivity of the powder layer due to
radiation, described by Eq. 9:

kr � 4FσT 3xr (9)

where xr is the average powder particle size and F �
1/3 is the view factor.

Additionally, the rule of mixtures (Alexopoulou
et al. 2022) in Eq. 10 was used to predict the specific
heat capacity, Cp,p and the density of the powder bed,
ρp.

Cp,p � ϕCP, f + (1 − ϕ)CP,s (10a)

ρp � ϕρ f + (1 − ϕ)ρs (10b)

where Cp,f and ρf are the specific heat capacity and the
density of argon gas respectively.

To include radiation effects, the emissivity of the
powder bed, εp, is required. This was predicted from
the emissivity of the bulk solid phase, εs (Sih &Barlow
2004) and is expressed as follows:

εp � AHεH + (1 − AH )εs (11)

where εH is the emissivity of cavities and AH is the area
fraction of the surface covered by radiating cavities,
which takes the following form:
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Table 2 Thermal properties for soda lime silica glass in bulk solid and powder state

Temperatur
T (oC)

Effective thermal
conductivity for glass
powder (SDV � 0)
λeff (W/mK)

Thermal conductivity for
bulk glass (SDV � 1)
λs (W/mK)

Specific heat for bulk solid
glass
Cp,s (J/kgK)

Specific heat for glass
powder
Cp,p (J/kgK)

20 0.031 1.000 1014.20 821.16

300 0.096 1.232 1122.20 890.84

500 0.134 1.404 1202.20 942.66

700 0.164 1.576 1437.55 962.08

800 0.181 1.661 1438.20 1085.37

900 0.195 1.747 1438.85 1087.61

1000 0.209 1.833 1439.50 1089.78

1100 0.223 1.919 1440.15 1091.84

1200 0.237 2.005 1440.80 1093.79

1500 0.275 2.262 1442.75 1095.58

2000 0.332 2.691 1446.00 1097.19

Table 3 Relevant material properties used in the FEA model

Property Variable Value Comments/Reference

Transition temperature Tg (oC) 575 DSC data (Datsiou et al. 2019, 2021)

Melting temperature Tm (oC) 1280 DSC data (Datsiou et al. 2019, 2021)

Laser absorption coefficient H 0.27 (Datsiou et al. 2019)

Solid emissivity εs 0.85 (Rubin 1985)

Powder bed emissivity εp 0.888 (Sih & Barlow 2004)

Average powder particle size xr (µm) 44 (Datsiou et al. 2019, 2021)

Powder porosity ϕ 0.4 packing density of 0.6

Alumina substrate thermal conductivity (250 °C / 500 °C) λa(W/Mk) 15.141 / 9.725 (Auerkari 1996)

Fused silica substrate thermal conductivity (250 °C) λfs(W/Mk) 1.529 (Wray & Connolly 1959)

AH � 0.908ϕ2

1.908ϕ2 − 2ϕ + 1
(12)

εH �
εs

(
2 + 3.082

(
1−ϕ
ϕ

)2)

εs

(
1 + 3.082

(
1−ϕ
ϕ

)2)
+ 1

(13)

Based on the above, the thermal properties used in
the FEA for bulk solid and powder soda lime silica glass
are summarised in Table 2 as a function of temperature
while other relevant material properties are available in
Table 3. These include the glass melting and transition
temperature as well as the laser absorption coefficient

which depend on the selected glass feedstock compo-
sition.

3 Results and discussion

3.1 FEA validation

Firstly, the FEA results were experimentally validated.
While temperature output was not directly available,
the width of the scan track was utilized to assess the
accuracy of the FEA model. The experimental investi-
gation involved a commercial benchtop LPBF system
(ReaLizer GmbH SLM-50, Germany) to process the
feedstock material, SLSG44 (Datsiou et al. 2021). The
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Fig. 5 Single scan track
illustrating the consolidated
glass achieved through:
a experimental testing and;
b FEA

selected material provides a good match to the prop-
erties used in the FEA model of this study, although
some discrepancies may be present in thermal conduc-
tivity and specific heat capacity that were derived from
analytical approaches (Sect. 2.2). The feedstock mate-
rial was deposited in a single layer of uniform thick-
ness on a heated alumina substrate. A single linear
scan track was undertaken with the following param-
eters: laser power of 75 W, scan speed of 26 mm/s,
layer thickness of 0.07 mm, scan track length of 7 mm,
laser focus position 9.55 mm (which corresponds to
a spot size of 60 µm) and substrate temperature of
250 °C. The width of the consolidated glass powder
was subsequently quantified with optical microscopy
(Fig. 5a). Ten readings were obtained at equal intervals
(away from the two ends) indicating an average width
of 198 µm.

