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Abstract. The optimization of process parameters represents one of the major drawbacks of selective laser sintering (SLS)
technology since it is largely empirical and based on performing a series of trial-and-error builds. This approach is time con-
suming, costly, and it ignores the properties of starting powders. This paper provides new results into the prediction of pro-
cessing conditions starting from the material properties. The stable sintering region (SSR) approach has been applied to two
different polymer-based powders: a polyamide 12 filled with chopped carbon fibers and polypropylene. This study shows
that the laser exposure parameters suitable for successful sintering are in a range that is significantly smaller than the SSR.
For both powders, the best combination of mechanical properties, dimensional accuracy, and porosity level are in fact,
achieved by using laser energy density values placed in the middle of the SSR.
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1. Introduction

Selective laser sintering (SLS) is widely recognized
as one of the most consolidated powder-based addi-
tive manufacturing techniques and has been widely
investigated in recent years. During the SLS process,
polymeric powders are deposited on the build plat-
form by a recoater and selectively melted by means
of a CO; laser beam. The layer-by-layer repetition of
powders spreading and laser exposure allows the con-
solidation of the objects and offers great flexibility
in terms of part design and manufacturing [1, 2].
Although many efforts have been spent to develop
polymer-based powders for SLS, only a few materi-
als are widespread adopted, namely polyamides and
polyurethanes [3]. In fact, it was assessed that poly-
meric powders have to fulfill a demanding combi-
nation of intrinsic and extrinsic properties (i.e., suit-
able size and shape, thermal, rheological and optical
behavior) to be processed by SLS [4, 5]. Moreover,
it is well-known that the quality of SLS parts greatly
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depends on the adopted process parameters in addi-
tion to the properties of the powders. Nowadays, the
optimization of SLS process parameters for a newly
developed material remains a key challenge; this is
mainly due to the complexity of process physics in-
volved in laser sintering, which includes powders re-
coating, heat absorption, phase change, and particles
coalescence [6, 7]. Consequently, the temperature at
which the part bed is pre-heated during the entire
process (referred to as powder bed temperature) and
the laser parameters should be tailored for each ma-
terial.

It is generally accepted that for semicrystalline poly-
mers, a powder bed temperature which lies between
the onset of melting and the onset of crystallization
must be adopted. This temperature range is com-
monly referred to as ‘processing window’, ‘super-
cooling window’, or ‘glass window’ [6]. It has to be
as large as possible in order to avoid (or at least min-
imize) part curling during the building process due
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to premature crystallization. Apart from the super-
cooling window, polymer melting enthalpy should
also be high enough to prevent the partial melting of
the powder surrounding the printed part [5, §].
Mechanical properties of produced parts are also
greatly influenced by laser processing parameters.
The optimization of these parameters to achieve
proper part performances is usually carried out by
using an empirical approach based on iterative trial
and error builds. According to this method, one pa-
rameter is changed at a time, and its effect on poros-
ity [9-11] and mechanical properties [8, 9, 12—15]
of sintered parts is evaluated. Most of the literature
focuses on polyamide 12 [9, 12—14] and polyamide
12/carbon fiber composites [16—18]; however, a
number of studies on polypropylene [15, 19, 20],
thermoplastic polyurethane [8, 21], poly(ether-ether-
ketone) (PEEK) [22], polystyrene [23] and poly(eth-
ylene terephthalate) (PET) [24] are also available.
Although the design of experiments and statistical
methods (ANOVA) are sometimes used [19, 25, 26],
this strategy can be time-consuming and expensive
depending on the material cost and recyclability and
on the physical size of the used SLS machine.

The energy density supplied by the laser beam to the
polymer has been frequently used by researchers as
a first attempt to optimize SLS processing condi-
tions. In fact, the increase of the energy density im-
proves the fusion of particles and leads to higher me-
chanical properties. This finding has been described
in literature from the earlier works of Caufield et al.
[12] and Starr et al. [13] on polyamide 12 to more
recent investigations [14, 22, 27].

In principle, the laser beam is expected to provide
enough energy to fully melt the polymer, avoiding
any detrimental effect such as part distortion or “warp-
ing’ or polymer degradation. Therefore, Vasquez et al.
[28, 29] proposed a theoretical method, based on the
definition of a ‘stable sintering region’ (SSR), to pre-
dict the proper SLS process parameters instead of
the empirical trial and error approach. The model
was employed to identify an energy density interval
to obtain a successful sintering process through the
evaluation of the volume energy required to melt and
induce the degradation of polyamide 12 powders, re-
spectively. Thermal properties of the powders, ob-
tained from DSC and TGA analyses, and other im-
portant factors, such as bed temperature and powder
packing density, were taken into consideration. It was
found that the mechanical properties progressively
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improved by increasing the value of energy density
within the stable sintering region; this growing trend
was observed until the predicted degradation point
is reached. The stable sintering region combined with
the ‘energy melt ratio’ (EMR) (which was introduced
by Starr et al. [13]) was therefore proposed as the
main parameters to optimize SLS processing condi-
tions.

Berretta et al. [22] employed this method to predict
the process parameters in high-temperature laser sin-
tering of poly(ether-ether-ketone) powder. It was
found that the mechanical properties of the sintered
samples constantly improve with the increase of
laser energy input; however, the tensile strength of the
components did not decrease once the predicted
degradation point is reached. Therefore, the authors
stated that the SSR method represents a good starting
point for the optimization of laser parameters; how-
ever, a correction of the equation describing polymer
degradation is advised. It could be inferred that the
rapid heating-cooling cycles induced by laser expo-
sure highly differ from the experimental conditions
encountered during thermal gravimetric analysis.
Therefore, the determination of the degradation limit
could be inaccurate.

