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A B S T R A C T   

A multicomponent fused deposition modeling 3D printing approach was proposed to fabricate thermoplastic 
functionally gradient composite parts (TFGCPs). The thermal conductive properties of the fabricated TFGCPs 
were studied by slice and as integrate, respectively. The variation of thermal conductivity by slice versus the 
number of layer shows that the curve of PCL/AlN has a constant slope, while the one of PCL/BN first increases 
and then decreases. It is attributed to that the network of thermal conduction is constructed when the loading of 
BN particles approaches 27wt%, leading to a substantial growth in thermal conductivity. The thermal conduc
tivity of the TFGCPs as integrate lies between the one of pure PCL and homogeneous composite parts with AlN or 
BN fillers and has a relationship with the filler loading direction exhibiting thermal anisotropy. This study es
tablishes the relationship between properties and structures of thermoplastic functionally gradient composite 
parts, which helps to lay a theoretical foundation of applications as intermediate layers.   

1. Introduction 

Functionally gradient materials (FGMs) are consisted of a synergistic 
combination of different materials, which, unlike the conventional 
coating materials, can achieve a corresponding change in composition 
between the respective end members as well as properties [1]. With the 
latest advances, the FGMs presented by Japanese scholars in the late 
1980s are developing at an incredible pace in the speed and have 
compressive applications, ranging from aeronautics and biomedicine to 
mechanical engineering optics and energy area, which shows high po
tential in special application fields [2–4]. The advancements of the 
FGMs are focused on the design, the preparation, and the evaluation of 
materials, among which the design is the foundation and defines the 
composition of materials and the distribution of structure gradient ac
cording to different application scenarios. While the preparation de
termines the possibility of achievement of design and the property of 
materials, playing the crucial role in the whole process [5]. 

Additive manufacturing (AM) has unparalleled advantages in the 
speed and accuracy of printing models with complex geometries and low 
manufacturing cost, which has represented a new edge on prototyping 
process evolution and captured the world’s horizon nowadays [6–9]. 
Fused deposition modeling (FDM) invented and developed by Stratasys 
Inc. in the early 1990s is the trendiest technique among all AM tech
nologies, showing high potentials for fabricating thermoplastic parts 
with the capacity to compete with conventional processing techniques 
[10,11]. Due to the characteristic of FDM process that the feeding and 
printing proceed simultaneously, it is possible to adjust the kind and 
proportion of feedstock at any time during the printing process. Some 
scholars prepared fiber reinforced thermoplastic composites via modi
fied methodology of FDM and studied the relationship between struc
tures and properties, which further broadens the engineering 
applications of FDM [12–14]. While other scholars developed the 
functional applications of FDM by adding fillers into matrix, including 
magnetic [15], thermal conductive [11,16], and electric conductive 
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properties [17]. In the present study, the feeding system and modified 
the nozzle was designed for FDM process to prepare thermoplastic 
functionally gradient composites with thermal anisotropy. Also, the 
thermal conductive properties of the fabricated samples were studied by 
slice and as a whole and then the relationship between properties and 
structure of thermoplastic gradient composite parts was further 
explored, which established theoretical basis for further applications. 

2. Experimental section 

Three different powders were adopted, including aluminium nitride 
(AlN) with 30 μm in particle size and boron nitride (BN) with 30 and 10 
μm in particle size. For convenience, the 30 μm AlN, 30 μm BN, and 10 
μm BN was denoted by AlN-30, BN-30, and BN-10 in the following, 
respectively. To satisfy the requirements of FDM process, choosing 
polymer matrix to bond powders is very important. In that case, we 
developed the modified polycaprolactone (PCL) named Polymate based 
on Capa™ 6500 produced by Perstorp Co. to fit for FDM process, whose 
melting point was about 60 �C [18]. It has low linear heat shrinkage rate, 
so the fabricated parts have no warpage and accurate dimensional sta
bility. The materials were heated and squeezed by two channels in the 
heating chamber. When they came into merging area, the amount was 
very small. The heating temperature was set at 100 �C during printing 
process, which decreased the viscosity to a certain degree. Meanwhile, 
polymer will be shorn and squeezed by the wall when it comes out of the 
nozzle. As a result, two components can be mixed well. The Izod notched 
impact strength was tested according to ASTM D256 and implemented 
in Instron Ceast 9050. The thermal conductivity of homogeneous spec
imens was measured by transient hot-wire method, following the ISO 
22007 standard. While the one of inhomogeneous specimens was eval
uated by steady-state heat flow method, following the ASTM D5470 
standard. The SEM fractured surface micrographs were taken with 
Hitachi SU8010 FEG-SEM with an acceleration voltage of 5 kV after the 
specimens were fractured in liquid nitrogen. The additional experiment 
details have been incorporated into the Supporting Information (S1, S2, 
and S3). 

