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A popular form of additive manufacturing, selective laser sintering (SLS) enables the unprecedented making of
complex 3D parts with high mechanical performance. The semi-crystalline polymer polyamide 12 (PA12) has
been extensively used in SLS thanks to its superior mechanical properties, broad sintering window, ease of
processibility, reduced warpage and porosity. However, low utilization of the costly feedstock hinders the long-
term sustainability of SLS in the industry. Reprocessing and reusing the un-sintered materials with quality
assurance have thus appeared as an important and time-sensitive problem. Yet, the feedstocks undergo complex
thermal and chemical degradations in SLS. Little results exist to uncover fully the sophisticated process and the
reusability of PA12 powders. This review aims to present the state-of-the-art on important aspects of aging
mechanisms and degradation behaviors of PA12 powders in SLS. We review first the mechanism of PA12 aging at
the molecular scale. Then for the properties of the aged powders, we analyze the evolution of microstructures
and geometric properties. Besides, for 3D-printed parts with recycled powders, we cover changes of mechanical
properties from tensile strength to Young’s modulus. Finally, we provide guidelines and principles of parameter

settings when using reclaimed PA12 powders.

1. Introduction

Extensively studied and applied to making complex products ranging
from micro- to macro-scales directly from a digital model, additive
manufacturing is poised to become an underpinning of the next indus-
trial revolution [1-4]. A powder-based additive manufacturing process
capable of fabricating complex metallic and high-performance poly-
meric parts [5,6], selective laser sintering (SLS) represents one popular
and high-end 3D printing technique [7-9]. Among the suitable materials
for SLS, polymers were the first and one of the most applied [10], owing
to the low processing temperature, low laser power, and high dimen-
sional accuracy of the printed parts [11]. In particular, polyamide 12
(PA12) is the most commonly applied semi-crystallize polymer for SLS
in medical, automotive, aerospace, and biomedical industries [1,12,13].

Despite the significant capabilities and continuously evolving po-
tentials of SLS, low utilization of raw materials challenges industrial
production [14-16]. In a typical build, 80~90% of the expensive (e.g.,
$150/kg [171} powder material remains unmolten in the build chamber
[18-21]. Not only is the low utilization of materials wasteful, collecting
and disposing of the powders are also labor-intensive, and
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environmentally burdensome. Therefore, reprocessing and reusing the
unmolten materials in SLS is of great significance and necessity for
broader and more sustainable adoption of the technology [22].

At the core of reusing polymers is to control the degradation
behavior of the materials. Prior works of Chen et al. [18] and Dadbakhsh
et al. [19] investigated how powders deteriorate and the resulting
impact on the evolution of part microstructures. Wudy et al. [23]
identified the aging effects of PA12 on molecular weight distribution
and thermal properties. Dotchev et al. [20], Wegner et al. [24], and
Josupeit et al. [25] showed that the melt volume flow rate (MVR) can
work as an effective index of powder flowability and
powder-degradation rate (when the other parameters remain un-
changed). Feng et al. [12] and Chen et al. [26] studied the processability
and recyclability of reclaimed PA12 powders into new functional parts.
Goodridge et al. [27], Wudy et al. [28], Kozlovsky et al. [29], and Yao
et al. [30] identified the influences of powder degradation on mechan-
ical properties of the 3D printed parts. Literature also studied the re-
lationships between process parameter settings and part properties
when applying aged powders. Commonly tested parameters include the
pre-heating temperature, inter-layer time, and energy density [24,
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31-33].

More broadly, researchers have widely studied the SLS of PA12
powders via experimental analysis [34,35], numerical modeling and
simulation [36,37], and combined experimental and numerical analysis
[38,39]. Researchers have also explored methods to obtain better me-
chanical properties of the printed parts [40], to investigate the effects of
particle shape, size, or process parameters on part properties [41], to test
the fatigue behaviors for powders and specimens [42], and to optimize
processing parameters [36]. However, for material aging and reuse in
SLS, prior research focused on scattered subsets of a complex problem:
for instance, the mechanism of powder deterioration [18,19], the
flowability of powders [20,24,25], part microstructures [19], part me-
chanical properties [27,28] and parameter settings in SLS [31-33]. A
heuristic overview of the state-of-the-art does not yet exist to reveal the
complex material aging and its impact in SLS. Such an effort is partic-
ularly important for industries to standardize manufacturing protocols
with a clear understanding of the underlying science and potential
tradeoffs [43-45]. With the potentials of SLS and additive
manufacturing on the one hand, and the limited results of material aging
in SLS on the other, this paper reviews comprehensively research on
aging mechanisms and degradation behaviors of PA12 powders in SLS.
Exploring the nature of material degradations, this survey contributes to
the field by (1) associating material characteristics with 3D printed
parts, (2) relating manufacturability with such characteristics of the
reused materials as particle size/sphericity, microstructure, material
flowability and viscosity, and (3) exploiting the relationships between
powder size/sphericity, surface morphology, microstructure and part
roughness/dimensional-accuracy. Whenever possible, we tested the
trend analysis through experimentation on hardware in the authors’
laboratory, and we provide recommendations on machine control based
on the test results.

1.1. Outline of this review

We will first introduce the SLS process and the related polymeric
materials, followed by the aging behavior and aging mechanism of PA12
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powders in SLS. Due to aging, recycled PA12 powders differ from new
powders both microcosmically and macrocosmically. Fig. 1 summarizes
the major changes, including powder property changes, part property
changes, and parameter settings when using aged PA12 powders in SLS.
For powder property changes, we will cover particle size/shape distri-
butions, surface morphology, microstructures, thermo-chemical prop-
erties, and flowability through comparing new and reused PA12
powders. In addition, we will investigate the property changes of SLS
parts 3D printed using aged powders. Categories of changes here will
include part surface morphology, microstructures, thermo-chemical
properties, density, tensile strengths, Young’s modulus, and elonga-
tions at break. To gain more insights on the principles of parameter
setting when using aged powders in SLS, we will survey predominant
process parameters, such as pre-heating temperature, energy density,
and layer thickness, etc. This paper will also research the correlations
between parameter setting and part properties.

We organize the structure of the review as follows. Section 2 de-
scribes the SLS process and the related polymeric materials. Section 3
presents the aging behavior and aging mechanism of PA12 powders in
SLS. Section 4 shows the property changes of aged PA12 powders. We
exhibit property changes of parts 3D printed using aged PA12 powders
in Section 5. In Section 6, we study the key parameter settings when
using aged PA12 powders.

2. The SLS process and the related polymeric materials

A typical object in SLS is built from thin layers of powder materials.
During the solidification of each layer, a high-power laser moves at
several meters per second to form a microscopic melt pool, and selec-
tively sinter/melt the particle powders (step <3 > in Fig. 2). After
consolidation, the powder bed lowers by the thickness of a new thin
layer (step <4 > in Fig. 2). New powders are then spread over the cur-
rent deposit to start the next repetition (steps <1 > and <2 > in Fig. 2).

In SLS, three types of commonly used polymers are thermoplastics,
thermosets, and elastomers, wherein thermoplastics are the most pop-
ular due to their high mechanical performance, chemical resistance, and
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Fig. 1. The aging behavior of PA12 powders in the SLS process.
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Fig. 2. Illustration of the SLS process.

excellent recyclability [46,47]. Thermoplastics mainly include amor-
phous polymers such as polycarbonates (PCs), and semi-crystalline
polymers, such as nylons (polyamide) [11]. In particular,
semi-crystalline polymers have proved to be more suitable for
high-strength functional prototypes in SLS than amorphous polymers
[48,49]. Among the semi-crystalline polymers, PA12 has attracted
converging interests due to its suitability, ease of processability (i.e.,
broad sintering window), stability, dimensional accuracy, superior
chemical and physical properties [50,51].

3. Aging behavior and aging mechanism of PA12 powders in the
SLS process

3.1. Microstructure of new PA12 powders

The microstructures of PA12 (semi-crystalline polymers) consist of
amorphous regions and crystalline regions, and the molecule structure
of PA12 is a combination of carbon atoms with the amide group (-NHCO-
) [21]. The typical crystal structure of PA12 exhibits both a and y phases.
The polymer chains in the a-form are oriented in an unparallel way. In
the more stable y-form with a hexagonal crystal structure, chains are
oriented in parallel [18,52]. The a-form contributes to the brittleness of
the crystal, while the y-form enhances the toughness due to the twisted
helical conformations around amide segments. The chain flexibility of
the semi-crystalline polymer increases as more amide groups are pre-
sent. The crystalline and amorphous regions determine the toughness of
the polymer because of the irregular arrangement of the molecule
chains.

