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Abstract

Laser-based powder bed fusion of polymers (PBF-LB/P) is one of the most widely used additive manufacturing
technologies for producing complex and customized components. One of the key aspects of this process is the recycling
of the powder, which is central to the technology’s overall efficiency. During reuse cycles, the powder undergoes inevitable
chemical, physical and mechanical changes that directly affect the quality of the final artifacts. This directly impacts
process sustainability and production costs. The Sum-of-the-Year’s Digits (SOYD) depreciation model, which has been
proposed in the literature for metal powders, assumes an initial moderate decline in value, followed by a slower decline
upon reuse. However, polymer powders can degrade more quickly than metal powders, reaching a point of no return
sooner. Therefore, the SOYD model has been modified by introducing a nonlinear function to better reflect the non-
constant loss of value of the powder. Initially, the loss of value accelerates, then stabilizes, and accelerates again towards
the end of the powder’s useful life. The proposed depreciation model was used in a case study with two scenarios, which
considered the varying residual economic values of recycled polyamide 12 (PA12) powder. The analysis shows that the
method used to calculate powder reuse, whether in processing cycles or hours, can significantly impact on the overall
material cost and, consequently, the final product cost.

Keywords Selective laser sintering - Powder recycling - Cost model - Polyamide 12 - Powder degradation
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Texp Laser exposure time
T, Melting temperature
T ccoat Recoating time

T Starting temperature

Toetup Time for setting up the machine

Uitical Critical point

U ax Maximum number of build cycles or
hours

UTS Ultimate tensile strength

Vioti Total volume of the part

1 Introduction

Additive manufacturing (AM) has the potential to transform
the supply chain radically, redefining stakeholders roles and
introducing new business models by enabling more flexible,
localized production close to end consumers [1]. To main-
tain competitiveness in a changing environment, entrepre-
neurs must be prepared to constantly adapt to new
production, logistics and organizational processes. In recent
years, there has been a growing trend towards the re-local-
ization of production (back-shoring), i.e. the return of pro-
duction activities to their countries of origin after having
been relocated elsewhere, which is made possible by tech-
nology offering savings on production and logistics costs.
AM processes can be effectively applied within the Deming
(PDCA: Plan- Do-Check-Act) cycle, a method used to
improve product quality through four stages: plan (establish
a plan and anticipated results); do (implement the change);
check (evaluate progress done so far against the targeted
goal); and acts (standardize and stabilize the process through
appropriate review and assessment; restart the cycle). This
cycle efficiently transforms ideas into finished products,
improving quality and reducing production time and costs.
The constant focus on manufacturing process efficiency and
sustainability in recent years has stimulated a growing inter-
est in AM techniques [2]. In the field of polymers in particu-
lar, laser-based powder bed fusion (PBF-LB) of polymers
(PBF-LB/P) is becoming increasingly popular not only for
producing not only prototypes, but also functional compo-
nents with high dimensional accuracy for use in various sec-
tors such as automotive, aerospace, and medical. This
process involves a low-power CO: laser interacting with a
bed of thermoplastic powder. As the laser melts the powder,
the build platform moves downwards and the recoating sys-
tem distributes a new layer of powder. This layer is then
preheated for a few tens of seconds by thermal radiation
from the heater elements located on top of the machine. This
process is then repeated several times until the part is com-
plete. Throughout, a low flow of nitrogen prevents oxidation
of the powder, while additional heating elements around the
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build chamber and build platform maintain the environment
at a temperature close to the sintering point of the processed
material. An important aspect of this process in terms of
product sustainability is the possibility of recycling the
powder used in previous processes [3—5]. Upcycling is an
evolution of the recycling concept [6], whereby material is
recovered and improved to increase its value compared to
its original or degraded state. It extends the useful life of
powders used in PBF-LB processes, reduces waste and
improves the efficiency of production. There are numerous
economic and environmental advantages. From an eco-
nomic perspective, it reduces the need to purchase new
powders, which account for a significant proportion of pro-
duction costs. Furthermore, by reducing demand for new
powders, decreases reliance on energy-intensive and car-
bon-emitting processes for producing virgin powder. From
an environmental perspective, upcycling promotes a circu-
lar economy model and reduces industrial waste. In this
model, used powders are not disposed of as waste but are
reintroduced into the production cycle. This reduces the
environmental impact associated with producing and dis-
posing of materials. This closed loop extends the useful life
of powders and contributes to the sustainable management
of resources. Upcycling powder also presents an opportu-
nity to develop new business models. For instance, powder
suppliers could provide remanufacturing services to their
clients, establishing a closed loop where degraded powders
are sent back to the supplier and subsequently sent back to
the client for reuse. Suitable hydration techniques for older
powder are often used [4]. This technique involves treating
waste powder with steam and then drying it at temperatures
ranging from 50 to 70 °C. This effectively lowers the poly-
mer’s molecular weight by reducing surplus carboxyl end
groups. Consequently, this revitalised powder can be recy-
cled in the PBF-LB/P process (patent DE102008024465).
Powder modification for laser re-sintering requires exposure
to water or steam to enhance the melting point and fusion
enthalpy (patent US2004/0138344A1). Another method of
recycling waste powder involves mechanical processing
(such as grinding) combined with the simultaneous spraying
of water and/or ethanol, followed by a drying phase (patent
WO/2018/028728). These approaches reduce costs for man-
ufacturers and generate new revenue for suppliers, enabling
them to expand their service offering. However, careful
management of powder traceability is required to imple-
ment this model, to ensure that it meets the required quality
standards for end applications. Strict quality control is also
required during the remanufacturing process, to ensure that
recycled powders maintain their desired characteristics and
are free from contamination or defects that could compro-
mise the quality of the end product. Given the growing
demand for additive manufacturing and increasing
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environmental awareness, powder upcycling could become
a vital part of the future of advanced manufacturing. How-
ever, a critical analysis of powder recycling in PBF-LB
technology requires a more sophisticated approach than tra-
ditional economic models. Barclift et al. [7] has presented a
cost model for the PBF-LB process with metal powder
(PBF-LB/M) that based on the Sum-of-the-Year’s Digits
(SOYD) depreciation model, which allows a recovery value
to be specified. There are three widely used depreciation
models: Straight-Line (SLN), Double Declining Balance
(DDB) and SOYD [7, 8]. The SLN model evenly distributes
the cost of an asset throughout its useful life, assuming that
the raw powder material depreciates at a constant rate,
regardless of when it is used. However, this method does not
take into account that new powder is more susceptible to
chemical contamination and oxidation in the early stages.
Therefore, a more appropriate depreciation model should
reflect a rapid depreciation after the first few uses, followed
by a slower decline as the powder is continuously reused.
The DDB model uses an accelerated approach, whereby the
asset’s value declines rapidly initially and then more slowly
in the later stages. However, as the DDB uses a fixed depre-
ciation rate, it does not permit the specification of a salvage
value. This means that manual adjustments are required to
fit a specific scrap value. The SOYD model strikes a balance
between the SLN and DDB models. In this model, the
asset’s value declines moderately in the early years and then
more slowly as the material is continuously reused. While
the initial depreciation in SOYD is slower than in DDB, this
model allows a salvage value to be specified, providing
greater flexibility for different types of materials. The basic
assumption of the Barclift et al. model [7] is that powder
depreciation follows a predictable and quantifiable trend
when traditional accounting methods are used. However,
this may be too simplistic a view, since it does not consider
the complexities of the physical and chemical degradation
to which the polymeric powder is subjected during produc-
tion cycles. At an industrial level, the PBF-LB/P process
never uses completely virgin powder, but instead mixes new
powder with powder that has already been used in previous
productions. This approach is motivated by economic and
environmental considerations, as virgin powder is expen-
sive and reusing powder significantly reduces operating
costs and the environmental impact of the process. This is
typically achieved by using a virgin-to-used powder ratio
based on the feedstock powder manufacturers’ recommen-
dations [3]. Examples include a mixture of 70% virgin and
30% used [9], and a mixture of 50% virgin and 50% used
[10]. However, these recommendations are arbitrary and
could result in a heterogeneous powder mixture with widely
varying constituent properties after several cycles of refresh-
ing with virgin powder. During PBF-LB/P, only 3-20% of