Finally, Yuan et al. [27] used a similar model to op-
timize the SLS processing conditions of carbon nan-
otubes/polyamide 12 nanocomposite powders. Not
surprisingly, tensile strength, elastic modulus, and
elongation at break progressively increased with the
increase of energy density, reaching desirable per-
formances above a critical energy density value.
The interest in developing new polymers specifically
designed for SLS has constantly been growing; in
fact, in the last years, several polymer composites
were investigated due to their potential for structural
and functional applications [3]. Therefore, the for-
mulation of a method that provides a systematic way
to optimize a priori the SLS process conditions for
promising candidates would entail great interest.
The melting and degradation energy values obtained
in previous studies on polyamide and PEEK systems
[22,27,29] showed that, in principle, the SLS process
could be performed by using laser energy inputs in-
cluded in rather large intervals. However, parts pro-
duced by SLS have to fulfill certain requirements in
order to be adopted in an industrial environment. In
addition, only a small deviation of the part dimen-
sions from the CAD design could be accepted. There-
fore, processing conditions causing poor precision
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or even sample distortion due to severe thermal gra-
dients should be discarded [14, 30].

In this context, the main purpose of this work is to
exploit the stable sintering region method with the
aim of further narrow the suitable range of energy
density, and therefore of laser parameters for a suc-
cessful SLS process. The proposed approach takes
into consideration the best combination of experi-
mentally measured mechanical properties, parts ac-
curacy, and defect content of printed parts. This ex-
perimental work could be beneficial to deepen the
study of process—structure—properties relationship in
materials processed by SLS. Two semicrystalline
polymer-based powders that highly differ in terms
of chemical, thermal and morphological properties,
such as polyamide 12/carbon fiber composite and
polypropylene, were tested to assess its general va-
lidity.

2. Experimental section

2.1. Materials

Two polymeric based powders, specifically short
carbon fiber reinforced polyamide 12 and polypropy-
lene, were purchased from ADVANC3D Materials®
GmbH (Hamburg, Germany) respectively under the
brand name of ‘AdSint PA12CF’ (PA12/CF) and
‘AdSint PP Flex’ (PP). AdSint PA12CF is based on
Orgasol® polyamide 12 powder produced by Arkema
(Colombes, France) through direct polymerization
(anionic ring-opening polymerization from monomer
solution [31]). The powder is then optimized and dry
mixed with short carbon fibers. AdSint PP is pro-
duced by cryogenic milling from isotactic polypropy-
lene pellets.

2.2. Powders characterization techniques

The morphology and the particle size distribution of
the powders were investigated by using a field emis-
sion scanning electron microscope FESEM Zeiss
MERLIN (Carl Zeiss Microscopy GmbH, Jena, Ger-
many). Low magnification micrographs (500x) were
processed through Image]® software to measure the
dimensions of 300 particles, thus obtaining an accu-
rate evaluation of particle size distribution of both
powders. Similarly, the length distribution of carbon
fibers in PA12/CF material was also assessed.

The true density of the powders was measured by a
pycnometer according to ASTM D792-13 standard
and using ethanol as the immersion liquid. The bulk
and tap density were determined by filling a 25 cm?
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container with the powder and manually tapping it
according to a simplified procedure based on ASTM
D7481 standard and reported elsewhere [32, 33]. The
packing factor (@) and the Hausner ratio (HR), com-
monly used to describe bulk and flow behavior of
polymer powders for laser sintering [34], were then
calculated by using the Equations (1) and (2) respec-
tively:

_ Poulk
o= p (1)

_ ptap
HR = Poulk 2)

where ppuik, Prap and p are the apparent, tapped and
true density of the powders respectively.

X-ray diffraction (PANalytical PW3040/60 X’Pert
PRO diffractometer with Cu-Ka radiation at 40 kV
and 40 mA, 26 range from 10 to 50° with a step size
0f 0.013°) was performed to identify the crystalline
phases of the raw powders as well as the sintered
samples.

The thermal properties of the powders were investi-
gated by Differential Scanning Calorimetry (DSC)
and Thermal Gravimetric Analysis (TGA). DSC ex-
periments were carried out under argon flow
(50 ml/min) by using a PerkinElmer Pyris 1 equip-
ment (PerkinElmer Inc., Waltham, MA, USA). A
heating-cooling program from room temperature up
to 230°C (for PA12/CF) or 200°C (for PP) with a
rate of 10 °C/min were carried out to characterize the
melting and crystallization behavior of the powders.
The crystalline fraction X¢ of the polymer was esti-
mated from the area of the melting peak by using
Equation (3):

AH,
AH,,(1-f)
where AH,,, is the melting enthalpy, AH,3 is the 100%
crystalline melting enthalpy (209.3 and 177 kJ for
PA12 and PP respectively [18, 20]) and fis the mass
fraction of filler. The same experiments were also
performed to analyze the crystallinity of the sintered
samples.

The DSC equipment was also used to measure the
specific heat capacity of powders and melted poly-
mers as a function of temperature. The step-scan
method accomplishing the ASTM E1269-11 standard
was adopted to this purpose [35]. The specific heat
was evaluated in the temperature ranges of 50-240

X = -100 3)
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and 40-200°C for PA12/CF and PP, respectively,
with a step of 5°C.