At the molecular level, new PA12 powders contain long molecular
chains. The chains form by linking the PA12 monomers together through
the polycondensation reaction with the by-product HoO (Fig. 3a). In the

0 0
Il 1] I
H-[HN(CH,),,C],,-OH + H-[HN(CH,),,C],-OH — H-[HN(CH.);C]:,-OH + H,O
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long molecular carbon chains, a PA unit (Fig. 3b) consists of 11 meth-
ylene groups (in a linear chain) linked by an amide group, forming the
basic chemical microstructure of the original PA12 powders.

3.2. Aging behavior of PA12 powders

Various grades of PA12 powders from different suppliers are used in
SLS. New powders go through complex thermal histories during powder
coating, energy absorption, material consolidation, and cooling [53].
Only a small part of the new powders is sintered (e.g., 10~20%) during
SLS [19,20]. A majority of powders remain unmolten and can be reused
theoretically. Due to the heating and cooling cycles, both the physical
and chemical properties of the unmolten PA12 powders change. Such
changes are referred to in this review as powder aging. In general, aging
negatively impacts powder shape, microstructures, chemical compo-
nents, molecular chains, flowability, and viscosity. Vacuum and nitro-
gen atmosphere both reduce oxidative reactions that exacerbate powder
aging [24]. Also, during sintering, the unused PA12 powders remain at
elevated temperatures below the melting point for an extended period.
This creates a denser crystal morphology to increase the melting point of
the powder, and increases the chain length due to solid-state poly-
condensation [18]. The paper will survey quantitively the intensity of
PA12 material aging, aging behavior/mechanism, and effects of aging
on powder/part/process parameter.

3.3. Aging mechanism of PA12 powders

The aging mechanism of PA12 powders is complex and covers a se-
ries of physical and chemical degradations. We summarize and evaluate

Table 1
Aging mechanism of PA12 powders in SLS.

Item Aging mechanism

Physical degradation[21,28, Chemical degradation[13,18,

53,54] 54-56,59]
Reversibility Reversible[53] Irreversible[54]
Role Secondary Dominant[19,59]
Cause Thermal load/High High temperature/Oxygen/
temperature[54] Laser
Mechanism o Relaxation of orientations e Thermal oxidation
e Agglomeration e Solid-state post-
e Post-crystallization condensation
e Brill Transition of peak
merging
e Hydrolysis
Effects on e Concentration change e Molecular chain scission
material e Particle aggregation e Molecular cross-linking
o Spherulites growth/ e Chain branching
structure e Chain lengthening
e Increased crystallization e Thermal property change
degree
o Increased lamellae
thickness
O

(a) Dehydration polycondensation reaction of PA12

H

(0]
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(b) PA12 unit

Fig. 3. (a) Dehydration polycondensation reaction of PA12, and (b) PA12 unit.
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the physical and chemical degradations in Table 1. Physical degradation
is a reversible process, occurring under thermal load/high temperature,
and leading mainly to relaxation of orientations, concentration changes,
agglomeration, and post-crystallization [28,53,54]. Post-crystallization
results in increased crystallization degree, increased lamellae thick-
ness, crystal structure change and spherulites growth. With crystal
structure changing, material has shrinkage and warpage. Through
spherulites growth, irregular chains begin to form regular chain-folded
structures [21]. Aside from the physical degradation, irreversible
chemical degradation dominates in the aging process. Generally,
chemical degradation changes the chain structures of polymers through
chain scission, cross-linking, lengthening or branching resulted from
oxidation, hydrolysis, and post-condensation [13,54-56]. These be-
haviors lead to more significant differences between new and aged
powders [57]. Previous works have identified that thermal oxidation,
solid-state post-condensation, and Brill Transition of peak merging are
three main chemical degradation mechanisms of PA12 in SLS [18,19,40,
58]. We explain, compare and evaluate these three mechanisms in the
following sections.

3.4. Main chemical aging mechanisms

3.4.1. Thermal oxidation

Even with a controlled-environment chamber filled with nitrogen,
oxygen remains in the SLS building chamber (e.g., 2-5% [19,60]). Such
process imperfections, together with the high chamber temperature and
laser radiations, lead to thermal oxidations of the PA12 powders. Both
the chemical structure and the molecular chain change in the
laser-induced thermo-oxidative degradation (Fig. 4a). In each PA12 unit
described in Fig. 3b, C-H bonds adjacent to nitrogen are weak and easy
to be oxidized. During laser radiations, free hydrogen radicals emerge
from these carbons. Consequently, most oxidation reactions occur on the
carbons adjacent to nitrogen [61-63]. Previous FTIR (Fourier-transform
Infrared Spectroscopy) studies revealed the existence of infrared bands
at 1368, 1158, 1062, and 946 cm™! in new powders, assignable
respectively to C-H bending, CH, twisting, skeletal motion involving
CONH, and CONH in-plane motion [64-66]. Such spectral peaks are
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found to dramatically diminish or even disappear after the sintering
process [18], indicating that amide groups get oxidized on carbons
adjacent to nitrogen. With 8-time reuse, C-H bonds close to nitrogen
decreases by 50% [63].

Generally, free molecule radicals emerge from the decomposition of
PA12 and initiate oxidative reactions [19,59]. In the propagation re-
actions, oxygen is added and transferred to the unstable structures or
middle products (e.g.: peroxide radicals and peroxide). The termination
reaction occurs, in the end, to form stable final products or structures to
complete the oxidation reaction. The following equations capture the
basic autoxidation scheme (BAS) of PA12 [67,68]:

PH (Polymer) — Pe (€]
Pe + Oy — POye 2
PO,e + PH — Pe + POOH 3)
Pe + Pe — final product @
Pe + PO,e — final product (5)
PO,e + PO,e — final product + O, (6)

For the laser-induced thermo-oxidative degradation in SLS (Fig. 4a),
intensive laser radiation and the high temperature initiate the degra-
dation reaction of PA12 materials to dehydrogenize and form alkyl
radicals. Alkyl radicals later combine with oxygen (O2) to form peroxy
radicals. The peroxy radicals further capture hydrogen atoms from the
PA12 monomers to produce alkyl radicals and hydroperoxides [18].
Under the laser radiation and elevated temperature, the hydroperoxides
lose the hydroxide radicals to create the new radical group with oxygen
on both sides of nitrogen. The new radical group then forms the stable
structure with two carbon and oxygen double bonds (Fig. 4b), which are
the chemical structure of the aged PA12 monomer. Besides, the new
radical group also sometimes reacts to form alkyl radicals for circular
reactions.

Accompanied by thermal oxidation, molecular chain cross-linking
and scission occur simultaneously [69]. Different from the micro-scale
changes of thermal oxidation, chain cross-linking and scission are

Ve Ten

I INIRVV DN
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\/\/\/\/\/\}

(a) Laser-induced thermo-oxidative degradation reactions [18] (with permission from publisher)

PAAA AN

(b) Aged PA12 unit

Fig. 4. Thermal oxidation mechanism of PA12 powders.
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macro-molecular behaviors. Either cross-linking or scission can be the
predominant process with thermal oxidation, depending on material
type, oxygen content, and time duration at elevated temperature. For
the PA12 SLS process, chain cross-linking is found to be the predominant
phenomenon due to the nitrogen atmosphere [24].

3.4.2. Post-condensation and Brill Transition of peak merging

In addition to the thermo-oxidative degradation, solid-state/melt-
state post polycondensations is another irreversible degradation mech-
anism of PA12 [18,23,70]. Polycondensation is a polymer synthesis
process. In detail, PA12 chain ends with -H and -OH bonds, and at
normal atmosphere, they randomly react with each other to produce
H50. The reaction is reversible, and H5O reacts with the other ends of -H
and -OH bonds to form new H0O. This process is in dynamic equilibrium
to keep the average molecular length/molecular weight of PA12 stable
[13]. In the SLS process with high temperature and laser radiation, the
water vapor reduces and the polycondensation process is accelerated.
This atmosphere breaks the dynamic equilibrium, and enhances the
formation of long molecular chain/increased molecular weight [13,67,
711.