the powders are sintered [9-11], while the remaining
85-95% undergo physical and chemical degradation due to
preheating, sintering, cooling and post-treatment [12, 13].
Due to thermal and mechanical cycling undergone during
previous processing, recycled powder can exhibit signifi-
cant variations in properties compared to virgin powder, and
these variations can affect fundamental aspects such as the
powder’s bulk density, particle size distribution, flowability
and sintering capacity. In addition, the powder is exposed to
different temperature profiles during the process involving
three phases (Fig. 1) [14]: pre-heating, building, and cool-
ing. During the pre-heating phase, the powder layer is
warmed to a temperature slightly below its softening point.
This reduces the necessary laser power and minimises
deformation of the component during cooling. This temper-
ature, known as the bed temperature (7;), remains consis-
tent throughout the entire fabrication process. This
isothermal state is generally achieved through ongoing
exposure to infrared lamps and/or heating elements. During
the building phase, the subsequent steps are carried out for
each layer. First, the building surface is lowered by the
thickness of the layer. Then, powder particles are distributed
using a roller or a recoating blade. A laser beam then scans
the powder layer to melt the exposed portions in line with
the specified design. After exposure to the laser, powder
particle fusion begins at temperatures exceeding the mate-
rial’s melting point. The component is then slowly cooled to
the Tz temperature to facilitate solidification and fuse neigh-
bouring particles together. Powder deposition typically
takes place in an inert environment (nitrogen) to prevent
contamination from the surrounding atmosphere during the
procedure. During the cooling phase, the heat source is
turned off and the powder bed slowly decreases in tempera-
ture until it reaches the temperature at which the part can be
extracted (7).

Additionally, powder accumulating at the edges of the
build bed and feed unit is exposed to lower temperatures
than unsolidified powder in the centre of the build volume
[3]. Numerous scientific studies [15—18] have addressed
the issue of powder recycling in the PBF-LB/P technique,
providing essential directives and guidelines on several
crucial aspects in order to establish the optimal parameters
for using recycled powders. This help to maintain high
quality standards in the final product, maximize the effi-
ciency of the production process, and develop more sus-
tainable and competitive solutions. This study precisely
addresses the need for sustainable, economically advan-
tageous solutions for companies and customers alike by
changing the cost model for products manufactured using
PBF-LB/P technology. The aim of this study was there-
fore to modify the SOYD model to create an innovative,
dynamic depreciation model for components produced
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Fig. 1 Schematic representa-
tion of a temperature profile of
PBF-LB/P process. T is starting
temperature A
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using the PBF-LB/P process, in order to better represent
the effect of degradation on the cost model. The material
cost depreciation model has been applied to the manufac-
ture of an integrated mechanical gear system. AM technol-
ogies have benefited the design and construction of robots
and other mechatronic projects, as well as automotive and
aerospace engineering, by enabling the creation of multi-
joint mechanisms that integrate mechanical gears without
the need for additional assembly operations. Advantages
of these integrated systems include reduced assembly
time and costs, quick evaluation of the overall working
area and verification of gear or joint limits by determining
any interference between parts. Polymer gears also offer
unique advantages over metal gears in terms of sustain-
able production, including reduced costs and weight, high
efficiency, quiet operation and operation without external
lubrication. The production of an integrated mechanical
gear system was carried out using virgin and mixed pow-
ders, with two scenarios being applied that had different
residual economic values for the recycled polyamide 12
(PA12) powder. PA12 is one of the most widely used mate-
rials for PBF-LB/P due to its ideal sintering behaviour as
a semi-crystalline thermoplastic polymer [19-21]. How-
ever, its properties degrade with reuse, which can affect
the quality of the final product [22]. Current cost mod-
els do not account for these changes, which complicates
the financial valuation of reused powders. Furthermore,
most, if not all, of the studies reported in the literature on
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the degradation of this powder take ‘cycle numbers’ into
account. However, these cycle numbers are not assigned a
quantitative value in terms of hours of powder usage. The
two scenarios presented in this study demonstrate how the
method of calculating powder reuse — in cycles or hours
of processing — can significantly impact the quality of
parts produced, the cost of material and, consequently, the
cost of the product.

