
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
11

:3
6:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The combination
aSino-German Joint Research Center of A

Science and Engineering, East China U

Shanghai, 200237, PR China. E-mail: wuwe
bOechsler Plastic Products (Taicang) Co., Ltd

Cite this: RSC Adv., 2021, 11, 1984

Received 18th November 2020
Accepted 23rd December 2020

DOI: 10.1039/d0ra09775f

rsc.li/rsc-advances

1984 | RSC Adv., 2021, 11, 1984–1991
of Al2O3 and BN for enhancing the
thermal conductivity of PA12 composites prepared
by selective laser sintering

Yue Yuan,a Wei Wu, *a Huanbo Hu,b Dongmei Liu,b Hui Shena and Zhengyi Wanga

A powder-based 3D printing technology, selective laser sintering (SLS), is a novel strategy of manufacturing

complex components with specially tailored properties, including mechanical properties, as well as thermal

and electrical conductivity. In this study, the effect of incorporating Al2O3 particles and BN plates on the

thermal conductivity of PA12 composites was investigated. PA12 composite powders, which can be well

applied to SLS, were prepared via a two-step approach to mixing. Morphology characteristics

demonstrated that the fillers dispersed uniformly in the PA12 matrix, as expected. With 35 wt% Al2O3 and

15 wt% BN hybrid fillers, the tensile strength had the potential to reach 25.7 MPa, while the thermal

conductivity could reach 1.05 W m�1 K�1, 275% higher than that of pure PA12. In addition, the study

investigated the effects of filler content on the thermal stability and mechanical properties whilst

analysing the melting and crystallisation behaviours of SLS components. The results demonstrate that

these composites have favourable thermal stability and exhibit no severe deterioration in mechanical

properties. The PA12 composites prepared in this work therefore illustrated vast potential in thermal

management materials.
1 Introduction

Currently, due to the rapid development of science and tech-
nology, there are increasing demands for thermal management
materials.1–3 Consequently, thermally conductive polymer
composites have attracted widespread attention due to their
excellent properties, two of which include being lightweight and
processable.4 As a result more rened, yet complicated,
methods to develop thermally conductive components,
compression and injection moulding, as well as other tradi-
tional processing technologies, have been rendered inadequate
in the production of thermally conductive polymer composites
with highly complex shapes.5 Additive manufacturing is an
emerging technology used for the production of engineering
materials.6,7 Selective laser sintering (SLS) is currently one of the
most promising 3D printing technologies, based on the basic
principle of high-temperature sintering of powder materials
under laser irradiation.8,9 When compared with traditional
manufacturing methods, SLS technology demonstrates greater
advantages in the fabrication of materials with complex shapes
and high precision.10

With excellent mechanical properties and good thermal
stability establishing it as an effective component for the 3D
dvanced Materials, School of Materials

niversity of Science and Technology,

i@ecust.edu.cn

., Suzhou 215000, PR China
printing of raw materials,11,12 polyamide 12 (PA12) is one of the
most widely utilised engineering plastics, applied to elec-
tronics and the automotive industry.13 The intrinsic thermal
conductivity of PA12 is, however, only about 0.28 W m�1 K�1,
thus cannot meet the requirements for higher thermal
conductivity in the eld of thermal management materials.
There have been several successful studies on the thermal
conductivity of PA12 composites fabricated by selective laser
sintering. For example, Yang et al.14 prepared PA12/BN
composites via the solid-state shear milling method, identi-
fying that, with 40 wt% BN loading, the thermal conductivity
could reach 0.55 W m�1 K�1. Lanzl et al.9 rst chose to
investigate the thermal conductivity of PA12 composites lled
with copper particles, which elicited little signicant change
in the thermal conductivity as a result of the increased ller
content. Yuan et al.15 used the content of 0.1, 0.5, and 1 wt%
carbon nanotubes for lling PA12, obtaining a maximum
thermal conductivity of just 0.4 W m�1 K�1 in this experiment.
In these prior studies, the improvement of PA12 composites'
thermal conductivity was not evident. On the one hand, as
selective laser sintering is a near zero-shear-rate layered
manufacturing process, the thermally conductive ller is
prone to separation by the polymer matrix, therefore making it
difficult for the ller to form an effective thermal network
during this process. On the other hand, however, a large
volume of single ller is oen required to obtain high ther-
mally conductive polymer composites. In order to ensure the
uidity of the composite powder and mechanical properties of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic diagram of SLS process and (b) the sintered
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the sintered samples, the amount of thermally conductive
ller must be controlled within a certain range. It is thus
necessary to identify an alternative approach to improve
thermal conductivity with relatively low ller content.