A FEA model replicating the parameters of the
experimental test was developed. The only difference
was selecting a scan track length of 0.5 mm, to min-
imise computational cost. The solution-dependent state
variable (SDV), integrated into the USDFLF user sub-
routine,was used to determine the scan trackwidth. The
model predicted a width of consolidated glass (SDV �
1) of 210 µm, ignoring the end regions of the track
(Fig. 5b). This shows good agreement with experimen-
tal results with a difference of 6%.

3.2 Thermal behaviour and powder consolidation

Figure 6 illustrates the top view of a typical tempera-
ture contour for a single layer scan track, obtained using
a laser power of P � 75 W and a scan speed of v �
26 mm/s at a time of t � 0.01832 s. It is evident that the
temperature exceeds the transition temperature of glass
(Tg � 575 °C) and therefore powder consolidation was
achieved. The consolidation region is marked with a
thick black line that matches the 575 °C isothermwhile
the significantly smaller melt pool region, exceeding
1280 °C, is also marked. The contour isotherms on the
forward part of the consolidation region are notably
condensed compared to the rear part. This is attributed
to the lower thermal conductivity of the powder that
surrounds the forward part of the consolidation region
compared to the already consolidated material at the
rear, which dissipates heat at a faster rate. Moreover,
it is worth noting that the 3D geometry of the consol-
idation region evolved with time and increased in size
(Fig. 7). At the onset of laser processing, an almost
hemispherical shape (e.g. t � 0.0005 s) was appar-
ent, however, this soon transitioned into a “comet tail”
geometry, a shape that agrees with common observa-
tions of melt pool during LPBF of metals, for instance
in Fu & Guo, (2014).

The consolidated powder exhibited a depth of 58µm
while the width measured 210 µm (Fig. 5b) indicating
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Fig. 6 Top view of temperature contours for single scan track
(t � 0.01832 s)

a significant difference of 72%. This observation is in
line with findings in B. Li et al., (2023) for Inconel
625 where the consolidated width exceeded the con-
solidated depth. However, in this case it also indicates
that the laser failed to effectively consolidate the entire
powder layer thickness (tl � 70 µm), which is essen-
tial in LPBF. However, “necking” of powder particles
(i.e. gradual softening of powder particles and merg-
ing with one another and the substrate) was expected
to occur and some degree of adhesion to the substrate
to be achieved.

3.3 Impact of set-up and processing parameters
on scan tracks

This section discusses the impact of set-up and process-
ing parameters, including the choice of substrate and
substrate temperature T sub, laser power P, scan speed
v, energy density ED (Eq. 14) and hatch spacing h.

ED � P

vtl

(
J/mm2

)
(14)

Substrate temperature As discussed previously,
powder consolidation was not achieved through the
entire layer depth for an energy density of ED �
41.21 J/mm2 (P � 75 W, v � 26 mm/, tl � 0.07 mm),
and a substrate temperature of T sub � 250 °C (Fig. 5b).

The same outcome was observed for scan tracks with
higher energy density, confirmed up to a value of ED≤
108 J/mm2. This can be attributed to the significantly
higher thermal conductivity of the alumina substrate
(λa � 15.1W/mK) compared to glass (λs � 1.19W/mK
andλeff �0.096W/mKfor bulk solid and powder states
respectively) at 250 °C. A high rate of heat dissipation
by conduction therefore occurred at the interface of
the glass powder with the substrate. This prevented the
development of temperatures exceeding the transition
temperature of glass which is essential for powder con-
solidation.

However, it was found that by raising the substrate
temperature to T sub � 500 °C, i.e. just below the tran-
sition temperature of glass, the entire powder layer can
be consolidated (Fig. 8a). This led to a 21% increase in
consolidation depth compared to a substrate tempera-
ture of T sub � 250 °C, while a 57% increase was noted
for the consolidation width. Raising the substrate tem-
perature did not affect themaximum temperature devel-
oped at the top surface of the glass powder bed during
laser irradiation. It is also worth noting that powder
consolidation at the lower surface did not occur simul-
taneously with the top surface, but lagged behind the
passage of the laser source by a few ms (Fig. 8b).

