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a r t i c l e i n f o

Article history:
Received 11 May 2009
Accepted 22 June 2009

Keywords:
Selective laser sintering
Microstructure
PA6/PA12 blends
* Corresponding author. þ55 48 3721 3987; fax:
E-mail address: gsalmoria@emc.ufsc.br (G.V. Sal

0142-9418/$ – see front matter � 2009 Published b
doi:10.1016/j.polymertesting.2009.06.010
a b s t r a c t

This study investigates the processing of blends of polyamide 6 (PA6) and polyamide 12
(PA12) by selective laser sintering (SLS) using a CO2 laser. Powder properties of undiluted
polymers, mixture composition, and processing parameters, as well as their influence on
the microstructure of the specimens manufactured, were evaluated. Polyamides showed
higher absorption of laser energy during the sintering of blend specimens, with subse-
quent thermal energy transfer to the melting of the polymeric phases. The structure of
parts obtained by SLS is dependent on the process parameters and the characteristics of
the powder material to be processed. The microstructures of PA6/PA12 blend specimens
were heterogeneous, with co-continuous and disperse phases depending on the quantity
of PA12. The porosity and crystallinity also changed as a function of the component
proportions. The use of polymeric blends can increase the range of structures and
properties of SLS parts.

� 2009 Published by Elsevier Ltd.
1. Introduction

The structure and properties of parts to be manufac-
tured by selective laser sintering (SLS) should be consid-
ered according to their application. The level of control over
the microstructure of SLS parts is dependent on the process
parameters, particularly the powder properties [1–6], since
these can influence other parameters. For example, particle
shape and size distribution influence the powder packing
density while the melt flow behavior and the thermal
stability define the laser power and scan speed [1,3,4].

The use of polymers in the SLS process can offer some
advantages over other materials. However, the variety of
commercial polymeric materials available for the SLS
process is restricted and this reduces the options available
during the material selection for the manufacturing of parts
[4–12]. The use of non-commercially available polymers
and mixtures of polymers can increase the range of
properties of the SLS parts [10–12].
þ55 48 3721 7315.
moria).

y Elsevier Ltd.
Previous studies have shown that immiscible blends of
PA12/HDPE offer an alternative means to obtain SLS parts
with specific multiphase structures and properties,
permitting the development of new applications [13,14].
This study investigated the powder material properties,
mixture composition and processing conditions, as well as
their influence on the microstructure of a polar blend
system of polyamide 6 and polyamide 12 processed by SLS.

2. Experimental

2.1. Materials

The polymeric powders used in this study were
commercial Polyamide 6 (PA6) MAZMID B260 (Mazzafero
Tecnopolı́meros S.A.) and polyamide PA12 (EOSINT) with
average particle sizes of 150 and 60 mm, respectively.

2.2. Selective laser sintering of specimens

The specimens (dimensions: 10� 5� 3 mm) of undi-
luted polymers and mixtures of PA6 and PA12 powders of
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Fig. 1. Infrared spectra for PA6 and PA12.
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80/20, 50/50 and 20/80 (w/w) were processed by SLS using
a 20 W RF-excited CO2 laser (wavelength: 10.6 mm; laser
beam diameter: 250 mm). The processing parameters were:
layer thickness 150 mm, laser scan speed 44 mm/s and
chamber temperature 120 �C. The laser power was 2–3 W,
according to the blend composition, as previously defined
based on the optimization of the experimental parameters.

2.3. Infrared spectroscopy, differential scanning
calorimetry and melt flow measurements

Infrared spectra of the polymers were obtained using
a 16 PC Perkin Elmer spectrophotometer, performing 20
scans at a resolution of 4 cm�1 using KBr plates, in order to
evaluate polymer absorbance at the CO2 laser wavelength.
Differential scanning calorimetry (DSC) curves were
obtained using a differential scanning calorimeter (Shi-
matzu 50) from 25 to 300 �C at a heating rate of
10 �C min�1. The average sample size was 5 mg and the
nitrogen flow-rate was 25 cm3 min�1.