2 Materials and methods
2.1 Degradation factors of PBF-LB/P/PA12 powder

Figure 2 illustrates the typical application of powder and
the proportionate blending of fresh and recycled powder
during PBF-LB/P processes. The first job performed on
the machine uses only virgin powder. For subsequent jobs,
the amount of powder to be added depends on the number
of pieces to be built and the amount of powder loaded into
the dispenser. If there is sufficient powder in the dispenser,
only this powder is used. Otherwise, some powder must be
added in the form of the sifted powder from the previous
job (i.e. used powder). From the third job onwards, a mix-
ture of powders will be used, consisting of a percentage of
virgin powder (approximately 25-30%) and used powder
(“refreshed powder” in this study), to which a percentage of
powder previously mixed will be added in the various jobs.
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Fig.2 Schematic sequence of
powder usage in jobs. U, V, F
and O represent the used powder, =U/F
virgin powder, feed and outlet
streams, respectively. The frac-
tion of used and virgin material
(refreshed powder) is defined
by the ratios »=U/F and k=V/F,
related via the material balance,
F=U+V

Virgin
powder (V)

Refreshed powder (R) = U+V — F

Waste is the residue from the sieve or separated powder that
can be recycled for other processes [23, 24] or regenerated
for use the refreshed powder [4]. The goal to incorporat-
ing virgin powder into the refreshed powder is to prevent
further increases in the melting temperature (7)) and to
bring the thermal characteristics closer to those of the origi-
nal powder. As Sanders et al. [25] highlighted, the largest
increase in 7, occurs during the build phase of the first job,
when all of the material is thermally “unstressed’. After the
second cycle, 50% of the powder has undergone two com-
plete cycles, resulting in a reduced polycondensation rate.
Adding 30% virgin powder prevents any further changes in
T,,. Both used and refreshed powder exhibit an increased
melting point related to the number of times the powder has
been reused. For each successive build number, the melt-
ing range of the refreshed blend is slightly higher than that
of the previously used powder. This difference between the
refreshed and used powder can be explained by the fact
that incorporating 30% new powder into the used material
creates a mixture consisting of two distinct groups: fresh
powder particles that tend to melt at lower temperatures and
used powder particles that are expected to have a higher
melting point. Consequently, there is a noticeable alteration
in the shape and an expansion of the endothermic melting
peak [26-29]. In the context of PBF-LB/P, an increase in the
final melting point implies that more energy is required to
completely fuse the powder particles. Therefore, if the build
process parameters remain constant for each job, this could
result in incomplete fusion and coalescence of the particles
during sintering. This could lead to increased pore density,
possible build failures and reductions in mechanical prop-
erties such as ultimate tensile strength (UTS) and Young’s
modulus [25].

The aged PA12 powder then undergoes a change in the
level of properties. Dadbakhsh et al. [10] and Chen et al.
[30] have argued that particle size changes little after age-
ing and remains arranged according to a Gaussian distribu-
tion centered at 50-60 pm. Meanwhile, particle sphericity
— which measures how closely the shape approaches that

Used powder (U)
Sifting powder
Feed (F) Output (O)
Build process
k=V/F
Regenerated
powder

Recycled material

[ Job 1 ]-—[
There is enough powder in the
Opt 1 100% V powder dispenser for a second job
without having to add more.
The powder in the dispenser is
Rpowder=%V+%U

mixed with the sifted powder
l' Job ith ]< [ % R + % re-U powder I

100% V powder ]

g

from the previous job (used).

The sifted powder from the
previous job is added to the
powder already present in the
dispenser.

[Vaste

of a perfect sphere — decreases with ageing. For instance,
Yang et al. [31] conducted tests that showed 21% of par-
ticles in new powders had a sphericity between 0.9 and 1.0,
compared to 16% in aged powders. Alo et al. [13] have
explored phenomena such as the coalescence, agglomera-
tion and fragmentation of PA12 particles. Their investiga-
tion revealed how the interactions between these internal
dynamics and operating conditions can alter the size distri-
bution and consequently affect the quality of the final manu-
factured product. Most particles, in both virgin and reused
powders show signs of cracking.

Smooth and spherical powders are preferred for sintering
as they reduce friction and mechanical interlocking during
the layer-laying process. This leads to less agglomeration
and better flow and packing behavior [32]. However, these
powders are difficult to obtain: cracks in virgin powders are
likely to be caused by the manufacturing process, while in
reused powders they may result from prolonged exposure
to high temperatures during the pre-heating, processing and
cooling phases. Small satellite particles attaching to larger
ones are due to the high cohesive forces and a “welding”
effect caused by high temperatures in the processing cham-
ber, which leads to the clustering of different fine particles
within the cracks of the larger particles.

The size distribution of both virgin and reused powders
was analyzed in terms of volume- and number-weighted
distributions [10, 11, 13, 30]. Variations in size distribution
due to recycling can arise from two opposing phenomena.
The first is the partial joining of particles due to high tem-
peratures in the processing chamber, leading to agglomera-
tion and an increase in size due to cohesive forces between
the particles. Conversely, abrasion between the particles can
cause them to break into smaller fragments, particularly in
particles with significant cracks. Therefore, reused powders
show a higher proportion of fine particles than virgin pow-
der. This is because sieving removes larger agglomerates,
making fragmentation more prevalent than coalescence and
agglomeration. Consequently, a higher proportion of fine
particles is expected in powders with more reuse cycles.

@ Springer
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Regarding the anisotropy of tensile strength, this increases
with the number of recycling cycles, with significant dif-
ferences between samples built in different directions. Yao
et al. [17] investigated the effects of powder recycling on
the uniaxial tensile properties of PA2200 samples (the trade
name of EOS GmbH for PA12) printed in xy/y, yz/y and yz/z
building orientations.

The tensile strength of PBF-LB/P samples made from
new powders is lower than that of the initial set of recycled
powders, and decreases gradually as the samples are made
from the first to the eighth set of recycled powders. The
mechanical properties of the polymer are influenced by the
configuration and characteristics of the PA2200 molecules
within the crystalline regions [12]. During the fabrica-
tion process, the development of larger and more intricate
molecular structures in the recycled powders enhances
intermolecular interactions, ultimately boosting the tensile
strength of the PBF-LB/P components [33—35]. However,
recycled powders have a higher melt viscosity than new
powders due to thermal effects [36]. Residual pores of
various morphologies are present [37, 38]. An increase in
recycling cycles leads to a decline in the density of PBF-
LB/P components, resulting in wider spread of voids and
a reduction in tensile strength. Therefore, all these fac-
tors contribute to a decrease in tensile strength. Initially,
as the duration of recycling increases, the anisotropy of
tensile strength in PBF-LB/P samples also rises, but then
a slight change occurs. There is not a significant differ-
ence in the tensile strength of PBF-LB/P samples based on
different building orientations between fresh powders and
third-generation recycled powders. However, an anisotro-
pic behaviour in tensile strength is observed between the
fourth and eighth generations of recycled powders, where
the tensile strength in the yz/z build direction is somewhat
lower than in the other two directions due to weak inter-
layer bonding.