Overall, raising the substrate temperature presents
a twofold advantage, as not only does it increase the
consolidation depth to 70 µm, but it also reduces tem-
perature gradients in the zone of laser treatment within
the built parts during LPBF. The latter is expected to
limit the development of residual stresses and conse-
quently cracking in the built parts, as shown for zirconia
ceramics inQ.Liu et al., (2015). Experimental evidence
also suggested that raising the substrate temperature to
500 °C softens the glass powder particles before laser
irradiation, limiting the required energy density and
resulting in fully molten, transparent / “glassy” com-
ponents (Spirrett 2021).

Fig. 7 Consolidation region
evolution: hemispherical at
t � 0.0005 s (left) and;
“comet tail” geometry at t �
0.0183 s (right)
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Substrate material Substrates in LPBF are typically
chosen to match the powder feedstock to ensure ther-
mal compatibility and good adhesion. In this study,
alumina substrates were selected due to their superior
thermal shock resistance, as soda lime silica glass sub-
strates were previously found to crack (Datsiou et al.
2021). However, a substrate simultaneously ensuring
thermal shock resistance and compatible thermal prop-
erties (thermal conductivity and coefficient of thermal
expansion) to soda lime silica glass, could be beneficial
in improving the consolidation depth.

Fused silica substrates with a thermal conductivity
of λfs � 1.53 W/mK at 250 °C were identified as a
potential candidate in this study. Indeed, results for sin-
gle scan tracks (P � 75 W and v � 26 mm/s) show
that consolidation was successfully achieved through
the entire powder layer at a substrate temperature of
250 °C (Fig. 9a). It was found that the choice of sub-
strate did not affect the surface temperature develop-
ment but only reduced the heat transfer by conduc-
tion at the interface with the substrate leading to the
development of temperatures exceeding the transition
temperature of glass (Fig. 9b). However, experimen-
tal validation is required to verify that fused silica
substrates provide good adhesion with the feedstock
material and that they will not exhibit cracking during
the process.

Laser power The impact of laser power for a range
of 20 W ≤ P ≤ 120 W and a scan speed of 30 mm/s

was investigated for scan tracks on alumina substrates
with a temperature of T sub � 250 °C to replicate the
experimental set-up used in Datsiou et al., (2021).

As expected, the maximum temperature at the top
glass surface increased with increasing laser power,
with a linear trend (Fig. 10a). The transition tempera-
ture of glass (Tg � 575 °C) was exceeded in all scenar-
ios while the melting temperature (Tm � 1280 °C) was
exceeded for laser powers greater than 60 W. Previous
experimental observations indicated that effective con-
solidation, resulting in well-defined walls of uniform
width, was reliably achieved for laser powers exceed-
ing 55 W at a scan speed of 30 mm/s (Datsiou et al.
2021). This reveals that high temperatures equal to or
greater than the melting temperature are essential for
achieving effective consolidation. While powder con-
solidation can occur at lower temperatures, it comes at
the cost of compromising the quality of the produced
parts.

The consolidation width was found to increase with
laser power (Fig. 10b). Uniform widths were only
noted through the thickness for laser powers of 40 W
and 80 W. The remaining scenarios exhibited a wider
top that progressively narrowed with increasing depth
(Fig. 10c), which can compromise dimensional accu-
racy. It is also worth noting that the maximum consol-
idation depth remained constant regardless of the laser

123



194 K. C. Datsiou, I. Ashcroft

)b()a(

0

200

400

600

800

1000

1200

1400

1600

0 0.005 0.01 0.015

Te
m

pe
ra

tu
re

 (o C
)

Time (s)

point A point B point C point D

Tg=575oC

Fig. 9 a Powder consolidation (red) across the midpoint of the powder bed for alumina and fused silica substrates and; b Temperature
output at powder bed top and lower surfaces at points A-B for fused silica and B-C for alumina substrates

)b()a(

 (c) 

y = 11.103x + 615.770
R² = 1.000

0

500

1000

1500

2000

2500

20 40 60 80 100 120

M
ax

im
um

 te
m

pe
ra

tu
re

 (o C
)

Laser power, P (W)

Tg=575oC

Tm=1280oC

y = -0.008x2 + 2.496x + 64.000
R² = 0.996

0

50

100

150

200

250

300

20 40 60 80 100 120

Av
er

ag
e 

co
ns

ol
id

a�
on

 w
id

th
, w

av
(μ

m
)