The melt flow index (MFI) were determined at different
temperatures (Table 1) and moderate strain-rate using
2.16 kg of static mass in T.Q.-CEAST equipment according to
ISO 1133.

2.4. Scanning electron microscopy and X-ray diffraction

The polymer powders and specimens were inspected
using a Philips XL30 scanning electron microscope (SEM) in
order to investigate their particle aspects, microstructures
and cryogenic fracture topographies and features. The
specimens were coated with gold in a Bal-Tec Sputter
Coater SCD005.

The X-ray diffraction measurements were performed
using a Philips PW1150 vertical diffractometer. The Cu–Ka
nickel filtered radiation was detected in the range of 6–50
degrees. The results of these analyses were used to control
the microstructure of the specimens.

3. Results and discussion

Fig. 1 shows the infrared spectra of PA6 and PA12 from
6.0 to 25.0 mm. At 10.6 mm it is possible to observe an
absorption band for the polyamides corresponding to the
vibration of amide groups. The presence of absorption at
10.6 mm can be explained by the low amount of laser power
needed to process polyamides by CO2 laser. PA12 has
a lower melting temperature than PA6, as revealed by the
DSC curves (Fig. 2). The melting temperatures and
enthalpies obtained for PA6 and PA12 were 220 �C and
68 J g�1, and 178 �C and 46 J g�1, respectively.
Table 1
Melt flow index of PA6 and PA12 at different temperatures.

Temperature (�C) MFI (g/10 min)

PA6 230 23.2
260 38.3
278 45.8

PA12 200 2.38
230 17.9
260 41.8
PA6 and PA12 with average sizes of 150 and 60 mm,
respectively, had irregular particle shapes as shown in the
powder micrographs (Fig. 3a and b). With the processing
parameters used in the SLS, the PA6 specimen surface
showed a higher degree of sintering, with particles joined
by extensive co-continuous phase formations, as can be
observed in the micrographs shown in Fig. 3c and e. The
surface of pure PA12 sintered specimens (Fig. 3d and f) had
an evident neck formation mechanism and there was
a homogeneous distribution of interconnected pores with
the average size being related to the particle size and shape
of the original powder.

Fig. 4 shows the X-ray diffractograms for the PA6 and
PA12 powders and sintered specimens. Polyamides can
crystallize into more than one crystal structure with
different chain folding patterns which influence the
mechanical properties. The alpha phase (monoclinic or
triclinic) is the usual phase found for polyamides with a low
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Fig. 2. DSC curves for PA6 and PA12 powders.



Fig. 3. Micrographs for: (a) PA6 powder, (c) and (e) PA6 specimen 20� and 240�magnification, respectively, (b) PA12 powder, and (d) and (f) PA12 specimen 20�
and 240� magnification, respectively.
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number of methylene units. The gamma phase (pseudo-
hexagonal) is found in polyamides with a larger number of
methylene units due to the improved Van der Waals
interactions between methylene groups [15].

The X-ray diffractogram given in Fig. 4 shows that before
sintering the PA6 and PA12 powders gave reflection peaks at
200 and 002/202, and 100 and 010/110, respectively, at 2
theta at 20� and 23� relating to the alpha phase and 21�

relating to the gamma phase [15,16]. The PA6 sintered
specimen showed a decrease in the peaks related to the
alpha phase and an increase in the peak related to the
gamma phase. The gamma phase is not thermodynamically
stable in polyamides, being predominant under fast cooling
conditions [15–18]. The PA12 sintered specimen gave only
a reflection peak at 21� relating to the gamma phase, due to
fast thermal exchanges involved in the laser powder
sintering.

The micrographs of the specimen surfaces of the PA6/
PA12 blends in compositions of 80/20, 50/50 and 20/80
(w/w) are shown in Fig. 5. In the microstructure of the
PA6/PA12 specimen with 80/20 composition, the forma-
tion of a PA6 co-continuous phase occurred, with parti-
cles of PA12 adhered to it. The surface micrographs of the
PA6/PA12 specimen in a 50/50 composition also showed
the formation of a more porous matrix with a large
co-continuous PA6 phase and particles of PA12 adhered.