2.2 Proposed cost model in PBF-LB/P process

In the literature, there are different cost models [39-44] and
ways to calculate the build time [40, 44—47] in the PBF-LB
process. In general, it is noted that the process can be divided
into three phases: the pre-build, build and post-build phases.
Consequently, the cost can be divided into three items, each
corresponding to a phase of the process. The developed cost
model focuses mainly on the build phase. To calculate the
build cost, costs are grouped into three categories (Eq. 1):

Chuita (pi)
= Chuid—Machine (Pi) + Couitd—Material (Pi) + (1)
build— Depreciation \Pi

@ Springer

Machine costs ( Chuid—Machine) include costs (Eq. 2) asso-
ciated with machine set-up (cleaning, machine prepara-
tion, etc.), the printing phase and machine downtime, i.e.
before and after the printing phase in which there is a time
required to heat the process chamber (warm-up time) and a
time taken to cool the process chamber at the end of the job
(cool-down time):

Chuitd—Machine (Pi) = CMachine_setup (pi) )
+C]Machine_operat1ion (pz)
CMachine setup (pz) = (Cop + CAM) o M (3)
N > i

Where

— C,, is the operator’s hourly rate;

— Cy,, 1s the direct hourly cost of the AM system and is
the sum of the hourly energy consumption costs and ma-
chine maintenance costs;

— N, is the quantity of parts with ith geometry as previ-
ously described;

—  Tyeny 1s the time for setting up the machine.

CMachineioperation (pz) = Touita® Cam (4)

Where T, 1s the total time needed to build a single part in
a job. To get a true value, the value obtained from the PBF-
LB/P machine software should be entered. Otherwise, a way
to calculate it approximately is the algorithm proposed by
Rickenbacher et al. [41]

Tidte
Thuita (pi) = Zﬁv +Teop® D (Ni® Vior) + Trecoat (p2) 5)

Where T}, is the time when the AM machine is inactive
(e.g., heating, cooling), 7,,, is the time that the laser takes to
sinter the powder, V},, ; is the total volume of the part for ith
geometry, and T, is the time needed to distribute a new
layer of powder to be sintered.

The cost per part (Cyiy- e (P7)) is given by Eq. 6:

Obuild—]\iaterial (pl) = Mz L4 Cm,u (6)

Where M, is the mass of a part with ith geometry and C,, ,
is the cost of the powder feedstock that has been used in u
build cycles.

To evaluate the cost of the powder feedstock, it is neces-
sary to take into account the recycling of the material which

can penalize the properties of the parts produced.
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In the SOYD depreciation model, the calculation is based
on the cost of the asset (virgin powder, C,, ), the salvage
value (or residual value, S), i.e. the expected proceeds from
the sale or scrapping of the asset at the end of its useful life,
and the asset’s useful life. Since the initial reuse cycles involve
faster degradation, followed by a phase in which the already
degraded powder loses value less evidently, it would be use-
ful to introduce a degradation acceleration coefficient in the
early stages of reuse, in order to adapt the SOYD model and
reflect these dynamics. It is essential to calculate the over-
all loss of value of the powder during reuse. To determine
the residual value of polymer, two possible scenarios can be
considered:

1. Chemical and physical degradation: with increasing
reuse cycles, PA12 can accumulate oxides and other
chemical impurities that make its reuse difficult with-
out significant regenerative treatment. Therefore, the S
may be close to zero if one considers that the powder
is no longer suitable for producing parts with stringent
mechanical requirements. This degradation could be
represented by a faster lowering of the C,, , value, i.e.
the cost of the powder that has been used u times, and
in this respect a degradation acceleration coefficient
a,, could be introduced to alter the rate at which C,, ,
decreases:

- 1
Cm;u-%—l - Cm.u —Qqy e (Cm,u - S) o <M> (7)

Unaz(Umae+1)
2

Where a,, is a factor that may be greater than 1 to reflect a
more rapid degradation of PA12 in the first cycles, and U,,,,
is the maximum number of build cycles or number of hours

for which a powder can be used in a PBF-LB machine.

2. Market for the waste material: if there is a market for
degraded powder, e.g. as a filler for composite mate-
rials or for applications that do not require high per-
formance, the residual value may not be zero, but it
would still be very low compared to the initial value
of virgin powder. In the PBF-LB/M model, residual
value is a crucial parameter. If it were very low com-
pared to the initial cost of virgin powder, the decrease
in powder cost after each cycle of use would be more
pronounced. This would mean that the powder would
lose value more quickly, as the model reflects the fact
that it is losing most of its utility. It may be necessary
to adapt the depreciation formula to handle situations
where the residual value becomes practically zero after
a certain number of cycles. Where it is recognised that
the powder has no market value, even for secondary
applications, the residual value could be set to zero to

reflect the powder’s unusability. This implies that the
powder’s cost will drop completely to zero beyond a
certain critical point (u,,,,.,), indicating its total loss

of value.
C’m,u+1 = Crn,u - (Cm,v - S) L4
Boee v LI ) fO’I" U < Ucritical (8)

Umaz (Umaz +1)
2
Cm,u-i—l - Oa fOT U > Ucritical

In addition, the depreciation of PA12 must take into account
the costs associated with powder replacement (Eq. 9). If
the powder is deemed unusable after a certain number of
cycles, the depreciation cost must be distributed over a
limited number of cycles, thereby increasing the cost per
cycle. Equation 9 calculates the depreciation cost by dis-
tributing the powder loss over all parts produced during the
construction cycle. For PA12, the C,, , - C,, ., differential
is likely to be high in the initial cycles due to rapid degrada-
tion, leading to a significant increase in depreciation costs
per manufactured part. One possible approach would be to
use a non-linear function to more accurately reflect the non-
constant loss of value of the powder, which initially acceler-
ates, then stabilises, and then accelerates again towards the
end of its useful life:

Chuild—Depreciaion (Pi) =

v * (Mr = (Nie M) e (Cnue e = Cinui)) ©)

Where N, is the quantity of parts with the ith geometry, My
is the amount of powder loaded into the feed calculated as
the product of density and building volume. The param-
eter b determines the rate of depreciation, while e ** is a
decreasing exponential function that reduces the value of
the powder non-linearly. Lopes et al. [22] demonstrated that
material degradation during the PBF-LB/P process impacts
the mass and mechanical properties of the components,
resulting in an exponential loss of decay properties up to
50% of the initial properties. They tested the feasibility
of using Bernardo’s Eqs [48, 49]. to measure the decay of
mechanical properties in the PBF-LB/P process. The prop-
erty values after the first, second, ith and nth process steps
when no virgin polymer is added (k = 0) are represented by
Py, P,, .P, ., P,. Curves representing the variation of P, in
relation to the number of cycles (usually known as degra-
dation curves) are of great importance in refreshed studies.
Equation 12 relates to the linear law of mixtures with loss of
exponential decay properties:

_ g\t —bn _ —b(n+1)
Py _k+(1-k (e e ) (10)
PO 1-— (1 — k)e—b
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In case of an exponential decay to an asymptotic value, the
Eq. 10 is modified as follows:

P _ P
Py P

k+(1—k)" (e7tn=1 —etn)

1—(1—k)e?

ago

i (11)

Where P, the asymptotic value and a, the difference between
the original and the asymptotic value of the property.