The thermal degradation process of the powders was
investigated by TGA tests carried out by heating the
samples in air or in argon atmosphere from room
temperature to 800°C in a Mettler-Toledo TGA/
SDTA 851¢ instrument. The experiments performed
under inert atmosphere (with a heating rate of
10°C/min) were used to determine the content of
carbon fibers in PA12/CF powders by considering
the residue left after polyamide pyrolysis. The TGA
experiments carried out in air were instead recorded
at different heating rates (5, 10 and 20 °C/min) in
order to study the thermo-oxidative degradation
process of the polymeric powders that occurs during
SLS operations (see Section 2.2). The onset degra-
dation temperature was determined when 1% weight
loss occurs during the TGA experiment performed in
an air atmosphere with a heating rate of 10 °C/min.
The activation energy (£,) was evaluated through
the Kissinger method [36] by using Equation (4):

l”(TEax):_%< )+ (25 )

where [ is the heating rate, Ty, is the temperature
corresponding to the maximum degradation rate and
R is the gas constant. The experimental data of
In(B/T%.4x) plotted versus 1/T;,, were fitted by linear
regression and Ex was calculated from the straight-
line slope multiplied by R.

2.3. Selective laser sintering and theoretical
background

The direct laser sintering machine Sharebot Snow-
White (Sharebot S.r.l., Nibionno, Italy) equipped
with continuous-wave CO; laser emitting at 10.6 pm
wavelength was used to process the powders. The
laser has a 200 um focus diameter and can generate
power up to 14 W. The build area is pre-heated by
four IR lamps, and a recoating blade is used to
spread the powders over it. Unlike other commercial
LS machines, Sharebot SnowWhite operates in an
air environment.

The optimization of process parameters has been
performed using the stable sintering region method
introduced by Vasquez ef al. [29]. This method allows
us to predict the temperature range that promotes the
complete melting of powder particles during laser
exposure while avoiding material degradation. How-
ever, it is more meaningful to analyze the SLS

process in terms of energy rather than temperature.
Therefore, the stable sintering region is usually de-
fined in terms of energy densities for polymer melt-
ing and degradation.

Equations formerly proposed in the literature were
slightly modified to take into account the different
contributions to the polymer degradation process.
Both the energy required to melt the powders and
the energy that leads the material from the melting
point to the onset of degradation need to be account-
ed for. The thermal degradation process in the air at-
mosphere was considered because the SLS machine
used operates in an air environment. The newly pro-
posed equations are presented in the following.

The lower limit of the stable sintering region, corre-
sponding to the volume energy required to melt the
polymeric powder (£y,), was calculated taking into
account the energy necessary to heat the powders
from the bed temperature to the melting point and
the energy needed for the melting process according
to Equation (5):

By =™ (T~ 1,) + nJo@ )

where T}, and Ty, are the melting and powder bed
temperatures respectively, CgOWder is the value of
specific heat at powder bed temperature, 4y is the
melting enthalpy, p is the true density of the powders
and @ is the packing factor.

The upper limit that corresponds to the theoretical
volume energy to obtain the material degradation
(Egeg), 1s usually defined considering both the energy
necessary to heat the material up to the onset degra-
dation temperature and the energy required to over-
come the activation energy for degradation. This study
slightly modifies Egc, calculation by adding to the
previously reported contributions the term indicating
the powder melting enthalpy (introduction of E,
and, as consequence, T} is substituted by 7},). This
allows us to calculate Eg4.g according to Equation (6):

melt EA

Edeg =E,t Cp (neg - Tm) + Ww P (6)
where C™°!! is the specific heat at temperatures above
the melting point, T, is the onset temperature for
degradation in air; £ is the activation energy for the
degradation process, M, is the polymer weight-av-
erage molecular weight. The parameters used for the
evaluation of the energy required for melting and
degradation were experimentally determined from
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calorimetric and physical tests; on the contrary, M,,
was obtained from the literature.

The energy delivered by the laser beam to the poly-
mer during an SLS building operation should be suf-
ficiently high to fully melt the powders. In addition,
this energy value should keep the temperature within
the stable sintering region below the critical energy
of degradation. The laser energy input is generally
defined as ‘volume energy density’ (Ep) according
to Equation (7):

P

Ep =357

(7
where the laser power (P), the beam velocity (‘scan
speed,’ v), the distance between two subsequent scans
of laser exposure (‘hatching distance,” S) and the
layer height (z) are used to describe the amount of the
energy given by the machine to the powder bed.
Several sets of specimens were produced, adopting
different laser energy inputs selected in between the
lower and the upper limits of the previously men-
tioned stable sintering region and then characterized.
The most critical parameters, such as the laser power
P and the scan speed s, were varied, leading to an in-
crease of energy density values, as briefly summa-
rized in Table 1. Hatching distance and layer height
were instead set at a constant value of 100 um.
With this experimental design, it was possible to ex-
plore the stable sintering region defined from pow-
ders properties. The most convenient powder bed
temperature was selected between the melting and
crystallization onsets of materials in order to mini-
mize part curling.

Flat dog-bone specimens according to 1BA geome-
try of ISO 527-2 standard (dimensions 75%5x3 mm)
were printed for tensile tests. Square samples with
dimensions 10x10%5 mm were produced to investi-
gate the microstructure induced by the layer-wise

process and to evaluate parts dimensional accuracy
and density. All specimens were built-up in the XY
plane using a 0/90° scanning strategy. The building
plate is on XY plane, and the recoater moves along
the x-axis. Four dog-bones and two square samples
were printed for each set of parameters. Tensile tests
were carried out according to ISO 527-2 standard by
using an MTS Criterion Model 43 testing system
(MTS Systems S.r.l., Italy) with a 5 kN load cell.
The strain rate of 1 mm/min was used for PA12/CF
specimens, while PP parts were tested at 5 mm/min.
The strain was measured by means of a 25 mm
length extensometer.