Brill Transition of peak merging, a solid-state crystalline transition
driving by crankshaft motions in chain [72,73], was found for PA12
polymer aging or heating. When temperature is near the melting point,
the diffraction peaks of PA12 powder change in the X-Ray Diffraction
(XRD) profiles [18]. In particular, one reflection peak shifts close to the
other, causing the other peak to become more indistinguishable; even-
tually, the two peaks merge into one single peak. The reason for this
phenomenon is that, during aging or heating to around the melting
point, the main crystal structures of PA12 transform from o-phase to the
more stable y-phase [73,74]. Induced by the high temperature, the main
mechanism of the crystal phase transformation is the conformational
changes to sufficiently twist methylene units [72]. From FTIR, spectra of
the methylene sequences change gradually as aging continues and
temperature increases. The bands at 1343, 1289, and 1223 cm !
become weaker and more disordered, eventually disappearing [75].
Aging time and temperature significantly affect the Brill Transition.
Besides, the interplanar spacing and hydrogen bonding between
neighbor molecular chains also influence the Brill Transition.

3.4.3. Comparison

Table 2 compares the main chemical degradation mechanisms of
PA12 in SLS. Thermal oxidation always dominates the aging with high
temperature/oxygen, and greatly influences various material properties.
The laser was verified to have at least 4-time stronger effects than

Table 2
Comparisons between main chemical degradation mechanisms of PA12 in SLS.
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oxygen on PA12 thermal oxidation [59]. Solid-state/melt-state post
polycondensation is secondary in aging caused by reduced water vapor,
mainly affecting chain length and molecular weight. The Brill Transition
of PA12 in SLS is weak, occurs at high temperature, and influences
material microstructure/crystalline.

4. Property changes of aged PA12 powders
4.1. Particle size/sphericity distribution

Particle size distribution affects process and part property deviations,
such as part surface roughness and porosity [14,76]. In general, part
roughness increases because of the broader particle size distribution
resulting from small particle agglomeration. Bigger gaps between par-
ticles lead to increased part porosity. Several studies argued that
compared to the new powders or 50%— 50% new-aged mixed powders,
particle sizes barely change after aging and remain approximately a
Gaussian distribution centered at 50-60 um [19,26].

Particle sphericity (0.00-1.00) measures how closely the shape of a
particle approaches a perfect sphere (sphericity=1.00). Fig. 5 presents
the obtained sphericity distributions of study using the EOS GmbH PA12
[43]. The tests show that the percentage of particles with sphericity
0.9-1.0 is 21% in new powders, in contrast to 16% in aged powders
(aged at 171 °C after standard SLS processes on an EOS P 390 machine).
Mielicki’s work [14] obtained a similar conclusion using EOS GmbH
PA12, showing that the sphericity of around 4.5% PA12 particles
decreased from 0.9 to 0.75 with 120 h of aging (aged at a temperature of
174 °C in a vacuum VT 6060 P-400, Thermo Scientific oven).

4.2. Particle surface morphology

In SLS, PA12 powders are exposed to a long period of heating cycles
during the pre-heating and sintering processes. These processes accel-
erate the evaporation of moisture or alcohol inside the powders. More-
over, combined with recycling and repeated expansions/shrinkages in
the heating and cooling cycles, surface morphology of aged PA12
powders shows 3%— 5% increased cracking or fragmentation [18,19,26,
43]. An example is shown in Fig. 6.

4.3. Particle microstructures

In the crystalline region, microstructures of aged PA12 particles
exhibit significant differences compared to new particles. For aged
PA12, post-crystallization process starts to form spherulite structures

Item Main chemical degradation mechanisms

Thermal oxidation[18,61-63]

Post condensation[13,23,71] Brill Transition[18,72,73]

Role Primary[19,59]
Cause e High temperature
e Oxygen
e Laser
Mechanism Thermal oxidation[67,68]
Before aging H 0

| Il
—E N_(CHZ)H_C ]_n
After aging (l? (I:I)
TWWW/VV T

e Chain structure
e Chain cross-linking
e Chain scission

Effects on material

Secondary Weak
o High temperature o High temperature
e Laser

Enhanced synthesis[13]
H-[HN(CH3),;C],-OH

Peak merging[72,73]

200 10,

H-[HN(CH3)11Clm+n-OH
(001)

e Microstructure
e Crystalline

e Chain length
e Molecular weight
e Crystalline
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Fig. 5. Particle sphericity distribution of new PA12 powders and aged PA12 powders [43].
(with permission from publisher).

Fig. 6. Scanning electron microscope (SEM) images of (a) new and (b) aged PA12 powders in SLS [19].
(with permission from publisher).
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when cooling down from the pre-heating temperature. Firstly, nucle-
ation occurs to form spherulite sites for spherulite growth. With tem-
perature reducing, spherulites start to grow, then radiate from the
central regions of the spherulite core, and form spherical structures
eventually [13,77]. This behavior leads to spherulite aggregation and
crystallite formation.

When temperature is between the pre-heating temperature and the
glass transition temperature, the mobility of the molecular chains in-
creases. Free radicals form, attracting nearby molecular chains and
other free radicals to form longer and more complex spherulite struc-
tures. The longer the powders stay under the heating and cooling cycles,
the more complex the spherulite structures become. Thus, in- and post-
process aging lead to rapid spherulites growth, dense spherulite struc-
tures (Fig. 7a), and high crystallinity of the particle materials. This ex-
plains why the microstructure of the aged powders appears to be more
complex than new ones [19,21]. It is also noteworthy that recycled PA12
powders have more spherulite structures to spread. Therefore, recycled
PA12 has a regular chain-folded state (Fig. 7b right) to save space while
the new powders exhibit an irregular state (Fig. 7b left) [21].

4.4. Thermo-chemical properties

Thermo-chemical properties of PA12 powders directly influence
particle bonding and fusion in SLS, hence are crucial to degradation and
reusability. This subsection evaluates key changes in melting and cool-
ing behaviors after PA12 aging, along with insights into the underlying
mechanisms and different causes of the changes.

The powder melting/crystallization are usually evaluated by the
Differential Scanning Calorimetry (DSC) technology [18,19,23,50].
Typical DSC graphs with specific heat flow consists of both heating and
cooling cycles for semi-crystalline thermoplastics. Melting is endo-
thermic since we have to provide energy to the system, the opposite for
crystallization (Fig. 8) [50]. Crystallization during processing inversely
impacts SLS feasibility. To inhibit crystallization, the material temper-
ature is kept between melting and crystallization temperatures [50].

Spherulites growth

«s_»%_»*

“New PA 12" powder
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This is critical to ensure proper adhesion between sintered layers,
overall part dimensional stability, and to prevent unused powder from
melting around the sintered part.

4.4.1. Thermo-chemical property changes

Compared to the new powders, aged PA12 powders demonstrate
noticeable changes in powder melting and crystallization. For EOS
GmbH PA12 processed on a DTM Sinterstation 2000 with CO laser
(optimal parameters: pre-heating temperature 170 °C, laser power 5 W,
scanning speed 600 mm/s, scan spacing 0.3 mm, and layer thickness
0.15 mm), a broadened melting trajectory appears in the heating process
of aged powders [19]. It indicates an increased melting shoulder inter-
val, defined as the temperature ranges between the start and final
melting points. The melting shoulder interval of aged EOS PA12 is
10.8 °C, while that of new EOS PA12 is 7.9 °C [19].

For VESTOSINT X1556, Evonik PA12 processed on the HK P320 SLS
system (optimal parameters: pre-heating temperature 167 °C, laser
power 18 W, scanning speed 4000 mm/s, scan spacing 0.3 mm, and
layer thickness 0.1 mm), the aged PA12 shows the wider sintering
window, defined as the temperature interval between onset melting and
onset crystallization [26]. The sintering window of aged PA12 is 31 °C,
while that of new PA12 is 29.96 °C [26]. Meanwhile, using the same SLS
system and processing parameters, the melting enthalpy and crystalli-
zation enthalpy of VESTOSINT X1556, Evonik aged PA12 decrease [18].
The melting enthalpy of VESTOSINT X1556, Evonik aged PA12 is
80.71J/g, and that of new is 96.62J/g [18]. The crystallization
enthalpy of Evonik aged PA12 is 42.13 J/g in comparison to 45.03 J/g
of new PA12. The changes are ascribed to the formation of more stable
molecular chains with two carbon and oxygen double bonds.

To gain more insights, we conducted DSC tests with a TA Instrument
DSC Q20 and EOS PA12 powders, following the test sequences: heating,
cooling, and reheating [44]. The aged EOS PA12 was reclaimed from an
EOS P 390 SLS machine (optimal parameters: pre-heating temperature
171 °C, laser power 40 W, scanning speed 2800 mm/s, scan spacing
0.3 mm, and layer thickness 0.15 mm). The first heating cycle in DSC
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Fig. 7. The comparison of spherulites growth and morphology between new and recycled PA12 powders [21].