For mechanical and geometric properties that can only
be measured after production, P, cannot be determined in
advance. For practical purposes, it is therefore assumed that
P, coincides with P;. When calculating the mass of the part
(M), it is necessary to take into account the powder that is
not perfectly sintered and will subsequently be eliminated
by the post-process. This powder must be considered lost
material oy [%]:

M; = (1 + o loss) e pe Vparti (12)
Therefore, to optimise the use of refreshed powder in PBF-
LB/P processes, it is crucial to determine an accurate residual
value that reflects the powder’s degraded quality following
several cycles. It is also crucial to manage the level of mate-
rial degradation correctly, as this directly affects the calcula-
tion of depreciation costs.

2.3 Validation cost model
As mentioned above, in order to optimize the use of

refreshed powder in PBF-LB/P processes, it is crucial to
determine an accurate residual value. To achieve this, the
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issue of shrinkage defects in the PBF-LB/P process was
examined, taking into account the practical implications
for commercial users. The experimental design therefore
takes a rigorous approach, scientifically evaluating shrink-
age while reflecting realistic commercial operating condi-
tions. For example, 30% virgin powder is used instead of
the 50% typically specified by manufacturers of such pro-
duction systems. This approach aims to mitigate some of
the issues that arise during technology transfer, i.e., when
results are transferred from idealized laboratory conditions
to practical production environments. A series of compo-
nents intended for commercial applications were used as
reference parts for shrinkage evaluation in order to have
more realistic values for evaluating production and there-
fore the effect on material costs. In particular, an integrated
mechanical gear system was produced in two configura-
tions: a simple shaft-wheel system and a gearbox (Fig. 3).

Two different uses of the powder were adopted for these
two configurations (Fig. 4). Specifically, the first cycle of
the shaft-wheel system was performed using 100% virgin
powder, followed by subsequent cycles using refreshed
powder (30% virgin powder and 70% used powder). After
the initial build cycle, the unsintered powder surround-
ing the printed parts was removed, sieved and mixed to
ensure uniformity. For the gearbox (Fig. 3b), the subse-
quent cycles were performed without adding virgin pow-
der. Therefore, only the un-sintered powder present around
the printed parts was removed and sieved after the initial
cycle with virgin powder. Both the shaft-wheel system
and the gearbox were manufactured using PA2200 pow-
der (EOS GmbH’s trade name for PA12). According to the

I
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Bulk density = 0.45 g/cm®
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Fig. 3 Integrated mechanical gear design. (a) Shaft-wheel system with different wheel designs: (a;) with standard geometry, (a,) with slots, (a;)

with a groove between wheel and shaft. (b) Gearbox
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Fig.4 Data creation flowchart for Shaft-wheel system

cost material validation

100% virgin powder

| PBF-LB/Psintering of
PA2200 powder

Cost material

Gearbox

100% virgin powder

PBF-LB/P sintering of

PA2200 powder

Fabrication of shaft-wheel
system

Evaluation of system
functionality and geometric
characteristics

Evaluation of the weight
and functionality of the
component

Fabrication of gearbox

Sieving of un-sintered
powder and mixing with
virgin powder (30% virgin

and 70% used)

Repeat for 7 build cycles

Sieving of un-sintered

powder.

Repeat for 4 build cycles

Calculation of the costof |

powder after various cycles

manufacturer’s instructions, the PA12 powder is stored in
closed bins in in a temperature- and humidity-controlled
warehouse at a temperature of 23 °C+2 °C and an atmo-
spheric humidity of 45% + 5%.

In the shaft-wheel system (Fig. 3a), the diameter of
the shaft was chosen as 10 mm based on the results of a
previous study [3]. Secured in place between two collars
fixed on the shaft, the wheel is prevented from detaching
during locking tests. The collars are adequately spaced to
enable access for inspecting and maintaining the shaft-
wheel connection from both sides. They also allow for
manually removing or shot-blasting any non-melted pow-
der that may become trapped within the gaps. The shaft-
wheel system design is characterized by fixed and variable
parameters. The fixed design parameters are the root circle
diameter (d,= 30.5 mm), the addendum diameter (d, = 35
mm), the total number of teeth (module m = 1), the clear-
ance (¢ = 0.55 mm), the inner diameter (d; = 4 mm), and
the shaft diameter (d, = 10 mm). The wheel thickness (¢,,)
and the distance (d,) between the internal diameter and the
slots (Fig. 3a_a,) are considered variable design param-
eters. Three values were chosen for the 7,,: 8 mm, 10 mm,
and 14 mm. Two values were chosen for the d,: 2.5 mm
and 3 mm. The relationship between d, and ¢,, enables us
to examine how thermal masses, which absorb heat, affect
the closure of the gap and introduce a certain inertia to
temperature variations. The presence of these thermal
masses may also enhance the sintering process, affecting
the wheel’s rotation relative to the shaft. For this reason,
the standard wheel design (Fig. 3a_a;) was modified to cre-
ate two new designs: one with two through slots to reduce
the mass in the area between the wheel and the shaft (Fig.
3a_a,), and one with a groove between the shaft and the
wheel (Fig. 3a_a;), similar to drive wheels. The groove has
been designed to be rectangular in order to reduce the typi-
cal stair-case effect of the process. A hexagonal hole has
been designed in the opposite end of the shaft to accom-
modate an M6 Allen key. This can be used to rotate the
shaft and unlock the mechanism after cleaning. Two build-
ing orientations have been chosen: “horizontal”, with the

shaft-wheel axis parallel to the construction axis (z-axis),
and “vertical”, with the shaft-wheel axis perpendicular to
the construction direction.