3. Results and discussion 

In order to acquire excellent thermal conductive properties for the 
materials, high content of fillers is requisite. However, there exists an 
upper limit of filler loading for printable filament for FDM 3D printing. 
As shown in Scheme S3 (see the Supporting Information), the filaments 
are squeezed by the driving gear and driven wheel and then fed into the 
heating chamber, which means that the materials need deformability 
and toughness to a certain degree. According to the shape and the size of 
fillers, it revealed that the upper limit of filler content for FDM 3D 
printing process was different, showing 70 wt% for AlN-30, 50 wt% for 
BN-30, and 40 wt% for BN-10, respectively. Fig. 1a indicates the vari
ation of notched impact strength of injection molding samples with 
different fillers following IZOD impact test. The critical value of the 
materials suitable for FDM 3D printing is around 3 MPa, which was 
acquired after hundreds of experiments. When introducing slight AlN- 
30, the notched impact strength increases slightly, peaking at 20 wt%. 
It can be attributed to that the AlN-30 particles regarded as the nucle
ating agent accelerate the crystallization process and decrease the de
gree of crystallinity of the PCL matrix [19,20]. Also, the AlN-30 particles 
are circular in shape shown in Fig. 1b and c, working similarly as rein
forcing materials, such as TiO2 [21]. However, there exhibits a different 
trend when adding BN, which is mainly due to the planar shape of BN, as 
shown in Fig. 1d and e, leading to brittleness of the composites. It can be 
seen that the notched impact strength decreases dramatically as filler 
content reaches 40 wt% under all circumstances, which coincides with 
the experimental phenomenon that the surface is coarse with granular 
sensation. It can be explained that the agglomeration is severe when the 
content of particle increases to a certain degree. There are many voids 

between matrix and particles and thus the matrix can’t bond particles 
effectively. 

As shown in Fig. 2a, the influence of filler content on thermal con
ductivity is significant, indicating that the more thermal conductive 
filler leads to the better thermal conductivity. When introducing 70 wt% 
of AlN-30 particles, the thermal conductivity reaches 1.543 W m� 1 K� 1, 
comparing to 0.233 W m� 1 K� 1 of pure PCL. This is mainly due to that 
the AlN-30 particles have ordered lattice structure with high thermal 
conductivity and replace PCL molecules in some place. While the lattice 
vibration mainly results in thermal conduction in PCL, which is hindered 
by molecular entanglement and incomplete lattice [22]. However, the 
curves for the samples with BN powders are entirely above the samples 
with AlN-30, observing 2.463 m� 1 K� 1 in thermal conductivity when 
adding 50 wt% of BN-30 powders. It is likely that the BN particles, which 
have a planar shape, allow a favorable filler packing and network for
mation, as illustrated in Fig. 2b, thus providing facile heat dissipation in 
the in-plane direction of the composites [23]. Also, the orientation of BN 
particles will occur in the extrusion process of FDM 3D printing process, 
which leads to increase in particle contact point and decrease in inter
face resistance. The IRT photography of samples with the passage of 
time could further demonstrate the difference of thermal conductivity of 
three kinds of samples vividly, as presented in Fig. 2c. 

Fig. 1. (a) The effect of filler loading on notched impact strength of injection 
molding specimens with different fillers following IZOD impact test. The weight 
percentage of BN-10 and BN-30 in the PCL/BN-10/BN-30 composites (olive 
line) is equal (i.e. 1:1). The SEM of fracture interface of samples with (b, c) AlN- 
30, (d) BN-30, and (e) BN-10. 
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Since two high-power step motors of the multicomponent FDM 3D 
printer can be respectively controlled through software, the proportion 
of two materials inside one sample can be achieved arbitrarily. The 
samples with linear variation of proportion between 0 and 100 wt% 
were prepared to investigate the tendency of thermal conductivity, as 
illustrated in Fig. 3a–c. Fig. 3d deduced from Fig. 2a indicates the 
variation of the thermal conductivity versus the number of layer, which 
reveals that the curve of AlN has a constant slope while the one of BN 
increases initially and then reduces. The derivation of the latter (the 
inset in Fig. 3d) shows a peak at nL

0 ¼ 16.2 according to the equation: 
∂λ/∂nL, where λ and nL means the thermal conductivity and the number 
of layer. It is attributed to that the network of thermal conduction is 
constructed when the loading of BN particles approaches 27 wt%, 
leading to a substantial growth in thermal conductivity. The value of 27 
wt% (marked by c0) corresponds to the content of BN particles in PCL/ 

BN-30 nanocomposites at nL
0 ¼ 16.2 (the peak of ∂λ/∂nL) and calculated 

by 

c0¼
n0

L

n
� c  

where n is the total layers of the BN gradient specimen and c is the 
content of BN particles of the FDM 3D printing filament. In this study, n 
¼ 30 and c ¼ 50 wt%. 