(with permission from publisher).
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curve presents that the onset melting temperature of aged powder has a
mild decrease (aged: 181.81 °C, new: 183.36 °C) [44]. However, the
peak melting temperature of aged powders increases (aged: 188.18 °C,
new: 186.38 °C) as well as the melting enthalpy (aged: 101.3 J/g; new:
92.1 J/g), which is different from the VESTOSINT X1556, Evonik PA12.
Table 3 exhibits thermo-chemical property changes between new and

Table 3
Thermo-chemical property changes between new and aged PA12 powders of
different grades.

(a) PA12, EOS GmbH[19,44]

PA12 grade PA12, EOS GmbH
Before aging After aging

Melting shoulder interval 7.9°C 10.8°C
Sintering window 25.7 °C 27.7 °C
Onset melting temperature 183.36 °C 181.81°C
Peak melting temperature 186.38 °C 188.18°C
Melting enthalpy 92.1J/g 101.3 J/g
Onset crystallization temperature 152.14°C 150.40 °C
Peak crystallization temperature 148.23°C 146.48 °C
Crystallization enthalpy 50.15J/g 48.42J/g

(b) VESTOSINT X1556, Evonik[18,26]

PA12 grade VESTOSINT X1556, Evonik

Before aging After aging

Sintering window 29.96 °C 31°C

Peak melting temperature 182.37 °C 182.68 °C
Melting enthalpy 98.24 J/g 92.56 J/g
Peak crystallization temperature 141.45°C 143.24°C
Crystallization enthalpy 45.03 J/g 42.13J/g

(c) Sinterit PA12 gray[63]

PA12 grade Sinterit PA12 gray

Before aging After aging

Sintering window 18.26 °C 19.83°C

Onset melting temperature 173.72°C 175.61 °C
Peak melting temperature 180.15°C 180.49°C
Melting enthalpy 108.80 J/g 99.94J/g
Onset crystallization temperature 155.46 °C 155.78 °C
Peak crystallization temperature 152.40 °C 153.07 °C
Crystallization enthalpy 54.39 J/g 50.48 J/g

aged PA12 powders of different grades.

The melting temperature of the crystalline polymer is largely
affected by the lamellae thickness in the crystallization region. The
deceased onset melting temperature of the reclaimed EOS GmbH PA12
may result from the decreased lamellae thickness in the crystallization
region. Due to the physical degradation, more particles aggregate with
each other. These particles are more difficult to melt, increasing peak
melting temperature and melting enthalpy.

Due to increased chain length in the aged powder promoted by melt-
state polycondensation, the chain mobility decreases in the molten state.
As a result, lower crystallinity (VESTOSINT X1556, Evonik PA12; aged:
44.22%; new: 46.94% [26]) and lower crystallization temperature (EOS
GmbH PA12; aged: 150.40 °C; new: 152.14°C [44]) is typically
observed during cool-down. This phenomenon is clear from the reduc-
tion in the crystallization enthalpy in the aged powder (EOS GmbH
PA12; aged: 48.42 J/g; new: 50.15 J/g [44]). The reduction is further
enhanced in subsequent reuse of the powder. Chen et al. show a
reduction in crystallinity from 46.2% to 38.6% after the fourth recycling
[18].

It is worth mentioning that, though references [18,26] claimed the
crystallinity reduction after reuse, references [19,21] reported increased
crystalline ratios with reuse. The main reason for this divergence is that
the researchers performed the experiments using PA12 from different
vendors. The VESTOSINT X1556, Evonik PA12 was used in references
[18,26], and the EOS GmbH PA12 was applied in references [19,21].
The results suggest that PA12 material crystalline ratios after reuse may
increase or decrease, depending on the source of materials, the fabri-
cating technologies, the producing environment, and the types of
additives.

4.4.2. Thermo-chemical properties influenced by pre-heating temperature
and build time

Considering that the whole SLS fabrication process is an aging pro-
cess for the materials to be reclaimed, the increased pre-heating tem-
perature and build time influence and even cause more severe material
degradations, therefore affecting material thermo-chemical properties.

4.4.2.1. Pre-heating temperature. Previous studies show that the
increased pre-heating temperature influences the thermo-chemical
properties of aged PA12 powders [23]. When using EOS GmbH PA12
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and a research SLS system (processing parameters: laser power 7.8 W,
scanning speed 904 mm/s, scan spacing 0.25 mm, layer thickness
0.1 mm), different pre-heating temperatures of 164, 168 and 172 °C
were applied [23]. Specifically, the onset and peak melting temperatures
remains nearly unchanged when increasing the pre-heating temperature
by 4 °C, while the melting enthalpy decreases by 5-10 J/g. A mild in-
crease of the pre-heating temperature causes minimal degradations, if
detectable [32]. That is the reason for the unchanged onset and peak
melting temperatures. However, the increase in molecular weight
lowers the crystallinity, decreasing the melting enthalpy. Unlike the
melting behavior, the pre-heating temperature largely affects the crys-
tallization behavior of materials. Increasing the pre-heating temperature
by 4 °C results in a delay of the onset and peak crystallization temper-
atures by 2 °C, as well as a decrease of the crystallization enthalpy by
3J/g.

4.4.2.2. Cumulative build time. Besides, the cumulative build time also
affects the thermo-chemical properties. The influence of build time on
melting behavior relies greatly on the sintering systems [21,23]. When
using EOS GmbH PA12 and a Sinterstation 2000 SLS system (pre-heating
temperature 172 °C), different build times were applied [23]. As the
cumulative build time increases by 26.6 h, different systems cause the
unchanged or increased onset and peak melting temperatures as well as
decreased melting enthalpies [23]. The increase of the melting tem-
perature and decrease of melting enthalpy originate from the
post-crystallization or recrystallization effects [21]. Post-crystallization
appears as the rise of crystallization ratio, while recrystallization relates
to the transfer of crystalline structures. Both phenomena occur when
cumulative build time increases. However, it remains unknown which
one is predominant. As for the crystallization behavior, a cumulative
build time increased by 26.6 h brings forward the onset of crystallization
temperature by 2°C and increases the crystallization enthalpy by
3-5J/g. Material crystallization behavior shows similar responses to
different SLS machines [23].

Table 4 compares the thermo-chemical properties influenced by pre-
heating temperature and cumulative build time. It shows that the
increased pre-heating temperature and cumulative build time have
different effects on material crystallization behaviors. The reasons for
these differences are assessed as follows. The experiments studying the
increased pre-heating temperature were performed on a research SLS
system, while those studying the cumulative build time were conducted
on a Sinterstation 2000 SLS system. These two SLS systems have many
differences in the heating system, atmosphere, sintering, cooling, et. al.
Besides, the building strategies of the experiments studying the
increased pre-heating temperature include loading materials, recoating,
preheating, sintering, and cooling, totaling 8.4 h, while those studying
the cumulative build time were to repeat the 5.3 h of building multiple
times totaling 26.6 h. Furthermore, the pre-heating temperature is the
key parameter that affects material crystallization behaviors, and these
experiments used different pre-heating temperatures. These differences
cause complex aging effects on materials, leading to different crystalli-
zation behaviors.

Table 4
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4.4.3. Coalescence behavior

Coalescence behavior represents the phase change of PA12 powders
from a solid-state to the molten phase. Hot stage microscopy shows three
stages (slow softening, fast coalescence, and molten phase) of the ma-
terial coalescences [19]. For PA12 EOS GmbH, new powders always
coalesce fast during the test: slow softening (from 160 °C to 180 °C), fast
coalescence (at 190 °C), and molten phase (at 200 °C). However, aged
powders show similar behavior with new ones initially, but need more
time to form the molten phase at a higher temperature eventually: slow
softening (from 160 °C to 180 °C), fast coalescence (from 190 °C to
210 °C), and molten phase (> 210 °C). The change in the aged powders
is due to their stable chemical structure and numerous high melting
points. Good coalescence is the prerequisite of uniform solidification.
Uniform solidification is crucial to form smooth, dense surfaces and
good mechanical properties [44].

4.5. Molecular weight

4.5.1. Molecular weight with aging

The molecular weight of aged PA12 powders increases compared to
new ones, and the gel permeation chromatography (GPC) analysis is
usually applied to identify the molecular weight distribution [78,79].
The increased molecular weight of aged PA12 powder is caused by the
chain cross-linking from thermal oxidation [19,24] and the accelerated
post-polycondensation [32,80]. These effects make the material mo-
lecular chains longer, denser and more complex. The weight-average
molecular weight (M,,) and number-average molecular weight (M)
rise with the increased aging temperature and aging time [21]. For EOS
PA12, when aged at 120 °C for 110 h, the weight-average molecular
weight increased by 0.4 x 10° g/mol compared to new material; when
aged at 170°C for 110 h, the weight-average molecular weight
increased by 2.5 x 10° g/mol; when aged at 120 °C for 180 h, the
weight-average molecular weight increased by 0.6 x 10° g/mol [13].
The weight-average molecular weight and number-average molecular
weight of EOS PA12 are respectively 76,950 g/mol (M,,, new), 38,800
(M,, new) and 926,500 g/mol (M,,, 3-time recycled), 111,000 (M,,
3-time recycled) [21].