Printing accuracy was evaluated measuring the de-
viations from the correct dimensions of the sintered
10x10x5 mm samples with a digital caliper. The av-
erage deviation per unit length was determined con-
sidering the mean value of the dimensional error
along x (length), y (width), and z (thickness) axis.
Bulk density of sintered samples was measured by the
Archimede method according to ASTM B962—-17
standard using ethanol as the immersion liquid.
Porosity content (Xp) were determined according to

Equation (8):
_ PsLs

(19

where pg s is the density of the sintered samples and
p is the true density of the powders.

Optical microscopy (Leica DMI 5000 M, Leica Mi-
crosystems GmbH, Wetzlar, Germany) was used to
investigate the microstructure and the pore morphol-
ogy of the sintered samples. Cross-sections were ob-
tained by cutting the samples in parallel (YZ plane)
and perpendicular (XY plane) directions with respect
to the building one, by using Buehler IsoMet® 4000
precision saw (Buehler, Lake Bluff, IL, USA). The
specimens were then mounted in epoxy resin and

Xp

)~ 100 ®)

Table 1. Process parameters, resulting in different laser energy densities, used for SLS processing trials for PA12/CF and PP
powders. Hatching distance and layer height were always set at 100 pm.

. . Laser power Scan speed
Material Fixed parameters (W] [mm/s]
o= 170°C 2.8—3.5—4.22;1.39?.6—6.3—7 ﬁtgg
PA12/CF* §=100 pm o
oo 2.8-3.5 960
K 5.6 31201680
T 120°C 2835424956 2400
, 2.8 3820
ppe §=100 ym
100 2.8 3120
wm 5.6 3000

*Material shrinkage along x and y axis was set as 3.5% for PA12/CF and 5% for PP.
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manually polished using standard metallographic
preparation techniques (SiC abrasive papers up to
4000 grit and a napped cloth for diamond paste pol-
ishing with surface finishing of 1 pm).

Optical microscopy was also used to investigate the
fiber orientation in sintered PA12/CF tensile speci-
mens. To this purpose, 100x magnification images of
several XY cross-sections were elaborated by image
analysis through ImageJ® software. The images were
processed following a procedure similar to the one
proposed by Jansson and Pejryd [16] in a previous
paper. The orientation of about 1500 carbon fibers
was then assessed, calculating the angle formed be-
tween the fiber and the x-axis, which correspond to
the recoater movement direction.

P
50 um ¢

50 um ™

40

Bl Foyamide 12

35
30
25 1
20

15 1

Relative frequency [%]

10 1

0 - T T
20 40 60 80 100 120
e) Particle size [um]

3. Results and discussion

3.1. Powders characterization

The morphology and particle size distribution of
PA12/CF and PP powders is depicted in Figure 1. Dif-
ferences in shape, surface structure, and size of poly-
mer particles can be clearly recognized as a conse-
quence of the different methods used for the produc-
tion of the powders.

PA12/CF, a mixture of Orgasol® polyamide 12 pow-
der and chopped carbon fibers, exhibits rather homo-
geneous dimensions and a nearly regular cauliflower-
like morphology with a wavy surface structure
(Figure 1a). At higher magnification, a stacked lay-
ered assembly which consists of lamellae of the poly-
mer crystalline phase is clearly visible (Figure 1b).

10 um
—

40
1 - Polypropylene
351
= 304
g ]
£ 25-
g_ <4
£ 204
y ]
Z 15
.-
e ]
10
54
04
0 20 40 60 80 100 120
f) Particle size [um]

Figure 1. Scanning electron microscope images of (a, b) PA12/CF and (c, d) PP powders. Polymer particles size distribution
obtained with Image]® software: (¢) PA12/CF and (f) PP.
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Specifically, the X-ray diffraction pattern of the pow-
der displays a broad signal that is typical of glassy
amorphous structures; in addition, a sharp peak at
20 =21.37° corresponding to the Miller index (100)
of y crystalline structure of polyamide 12 can be ob-
served [37].

On the other hand, PP powders present irregular
shape and size with sharp edges and smooth surfaces
as a result of the cryogenically milling process; some
elongated particles are also visible (Figure lc, 1d).
The X-ray spectrum of the powders evidenced the
presence of both amorphous and crystalline fractions.
Several diffraction peaks (at 20 = 14.2, 17.1, 18.6,
21.1, 21.9, 25.7, and 28.5°) characteristics of the o
crystalline phase of polypropylene were identified
[20, 38].

In addition, very small round particles (few tens of
nanometers in size) can be observed in high magnifi-
cation FESEM images of both PA12/CF and PP pow-
ders (they are put in evidence by white arrows in Fig-
ure 1b and the inset of Figure 1d). These particles are
inorganic additives used as flow agents. In fact, dry-
coating or mixing of polymeric powders with SiO, or
carbon black nanoparticles is reported to be a valuable
method to improve powders flowability [39].

The granulometric analysis of the powders gives a
clear indication that the particle size distribution is
narrow in the case of polyamide powders (ranging
from 30 to 60 um, Figure 1e), while polypropylene
ones present a remarkably larger dimensional distri-
bution (from 20 to 115 um, Figure 1f). Moreover, it
is important to notice that PP shows a bimodal par-
ticle size distribution with a significant number of
small particles; these are usually present in cryogeni-
cally milled powders.