Laser power, P (W)

Fig. 10 Impact of laser power: a Maximum temperature at the top surface of the powder bed; b average consolidation width and;
c powder consolidation (red) geometry for varying laser power

123



Numerical investigation of laser powder 195

)b()a(

(c) 

y = -10.758x + 1,813.521
R² = 0.993

0

300

600

900

1200

1500

1800

2100

10 20 30 40 50 60

M
ax

im
um

 te
m

pe
ra

tu
re

 (o C
)

Scan speed, v (mm/s)

Tg=575oC

Tm=1280oC

y = 0.018x2 - 3.536x + 300.000
R² = 0.992

0

50

100

150

200

250

300

10 20 30 40 50 60

Av
er

ag
e 

co
ns

ol
id

a�
on

 w
id

th
, w

av
(μ

m
)

Scan speed, v (mm/s)

Fig. 11 Impact of scan speed: aMaximum temperature at the top surface of the powder bed; b average consolidationwidth and; c powder
consolidation (red) geometry for varying scan speed

power employed, which can be attributed to high con-
ductive heat transfer at the interface with the alumina
substrate.

Scan speed Scan tracks with a scan speed ranging
between 10≤ v≤ 60mm/s at a laser power ofP� 75W
are investigated in this section on an alumina substrate
with T sub � 250 °C.

The scan speed was found to be inversely propor-
tional to the maximum temperature at the top surface
of the powder bed (Fig. 11a). The maximum tempera-
ture exceeded the transition temperature of glass in all
scenarios, while themelting temperaturewas surpassed
for scan speeds equal to or lower than 50 mm/s. This is
in line with experimental observations that scan speeds
exceeding 44 mm/s resulted in poor or no powder con-
solidation (Datsiou et al. 2021), highlighting again the
significance of achieving high temperatures, close to
the melting temperature of glass during thermal pro-
cessing of glass powders. The average consolidation
width reduced with increasing scan speed (Fig. 11b).
Uniform through-the-thickness widths were noted for

scan speeds of 10, 30 and 60 mm/s while the remaining
scenarios exhibited a wider top surface (Fig. 11c).

Energy densityFour FEAmodels of scan trackswere
undertaken on an alumina substrate with T sub � 250 °C
featuring energy densities of ED � 50 J/mm2 with the
following parameter combinations: Scan track A: P �
50 W and v � 14.3 mm/s, Scan track B: P � 75 W
and v � 21.4 mm/s, Scan track C: P � 100 W and v
� 28.6 mm/s and Scan track D: P � 125 W and v �
35.7 mm/s.

It was found that the maximum surface tempera-
ture exceeded both transition and melting temperature
of glass resulting in powder consolidation for all scan
tracks (Fig. 12a). However, despite maintaining a con-
stant energy density, the achieved consolidation geom-
etry was not consistent (Fig. 12b). Scan tracks A and
B exhibited uniform consolidation widths of 210 µm
whilst scan tracks C and D displayed a wider top of
270 µm, although they also shared the 210 µm width
in the lower part of the consolidated layer (Fig. 12b). It
was found that the simultaneous increase of laser power
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and scan speed resulted in a rise in maximum tempera-
ture (Fig. 12a). These temperatures expanded the heat
affected zone at the surface of the powder bed for scan
tracks C and D leading to a wider consolidation top,
but without any significant difference in depth.

Hatch spacing Three consecutive unidirectional lin-
ear scan tracks, placed next to one another, were mod-
elled in this section to identify the impact of hatch spac-
ing between adjacent laser trajectories. A FEA model
with laser power of P � 80 W, scan speed of v �
30 mm/, layer thickness of tl � 0.07 mm and substrate
temperature of T sub � 250 °C was employed for hatch
spacings of 90 µm (HS90), 150 µm (HS150), 210 µm
(HS210) and 270 µm (HS270).