Although the properties of each layer of the thermoplastic func
tionally gradient composite parts (TFGCPs) by FDM 3D printing are 
various, it is meaningful to test the thermal conductive properties as a 
whole part, listed in Table 1. Different from the previous transient hot- 
wire method adopted for homogeneous parts, the steady-state heat flow 
is used to evaluate the thermal conductivity of inhomogeneous parts, 
which is more like the realistic application scenarios, because it takes 
the whole system into consideration, including heater, cooling unit, and 
specimen. As observed in Fig. 4a, the thermal conductivity of TFGCPs 
(D, E, F, and G) lies between the one of pure PCL (A) and homogeneous 
parts with AlN or BN fillers (B and C), which has been explained before. 
Also, there is an interesting phenomenon worthy of attention that the 
thermal conductivity is lower when the side of PCL/fillers in the inho
mogeneous parts contacts the cool end (D and F). However, when the 
side of PCL/fillers contacts the hot end (E and G), the thermal conduc
tivity is 1.448 W m� 1 K� 1 (E) and 2.234 W m� 1 K� 1 (G), respectively. 

Fig. 2. (a) The effect of filler content on thermal conductivity assessed by the 
transient hot-wire method. The weight percentage of BN-10 and BN-30 in the 
PCL/BN-10/BN-30 composites (green spots) is equal (i.e. 1:1), corresponding to 
Fig. 1a. (b) The SEM micrographs of cross section of printed part. (c) The IRT 
photos of homogeneous samples with the passage of time (time unit: seconds). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. The (a) sketch and photos of samples with (b) AlN-30 and (c) BN-30. (d) 
The variation trend of thermal conductivity (λ) with the number of layer (nL). 
The inset in (d) shows the differential of thermal conductivity versus number of 
layer (∂λ/∂nL) for the PCL/BN-30 composites (black line). The short dash dot 
line in the inset in (d) locate at the peak (maximum) of ∂λ/∂nL (�16.2). 
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The explanation has the relationship with the thermal resistance of 
specimens. The ordered lattice structures of AlN and BN have much 
higher efficiency than the lattice vibration that the PCL matrix relies on 
in thermal conduction. Thus the thermal resistance decreases, leading to 
less heat loss in terms of the contact of two sides with smaller difference 
in thermal conductivity. As a result, it takes less time to approach 
thermal equilibrium of the whole system in E than D or G than F. The IRT 
photos further manifest the differences in thermal conductivity of 
inhomogeneous samples, as observed in Fig. 4b. 

Based on the above investigations, both the component structure and 
property parameters of the thermoplastic FGMs show continuous 
changes, which can improve the material strength in the interface area. 
Also, both sides of the same materials have different properties or 
functions, which can achieve matching performance without failure 
under harsh service conditions. Due to the difference in expansion co
efficient between the two materials, huge thermal stress will be 

generated when used at high temperature, resulting in spalling on the 
material surfaces and failure of the materials. The thermoplastic FGMs 
can not only connect two incompatible materials to improve the bonding 
strength and reduce the residual stress that cracks different materials, 
but also can relieve the problem effectively and achieve the effect of heat 
transfer at the same time. 

4. Conclusions 

The thermoplastic functionally gradient composite parts (TFGCPs) 
were fabricated by modified multicomponent FDM 3D printing. The 
thermal conductive properties of TFGCPs were studied by slice and as a 
whole, which established the relationship between properties and 
structures of the TFGCPs. The results show that when introducing 70 wt 
% of AlN-30 (or 50 wt% of BN-30) powders, the thermal conductivity 
reaches 1.543 (or 2.463) W m� 1 K� 1, comparing to 0.233 W m� 1 K� 1 for 
the pure PCL. The variation curve of the thermal conductivity versus the 
number of layer reveals that the curve of PCL/AlN composites has a 
constant slope, while the PCL/BN has a changing slope. It was also 
discovered that the he thermal conductivity has a relationship with the 
filler loading direction. This study provides a novel approach and plays 
an instructive role to prepare TFGCPs by FDM 3D printing, which 
broadens the application as intermediate layer between two materials 
with huge difference in thermal expansion coefficient. 
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Table 1 
The type of samples by FDM 3D printing.  

Sample ID Type 

A PCL 
B PCL/AlN-30 (70 wt%) 
C PCL/BN-30 (50 wt%) 
D PCL→PCL/AlN-30 (70 wt%), from bottom to topa 

E PCL/AlN-30 (70 wt%)→PCL, from bottom to top 
F PCL→PCL/BN-30 (50 wt%), from bottom to top 
G PCL/BN-30 (50 wt%)→PCL, from bottom to top  

a The bottom and top side contacts with the hot (heat source) and cool end, 
respectively. 

Fig. 4. (a) The thermal conductivity of different FDM 3D-printed parts: Sample 
A, B, C, D, E, F, and G corresponding to Table 1 (b) The IRT photos of inho
mogeneous samples with the passage of time. 
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