50

—— PA12/CF
40 1

endo up

304

20 4

Heat flow [mW]
°
1
/

Supercooling
window

80 100 120 140 160 180 200 220 240 260

a) Temperature [°C]

Table 2. True density, packing factor and Hausner ratio of
PA12/CF and PP powders.

. . | True densitym, p | Packing factor, | Hausner ratio,
Material [g/cm?] @ HR
PA12/CF 1.08+0.01 0.41 1.28 (fair)!
PP 0.89+0.01 0.35 1.29 (fair)!

IClassification according to [40].

Carbon fibers with a diameter of about 7 um and a
length distribution ranging between 20 and 310 pm
were used as reinforcement in PA12/CF powders.
The surface of the fibers is clean and rough, with
many parallel grooves distributed along their longi-
tudinal axis.

The true density, packing factor, and Hausner ratio
of both powders are reported in Table 2. The packing
factor (®) indicates the ability of the powders to oc-
cupy a specific volume, while the Hausner ratio al-
lows us to classify the powder flowability [40].
These results showed that PA12/CF powders appear
to be more suitable for SLS technology. In fact, it is
well-known that polymeric powders that present
near-spherical shape and narrow particle size distri-
bution (i.e. between 20 and 80 pm) are more effec-
tive to be processed in SLS machines [5]. The large
particle size distribution and the angular and edgy
shape of PP powders may negatively affect the pack-
ing density and processability of the material. As a
consequence, the powder bed density decreases, lead-
ing to the production of sintered components with
low part density; this, in turn, would worsen their
mechanical properties [34] (Section 3.3.2).

The DSC curves of the two powders are shown in
Figure 2. The melting and crystallization peaks and
the presence of the ‘supercooling window’ can be
observed in both curves. PA12/CF shows a wide

50
—FPP
Q
- 40_
o
g
=
7}
304
S 204
E
2
S 104
T ]
i}
T 04 ;
Supercooling
window
=10 T T T T T T T T T
20 40 60 80 100 120 140 160 180 200
b) Temperature [°C]

Figure 2. This DSC curves of (a) PA12/CF and (b) PP powders. The extent of ‘the supercooling window’ is underlined in

the figure.
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temperature range between the onset of melting and
the onset of crystallization events. Moreover, sharp
and well-defined melting and crystallization peaks
with a high enthalpy of fusion are clearly visible (Fig-
ure 2a); they are related to the high crystalline frac-
tion and crystallite perfection of raw powders [5]. In
comparison, PP shows a relatively smaller supercool-
ing window with a broad melting peak (Figure 2b).
A sharp crystallization peak with a high crystalliza-
tion enthalpy is clearly observed, leading to a strong
tendency to shrinkage during cooling. These charac-
teristics were reported to be the reason why poly-
propylene is more challenging to be processed by
SLS than polyamide-based materials [19].

The melting behavior of PP powder also indicates that
the requirement of thermal energy is reduced with re-
spect to PA12/CF, although the advantage of lasers
(that is delivering a huge amount of energy in a short
time) is not exploited. Transitions temperatures and

enthalpy values of PA12/CF and PP are reported in
Table 3.

By using a modulated DSC experiment [35], the spe-
cific heat capacity was measured as a function of the
temperature. The heat capacity of the powders grad-
ually increases with temperature, while the specific
heat of molten polymers remains almost constant.
PA/12CF always displays lower values than PP. The
heat capacity at powder bed temperature and the av-
erage value of heat capacity of the liquid phase, re-
ported in Table 3, are used to determine the melting
and degradation energy, respectively (Section 3.3).
The stable sintering region (SSR) was determined
by combining the DSC and TGA curves. PA12/CF
exhibits a wider temperature interval between the
offset of melting and the onset of degradation in air
than PP (Figure 3a). Since it is generally recognized
that polymers with wide SSR are more desirable for
the LS technology [1], it can be assumed that the

Table 3. Materials properties for PA12/CF and PP powders relevant to melting and degradation energy evaluations.

Properties PA12/CF PP
Onset melting temperature T onset [°C] 174.7 120.0
Melting peak Tm [°C] 182.3 137.5
Endset melting temperature T endset [°C] 184.9 144.5
Enthalpy of melting hy [J/g] 81.41 59.45
Onset crystallization temperature T onset [°C] 153.9 103.7
Enthalpy of crystallization he [J/g] 39.2 38.7
Powder specific heat C§°Wder [J/(g'K)] 1.99 3.47
Melt specific heat et [J/(gK)] 1.81 2.01
Onset degradation temperature in air Teg [°C] 369 280
Activation energy Ex [kJ/mol] 361.1 147.3
Weight average molecular weight M, [g/mol]! 18080 7500
Supercooling window [°C] 21 16
Stable sintering region [°C] 184 136
"Molecular weight was obtained from literature data [9, 41].
SSR (PP) SSR (PA12/CF)
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Figure 3. (a) TGA curves of PA12/CF and PP showing the stable sintering region measured by combining DSC and TGA
analysis; (b) Kissinger’s plot obtained from TGA experimental data at different heating rate.
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optimization of process parameters is easier in the
case of PA12/CF.

TGA analysis was also employed to determine the
content of carbon fibers in PA12/CF powders and the
activation energy for thermo-oxidative degradation
of both materials. The content of carbon fibers
(19.2%) was obtained by subtracting the weight of
unreinforced PA12 carbonaceous residue from the
weight of the residue of PA12/CF after TGA exper-
iments performed in an argon atmosphere. Activa-
tion energy values of 362.8 kJ/mol (with a correlation
coefficient of 0.963) and 147.3 kJ/mol. (correlation
coefficient of 0.962) were calculated for PA12/CF
and PP, respectively, using the Kissinger method
(Figure 3b).