Twelve combinations of the shaft-wheel system were
replicated twice and positioned at two different heights
within the build chamber: 5 mm (level 1) and 200 mm
(level 2) from the build platform. This resulted in a total
of 48 components. The samples were positioned uniformly
along the x- and y-axes to avoid areas of heat accumula-
tion. Two different heights were considered in order to ana-
lyze the effect of z-compensation on part shrinkage during
the cooling phase. This is evaluated during thermocouple
calibration using a process known as a “quality job”. This
z-compensation is adjusted linearly between a minimum and
maximum z value. To mitigate shrinkage problem, it is com-
mon practice to apply an adjustment constant to production
parts, making them slightly larger in order to compensate
for subsequent shrinkage. This value is known as the ‘scal-
ing factor’ and is supplied by machine manufacturers for
various machine configurations and materials. Since parts
in the PBF-LB/P process are built layer by layer, the mate-
rial shrinks differently in the x and y directions than in the
z direction. Therefore, each scale value must be calculated
and applied separately to the build. However, discrete scal-
ing factors assume linear shrinkage across the entire part,
which may not be valid for the z-axis [50]. The following
scaling factors were obtained from a quality job carried out
using virgin powder: 3.35% and 3.27% for the x- and y-axes,
respectively. Along the z-axis, the scaling factor varied lin-
early from 2.6% at z =0 mm to 2% at z = 300 mm. The job
height was 196.90 mm, with the same job being produced
for seven cycles. X-ray CT scanning (GE Phoenix vjtomejx
s) was performed to examine the gear non-destructively. The
scan parameters were a voltage of 100 kV, a current of 50
mA and a voxel size of 50.224 mm. GOMInspect software
was used to compare the CAD model with the 3D model
obtained from the CT scan. For the gearbox, the same com-
ponent was produced in each print cycle, for a total of four
components corresponding to the four production cycles.
The job height was 57 mm.
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Fig.5 Schematic representation of the EOS Formiga P110 Velocis

The parts were produced using an EOS FORMIGA P110
Velocis machine (Fig. 5), which has a theoretical build
volume of 200 mm x 250 mm x 330 mm. However, a por-
tion of this build volume, equivalent to 40 mm x 30 mm
X 330 mm, is occupied by the radiation pyrometer, which
measures the temperature of the powder bed for each layer.
Therefore, this portion is excluded from the working vol-
ume. The machine is installed in a room with temperature
and humidity control, as required by the manufacturer:
a temperature of 23 °C and a humidity level of 45%. The
parts were printed using the standard performance process
parameters for PA2200 provided by the EOS GmbH: a laser
power of 21 W, a scan speed of 2500 mm/s, and a hatch-
ing distance of 0.25 mm. The layer thickness was set to
0.10 mm and the waiting time between the end of a layer
and the subsequent powder deposition was set to 5 s. The
process chamber and removal chamber temperatures were
setto 169 °C and 154 °C, respectively. After the production,
the total cooling time was 4 h. A specific quantity of PA2200
powder is applied to the build chamber to create a homoge-
neous powder bed. The initial height of this layer depends
on the PBF-LB/P system used. After the initial powder has
been pre-heated, the build process begins with the heating
phase. During this phase, layers of powder are applied to the
build chamber without laser exposure. The build height of
this phase varies, and in this study it is 5 mm. These layers
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act as thermal insulation, reducing heat transfer between the
exposed component cross-section and the metal build cham-
ber. Once all the layers of the component have been built,
the cooling phase begins. During this phase, additional lay-
ers of powder are applied without laser exposure to cre-
ate an insulating layer that prevents heat transfer from the
molten components. These bottom and top insulating layers
thus prevent unbalanced crystallization of the components,
thereby preventing warping. After that, any loose powder
was gently removed from the samples by shot-blasting
with glass beads and compressed air, after which they were
cleaned manually with a brush.

3 Results and discussion
3.1 Integrated mechanical gear

Starting with an analysis of virgin powder used without a
mixer, and then with a mixer. Table 1 shows the data relat-
ing to the cumulative build time and weight of the four
gearboxes produced. All parts exhibit a variation in weight,
calculated as the product of density and volume. This 4.19
g variation in the first piece can be attributed to incom-
pletely sintered powder in hard-to-reach areas of the piece.
However, Lopes et al. [22] have highlighted that the mass
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Table 1 Build time and weight of the gearbox produce in four job

Build cycle Powder Printed part Cumulative Weight
name build time [g]

1 Virgin Gl 2h23min 95.81

2 Used G2 3h22min 96.00

3 Used G3 3h45min 96.05

4 Used G4 3h52min 97.05

is higher for the horizontally produced samples. Some parts
of the gearbox are built vertically and some horizontally.
The weight increases slightly with each cycle, probably due
to the ageing of the powder. The weight variations between
the pieces are small and correspond to the variation in con-
struction time. This is probably because the construction
time is short, so the effect is less noticeable than in other
studies where the times increases even double in the first
two cycles [13].

The total time for the four jobs is 13 h and 23 min, to
which the time taken for the powder to heat up and cool
down should be added. For this number of hours, low pow-
der degradation is visible in Fig. 6, which shows the virgin
powder (Fig. 6a) and the used powder (Fig. 6b) after the
four jobs. Both type of powder exhibit an irregular shape,
with small satellites on the surface. In both types of pow-
der, smaller particles of a lighter shade can be seen. Tita-
nium dioxide (TiO) is added to PA2200 powder to improve
its whiteness, flowability and absorbency. This compound
also acts as a nucleating agent. The differential scanning
calorimetry (DSC) thermogram for the powder is shown
in Fig. 6¢. The heating and cooling cycles are very similar,
and the melting temperature reproduces the manufacturer’s
claims well. The sintering window for the virgin powder is
approximately 12 °C, while for the used powder it extends

up to 16 °C. The heat associated with melting also shows no
significant changes after four cycles of use in the PBF-LB/P
process, indicating insignificant degradation. During cool-
ing, the behavior is perfectly reproducible.

Moving on to the analysis of the refreshed powder,
Table 2 shows the average results of the effect of wheel
thickness, orientation and powder on the shaft-wheel sys-
tem. Three scenarios are considered with respect to the axial
and rotational direction of the system: locked in both direc-
tions; unlocked in the axial direction only; and unlocked in
both directions. Significant differences emerge when com-
paring the use of 100% virgin powder and refreshed powder.
The wheel thickness and system manufacturing orientation
affect the rotation of wheels with a diameter greater than
8 mm. If the system is built horizontally, rotation and axial
movement relative to the shaft are blocked when the wheel
is 10 mm thick. If the system is built vertically, the wheel
exhibits axial movement when mixed powder is present.
Inserting slots with a d, value of 2.5 mm does not alter the
outcome of the standard wheel design. However, increas-
ing the d, value by 0.5 mm enables a wheel made with
refreshed powder to rotate and move axially on the shaft,
regardless of orientation. In the case of virgin powder, how-
ever, the system remains blocked. With a wheel thickness
of 14 mm, movement is permitted for wheels made with
virgin powder if there is a groove, but not for those made
with mixed powder. In addition to the typical staircase
effect, the area between the wheel and the shaft is more
rounded in vertically built wheels due to the partially sin-
tered powder. This means that, while they can free them-
selves by creating an axial movement, they cannot rotate.
Applying a sufficient force to break the weak links between
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Fig. 6 (a) Virgin, (b) recycled powder, (¢) DSC plot of the virgin and recycled powder