To improve the thermal conductivity of polymer composites
whilst reducing the ller content during traditional processing
methods, combining a range of llers with various shapes
have been noted as effective. The hybrid llers promote the
formation of more efficient heat conduction paths, compared
to those created with just a single ller. Much research has
been conducted focusing on the synergistic effect of hybrid
llers, with Mai et al.16 studying the thermal conductivity of
epoxy resins lled with a mixture of Al2O3 and BN. The results
identied that the orientation of BN plates was conducive to
the formation of higher thermally conductive pathways. Chen
et al.,17 meanwhile, utilised spherical Al2O3 to construct three-
dimensional graphene foam. Under the inuence of spherical
alumina, the graphene exhibited a synergistic effect in the
enhancement of composites' thermal conductivity. In previous
work, a novel hybrid ller, comprising of boron nitride and
copper, was successfully prepared, which was found due to the
introduction of the Cu to encourage increased rates of thermal
conductivity compared to with just a single ller.18 This
research, therefore, sought to extend the steps made in prior
studies, introducing two distinct, thermally conductive llers
into the fabrication of PA12 composites via selective laser
sintering. Due to its low cost and excellent insulation prop-
erties, Al2O3 has been widely applied to enhance the thermal
conductivity of composites.19,20 BN has a two-dimensional
lamellar structure that is similar to graphite, with a thermal
conductivity reaching as high as 300 W m�1 K�1 in the direc-
tion parallel to the crystal plane.21 The combined use of Al2O3

and BN can exert a synergistic effect on the thermal conduc-
tivity of the composites, because the BN can be used as a heat
conduction channel in the polymer matrix, while the Al2O3

particles contact the BN surface to construct more thermally
conductive networks, thereby reducing the interface thermal
resistance and effectively improving the thermal conductivity
of the composites.

In this paper, powder-based 3D printing technology was
incorporated to prepare high thermal conductivity parts in
combination with complex geometries. For the rst time, two
dissimilar thermally conductive llers were selected to prepare
PA12 composites with high thermal conductivity via selective
laser sintering, with the expectation that the bridging of BN
plates and Al2O3 particles would aid the formation of more
thermally conductive networks in the polymer matrix. The
surface morphology, thermal conductivity, and the thermal
conductivity improvement mechanism of PA12 composites were
subsequently investigated. Additionally, the crystallisation
behaviours, thermal stability, and mechanical properties of the
composites were also studied. This work demonstrates that the
introduction of hybrid llers in SLS technology is an effective
method for the manufacture of thermally conductive polymer
composites with high thermal conductivity, complex structures,
and good mechanical properties.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2 Experimental section
2.1. Materials

PA12 powder (10–100 mm, 1.03 g cm�3), adopted as the polymer
matrix of the composites, was purchased from Hunan Farsoon
High-Technology Co., Ltd. Hexagonal boron nitride (h-BN, 10–
15 mm, 2.35 g cm�3) and spherical alumina (Al2O3, 5–10 mm,
3.90 g cm�3) were both supplied by Qinhuangdao Eno High-
Tech Material Development Co., Ltd.
2.2. Preparation of PA12 composite powder

The PA12 composites were prepared via a two-step mixing
approach.

