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Abstract: Nitrile rubber composite with aligned glass fibers (GFs/NBR composites)
were prepared by direct-ink-writing (DIW) technology for application in flexible
thermal management of electronic equipment.The alignment and orientation (0°, 45°
and 90°) of glass fibers was precisely tuned by shear force field and 3D printing
direction. Furthermore, the effect of print direction on the mechanical properties,
thermal conductivity and heat dissipation performance were investigated. The tensile
strength (1.78MPa) and thermal conductivity (1.2 W m K1) of GFs/NBR composites
with a 90° orientation was improved to be 149.6% and 300% compared to the
composites with disordered orientation, respectively. The temperature of LED device
and computer’ CPU covered with GFs/NBR composites with a 90° orientation was
reduced by ca. 8.1°C and 4.1°C, respectively. The study confirmed the formation of
GFs/INBR composites with controlled alignment and orientation for various

applications.
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1. Introduction

Electronic and mobile devices are undergoing a process of miniaturization, light
weight and multi-functionalization [1]. The higher the degree of integration, the more
internal heat is generated, which is the main reason for the reduced performance and
shortened life cycle of electronic and mobile devices [2]. Therefore, the heat
dissipation materials are highly demanded in order to improve reliability and the
lifetime of electronic and mobile devices [3]. However, these thermally conductive
fillers with high heat transfer performance are difficult to be directly acted as heat
dissipation materials due to be poor adhesion, such as boron nitride (BN) [4-5],
aluminum nitride (AIN) [6], alumina (Al203) [7], silicon carbide (SiC) [8] and silicon
dioxide fiber (SiO2) [9]. To overcome above problems, these thermally conductive
fillers were generally doped into polymer matrix for application in heat dissipation
materials [10-14]. It has been reported that heat transfer performance of composites
can be easily improved by increasing content of thermally conductive fillers. However,
the content of fillers in the composites is usually limited to below 50wt% due to poor
compatibility between the matrix and fillers, leading to a decrease of mechanical
properties. Recently, it is found that the heat transfer performance of composites can
be effectively improved by tuning the alignment of anisotropic fillers [15-19].
Therefore, some methods have been developed to tune and control the alignment and
orientation of anisotropic fillers, such as Mold casting, Stereolithigraphy Apparatus
(SLA), Fused Deposition Modeling (FDM) and direct-ink-writing (DIW)
technology[20]. Among these methods, direct-ink-writing (DIW) technology is the
most promising process to tune and control the alignment of anisotropic fillers in the
polymer composites due to be suitable for more materials, in which almost any
material can be constructed to complex 3D shapes [21]. For example, Collino et al
reported the preparation of SiC fibers/epoxy composites with aligned structure by
acoustic-field-assisted DIW technology[22]. Naleway et al reported the preparation of
nickel-coated carbon fibers/photopolymer resin composites with aligned structure by
ultrasound-field-assisted DIW technology[23]. Lewis et al reported the preparation of
SIC/C-filled epoxy composites with aligned structure by shear-field-assisted DIW
technology[24-25]. Lewicki et al also reported the preparation of carbon fibers/epoxy
composites with aligned structure by shear-field-assisted DIW technology[26].
Although the DIW technology has been used to prepare the polymer composite with

aligned fibers, yet, the content of fibers in the composites is usually limited to below
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30wt%. With higher contents of fibers, clogging of 3D printing nozzle becomes
challenging.

Here, Nitrile rubber composite with aligned glass fibers were prepared by
direct-ink-writing (DIW) technology for application in flexible thermal management
of electronic equipment. A new shear-thinning gels with high content (more than
40wt%) of fibers was designed and prepared. Furthermore, the alignment and
orientation of GF in NBR composites can be facilely and precisely controlled by shear
force and printing direction of nozzle. The influence of printing direction on the
mechanical properties, thermal conductivity and heat dissipation of the GFS/NBR
composites were investigated. These results confirmed the foramtion aligned
GFs/NBR composites with high heat dissipation performance for potential
applications in sensors and flexible electronics
2. Experimental
2.1 Materials

Nitrile rubber latex (NBR, 43.5wt% of NBR content, FSDJ52) was supplied by
Lao chemical Co., Ltd. Glass fibers (GFs, length of 300-600 wm, Diameter of 10um,
E type, strength of 2502MPa, modulus of 70.2GPa) were supplied by Hangzhou
Corker composite material Co., Ltd. Oleicacid (OA) and triethanolamine (TEOA)
were purchased from Tianjin Kaitong Chemical Reagent Co., Ltd. Fumed silica (SiO2)
were purchased from Aladdin.