The thermal properties that are significant for melt-
ing and degradation energy evaluations are summa-
rized in Table 3. The molecular weight of PA12 and
PP was assessed according to data found in the liter-
ature [9, 41]. The packing factor and true density of
powders were already reported in Table 2, while pow-
der bed temperature was determined experimentally,
as described in Section 3.2.

3.2. Powder bed temperature

It is generally recognized that in SLS processing of
semicrystalline polymers, the power bed temperature
(T) should be set in-between the melting and crys-
tallization onsets. The differential scanning calorime-
try curves (Figure 2) showed that this temperature
range is slightly different for the materials under in-
vestigation (21 °C for PA12/CF and 16 °C for PP). Ob-
viously, the powder bed should be pre-heated up to a
temperature that is lower than the melting onset. This
is required to avoid that polymer powders start melt-
ing outside the areas that are exposed to the laser
beam, leading to powder bed caking. On the other
hand, T} should be kept close to the melting point
because the crystallization of the polymer is slow
enough to avoid the build-up of thermal stresses dur-
ing the sintering process, and thus part curling.
Trial and error experiments were carried out to iden-
tify the value of 7j. Several 1 mm thick hexagonal
sheets were sintered pre-heating the powder bed at
different temperatures, starting 10 °C below the melt-
ing onset. The temperature was gradually increased
until no part deformation occurred, and the powders
can be easily spread by the recoater at once. This
procedure suggests that 73, close to the polymer melt-
ing point has to be set for both powders (170 °C for
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PA12/CF and 120°C for PP). Therefore, the defini-
tion of the supercooling window is a reliable method
for these materials.

3.3. Evaluation of energy density to determine
the stable sintering region

The temperature range of the stable sintering region
defined in Section 3.1 can be exploited to quantita-
tively determine the energy density required for the
melting and degradation of PA12/CF and PP pow-
ders (Table 4). Energy intervals of 0.046—0.410 and
0.037-0.294 J/mm? were established for successful
laser sintering of PA12/CF and PP powders, respec-
tively. In both cases, the stable sintering region is
rather large: 0.363 and 0.256 J/mm?® for PA12/CF
and PP, respectively.

3.4. Effect of energy density on mechanical
properties, microstructure and
dimensional accuracy

3.4.1. PA12/CF

Figure 4 shows the variation of tensile strength, poros-

ity, and dimensional accuracy (in terms of deviation

per unit length from CAD design) of sintered PA12/

CF specimens as a function of laser energy density.

The tensile strength remarkably increased by increas-

ing the laser energy density; strength values of about

50 MPa at an energy density of 0.23-0.24 J/mm? were

obtained. Mechanical properties remained nearly

Table 4. Volume energy densities required for melting and
degradation of PA12/CF and PP powders.

Energy parameters PA12/CF| PP
Energy required for melting £, [J/mm?®] | 0.046 |0.037
Energy required for degradation Egee [J/mm’®] | 0.410 |0.294
Energy range for SSR [J/mm?] | 0363 |0.256
E + Tensile strength E..
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Figure 4. Effect of laser energy density on tensile strength,
porosity and dimensional accuracy (deviation per
unit length) of PA12/CF sintered samples.
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constant or even slightly decreased when energy den-
sity was further raised. Similarly, a progressive de-
crease of porosity was observed as a function of in-
creasing laser energy input; density values approach-
ing 1.08 g/cm? of a fully dense part were reached at
energy densities above 0.23-0.24 J/mm?>. As a conse-
quence, the rather poor strength observed when the
laser energy input approaches the lower limit of the
stable sintering region is mainly due to the high poros-
ity content. Also, the elastic modulus and the elonga-
tion at failure of PA12/CF samples greatly increased
with laser energy density up to the middle part of the
stable sintering region, reaching maximum values of
3200 MPa and 4.7% respectively.

Figure 5 shows the microstructure of PA12/CF sam-
ples sintered using different values of energy densi-
ty; the variation of pore size and distribution is clear-
ly visible.

So, in principle, it would seem convenient to adopt
high energy density values to obtain almost fully
dense specimens (Figure 5c) and still prevent

e ; 7 S . ., v ‘.[ n,i‘

degradation. Unfortunately, printing accuracy wors-
ened when energy densities close to the upper limit
of the stable sintering region were used. The poor di-
mensional accuracy of these samples probably arises
from an excessive energy input: material overheating
and other processing problems such as an inhomo-
geneous temperature distribution across the powder
bed can, in fact, occur. Powder particles that are close
to the printed objects partially melt and can adhere
to their surface, leading to incorrect parts dimensions
[42]. In some cases, thermal stresses built up during
the process result in the warping of the printed ob-
jects. However, samples with limited deviation from
the expected dimensions and porosity lower than 2%
can be obtained by adopting energy density values
in the middle part of the stable sintering region.

Theoretically, energy density values are above the
lower limit of the stable sintering region. However,
samples produced using energy density values just
above this limit present a medium or high content of
residual porosity, indicating insufficient melting and

— s

Figure 5. Optical micrographs of XZ cross sections of PA12/CF parts sintered using different laser energy density values:

(2) 0.117 J/mm?, (b) 0.194 J/mm?, (c) 0.233 J/mm>.
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coalescence of the powders. Considering the tensile
strength and porosity values, a critical energy density
per unit volume of 0.23-0.24 J/mm? (5 times higher
than E,) could be identified as the minimum laser
energy input required to fully sinter this composite.
These results support previous findings on poly-
amide-based materials: both Vasquez et al. [29] and
Yuan et al. [27] found that the energy required to ef-
fectively sinter polymer powders and produce parts
with good mechanical properties is between 4 and
5 times the predicted energy to melt a layer.