First, the dried PA12 powder was alternately mixed with
variable ratios of Al2O3 and BN using a high-speed mixer for 1 h.
Following this, the resulting mixture was thoroughly blended by
ball milling for 4 h. The SLS experiments were performed on
a HT 252P commercial SLS machine (Hunan Farsoon High-
Technology Co, Ltd.) with a continuous wave CO2 laser. The
schematic diagram of the SLS process was illustrated in
Fig. 1(a). The sintering parameters used in this study were as
follows: laser power 45–50 W; laser scan speed 7600–10 160 mm
s�1; powder layer thickness 0.1 mm; scan spacing 0.15–0.3 mm;
powder preheating temperature 170–175 �C. Specic processing
parameters of some samples were shown in Table 1. Energy
density (ED) is dened as the energy of the laser acting on per
unit area, and the calculation is as follows:

ED ¼ P

H � v
(1)

where P is the laser power, H is the scan spacing, v is the laser
scan speed. To prevent the oxidisation of the raw powder, an
atmosphere containing less than 5% oxygen was required for
the 3D printing process. The sintered samples remained in the
machine following the sintering process, until the chamber
reached below 80 �C, with the entire SLS process lasting
approximately 3 h. As illustrated in Fig. 1(b), the sintered
samples of PA12 composites were successfully prepared.
2.3. Characterization

The morphology of the powders and the fracture surface of the
sintered parts were observed by a scanning electron microscopy
(SEM, JCM-6000, Japan) with an acceleration voltage of 5 kV.
samples of PA12 composite at 45 wt% Al2O3 + 5 wt% BN loading.
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Table 1 Processing parameters used for the fabrication of PA12 composites

Parameters PA12 PA12/30Al2O3 PA12/50Al2O3 PA12/35Al2O3/15BN

Laser power (W) 45 50 50 50
Scan speed (mm s�1) 10 160 10 160 10 160 8800
Scan spacing (mm) 0.30 0.30 0.25 0.15
Layer thickness
(mm)

0.1

Bed temperature (�C) 170.5 170.5 171.0 174.0
ED (J mm�2) 0.0148 0.0164 0.0197 0.0379
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Prior to observation, each sample was frozen in liquid nitrogen,
then fractured and coated with a conductive gold layer in the
vacuum chamber. X-ray diffraction (XRD) analysis was
measured by an Ultima IV X-ray diffractometer using Cu Ka
radiation with a 2q range of 10�–80� at a scan rate of 4� per
minute. The thermal conductivity of the samples was measured
by the thermal conductivity instrument TC3000E at room
temperature. In this method, every sample was polished to
a dimension of 60 mm � 40 mm � 2 mm and tested individ-
ually ve times. Thermal gravimetric analysis (TGA) was carried
out on the TA Q50 instrument from room temperature to 750 �C
at a heating rate of 10 �C min�1 under a nitrogen atmosphere.
The melting and crystallisation behaviours of the composites
were determined by the differential scanning calorimetric
(PerkinElmer Instruments, USA). First, the samples were heated
from 25 �C to 220 �C, at a rate of 10 �C min�1 under a nitrogen
atmosphere, and held for 5 minutes to eliminate the thermal
history. These samples were subsequently cooled to 25 �C at
a rate of 10 �C min�1 to obtain the crystallisation curves. A
universal testing machine (CMT 4204) was utilised to perform
tensile tests, adhering to the GB/T1040-2006 standard, at
a cross-head rate of 10 mm min�1.
3 Results and discussion
3.1. Characterisation of PA12 composite powder

Fig. 2 shows the SEM images of BN and Al2O3 particles. With an
average size of 5–10 mm, the spherical morphology of the Al2O3

particles can be well applied to SLS. The obtained XRD pattern
of the Al2O3 particles corresponds to the XRD pattern of a-Al2O3,
Fig. 2 SEM images of (a) Al2O3, (b) BN and (c) PA12/Al2O3/BN
composite at 30 wt% Al2O3 + 20 wt% BN loading. X-ray diffraction
(XRD) curves of (d) Al2O3, (e) BN and (f) PA12/Al2O3/BN composite.