2.2 Preparation of graphene nanosheets

Graphene was prepared by water-exfoliated method. First, 30g KMnOs was
added into 180mL concentrated sulfuric acid in the ice bath. When the mixture cooled
down, the ice bath was removed and 30 g natural graphite was added. The system was
stirred under ambient conditions for 1 hour. Then, 30 g Na,CO3zwas added into above
mixture under mechanical stirring. Second, 420 mL H3POs was added into above
mixed system and mechanically stirred for another 5 hours. Thereafter, the products
were washed and filtered, forming bubbling expansion graphite. In a control
experiment, graphite intercalation compounds (GICs) were also prepared according
previous literature without adding Na2COsand HsPOa. Third, 30 g BEG or GIC was
added into 750 mL NaOH solution (pH=14). The mixture was sheared for 2 hours at
15,000 rpm using an FA 40 high shear dispersing emulsifier (Fluko) with a working
tool. Thereafter, the BEG-based mixture was added to sand-milling machine for 12

hours.



2.3 DIW 3D printing process of polymer composites

GF/G/NBR composite with aligned structure was prepared by the DIW 3D
printing technology as shown in Scheme 1. The shear-thinning gels (inks) were
prepared by the multiple steps, in which the formula was concluded in Table 1.
20.0g Nitrile latex and 1.0g triethanolamine were firstly mixed under mechanical
stirring. The process avoided the demulsification of NBR latex solution, resulting in
agglomeration and precipitation of NBR latex particle. Then 0.15g graphene and 0.5¢g
fumed silica were added to above mixing solution under mechanical stirring with
600rpm for 3.0min. Then, 15.0g glass fibers were added to above mixing solution
under mechanical stirring with 600rpm for 5.0min. Finally, 2.0g oleic acid was added
to above mixing solution under mechanical stirring with 600rpm for 2.0min. When
the mechanical stirring was stopped, the mixing solution immediately changed to gel.
It can effectively avoid the agglomeration and precipitation of glass fibers. The 3D
composite objects were then fabricated by 3D printing the shear-thinning gels at a
speed of 10mm/s. The printing process was carried out on desktop printer (Scheme
1A) with a new rotary-screw head with 0.6mm nozzle (Scheme 1B). Geometries were
designed by computer aided design (CAD) files. The printed composites were cured
at 145.0°C for 25.0min. In a comparison, the object without GF was prepared by 3D
printing inks. The disordered composite was prepared by molding method, in which
the composition is same with formula of inks materials (in Table 1). The inks
materials were directly added to mold and dried at room temperature for 12h. Finally,

the sample was further cured at 145.0°C for 25.0min.

Scheme 1. Optical photo of (A) present 3D printing setup and (B) nozzle based on
screw extrusion.



Table 1. formula of inks materials.

Ink Nitrile Glass Oleic Triethanola | Fumed
. . . ) . Graphene
composition | rubber latex | fibers acid mine silica
Quality (9) 20.0 15.0 2.0 1.0 0.25 0.15
Wight% 52.1% 39.1% 5.2% 2.6% 0.65% | 0.39%
Volume% 50.3% 42.7% 2.1% 1.1% 2.2% 1.6%

2.4 Characterization

Fourier transform infrared (FT-IR) spectroscopy of samples was measured by
FT-IR analyzer (FTIR-8400s) at 4000~400cm™.

The shear-thinning effect was characterized by a rheometer (MCR-302, Anton
Paar, Austria) with a 20.0mm flat plate device (1.0mm gap). Specifically, the
steady-state mode with a shear rate of 0.01-1000 s was used for viscosity
measurement. The storage modulus (G") and loss modulus (G") were measured at
anoscillation mode with an angular frequency of 10 rad/s and a shear stress ranging
from 0 t01000 Pa.

A ZEISS metallurgical microscope was used to photograph the Orientation
characteristics of the glass fibers in the extruded filaments.

The micro-structure of samples were characterized by Scanning electron
microscope (SEM, SU-8010) at 5.0kV acceleration voltage. Before characterizations,
all the samples were immersed in liquid nitrogen to form brittle sample, which could
be easily fractured by hand.