@ Springer



The International Journal of Advanced Manufacturing Technology

Table 2 Locked and unlocked shaft-wheel system. Legend: o 100% Virgin powder; m refreshed powder after approximately 42 h; A refreshed

powder after approximately 86 h

Level 1 Level 2

Sample Unlocked Locked Axial unlocked Sample Unlocked Locked Axial unlocked
HIg om HIg om

H2,, oA H2,, u o A
H3,, oA H3,, . o A
Vi om A Vi om A

V24 2y A "
V314 V314 A

Slot 1 (d, =2.5 mm)

Hlig om Hig om

H2, o omA H2, o A

H3, o om A H3,4 o A .
2 omA Vg o omA

V210 1 oA u V210 1 u A
V31441 oA V31401 A
Slot 2 (dg=3 mm)

Hlg o om Hlg om

H2,4 o . oA H2, o A

H3, o om A H3,, o A .
Vg o omA Vg o omA

V219 o u oA 210 « om A u
V314 0 oA u V314 0 oA

Groove

Hlg , om Hlg , om

H2y o A H2, , o A

H3yy , o mA H3yy , o A ]
Vg o om A Vg o om A

V20 4 A u V20 4 om A ]
V314 o A V314 o o A u

the un-sintered particles and to overcome the friction force
generated between the gear’s faces and the un-sintered pow-
der unlocks the system by imparting axial movement to the
wheel on the shaft.

The wheels were analysed using a Ct scan and compared
with the CAD models (Fig. 7). As can be seen in Fig. 7a and
b, the standard design wheel has good dimensional accuracy
when built with virgin powder, despite the different orienta-
tion. However, when 70% of the used powder mixed with
the refreshed powder has been in use for over 42 h, vari-
ous defects begin to appear. In particular, regardless of their
orientation, the components exhibited more pronounced
deformation in one direction than the other on the xy-plane.
These deformations are more evident in wheels with slots
and grooves, and they do not behave uniformly; that is to say,
depending on their position on the level and on the plane,
the deformations vary without indicating a preferential trend.

Nine 10 mm cubes were produced to better understand
the phenomenon and positioned evenly on the plane, at the
same distance from the z-axis of the wheels (levels 1 and 2).
A total of 18 cubes were used. Cubes were chosen as their
geometry provides a clearer picture of the shrinkage on the
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axles. Their smaller mass than that of the shaft-wheel sys-
tem enables a better understanding of the factors involved
in deformation beyond mass and powder age. These were
produced using both virgin and refreshed powder. In the lat-
ter case, the cubes were measured after approximately 42
and 86 h of powder reuse. Table 3 shows the mean results.
The standard deviation is indicated in parentheses. Figure 8
shows the position of the cubes in detail, as well as their
relative shrinkage along the three Cartesian axes. In dimen-
sional geometry, positive shrinkage means a shape reduces
in size by contracting towards its centre. Negative shrink-
age, often referred to as expansion or dilation with a nega-
tive factor, indicates that the shape is growing larger.

The cubes produced with virgin powder were found to
be almost uniform in all three directions, with similar val-
ues at both levels. For the virgin powder, considering the
x-axis, the largest deviations were found in the central part
(cube 4 and 6) in both levels. However, for the refreshed
powder, the behavior of the two levels is almost opposite
after 42 h: in level 1, the cubes show a reduction in size
except for cubes 5 and §; in level 2 all the cubes show an
increase in size along the axis. After approximately 86 h,
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Fig.7 Ct scan images. (a-¢) Comparison with the CAD model: (a) Sample H1g, virgin powder; (b) sample V'1g,virgin powder; (¢) sample V2 ,,
refreshed powder, approximately 86 h. (d) Sample H2,, ,, (¢) sample V2, ,

Table3 Dimensional accuracy of the cubes. Measurements are in millimeters. Nominal size of the cubes considering the scale factor: x=10.035 mm,
y=10.033 mm, z=10.026 for level 1 (scale factor 2.59) and z=10.022 mm for level 2 (scale factor 2.2)

Virgin Refreshed—42 h Refreshed—86 h

X y z X y X X y X
Level 1 10.04 10.05 10.00 9.96 10.04 9.91 9.99 9.98 9.95

(0.06) (0.05) (0.07) (0.08) (0.11) (0.03) (0.04) (0.03) (0.02)
Level 2 10.04 10.05 10.00 10.19 10.18 10.38 10.01 9.98 10.11

(0.06) (0.05) (0.07) (0.03) (0.03) (0.07) (0.06) (0.05) (0.04)
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Fig. 8 Position of the cubes and their relative shrinkage with respect to the three Cartesian coordinates

the size effect becomes less pronounced, with the behavior
of the two levels becoming more similar, except for cubes
2 and 6, which exhibit opposite trends. On the y-axis, the
behavior is similar for both levels with the virgin powder.
When using refreshed powder for more than 42 h, cube 6
shows the greatest deviation at level 1. Along with cubes
2, 3, and 4, it shows a decrease in size. At level 2, how-
ever, they all increase in size. As with the x-axis, the devia-
tions are less pronounced when refreshed powder is used
for 86 h than for 42 h, with few differences between the
two levels. In general, slight differences were observed on
the xy plane after 42 h, confirming that degradation occurs
more rapidly in the initial reuse cycles, causing dimensional
variations that remain more or less constant. On both axes,
reusing powder for more than 42 h can lead to a reversal
of the deviation compared to components produced with
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powder that has been used for less than 42 h. On the z-axis,
the behavior between the two levels differs, except in the
case of virgin powder. One possible explanation for this is
the components’ exposure over time. Components produced
at the beginning of the process (level 1) are exposed to pro-
longed heating compared to those produced towards the end
(level 2). Over the course of a full process, this results in
several hours of additional heat exposure, which could alter
the material’s properties and cause greater shrinkage.