Yuan et al. [27] stated that this difference is solely
attributed to an inefficient heat absorption of the
powder bed and indicated that only 22% of laser en-
ergy input is absorbed by PA12/CNTs composite
powders. However, not only the optical properties
but also the coalescence kinetics should be consid-
ered. In fact, Laumer ef al. [43] demonstrated that
PA12 powders showed an absorptance coefficient
higher than 90% at CO, laser wavelength (10.6 um).
This reveals that unfilled PA12 absorbs almost all
the laser energy supplied during the SLS process be-
cause multiple reflections and scattering of the radi-
ation between particles in the powder bed enhance
the absorption coefficient of the material. This is par-
ticularly true in carbon fillers reinforced composites
as these reinforcements typically show high IR-en-
ergy absorptance [6, 44].

Based on these considerations, the minimum energy
input required to fully melt polyamide powders is
only slightly higher than the predicted one. There-
fore, the difference between E,, and the critical en-
ergy required to obtain almost fully dense parts could
be attributed to the rheological properties and coa-
lescence kinetics of the powders, as also suggested
by other authors [5-7, 45]. In fact, it should be con-
sidered that the laser provides energy in a very short
time, and afterward, the polymer melt quickly solid-
ifies. It is very likely that the amount of time during
which the polymer remains in the molten state is not
sufficient to allow the complete coalescence of ad-
jacent powder particles; as an alternative, the viscos-
ity of the melt is too high. These issues could be
overtaken by increasing the energy delivered by the
laser beam, for example, by using lower scan speed.
In this way, the melt pool temperature increases, and
the polymer viscosity decreases. In fact, in-depth in-
vestigations [46, 47] on the effect of the variation of
this parameter showed that the rate of energy deliv-
ery influences the properties of SLS products: slower

scan speeds result in an increase of the laser-polymer
interaction time, which in turn could enhance pow-
ders coalescence and reduce the residual porosity.
X-ray diffraction analyses of specimens sintered at
selected energy density values showed that PA12/CF
parts produced by SLS have XRD patterns similar
to those of raw powders: in addition to the presence
of an amorphous phase, a peak emerging from the
broad halo, which belongs to y crystalline phase of
polyamide 12 was observed at 26 around 21°.
Moreover, DSC analyses showed that the crystalline
fraction of the polymeric matrix (about 27%) was
significantly lower than that of powdered materials
(about 49%) for all the investigated process param-
eters (Table 5). This variation can be attributed to
differences in the thermal history of the material oc-
curring between the laser sintering process and the
powder production method. In fact, SLS process en-
tails a complex heating-cooling cycle during laser
exposure followed by slow cooling from the powder
bed temperature [48]; on the other hand, during the
production of the powder, polymerization and
isothermal crystallization from solution take place
at 120°C, leading to higher melting point and en-
thalpy of fusion compared to standard polyamide
grade [31].

The microstructure of the XY cross-section of the
sample produced at 0.233 J/mm? shows that the
fibers are partially aligned in the x-direction of the
build chamber (Figure 6a). The orientation of the
fibers with respect to the recoater movement direc-
tion (x-axis) can be appreciated by examining the
angle formed between fiber and this axis by means
of image analysis. The resulting orientation distribu-
tion histogram reveals that the recoater was able to
align some fibers during the deposition of a new layer
of powder (Figure 6b).

This finding confirms the results obtained by Jansson
and Pejryd [16] on a similar carbon fiber reinforced
composite produced by SLS. The reported theory

Table 5. Diffraction peak, melting characteristics and crys-
talline fraction of raw PA12/CF powders and SLS
parts built by using various energy density values
obtained from DSC and XRD analysis.

Sample ([12%2)17 o IJ};fg] o)
Powder 21.4 182.3 81.4 48.1
SLS (Ep=0.117 J/mm3) 21.3 178.1 45.1 26.6
SLS (Ep=0.194 J/mmS) 214 177.8 454 26.8
SLS (Ep=10.233 J/mm3) 21.3 178.6 46.8 27.6
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Figure 6. (a) Optical micrographs of XY cross section of a typical PA12/CF sintered part; (b) distribution of fibers orientation
with respect to recoater movement direction (0 and 180° are parallel to the rake movement while 90° is perpendi-

cular).

explains the preferential fiber orientation along the
x-direction as a consequence of the mechanical ac-
tion of the recoater. The optical image on PA12/CF
samples (Figure 6a) supports this theory, showing
that almost no fibers are oriented in the z-direction
(that is perpendicular to the build plane). However,
experimental outcomes indicate that the degree of
fiber orientation could strictly depend on their length.
Only the fibers showing a length that is similar or
greater than the layer height are hit by the recoater and
tend to align in the x-direction. The remaining fibers
seem to maintain the random orientation of the raw
powders.