4.5.2. Molecular weight influenced by cumulative build time and pre-
heating temperature

Cumulative build time is an important parameter affecting particle
molecular weight distribution [23]. Fig. 9a presents effects of cumula-
tive build time on average molecular weight of PA12. New powder
shows average molecular weight of 32900 g/mol. With different build
time of 10.6 and 26.6 h (applying the same preheating temperature), the
average molecular weights are 49,400 g/mol and 61,100 g/mol [23]. A
longer build time leads to a higher molecular weight.

Pre-heating temperature is another parameter affecting material
molecular weight [21,80]. Fig. b presents effects of pre-heating tem-
perature on average molecular weight of PA12. With different
pre-heating temperature of 164 °C, 168 °C, and 172 °C (applying the
same build time), the average molecular weights are 42,200, 45,500,
and 49,700 g/mol [23]. A higher pre-heating temperature results in a
larger molecular weight. However, the cumulative build time has larger

Comparisons between thermo-chemical properties influenced by pre-heating temperature and cumulative build time.

Item Pre-heating temperature increase by 4 °C Cumulative build time increase by 26.6 hrs[21,
[23] 23]
Thermo-chemical Melting behavior Onset melting T Unchanged Unchanged or increase
properties Peak melting T Unchanged Unchanged or increase

Melting enthalpy
Onset crystallization T
Peak crystallization T
Crystallization
enthalpy

Crystallization
behavior

Decrease by 5-10 J/g
Decrease by 2 °C
Decrease by 2 °C
Decrease by 3 J/g

Unchanged or decrease
Increase by 2 °C
Increase by 2-4 °C
Increase 3-5J/g
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Fig. 9. Effects of cumulative build time and pre-heating temperature on molecular weight of PA12 [23].

(with permission from publisher).

influences on material molecular weight than the pre-heating temper-
atures. The reason is that the pre-heating temperatures are controlled in
a limited operation window around 170 °C to ensure process feasibility,
while the ranges of the cumulative build time are normally much wider
[23].

4.6. Flowability

Good flowability is necessary to enable processibility of raw mate-
rials and deposition of the fabricated layers in SLS [81-83]. Previous
works have reported to study the static/dynamic flow behaviors, and to
improve the flowability of PA12 powders through adding TiO2 and silica
[83-85]. Particle shape largely affects powder flowability [85]. Usually,
particles with high sphericity show high flowability, while the irregular,
potato-shaped, or rough-edged particles present low flowability.

Aging causes different effects on flowability of different PA12 pow-
ders. For EOS PA12, new powders exhibit good flowability and pro-
cessability, while flowability of aged powders (reclaimed from an EOS P
390 SLS machine, processing parameters: pre-heating temperature
171 °C, laser power 40 W, scanning speed 2800 mm/s, scan spacing
0.3 mm, and layer thickness 0.15 mm) shows a significant decrease after
degradations [43]. The decreased flowability adversely impact powder
reuse/recoating. For Sinterit PA12 new powders, the basic flowability
energy is 924 mJ, while that of 5-, and 8-time reused powders
(reclaimed from a Sharebot SnowWhite SLS 3D printer, processing pa-
rameters: pre-heating temperature 160 °C, layer thickness 0.1 mm, and
around 200 min for one printing) are 846, and 822 mJ [63]. Each reuse
improves flowability of Sinterit PA12 by 1.5%.

4.7. Rheology

4.7.1. Viscosity

Due to degradations, aged PA12 powders have longer molecular
chains, more complex chemical structures and increased molecular
weight, largely influencing viscosity [18,19]. EOS PA12 was reported to
have increased zero-shear viscosity after aging [13,19,86]. Moreover, a
higher aging temperature or longer aging time lead to a larger viscosity
[19]. The zero-shear viscosity of new EOS PA12 powder is 5.20 x 102
Pa-s, while that of powders aged 20 h at 120, 150 and 170 °C are
respectively 1.51 x 10, 7.50 x 10° and 1.80 x 10° Pa-s [13]. At
190 °C, the zero-shear viscosity of EOS PA12 powder is around 10° Pa-s
after 15 min of aging, and around 10* Pa-s after 30 min of aging [19,86].

10

Duraform PA12 has similar phenomena: the complex viscosity of new
powders is around 10° Pa-s, and that of reused powder (aged at 170 °C)
is5.0 x 10*Pa-s [87]. The zero-shear viscosity of Orgasol PA12 has little
change after aging 30 min at 190, 210 and 230 °C [86]. For the VES-
TOSINT X1556 PA12, the zero-shear viscosity increases first with reuse
and then decreases (Fig. 10). The zero-shear viscosity increases after the
first and the second times of reuse, and decreases after the third-time
reuse [18]. These significant time-dependent zero-shear viscosity
changes confirm that PA12 demonstrates melt-state polycondensation
[18,70].

4.7.2. MVR and MFI

The other indexes to measure material rheological property are the
melt volume rate (MVR) and the melt flow index (MFI). MVR is defined
as the volume of a thermoplastic polymer, flowing in ten minutes
through a capillary for alternative prescribed pressures and tempera-
tures, cm®/10 min. MFI is expressed as mass of the polymer, in grams,
flowing through a capillary under alternative prescribed pressures and
temperatures in ten minutes, g§/10 min. Measured in capillary rheome-

ters, MVR [18,20,24,25,57] and MFI [78,88,89] can present
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Fig. 10. Viscosity-time curves at 200 °C for the PA12 original and recycled
powders [18].
(with permission from publisher).
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degradation status of PA12 material in SLS. Generally, new powders
have higher MVR and MFI values compared to aged powders. For
DuraForm PA12, MFI of new powder is 52.01 g/[10 min], and that of
waste powder is 20.38 g/[10 min] [16]. For EOS PA12, MFI of new
powder is 50.1 g/[10 min]; MVR of 1-time, 2-time and 3-time reused
powders are 28.90, 17.41, and 13.50 g/[10 min] [21]. Fig. 11 shows
MVR values of EOS PA12 powders oven aged, and machine aged at
174 °C [24]. A longer aging time results in smaller MVR values (e.g.: in
oven, MVR decreases from 65 ¢m®/[10 min] to 20 cm®/[10 min] with
120 h aging). This attributes to the longer molecular chain in aged
powder caused by melt-state polycondensation. The increased chain
length reduces chain mobility and increases flow resistance with
reduced MVR/MFI. MVR and MFI are inversely proportional to viscos-
ity. Table 5 compares the aging effects on material viscosity and
MVR/MFI.

5. Property of parts using aged PA12 powders

When properties of the reclaimed powders allow for a successful SLS,
the quality of the resulting manufactured parts defines the ultimate
applications. The properties of part using aged PA12 powders, such as
part microstructure, surface morphology, thermo-chemical property,
crystalline structure evolution, and mechanical property, change
compared to part using new powders. We will discuss these part prop-
erties in detail in this section. Notice that these changes typically follow
a standard printing process in the comparison, i.e., the processing pa-
rameters are equal or close to the case with new powders [43-45].

5.1. Surface morphology

Part dimensional accuracy and surface roughness are two common
kinds of part surface morphologies and usually degrade when using
reclaimed PA12 powders [18,90].

5.1.1. Dimensional accuracy

Since laser sintering is generally free-standing with no applied sup-
ports, dimensional accuracy of the 3D-printed part is a primary concern
in SLS [91]. Uniform solidification is crucial to forming a part with ac-
curate dimensions [85]. An important consideration to ensure uniform
solidification is controlling sintering behavior. Laser energy density and
pre-heating temperature are key factors affecting sintering behavior
[92]. Laser energy density greatly influences the combination of adja-
cent particles: insufficient energy density leads to poor coalescence,
while excessive energy density results in severe degradations. Certainly,
laser only supplies part of the total energy deposited into the materials.
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Fig. 11. MVR values of EOS PA12 powders oven aged and machine aged [24].
(with permission from publisher).
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Table 5
Aging effects on material rheological property.