1986 | RSC Adv., 2021, 11, 1984–1991
indicating that the Al2O3 used is a-Al2O3, which has better
thermal conductivity than other crystal forms of Al2O3.22 The
results demonstrate that BN has a typical two-dimensional
layered structure with a diameter of 10–15 mm. Both surfaces
of BN and Al2O3 particles are smooth. In Fig. 2(e), where the
XRD curve of BN is visible, the characteristic peaks of BN can be
observed, with almost no other peaks identiable, which indi-
cates the purity of the BN used in the experiment.23 Fig. 2(c)
presents the morphology of the PA12 composite powders. The
PA12 powder has a relatively regular spherical shape, with
particle size ranging from 10 to 100 mm, both of which allow the
powder to have good uidity and processability, thus making it
easy for powder spreading and 3D printing.24 It can be observed
that the Al2O3 and BN are both uniformly dispersed in the PA12
matrix without agglomeration. Furthermore, the close contact
of Al2O3 and BN allows for the formation of continuous thermal
networks, essential for the improvement of thermal conduc-
tivity. It is worth noting that a few llers are embedded into the
PA12 matrix due to the strong shear force of the ball milling
equipment. This is benecial to the improvement of interface
compatibility between llers and the PA12 matrix, as well as the
dispersion of llers in the matrix. As can be identied from
Fig. 2(f), pure PA12 exhibits two diffraction peaks at 2q ¼ 20�

and 23.7�. Following the blending with llers, the emergence of
a series of diffraction peaks corresponding to the XRD pattern
of BN and Al2O3 indicates that the PA12 composite powders
were correctly and successfully prepared.
3.2. Thermal conductivity of composites

Fig. 3(a) illustrates the thermal conductivity of the sintered
PA12 composites with a single ller, where it can be noted that,
with the increase of Al2O3 loading, there is a distinct
Fig. 3 Thermal conductivity of (a) PA12/Al2O3 and (b) PA12/Al2O3/BN
composites as a function of BN content (with total filler content of
50 wt%).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of PA12/Al2O3 powder with different Al2O3

content: (a) 0 wt%, (b) 10 wt%, (c) 30 wt%, (d) 50 wt% and PA12/Al2O3/
BN powder at (e) 40 wt% Al2O3 + 10wt% BN, (f) 30 wt% Al2O3 + 20wt%
BN loading.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
11

:3
6:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
improvement in the thermal conductivity of PA12/Al2O3

composites in comparison with pure PA12. The thermal
conductivity of the sintered samples comes up to 0.58 W m�1

K�1 with 50 wt% Al2O3 loading, which is twice as high as that of
pure PA12. At a low ller content, the Al2O3 particles are sepa-
rated by the PA12 matrix, leading to low thermal conductivity.
With the increase of Al2O3 content, the Al2O3 particles were
increasingly likely to come into contact with each other to form
thermally conductive networks throughout the polymer matrix,
promoting the conduction of heat and, therefore, higher
thermal conductivity. The pressure-free nature of the laser
sintering process inevitably leads to the formation of voids in
the sintered samples during SLS processing.25 As a result, the
thermal conductivity of the compression-moulded samples is
slightly higher than that of the SLS sintered samples.

An investigation consisting of combining Al2O3 and BN was
carried out in order to further improve the thermal conductivity
and decrease the ller content. The maximum ller content was
set as 50 wt%, as adding excessive ller content will signicantly
reduce the uidity of the composite powder, which is unfav-
ourable for selective laser sintering. As illustrated in Fig. 3(b),
the thermal conductivity of PA12/Al2O3/BN composites comes
up to 1.05 W m�1 K�1 when the content of BN reaches 15 wt%,
approximately 275% higher than that of pure PA12, and 81%
higher than the PA12/Al2O3 composite with an equivalent ller
loading. Due to its graphite-like at surface and high thermal
conductivity, BN can be used as a heat conduction channel to
connect Al2O3 particles, allowing the formation of more ther-
mally conductive networks, thereby improving the thermal
conductivity. However, there is a distinct decrease in the
thermal conductivity when the loading of BN increases from
15 wt% to 20 wt%, which can be attributed to BN's tendency to
create voids and defects during the powder spreading process,
resulting from its two-dimensional layered structure, the rapid
laser irradiation process fails to thoroughly eliminate this
tendency. These many voids and defects in the PA12/Al2O3/BN
composites can potentially form considerable interface thermal
resistance and result in severe phonon scattering, thereby
reducing the thermal conductivity. In contrast, the thermal
conductivity of the compression-moulded PA12/Al2O3/BN
composites demonstrates no decline with the increase of BN
content.
Fig. 5 SEM images of cryo-fractured surface of PA12/Al2O3

composites with different Al2O3 content: (a) 0 wt%, (b) 10 wt%, (c)
30 wt%, (d) 50wt% and PA12/Al2O3/BN composites at (e) 40 wt% Al2O3