The consolidationwidth for a single scan track under
the specifiedprocessingparameterswaswc,st �210µm
(Fig. 10b). As expected, hatch spacings exceedingwc,st

did not yield continuous consolidation, instead resulted

in distinct scan tracks (Fig. 13). Continuous consolida-
tion on the top surface of the powder bed could be
achieved for hatch spacings equal to or lower than h ≤
wc,st while the total consolidation width for all 3 uni-
directional scan tracks increased with increasing hatch
spacing (from 390 to 630 µm for hatch spacings of
90 to 210 µm respectively). A hatch spacing equal to
wc,st, however, failed to create a uniform consolidation
depth which was instead apparent for h < wc,st (90 and
150 µm in this case). The above suggest that hatch
spacings smaller than the individual scan track width
are preferrable. This will ensure a uniform consolida-
tion depth and prevent the encapsulation of pockets
of unfused powder particles within the built parts that
compromise their quality.

Irrespective of the selected hatch spacing, the max-
imum temperature in all scan tracks was found to be
very similar (Fig. 14). However, for hatch spacing of
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Fig. 13 Top view and cross section of powder consolidation (red) for three adjacent unidirectional scan tracks at hatch spacings of h �
90 µm(top left), 150 µm (top right), 210 µm (bottom left) and 270 µm (bottom right)
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90 µm, it was noted that softening / fusing of powder
particles could occur twice for adjacent scan tracks as
the temperature at themidpoint of the second scan track
exceeded the glass transition temperature both during
the first scan track and during the second scan track i.e.
when the laser source passes from that point. This was
a direct result of the denser hatch spacing. Although
reprocessing of powder particles could improve built
part quality, care should be taken to avoid excessive
energy density input that could result in spherical fea-
tures and deviation from flatness at the top surface
(Datsiou et al. 2021), typically referred to as “balling”,
which warrants further investigation.

4 Conclusions

This study developed a transient heat transfer finite ele-
ment analysis model to shed light on the laser pow-
der bed fusion process for soda lime silica glass. The
thermal response of the process was captured while
the impact of laser processing and substrate parame-
ters were investigated. Temperature dependent thermo-
physical material properties were used as input for both
glass powder and bulk solid states. Fortran coding in
user subroutines was undertaken to simulate the mov-
ing laser heat source, conversion from powder feed-
stock to bulk solid glass and convection and radia-
tion effects. The model was validated against available
experimental data on single scan tracks. Salient conclu-
sions drawn from this work are summarised as follows:

• The evolution of the glass consolidation region
exhibited an initial hemispherical shape at the begin-
ning of laser irradiation, quickly transitioning into a
distinctive “comet tail” geometry, mirroring similar
phenomena observed in laser powder bed fusion of
metals.

• Alumina substrates at usual preheating temperatures
(~ 250 °C) prevented powder consolidation through
the entire powder layer. High heat dissipation by
conduction occurs at the interface of the powder
feedstock with the substrate, due to the significantly
higher thermal conductivity of alumina compared
to glass. Two distinct mitigations strategies have
been identified in this study to improve consolida-
tion depth namely, to increase the substrate preheat-
ing temperature to 500 °C (just below the transition
temperature of glass) or to replace alumina with a

thermal shock resistantmaterial that is also thermally
compatible with glass such as fused silica.

• Increasing laser power was observed to lead to
increasedmaximum surface temperature and consol-
idation width whereas the inverse effect was noted
for increasing scan speeds. Interestingly, surface
temperatures and consolidation geometries were
found to vary among scan tracks of equal energy
density but different laser power and scan speed.
This highlights the need for further investigation to
understand the underlying factors contributing to this
phenomenon.

• Although some degree of powder consolidation can
be achieved for temperatures exceeding the transi-
tion temperature of glass, the combination of numer-
ical results of this study with previous experimen-
tal observations revealed that effective powder con-
solidation, resulting in well-defined features, can be
achieved when operating at temperatures within the
proximity of the glass melting point.

• Uniformconsolidationwidth and depth in a unidirec-
tional scan strategy were effectively achieved when
the hatch spacing was set below the corresponding
single scan track width. This configuration ensured
continuous and seamless consolidation across the
laser processed layer.

These findings offer useful insights for the laser
powder bed fusion of glass and should be considered for
future practical applications. However, to comprehen-
sively address the limitations of LPBF, further numer-
ical investigation is necessary. A coupled thermome-
chanical analysis is recommended to understand the
development of residual stresses and to capture temper-
ature dependent volumetric changes in the glass. This
will provide the foundation for developing mitigation
strategies aimed at minimizing residual stresses and
associated cracking, which will ultimately contribute
to the improvement of strength and the overall quality
of the built glass parts.

Data availability Data generated during the current study are
available from the corresponding author on reasonable request.
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