3.4.2.PP

The influence of laser energy density on tensile
strength, porosity, and dimensional accuracy of poly-
propylene parts is depicted in Figure 7. The tensile
test results showed that an increase of laser energy
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Figure 7. Effect of laser energy density on tensile strength,
porosity and dimensional accuracy (deviation per
unit length) of PP sintered samples.
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input allowed an enhancement of mechanical prop-
erties. Tensile strength and elongation at break
reached values of 22.1 MPa and 49% respectively in
the middle part of the stable sintering region (around
0.15 J/mm?). This critical value also seems appro-
priate to obtain the lowest level of porosity, although
the variation of energy density has only a limited ef-
fect on the density of PP parts (Figure 7). Porosities
with different size and morphology can be detected
from optical micrographs of YZ cross-sections of
sintered samples (Figure 8). Pores did not disappear
even at rather high energy densities. The residual
porosity (about 3%) is very likely due to the irregular
shape and the wide particle size distribution of PP
powders. These characteristics, along with the pres-
ence of small particles (<20 pm), negatively affect
powder bed density, which is directly related to parts
density [42]. Moreover, the pore morphology signif-
icantly changes: both localized voids among subse-
quent layers, indicating poor interlayer bonding, and
more uniformly distributed voids at increasing laser
energy input [15, 27] were observed.

Nonetheless, the experimental results clearly showed
that large dimensional deviations occurred when high
energy input was delivered by the laser beam. In
order to limit this geometrical inaccuracy, the energy
density should not exceed the middle part of the sta-
ble sintering region (around 0.15-0.17 J/mm?). In
addition, at high energy densities, severe warping of
the specimens was observed. This deformation makes
difficult the correct positioning of the extensometer
and gives rise to stress concentration at extensometer
knife-edges. Therefore, reliable measurement of the
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Figure 8. Optical micrographs showing the microstructure of PP parts sintered at different laser energy density values:
(2) 0.073 J/mm?, (b) 0.146 J/mm?, (c) 0.233 J/mm’. Different types of porosity are highlighted: inter-layer voids (1)

and uncompleted sintering voids (2).

elastic modulus and elongation at break was hin-
dered, and la arge dispersion of elongation values
was found.

PP parts produced by laser sintering show some mi-
crostructural differences from the raw powders. In
fact, both a and vy crystalline phases of polypropy-
lene were found in the sintered specimens. The pres-
ence of two crystalline phases was highlighted by
the diffraction peaks in XRD patterns [20, 38], as
well as by two melting peaks shown in the DCS
traces at 130 and 141 °C respectively.

It was possible to determine that about 60% of the
crystalline fraction of the sintered polymer can be
attributed to y phase by using the Equation (9):

Y
K, =+
VT H, Y H,

-100% 9
where H, and H,, are the intensities of XRD peaks at
20 = 18.6° and 20.07°, corresponding to (130), and
(117), lattice planes [20]. Moreover, the crystalline
fraction of the printed parts (about 34%) was very
close to that observed in the raw powders. The degree

Table 6. Melting characteristics, crystalline phases and contents of y phase of the raw PP powders and SLS specimens built
by using various energy densities obtained from DSC and XRD analysis.

Sample o | oy o o o IJI;;;] o4
Powder 18.3 - 0 137.5 - 594 32.7
SLS (Ep=0.073 J/mm3) 18.6 20.1 62.4 131.7 141.4 60.9 344
SLS (Ep=0.146 J/mm3) 18.6 20.0 61.3 129.9 141.0 61.6 34.8
SLS (Ep=0.233 J/mmS) 18.6 20.1 61.8 129.9 141.4 60.0 33.8

189



Lupone et al. — eXPRESS Polymer Letters Vol. 15, No.2 (2021) 177-192

of crystallinity and the proportion between o and
vy phases remain almost constant irrespectively from
the process parameters used, as reported in Table 6.

4. Conclusions

Selective laser sintering of polymer-based materials
has been attracting increasing interest in the last
years. However, the number of polymer powders
suitable for this technology is limited and remains one
of the major limitations of this process. In addition,
the strategy currently adopted for evaluating new
polymer powders and optimizing the sintering process
is based on a trial-and-error approach. This method
is highly inefficient in terms of time and cost.

A more analytical approach, offering the potential to
save time and material whilst improving part consis-
tency, entails the greatest interest. Few theoretical
methods have been reported in the literature to cor-
relate the intrinsic properties of the powders with
process parameters and part performance. In this
context, this work exploits the stable sintering region
analysis to show that the combination of different
criteria (such as mechanical properties, dimensional
accuracy, and defect content) can be used to optimize
the laser exposure parameters used in the SLS
process.

The properties of two different polymer-based pow-
ders (PA12/CF and PP, respectively) were character-
ized to identify the supercooling window and to cal-
culate the energy required for melting and degrada-
tion. The results showed that a wide laser energy
input range is applicable for laser sintering avoiding
polymer degradation. However, it was found that the
stable sintering region can be further restricted. In
fact, the best combination of part densification, me-
chanical properties, and dimensional accuracy was
achieved by using energy density values within the
middle part of this region. Samples with high poros-
ity levels and poor mechanical performance were
produced when energy density approaches the lower
limit. On the other hand, an increase of the energy
input near to the degradation limit leads to incorrect
part dimensions or even distortion before the poly-
mer starts decomposing.

Moreover, the morphology of the polymeric particles
greatly influences the mechanical properties of SLS
built parts. Powders with irregular shape and large
particle size distribution (this is the case of PP)
showed limited processability and low mechanical
performances.
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This experimental work demonstrates that an accu-
rate investigation of the stable sintering region is
useful to reduce the number of trials required to op-
timize the SLS process parameters. However, the ex-
trinsic properties of the powders (such as particle
size distribution and shape) also entail great signifi-
cance in final part performance.

To further validate the proposed approach, other ma-
terials should be tested.
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