The effect of the mass of materials in the upper layers
of the part must be taken into account. This exerts a com-
pressive force on the lower powder layers, which promotes
shrinkage. Since the wheels have a greater mass than the
cube, the effect of non-uniform shrinkage (also known as
“anisotropic shrinkage”) is more evident. Due to its inho-
mogeneous nature, shrinkage varies more in the y-direction
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than the nominal size of a sample [51]. This inhomogene-
ity is influenced by thermal gradients and coating move-
ments. The thermal gradient during the forming and cooling
process varies according to the lengths of the strips in the
sample and the age of the powder. Considering the varia-
tion in energy density — defined as the ratio of laser power
to the product of scanning speed, hatch distance and layer
thickness — a hatch with a longer scanning vector length has
a longer delay time between consecutive exposures of the
same point. Conversely, a shorter length has a shorter delay
time [52]. The delay time is calculated as the ratio of the
distance travelled by the laser beam to scan two consecu-
tive points to the scanning speed. This is compounded by
the effect of variation in solidification due to the state of
the powder. Shrinkage in the longer regions differs signifi-
cantly from that in the shorter regions because shrinkage in
large geometries is delayed by internal stresses [53]. Conse-
quently, the 0.5 mm difference in thickness between the two
wheels in the slot areas results in different solidification and
cooling times, which affects geometric accuracy. Consider-
ing the movement of the recoater, this occurs in the x-direc-
tion of the machine. The amount of powder, and therefore
its weight, varies in the y-direction as it is deposited during
movement from one side of the print platform to the other.
The powder is heavier at the start of the application process
and lighter at the end. According to the data reported in the
literature [16], the molecular weight of PA12 varies with
build time. With build times of 10.6 and 26.6 h, the average
molecular weights of PA12 are 49,400 g/mol and 61,100 g/
mol, respectively (new powder shows an average molecular
weight of 32,900 g/mol). During sintering, the area tends to
be lower than the powder bed due to gravity and its weight.
Therefore, the layer height differs in different areas of the
bed, depending on the state of the powder used. The pres-
sure exerted by the recoater on the new layer varies because
the blade moves in the opposite direction in the next layer;
therefore, there is no uniformity in the y-direction. This non-
uniform shrinkage can be reduced by adjusting the scaling
factors along the three axes according to the age of the
powder. However, this approach has its limitations. While

producing calibration components for the x- and y-axes is
quick and cost-effective, the same cannot be said for z-axis.
For the x- and y-axes, the components are produced parallel
to the powder bed, requiring only a few layers of material
and reducing production times. In contrast, calibrating the
z-axis requires a complete production cycle, which can be
costly in terms of materials depending on the print volume.
Consequently, this approach is expensive and time-consum-
ing, and may be considered commercially unviable.

3.2 Effect on costs

The results presented so far for the analyzed systems have
highlighted the issue of only considering the number of
cycles rather than the number of hours of powder usage.
Several papers have explored the effect of ageing on the
reuse of PA12 powder in multiple production cycles with-
out refreshing the powder [11, 16, 17, 54, 55]. These stud-
ies have shown that with increased powder reuse results in
higher melt viscosity, ultimately leading to reduced part
density and strength. However, these studies either do not
report the total cumulative production time [11, 55, 56],
or use production times that are much shorter than those
commonly used in industry [16, 29]. Therefore, the calcula-
tion should be made considering the number of hours. For
the PA2200 powder used in this study, which costs 68 €/
kg, the value of the powder feedstock using SOYD (Eq. 6)
would differ depending on whether the maximum number
of cycles or the maximum number of hours of use is consid-
ered. Table 4 shows the cost results for scenario 1(S = 0) and
scenario 2 (S = 26 €/kg) for the shaft-wheel system. Prior to
each process, the PA2200 raw material was refreshed with
30% virgin powder, resulting in an extended cumulative
production time of approximately 99 h, including cooling.
The percentage of sintered powder in each job is 3.6%. The
percentage of lost powder — that is, powder that adheres to
the parts due to heat but does not sinter — has been estimated
and reported in Table 4.

The results (Table 4; Fig. 9) emphasise the importance
of understanding how the powder behaves in terms of its

Table 4 A numerical example of the cost of the powder after the first use according to the two possible scenarios

a, Scenario 1 Scenario 2 Scenario 1 Scenario 2
Upnay [Cycles] u [cycle] Co, ur1 [€] Coy, ur1 [€] Upnax [0] u [h] Cin, ur1 [€] Cin, ur1 [€]

- 7 0 68.00 68.00 100 0 68.00 68.00

1.5 1 42.50 56.00 14 66.24 67.16

1 2 27.93 45.50 28 65.56 66.44

0.8 3 18.21 36.50 42 66.20 64.93

0.6 4 12.39 29.00 56 66.76 63.54

0.4 5 9.47 23.00 71 67.26 62.27

0.4 6 7.53 18.50 85 67.33 61.12

0.4 7 6.56 15.50 99 67.41 60.09
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Fig.9 Cost comparison for the 80
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Fig. 10 The dependence of the volume shrinkage of shaft-wheel system parts on » for different & values

mechanical and geometric properties, and correlating this
with usage time. This is necessary in order to create a more
realistic cost model that is consistent with the process
parameters and the PBF-LB/P system used. Considering
only the number of cycles does not provide accurate infor-
mation on degradation and can lead to an underestimation of
the cost of the material used to produce the part.

At an industrial level, the material cost calculation for
producing a part is usually carried out before construction
begins. Therefore, the weight value of the part and the pow-
der quantity loaded into the feed are based on the product
of volume and density. Then, Eq. 12 can be used to take
this difference in weight into account at an economic level
thanks to the coefficient o,.,. This coefficient can be esti-
mated experimentally. Considering the gearbox and using
an a,,, value of 4% and 5=0.1334, the depreciation cost of
the gearbox in cycle 1 would be € 94.84, increasing as the

@ Springer

powder’s usage cycle increases. The value of b significantly
affects the calculation and is therefore an important factor
in evaluating the depreciation cost: reducing the value of
b by 0.01 lowers the depreciation cost from € 94.84 to €
80.60. Figure 10 illustrates the effect of the value of b. For
the shaft-wheel system, the real volumes were calculated
and the value of b obtained by considering two different
levels. A single theoretical curve was created to predict the
average volume change due to shrinkage, based on the num-
ber of building cycles (n) and the virgin PA2200 material
ratio in the blend (k), for a fixed value of b (Fig. 10). The
number of cycles corresponds to the number of hours shown
in Table 4. For example, n=1 corresponds to 14 h, n=2 to
28 h, and so on. Different volume shrinkage of the parts at
the two z levels determine different value of 5, which affect
the depreciation cost: there is a difference of approximately
2 euros between the two levels.
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4 Conclusion

In the PBF-LB/P process, polymer powders such as PA12
tend to degrade when exposed to high temperatures, result-
ing in non-linear degradation. The cost models available
in the literature for this process do not identify or quantify
this degradation, even though it affects the characteristics of
the final parts. The proposed model considers the reduction
in the economic value of the powder and can also incorpo-
rate material quality parameters. The study emphasised the
importance of scientific quantification based on hours rather
than generic cycle numbers, to improve understanding the
impact of powder reuse on components more similar to those
produced industrially. Applying the SOYD model with the
necessary adaptations enables effective management of the
economic lifecycle of powders, minimizing waste and ensur-
ing sustainable production. Adopting a dynamic amortization
model supported by real data on powder degradation would
be a significant step towards more efficient and sustainable
resource management in industrial additive manufacturing.
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