Aging effects Rheological testing

Viscosity MVR/MFI
Mechanism Melt-state polycondensation, increased chain
length[18,70]
PA12 EOS PA12 Increase with aging[13, Decrease with aging
grade 19,86] [21,24]

Duraform PA12 Increase with aging[87] Decrease with aging
[16]

Orgasol PA12
VESTOSINT

PA12

Unchanged[86]
Increase and then
decrease[18]

The powder bed should be pre-heated to a suitable temperature to
ensure good absorption characteristics of powder feedstock and appro-
priate sintering behavior. During sintering, the pre-heating temperature
is kept just below the melting temperature. This practice ensures
part-free strains (i.e., crystallization-induced shrinkage and
thermal-induced shrinkage) [93,94] are minimized while subsequent
layers are melted, leading to a low level of residual stress between
layers. A final slow cooling provides a uniform free strain evolution and
part dimensional stability.

High melting enthalpy of material is also essential to ensure appro-
priate sintering behavior through preventing the unused powder from
melting on the part surface. Further, appropriate sintering demands that
enough molten material with sufficient viscosity spreads to form necks
between adjacent particles, forming an increased dense structure with
low porosity and better dimensional accuracy.

Though influenced by various process parameters [95-97], the
dimensional accuracy of parts printed using aged PA12 powders de-
creases compared to the original part using the same parameters [18].
Due to aging, particle shape and surface morphology of aged PA12
powders show obvious differences caused by powder aggregation,
expansion, and shrinkage. As a result, the absorption characteristics and
uniformity of solidification for aged powders both reduce. Conse-
quently, the sintered part using aged powders, in general, has decreased
dimensional accuracy of around 5%— 10% [18] (Fig. 12).

5.1.2. Surface roughness

Due to degradation caused particle aggregation and particle sphe-
ricity change, sintering with reclaimed PA12 powders generates part
surfaces with severe roughness. Previous studies have shown the “or-
ange peel” phenomenon - an undesirable surface effect (Fig. 13) that
occurs commonly when using aged powders [21,78,98,99]. Methods to
reduce the surface roughness and eliminate “orange peel” include con-
trolling the SLS process parameters, for instance, energy density and
laser scanning strategy [90]. To fabricate parts with good surface quality
using aged PA12 powders, Gornet et al. [98] utilized a constant refresh
rate with new powders of a high percentage.

5.2. Thermo-chemical property changes of the printed part

5.2.1. DSC test

We printed parts respectively using the EOS pure new and pure aged
PA12 powders (aged at 171 °C after one full printing cycle). The aged
powders were sieved before sintering. The printing parameters are: pre-
heating temperature: 160 °C, laser power: 18 W, scan speed: 3000 mm/
s, scan spacing: 0.3 mm, layer thickness: 150 ym. To gain further un-
derstanding of the thermo-chemical properties of printed parts, we
conducted DSC tests to these parts.

The DSC curves of the sintered parts exhibit obvious differences from
that of the powders in the primary heating cycle (the first heating cycle).
The former contains two melting peaks, while one in the latter [44]. For
the parts, the first peak results from the melting process of the spherulite
chains, while the second peak originates from the melting of core
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Fig. 12. Cross-section of SLS printed parts using (a) new powders, and (b) 3-time reused powders [18].

(with permission from publisher).
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(a)

Fig. 13. SLS printed parts (a) with “Orange peel” using aged powders and (b)
(with permission from publisher).

regions of the aggregated spherulite structures. These spherulites cannot
melt during the sintering process and need an elevated temperature to
fully melt [18,19].

Moreover, the DSC curves of the sintered part using aged PA12
powders also show differences compared to part using new powders
[44]. The DSC curves suggest that aging (i) delays the onset crystalli-
zation temperature (aged: 149.70 °C; new: 154.22°C), and (ii) de-
creases the peak crystallization temperature (aged: 144.86 °C; new:
148.29 °C) and the crystallization enthalpy (aged: 51.25J/g; new:
53.67 J/g) of parts using aged powders, resulting from
post-condensation [19]. Given that the aged powder has longer molec-
ular chains due to polycondensation, chain mobility is lower in the
molten aged powder than molten virgin powder. As a result, a lower
crystallinity achieves for part fabricated with aged powder. This
reduction is confirmed by a reduction in melting enthalpy (aged:
48.16 J/g; new: 64.51 J/g) observed in DSC tests.

5.2.2. Comparisons

Table 6 compares thermo-chemical property changes between parts
printed using new and aged (a) EOS GmbH PA12, (b)VESTOSINT X1556
Evonik PA12, and (c) Sinterit PA12 gray. As shown, the onset crystal-
lization temperature, peak crystallization temperature, and crystalliza-
tion enthalpy of samples using aged powders all decrease in Table 6(a),
(b) and (c). The peak melting temperature and melting enthalpy in
Table 6(a) decrease after aging, and increase in Table 6(c). In addition to
aging/reuse, powder grades also affect the part thermo-chemical
property.
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(b)

with good surface finish using new powders [21].

5.3. Crystalline structure

5.3.1. Microstructure

From SEM [19] or optical microscopy [100], the cross-sectional
micrograph of a sintered part is divided into four regions. From top to
bottom, they are respectively unmolten particle fused to the edge,
spherulites from fully melted & crystallized particles, unmolten particle
cores, and spherulites from the melted & crystallized region (Fig. 14)
[100]. The microstructure of parts can be simply described as the
unmolten particle cores surrounded with spherulites [101]. The cores
are the unmolten central regions of the sintered powders coming out
when these powders do not get enough energy and heat to fully melt.
Besides, the cores are believed to be crucial to part post-crystallization
and spherulite growth [100].

5.3.2. Post-crystallization and spherulite growth

When going through the sintering process, new and aged powders
transfer from their solid states to the molten phase. Dissimilar to new
powders, aged powders have numerous high-melting-point pieces in
their molten phase. These pieces work as nucleation sites to form the
nucleation seeds. As a result, the new powders only have a few nucle-
ation seeds due to their fewer high-melting-pieces. However, a large
number of nucleation seeds form in the aged ones. The generated
nucleation seeds then serve as the basement for spherulite growth dur-
ing the cooling process when the temperature is below the material
melting temperature. After layers of material solidification, lots of
spherulites grow on the amorphous solid region of part using aged
powders and cannot spread smoothly in the limited space, leading to the
formation of coarse spherulites. On the other hand, the spherulites are
fibrillar smooth when using new powders. Consequently, due to the
aging-induced post-crystallization/spherulite growth, the
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Table 6
Thermo-chemical property changes between parts printed using new and aged
PA12 powders of different grades.

(a) Part using PA12, EOS GmbH[44]

PA12 grade PA12, EOS GmbH
Part using new Part using aged
powder powder
Onset melting temperature 173.15°C 171.75°C
Peak melting temperature 179.61 °C 177.95 °C
Melting enthalpy 64.51 J/g 48.16 J/g
Onset crystallization 154.22°C 149.70 °C
temperature
Peak crystallization 148.29°C 144.86 °C
temperature
Crystallization enthalpy 53.67 J/g 51.25J/g

(b) Part using PA12, VESTOSINT X1556, Evonik[18]

PA12 grade VESTOSINT X1556, Evonik
Part using new Part using 3-time reused
powder powder
Peak melting temperature 177.02°C 176.07 °C
Onset crystallization 150.45 °C 149.32°C
temperature
Peak crystallization 145.27 °C 144.28 °C
temperature
Crystallization enthalpy 47.65J/g 45.94 J/g

(c) Part using Sinterit PA12 gray[63]

PA12 grade Sinterit PA12 gray
Part using new Part using 5-time reused
powder powder
Onset melting temperature 176.37 °C 172.54 °C
Peak melting temperature 178.11 °C 181.19°C
Melting enthalpy 44.30 J/g 50.57 J/g
Onset crystallization 154.26 °C 153.80 °C
temperature
Peak crystallization 151.90 °C 151.15°C
temperature
Crystallization enthalpy 51.37 J/g 47.52J/g

Unmolten
particle fused to
edge

Spherulite from
fully melted &
crystallised
particle

Unmolten
particle core

Spherulite from
T melted &

Y crystallised
'L‘lﬂl(‘"

Fig. 14. The cross-sectional micrograph of a sintered part [100].
(with permission from publisher).

microstructure of the printed part using aged PA12 powders changes
from fibrillar spherulites to coarse spherulites (Fig. 15) [19]. Other work
reported the same phenomenon and verified the spherulite growth/-
coarse spherulites in part using aged PA12 [44,54].