+ 10wt% BN, (f) 30 wt% Al2O3 + 20 wt% BN loading.
3.3. Morphology and thermal conduction mechanism of
composites

Fig. 4(a–d) presents the SEM images of PA12/Al2O3 powder. It
can be seen that, at a low content, Al2O3 is uniformly dispersed
in the PA12 matrix and the Al2O3 particles are separated by the
PA12matrix. The Al2O3 particles begin to connect and form heat
conduction paths with the addition of 50 wt% Al2O3. Never-
theless, large gaps remain among the Al2O3 particles, which
reduces the enhancement of thermal conductivity. It is worth
noting that pure PA12 with three-dimensional structure
disperses uniformly during the powder spreading process.
While the Al2O3 loading comes up to 50 wt%, the uniformity of
spreading powder decreases slightly due to the agglomeration
© 2021 The Author(s). Published by the Royal Society of Chemistry
of a small number of Al2O3 particles. Following the introduction
of the two-dimensional, layered BN, the spreading uniformity of
the powder decreases substantially, particularly when the
content of BN reaches 20 wt%, thus greatly reducing the PA12
composites' uidity and increasing the likelihood of voids and
defects during SLS processing. It can also be found from Fig. 4(e
and f), the alignment of the BN plates tend to occur along the
surface of Al2O3 particles, and can act as a bridge connecting the
Al2O3 particles. This arrangement increases the contact area
between BN and Al2O3, thus rendering it as conducive to the
formation of dense thermal conductive networks.

Fig. 5(a–d) presents the cryo-fractured surface of the PA12/
Al2O3 composites. It can be identied that the Al2O3 particles
maintain consistent contact with the PA12 matrix. It is difficult,
however, for Al2O3 to establish interconnected thermal
networks, leading to low thermal conductivity. Pure PA12
exhibits a relatively smooth surface, while the PA12/Al2O3

composites show a rough fractured surface with the increase of
Al2O3 loading. The toughness of the material is related to the
roughness of the cross-section, meaning that it can be predicted
that, with the increase of Al2O3 content, the crack resistance of
the composites will gradually decrease.26 As shown in Fig. 5(a),
there exist a few voids on the surface of the pure PA12 sintered
samples. When the Al2O3 loading increases to 50 wt%, the PA12
RSC Adv., 2021, 11, 1984–1991 | 1987
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Fig. 6 Schematic illustration of thermal conduction paths in (a) PA12/
Al2O3, (b) PA12/Al2O3 with higher content of Al2O3 and (c) PA12/Al2O3/
BN composites.

Fig. 7 (a) TGA and (b) DTG curves of pure PA12 and its composites.

Table 2 TGA data of pure PA12 and its compositesa

Samples T5 (�C) Tmax (�C) Residual mass (%)

PA12 399.04 438.71 1.12
PA12/10Al2O3 405.92 439.45 9.31
PA12/20Al2O3 405.78 439.73 19.32
PA12/30Al2O3 405.58 437.89 28.99
PA12/40Al2O3 409.32 443.86 35.94
PA12/50Al2O3 413.40 445.89 47.51
PA12/45Al2O3/5BN 415.11 443.52 48.89
PA12/40Al2O3/10BN 415.24 442.97 49.62
PA12/35Al2O3/15BN 415.24 444.74 49.60
PA12/30Al2O3/20BN 416.47 446.09 48.92