The surface micrographs of the PA6/PA12 specimen in
a 20/80 composition showed higher porosity than the
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Fig. 4. X-ray diffractograms for PA6 and PA12 powder (a) and specimens (b).

Fig. 5. Surface micrographs for PA6/PA12 specimens: (a) and (b) 80/20 w/w composition, (c) and (d) 50/50 w/w composition, and (e) and (f) 20/80 w/w
composition at 20� and 240� magnification, respectively.



Fig. 6. Cryogenic fracture micrographs of PA6/PA12 specimens: (a) and (b) 80/20 w/w composition, (c) and (d) 50/50 w/w composition, and (e) and (f) 20/80 w/w
composition at 20� and 240� magnification, respectively.
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specimen in other compositions, due to the low quantity of
co-continuous PA6 phase. The PA6 has high laser absorp-
tion and a significant melt flow compared to PA12 under
the process conditions, as suggested by the MFI values at
200 �C given in Table 1. The results obtained for the PA6/
PA12 blends are similar to those reported for PA12/HDPE
blends sintered by laser, i.e., the rheologic behavior of the
polymeric materials during the process seems to be
extremely important in terms of the blend microstructure
formation [13].

The fractured surfaces of the PA6/PA12 specimens with
compositions of 80/20, 50/50 and 20/80 (w/w) at 120� and
240� magnification are shown in Fig. 6. The 80/20 PA6/
PA12 specimen showed microstructure features indicating
the existence of PA6 coalescence, large interconnected
pores and PA12 particles dispersed in coalescent regions
(Fig. 5b). The existence of PA12 domains encapsulated in
regions of PA6 coalescence demonstrated the low interac-
tion between the PA6 and PA12 phases. The polyamides
present the same chemical function, but a different
extension of methylene groups (CH2) in each chain,
resulting in low attraction force and immiscibility in the
blend structures.

The 50/50 PA6/PA12 specimen showed low coalescence
of the PA6 phase as observed in the surface analysis (Fig. 5c
and d). However, the 20/80 PA6/PA12 specimens showed
joining of PA12 particles through neck formation and coa-
lescence, which formed a sintered PA12 matrix with pores.
This porous microstructure is formed under the moderate
viscous flow of PA12.

The DSC curves of PA6/PA12 specimens (Fig. 7) showed
melting temperature peaks related to the pure polymers



Fig. 8. X-ray diffractograms of PA6/PA12 specimens in compositions of
80/20, 50/50 and 20/80 w/w.

Fig. 7. DSC curves for PA6/PA12 specimens in compositions of 80/20, 50/50
and 20/80 w/w.
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(i.e., PA6 and PA12, 220 and 178 �C, respectively) evidencing
the immiscibility in the blends. The DSC peak areas for the
polyamides were proportional to the blend composition.

The X-ray diffractograms (Fig. 8) showed that PA6/
PA12 blend specimens (80/20, 50/50 and 20/80) give
crystalline peaks relating to the PA6 and PA12 gamma
phase of the sintered pure materials. The peak intensities
were proportional to the blend composition. The presence
of the gamma phase is due to the fast thermal exchange
involved in selective laser sintering under these conditions.

4. Conclusions

PA6/PA12 blends prepared by SLS show the formation of
semi-crystalline microstructures with co-continuous
phases and porosities which are dependent on the
composition. PA6 has a higher melt flow under the process
conditions, resulting in PA6 particle coalescence and
co-continuous phase consolidation. The results observed in
the PA6/PA12 blend sintering indicate that the rheologic
behavior of the polymeric materials during the process
seems to be extremely important in terms of the blend
microstructure formation. The X-ray diffraction analysis
showed that PA6/PA12 blends prepared by SLS give
crystalline peaks relating to the polyamide gamma phase
due to the fast thermal exchange involved in the blend
microstructure formation.

The manufacturing of blends using a selective laser
sintering process demonstrated that it is possible to
prepare PA6/PA12 blends with controlled structures
selecting the polymer powder characteristics, mainly the
melt flow behavior. The selective laser sintering of PA6/
PA12 blends can permit the development of new applica-
tions for SLS technology.
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