5.3.3. Crystalline structure evolution

X-Ray Diffraction (XRD) or Wide-angle X-ray Scattering (WAXS)
spectra are commonly used to detect crystalline structure evolution of
PA12. Results provide information on the crystallizing procedures and/
or crystal transformations between parts from virgin powders and parts
from used powders [18,19]. Generally, PA12 presents two crystal
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structures: the y-phase is stable with parallel chain orientation and
twisted helical conformations, while the a-phase is unstable with anti-
parallel chain orientation [18,86,102,103]. The major difference in XRD
results between powder and part is that part exhibits only y peaks while
the powders show mainly a peaks [18]. Under atmospheric pressure,
slow crystallization of the 3D-printed part allows the crystalline chains
to transform and form a more stable y form. However, crystal structure
stability for parts from virgin powders and parts from used powders
exhibit differences. XRD results show that the intensity of preferable y
reflection reduces with aging, attributed to the decreased chain mobility
caused by increased molecular weight and viscosity after aging. There-
fore, it is more difficult to form a perfect y crystal structure for the part
from used powders than part from virgin powders.

Fig. 16 shows the WAXS spectra of EOS PA12 powders and the cor-
responding parts, along with the crystallinity of powders and the cor-
responding parts [19]. y structure dominates in the parts from used
powders (Fig. 16a). Aged powders have a higher crystallinity than new
powders (aged: 51%; new: 46%). Due to a reduction in chain mobility
caused by polycondensation [18], crystalline ratio of parts from used
powders decreases (Fig. 16b) [19,104]. The crystalline ratio affects
surface finish (e.g., roughness) and mechanical properties of the 3D
printed specimens. Higher crystalline ratios generally result in increases
in tensile strengths and Young’s modulus, and decreased elongations at
break [105].

5.4. Density

Density of SLS PA12 components is a critical factor largely influ-
encing fatigue, ductility and strength, etc [24]. Semicrystalline polymers
with high molecular weight and long chemical chains have increased
entanglements and bonding, decreased chain ends, and free volume,
making it easy to achieve a high density [34]. The long chemical chains,
increased entanglements and bonding, and increased crystallinity
further tend to lower MVR and increase the viscosity of the polymer,
resulting in a significant impact on increasing part density. The degree of
branching is another factor that can influence polymer density through
changing molecular weight [54]. Besides, the environmental tempera-
ture and testing conditions also affect part density. Given that voids act
as stress risers to reduce strength, density can be directly correlated to
mechanical performance.

In Fig. 17, the decreased MVR indicates the EOS GmbH PA12 aging
(aged on a DTM Sinterstation 2500HS SLS 3D printer at 174 °C for
120 h) with an origin MVR of 82.5 cm®/[10 min]. The aged PA12 ma-
terials were processed into parts using an EOS Formiga P100 SLS ma-
chine (pre-heating temperature 174 °C, layer thickness 0.1 mm). F1-F4
mean the increased energy density levels (F1: 0.16 J/mm?; F2: 0.2 J/
mm?; F3: 0.27 J/mm?3; F4: 0.33 J/mm?®) [24]. With energy density F1,
part density decreases from 0.94 to 0.77 g/cm® with material aging
(MVR decreasing from 82.5 to 7.1 cm®/min). Longer aging time also
leads to lower part density [24]. Stored at 140 °C, the density of part
using EOS PA12 decreases from 1.00 to 0.98 g/cm® after 336 h [54].
Besides, recycling time affects part density. A part using new Sinterit
PA12 powder is 0.98 g/cm®, while that using 2-time, 5-time and 8-time
reused powders are, respectively, 0.92, 0.83, 0.81 g/cm® [63]. Density
of parts using aged powders decreases compared to that of parts using
new powders.

5.5. Mechanical properties

Tensile strength [24,28,98,100,106], Young’s modulus [24,100],
and elongation at break [24,28,98,106] are important for functional
applications printed in SLS. The knowledge and theory on mechanical
properties of parts using new powders have been studied intensively and
show good consistency. However, lots of debates remain on the effects of
powder reuse to part mechanical properties. Several reports claimed no
significant changes exist in tensile strengths, Young’s modulus and
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14

elongations at break increase for parts using aged powders (Fig. 18) [98,
100,107]. On the other hand, other results report a decreased tensile
strength (Table 7a: from 35 N/mm? to 2 N/mm?, and Table 7¢: from
31.65 Mpa to 20.45 Mpa), a decreased Young’s modulus (Table 7b: from
2000 Mpa to 300 Mpa, and Table 7c: from 1275.67 Mpa to 1034.5 Mpa),
with a decreased elongation at break (Table 7a: from 5.3% to 0.2%, and
Table 7c: from 6.24% to 4.55%) [28,63,106], or with an increased
elongation at break (Table 7b, from 9% to 46%) [24,27]. The differences
in these studies result from various PA12 powder grades, SLS machine,
processing and printing conditions, such as process parameters, test
instruments, or humidity conditions. Also, the appropriate selection of
process parameters improves the part mechanical properties while
multiple-time reuse [29].

When fabricating tensile bars using different PA12 powders and
different SLS machines, different sets of processing parameters are
applied (Table 7). However, when processing the same kind of PA12
using different SLS equipment, the different sets of processing parame-
ters are also necessary. When sintering EOS GmbH PA12 to produce
parts using the Sinterstation 200 SLS 3D printer, the parameters are
preheating temperature 175 °C, laser power 5W, layer thickness
0.1 mm, and scanning speed 1257 mm/s [28]. When sintering EOS
GmbH PA12 using the in-house built and customized SLS testbed, the
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parameters are preheating temperature 160 °C, laser power 18 W, layer
thickness 0.15 mm, and scan speed 3000 mm/s [43].

For semicrystalline polymers, the molecular weight, cross-linking,
and crystallinity are the main microstructural factors affecting tensile
strength of thermoplastics [108-110]. For PA12, alow molecular weight
leads to low tensile strength, where the microstructural carbon layers
and chains are weakly connected and can move easily. When the mo-
lecular weight increases to a large extent, the carbon layers and chains
become complex, crosslinked, and bonded by strong van der Waals
forces, resulting in the high tensile strength [111]. Similarly, the
occurrence of chain cross-linking strengthens the microstructural
bonding and connection between layers and chains, restricting the chain
motions and improving PA12 tensile strength, while chain scission
adversely lowers the tensile strength. Furthermore, high crystallinity or
large crystalline area raises PA12 tensile strength through the signifi-
cantly strengthened intermolecular bonding [109]. In addition, product
fabricating orientation, testing velocity and temperature also influence
polymer tensile strength.

Different from tensile strength, Young’s modulus of semicrystalline
polymer is not directly affected by molecular weight [112]. Increasing
crystallinity during material degradation raises material Young’s
modulus. As crystallinity increases, the adjacent aligned chain segments
strengthen the interchain bonding, which inhibits relative interchain
motion as well [113]. Besides, drawing deformation and annealing also
help to increase Young’s modulus, by producing the oriented molecular
structures and enhanced interchain bonding.

A high elongation at break indicates that the semicrystalline polymer
has good ductility, which depends largely on the material’s chemical
composition. Polymer crystallization largely affects elongation at break.
The big crystal size means low ductility that the material is brittle and
easy to fracture before deforming much under a tensile load, decreasing
polymer elongation at break [43]. Materials with a small crystal size are
more likely to deform without breaking, leading to a high elongation at
break. Though a high crystalline ratio generally increases tensile
strengths and Young’s modulus, it decreases elongation at break due to
the large crystal sizes and reduced flexibility [105]. Mechanical testing
velocity, orientation level, and temperature also affect elongation at

15
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Table 7
Mechanical properties of part using different PA12 powders with aging/reuse.