a T5 is dened as the temperature of 5% weight loss; Tmax is the
temperature of the maximum mass loss rate; residual mass is the
weight percentage of residue aer TGA analysis.
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powder is wholly melted by laser irradiation, forming almost no
voids. This can be attributed to the fact that Al2O3 with a smaller
particle size can ll the gaps between the PA12 matrix, and act
as a heat source to facilitate heat transfer. This could explain the
relatively high tensile strength of the sintered samples at high
Al2O3 content. Fig. 5(e and f) shows the SEM images of the cryo-
fractured surface of PA12/Al2O3/BN composites with different
BN content. From these images, it can be noted that, while BN is
predominantly arranging in a horizontal direction, there are
nevertheless some llers randomly distributed in the matrix,
which a structure conducive to the formation of thermally
conductive networks. Due to its two-dimensional layered
structure, BN can act as a bridge connecting the Al2O3 particles,
thus constructing more effective heat conduction paths.
However, when the BN loading comes up to 20 wt%, numerous
voids and defects were observed in the PA12/Al2O3/BN sintered
parts, indicating weak interfacial interaction between BN and
PA12. These voids and defects will consequently reduce the
mechanical properties of the composites, rendering them as
unsuitable for improving thermal conductivity.

Fig. 6 demonstrates the thermal conductivity improvement
mechanism for PA12 composites, whereby the akes represent
BN, the small particles represent Al2O3 and the red lines
represent possible heat conduction paths. As can be seen from
Fig. 6(a), it is difficult for Al2O3 particles to contact and form
thermal conduction paths at low content. With the increase of
Al2O3 loading, the Al2O3 particles can connect to form a limited
number of thermal conduction paths. However, the Al2O3

particles only connect via point-to-point contact, with large gaps
remaining between some Al2O3 particles, therefore resulting in
a large thermal interface resistance between the llers and the
PA12 matrix.27 Once the BN has been added to the PA12/Al2O3

composites, the llers tend to connect through point-to-surface
contact and signicantly increase the contact area of the ller/
ller interface, resulting in a decrease of the interface thermal
resistance and the formation of more effective thermally
conductive paths. It can therefore be concluded that hybrid
llers enable the formation of effective heat conduction paths,
especially when compared with PA12 composites that contain
just one thermally conductive ller.
1988 | RSC Adv., 2021, 11, 1984–1991
3.4. Thermal stability of composites

In order to study the effect of Al2O3 and BN content on the
thermal stability of the PA12 composites, pure PA12 and its
composites were heated from room temperature to 750 �C at
a heating rate of 10 �C min�1 in a nitrogen atmosphere. In
Fig. 7, which illustrates the TGA and derivative thermogravim-
etry (DTG) curves of pure PA12 and its composites, it is indi-
cated that, with the increase of ller content, the residual mass
of PA12 composites continues to grow. It is worth noting that
the addition of llers can slightly enhance the thermal stability
of the PA12 composites, and delay the thermal degradation
process compared to pure PA12. This enhancement could be
ascribed to the fact that the llers uniformly dispersed in the
PA12 matrix act as a heat-resistant layer and mass transfer
barrier, decreasing the degradation of composite materials. It
can also be identied that all samples show similar thermal
behaviour, indicating that the addition of llers will not
signicantly change the degradation mechanism of the PA12
matrix. Table 2 lists the temperature of 5% weight loss (T5) and
the maximum mass loss rate (Tmax). Obviously, the T5 and Tmax

of each sample are slightly increased compared to those of pure
PA12. This is due to the positive thermal stability of the llers,
in addition to the dense char layer formed as a result of the
interaction between the llers and the PA12 matrix during the
thermal decomposition process, thus enhancing the thermal
stability of the composites.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 DSC (a) heating and (b) cooling curves of pure PA12 and its
composites.

Table 3 DSC data of pure PA12 and its composites

Samples Tic (�C) Tim (�C) Sintering window (�C)

PA12 157.2 178.3 21.1
PA12/10Al2O3 161.8 178.9 17.1
PA12/30Al2O3 161.6 179.1 17.5
PA12/50Al2O3 161.5 178.7 17.2
PA12/40Al2O3/10BN 164.1 178.4 14.3
PA12/30Al2O3/20BN 164.7 179.3 14.6

Fig. 10 Pictures of complex sintered parts produced by PA12
composites through selective laser sintering with different filler
loading: (a) 10 wt% Al2O3, (b) 30wt% Al2O3, (c) 50 wt% Al2O3, (d) 45 wt%
Al2O3 + 5 wt% BN.
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3.5. Melting and crystallisation behaviours of composites