(a) PA12, EOS GmbH[28]

Printing
parameters

Equipment: Sinterstation 200 Preheating temperature:
175°C

Tensile bar: DIN EN ISO 3167 Layer thickness: 0.1 mm
(Type A)

Laser power: 5 W Scanning speed:

1257 mm/s

35 N/mm? — part using new powders

5 N/mm? - part using 5-time reused powder
2 N/mm? - part using 10-time reused powder
5.3% — part using new powders

0.8% — part using 5-time reused powder
0.2% - part using 10-time reused powder

Tensile strength

Fracture strain

(b) Duraform PA12[27]

Printing parameters Equipment: 3D Systems Layer Thickness:
Sinterstation 0.1 mm
Tensile bar: ISO standard Laser power:
527-2,1996 1 A 11w

Test parameters Humidity: 50% RH
Machine: Zwick 103 testing machine with a 10 KN
load cell

Test speed: 5 mm/min

Storage 4 Tensile 43 MPa, storage at 20 °C
weeks strength 15 MPa, storage at 140 °C
Young’s 2000 MPa, storage at 20 °C
modulus 300 MPa, storage at 140 °C
Elongation at 9%, storage at 20 °C
break 46%, storage at 140 °C

(c) Sinterit PA12[63]

Printing Equipment: Sharebot SnowWhite Layer Thickness:
parameters SLS printer 0.1 mm
Tensile bar: ASTM standard Type 5 Laser power: 25% of
14 W
Pre-heating time: 600 s Plate temperature:
160 °C

Test parameters At ambient laboratory condition
Machine: MTS Alliance RT/10 test frame, 1000 N load cell

Test speed: 10.0 mm/min

Tensile strength Part using new powders 31.65 Mpa
Part using 2-time reused powders 27.17 Mpa
Part using 5-time reused powders 21.91 Mpa
Part using 8-time reused powders 20.45 Mpa
Young’s modulus ~ Part using new powders 1275.67 Mpa
Part using 2-time reused powders 1190 Mpa
Part using 5-time reused powders 984.5 Mpa
Part using 8-time reused powders 1034.5 Mpa
Elongation at Part using new powders 6.24%
break Part using 2-time reused powders 5.52%
Part using 5-time reused powders 4.89%
Part using 8-time reused powders 4.55%

break. Slow testing velocities, small orientations, and increased tem-

peratures allow for higher elongation at break.

6. The parameter setting in SLS using aged PA12 powders

After investigating the powder and part property changes, this sec-
tion provides the parameter setting principles in SLS when using aged
PA12 powders. Specifically, we focus on parameters most relevant to
process feasibility and material reuse, including pre-heating tempera-
ture, energy density, laser power, laser speed, hatch space, and layer
thickness [41,105].

6.1. Pre-heating temperature

Before sintering polymeric materials with laser beams, thermal ra-
diation pre-heats the powders and raises the temperature of the powder
bed chamber to reduce power density requirement during SLS [114].
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The principles of setting the pre-heating temperatures for new and aged
PA12 powders are similar: both should be near or below the onset
melting temperature [18,24,115]. PA12 powders from different sup-
pliers differ slightly in the onset melting temperature. In a DTM
2500plus HiQ SLS printer, Duraform PA12 (onset melting temperature is
180.8 °C) was preheated at 175 °C; Orgasol-IS PA12 (onset melting
temperature is 173.6 °C) was preheated at 164 °C [115]. Even using the
same grade of PA12 powders, different SLS vendors tune the pre-heating
temperature differently, primarily due to the different mechatronics of
the machines. For EOS PA12 with melting temperature of 184 °C, the
pre-heating temperature was 181°C for the Sinterstation SLS printer and
174 °C for the Formiga SLS printer [24].

6.2. Energy density

Energy density is usually defined as the area energy density (Eq. 7)
[41,90,116] and the volume energy density (Eq. 8) [31,41].

. Lp

Ea(l/mn®) = 1 0ss )
. LP

B0 /mm’) = fg oSS o LT ®

Here, E4 is the area energy density, and Ey is the volume energy
density. LP is laser power, W. LS is laser speed, mm/s. SS is scan spacing,
mm. LT is layer thickness, mm.

An appropriate energy density is crucial in the SLS process to guar-
antee the process feasibility and part quality [117]. Too low or too high
energy densities will negatively affect part properties through powder
interactions, such as powder bonding, fusion, and degradation. Table 8
lists such corresponding impacts. Specifically, an energy density that is
too low leads to weak particle bonding, fusion, and decreased powder
thermal degradation due to insufficient thermal motivation and heat
effects. On the contrary, a high energy density results in strong bonding
and fusion of particles, but more severe thermal degradations in the
meantime. Moreover, energy density also greatly affects part properties,
for instance, part porosity, density, surface roughness, and mechanical
properties (Table 8).

In general, higher energy density leads to better part density and
mechanical properties [41]. Identifying the relationships between part
properties and energy density is helpful to improve part quality. Even
using different energy densities, the properties of parts using new
powders are always better than those using mixed or aged powders.
Similarly, the properties of parts using one-time recycled powders are
better than those using two times recycled powders [41]. The quality of
parts using mixed powders and recycled powders can be improved with
a higher energy density [53].

Fig. 19 presents that higher energy densities improve the tensile
strength of parts 3D-printed using aged powders [24]. F1, F2, F3, and F4
indicate different energy densities of 0.16, 0.20, 0.27 and 0.33 J/mm®.
With any MVR, part tensile strength with high energy density is larger. It
is also worth mentioning that Young’s modulus and elongations at break
of parts printed with aged powders can also be improved by using higher

Table 8
The impacts of the low energy density and the high energy density on powder
and part properties.

Items Low energy density High energy density
Powders bonding weak strong

fusion poor good

degradation low high
Parts porosity more less

density low high

roughness rough smooth

shrinkage low high

mechanical property poor good
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energy density, as well as a reduced appearance of “orange peel” on part
surface. The improvement is mainly caused by better coalescence
resulting from high temperatures and high energy [24]. However, it has
limitations for the ranges of energy density used in SLS while processing
PA12. Previous studies show that the minimum volume energy density
of 0.091 J/mm? is required to fuse the powder [118,119], indicating
very poor connections between the powders and layers. And the
maximum energy density recommended in SLS is 0.48 J/mm® when
polymer degradation accelerates [119].

6.3. Laser power, laser speed, and hatch space

Laser power has significant effects on mechanical properties and
dimensional precision of the 3D-printed part in SLS [120]. As the laser
power increases, the increased heat-affected zone leads to the growth of
width error. Increasing laser power can improve mechanical properties
to a certain extent, but higher powers degrade the powders chemically
[107]. This negatively affects the durability and long-term performance
of the part, and the recommended range is 10-49.5 W. Laser speed
(4000 mm/s-11,500 mm/s) is related closely to part porosity and part
flexural modulus [24,31,115,117]. However, sensitivity analysis sug-
gests that laser speed has fewer influences than laser power on the
density and mechanical property of the final manufactured specimens
[116]. The hatch space (0.1-0.3 mm) affects energy density (larger
hatch space decreases energy density), and is together with the layer
thickness both impacting significantly the part density and mechanical
property when the remaining parameters are constants [31].

6.4. Layer thickness

For polymer SLS, parts are usually fabricated with layer thicknesses
from 0.06 mm to 0.18 mm in a layer-by-layer manufacturing style for
either new powder or aged powder [24,31]. Parts with a smaller layer
thickness normally have better mechanical properties, due to the better
compaction and uniformity between layers when the layer thickness is
small. Table 9 exhibits the recommended process parameter sets for
PA12 powder in SLS processing.

7. Conclusions

SLS is the most rapidly growing additive manufacturing method
suitable for a wide range of materials, given that high-quality complex
parts can be fabricated using this method. This review elaborates
important research status of aging behaviors and reusability of PA12
powders, and the impact on the performance of printed parts. Starting
with the aging mechanisms at the molecular scale, we discussed how
material aging rises from the thermal oxidation reactions accompanied
by chain crosslinking, chain scission, and post-condensation. Studies
exhibit that surface morphology, microstructures, thermo-chemical
properties, and flowability of the aged powders vary compared with
the new powders, while the size distribution remaining nearly
unchanged.

Properties of parts using aged PA12 powders also show differences
compared with parts from new powders. The microstructures of parts
using aged powders present coarse spherulites and degraded surface
morphology, yielding rougher surface smoothness. Parameter controls
have been proposed to remedy the problem. For thermo-chemical
properties of parts using aged powders, the onset melting temperature
decreases, the melting shoulder intervals widen, and the crystallization
enthalpy decreases. These changes originate from the thermal break-
down of crystalline spherulites, the reduction of high-melting-point
particles, and post-condensation. The mechanical properties of parts
3D-printed with aged PA12 depend largely on powder grades, the status
of powder degradation, and process controls. Literature results differ in
the control of part properties with reclaimed and reused powders.

Finally, we review how key process parameters impact SLS with aged
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Table 9
Recommended process parameter sets for PA12 powder [31,41,117].

Item Recommended Value

Near the melting point
0.091 J/mm> ~ 0.48 J/mm?®
10W ~49.5W

4000 mm/s ~ 11,500 mm/s
0.1 mm ~ 0.3 mm

0.06 mm ~ 0.18 mm

Pre-heating temperature
Energy density

Laser power

Laser speed

Hatch space

Layer thickness

powder materials. Included signature parameters are pre-heating tem-
perature, energy density, laser power, laser speed, hatch space, and
layer thickness. Higher energy density can improve the mechanical
property of the 3D-printed parts.
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