The SLS sintering window is dened as the temperature gap
between the initial melting temperature (Tim) and the initial
crystallisation temperature (Tic), which can be used to evaluate
the processability of polymers.28 Fig. 8 shows the differential
scanning calorimetry (DSC) curves of pure PA12 and its
composites. As can be seen from Fig. 8(a), the Tim of PA12
composites increases slightly with the increase of ller loading.
This is chiey due to the relatively strong interaction between
the llers and the matrix, which restricts the movement of the
PA12 molecular chains, thereby increasing the Tim. Addition-
ally, these powders demonstrate similar melting peaks during
the heating process, while the Tic of PA12 composites is much
higher than pure PA12, with an increased peak width evident
with the increase of ller content. This is because the ller has
the ability to act as a nucleating agent, promoting the crystal-
lisation of polymers during the process. Table 3 lists the sin-
tering window of PA12 composites. When compared with pure
PA12, the SLS sintering window of the PA12 composites is
slightly narrowed. In order to avoid distortion and curling
during the sintering process, the powder preheating tempera-
ture should be slightly higher than that of pure PA12.
Fig. 9 Tensile properties of (a) PA12/Al2O3 and (b) PA12/Al2O3/BN
(with total filler content of 50 wt%) sintered samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.6. Mechanical properties of composites

In addition to thermal conductivity, mechanical properties are
also considered an essential factor affecting the performance of
thermally conductive composites. Fig. 9 shows the tensile
strength and tensile modulus of the PA12 composites. It is
worth noting that the addition of Al2O3 particles in the PA12
matrix is benecial to enhance the mechanical properties.
When the Al2O3 loading increases to 30 wt%, the tensile
strength comes up to 38.6 � 1.9 MPa, about 15% higher than
that of pure PA12. In addition to this, the tensile modulus of the
PA12 composites continues to grow with the increase of Al2O3

content. According to the Halpin–Tsai model, the tensile
strength of the material is expected to be further improved by
adding stronger llers.29 It is therefore projected to improve the
mechanical properties of the materials with the addition of
high-strength Al2O3 particles. In the meantime, the interface
interaction between the matrix and the llers will signicantly
affect the mechanical properties. The increase in the mechan-
ical properties with the addition of Al2O3 indicates a positive
interaction between the llers and the PA12 matrix. It can be
observed from Fig. 9(b) that, the tensile strength of the PA12
composites exhibits a notable decline with the augmentation of
BN ller. In contrast, the decrease in tensile modulus is rela-
tively slight, the reason being that the interaction between BN
and the PA12 matrix is relatively weak, with the loose-packing of
BN prone to the generation of defects and voids during the 3D
printing process.

3.7. Complex sintered parts of composites

Fig. 10 demonstrates the PA12 composite parts alongside
complex shapes fabricated by SLS technology. From these, it can
be noted that they have a complete structure, absent of cracks or
voids and with high dimensional accuracy, which indicates that
SLS technology is useful in the preparation of high thermal
conductivity composite materials with complex shapes.

4 Conclusions

In this study, the PA12/Al2O3/BN mixing powder consisting of
features such as good uidity and a wide sintering temperature
range was successfully prepared. Through the two-step mixing
approach, Al2O3 and BN were dispersed uniformly in the PA12
matrix, and then the obtained powder was successfully sintered
into components with various shapes by laser irradiation. The
thermal conductivity of the prepared PA12 composites reached
RSC Adv., 2021, 11, 1984–1991 | 1989
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1.05 W m�1 K�1, with 35 wt% Al2O3 and 15 wt% BN hybrid
llers, which was nearly 4 times of pure PA12. Moreover, the
addition of Al2O3 particles and BN plates improved thermal
stability and maintained the outstanding mechanical perfor-
mance of the SLS prepared composites, displaying great
potential in thermal management materials. It is thus foresee-
able that selective laser sintering presents the opportunity for
the utilisation of a brand-new approach in the preparation of
functional parts consisting of high thermal conductivity and
complex shapes.
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