The mechanical properties of rectangular specimens (60mmx6mmx3mm) were
measured by a multifunctional testing machine (Al-7000-SGD) at room temperature.
The DLR-3 thermal conductivity meter was used to measure the thermal conductivity
of the film sample (20mmx3mm).

An anisotropic film (30mmx12mmx2mm) was prepared and placed on a
constant temperature heating table at 65.0°C to record the temperature change of the
film with infrared thermal imaging.

The temperature distribution images of the samples were taken by an infrared
imaging device (FLUKE, FLIR Systems, Inc., USA).

The heat dissipation was characterized as shown in following. A block
(12mmx5mmx4mm) acted as the base of the LED chip, and surface temperature of

the chip was detected by an infrared thermal imager. According to the position of the




electronic components in the computer chipboard, a box was 3D printed and covered
on the computer’ chip, in which the surface temperature of the chip was detected by
an infrared thermal imager.
3. Results and discussion

With the rapid development of flexible and wearable electronic and mobile
devices, flexible heat dissipation materials are highly demanded for application in
packaging or supporting materials. In this work, flexible heat dissipation materials
with controlled alignment and orientation of thermally conductive fillers are
fabricated via a 3D shear-thinning process (Fig.1). Under the action of the high-speed
shear screw, the disordered GFs/NBR ink becomes fluid by shear thinning. which can
easily flow out from the small nozzle. At the same time, GFs align and orient in the
direction of fluid flow by the shear-induced method[27]. Moreover, the GFs/NBR
fluids can immediately restore high viscoelasticity, forming filaments. As a result, the
aligned and oriented GFs can be fixed in the filaments as shown in Fig.1A. And then
the filaments were progressive deposition to form basic units to produce 3D
structures. The orientation of GFs in GFS/NBR composites can be easily controlled by
adjusting the printing direction of the nozzle (Fig.1B). Here, three composites with
different orientations of GFs (0°, 45° and 90°) were designed and fabricated. To
further demonstrate the good printability of present ink systems,a series of printing
objects based on GFS/NBR composites were fabricated by DIW technology as shown
in Fig.1C. The 2D structure (leaf, a&b) and 3D structure (octopuses, c&d) were
printed using the GFS/NBR ink. The shape and size of the printed structures were the
same as the CAD model, indicating that these inks had good structural fidelity and

high resolution.




Fig.1. (A) Schematic diagram of the precise control of alignment and orientation of

GFs in polymer composites via DIW 3D printing. (B) Schematic diagram of
GFs/NBR composites with tunable aligned and orientation structures: (a) 0°, (b) 45°,
and (c) 90°. (C) The CAD models and printed objects with various geometries, (a-b)
the leaf and (c-d) the octopuses.

The design and preparation of shear-thinning inks were key role to the DIW 3D
printing technology. Here, a shear-thinning ink based on supramolecular interaction
between oleic acid (OA) and triethanolamine (TEOA) was developed to expand the
types of printing materials (Fig.2A). As shown in Fig.2B, the absorption peaks at
1024.0cm* and 882.0cm* were observed, corresponding to vibration of C-N and C-H
of TEOA, respectively. The absorption peaks at 2922.0cm™, 2850.0cm™ and 1706.0
cm were assigned to the vibration of C-H and C-O groups of OA, respectively.
Meanwhile, these characteristic peaks of OA and TEOA were both observed in the IR
spectrum of OA/TEOA hydrogel. In a comparison, the absorption peaks (1024.0cm
and 1706.0cm™) of OA/TEOA hydrogel significantly decreased comparing to single
OA and TEOA. This result indicated the formation of the supramolecular interaction
between C-O of OA and C-N of TEOA. It was interesting that after introduction of
NBR latex, GFs and graphene (G), it still showed a stable gel for
NBR/GFs/G/IOA/TEOA composite (inset of Fig.2C). The rheological behaviors of the
composite gel were characterized to evaluate its DIW printability as shown in
Fig.2C-D. It was found that the the OA/TEOA gel and the composite gel exhibited a
viscosity (i) of ca. 1x10* mPa.s and 2x10° mPa-s at low shear rate of ~0.01 s,
respectively (Fig.2C). When the shear rate increased from 0.01 to 1,000 s, the # of
the two gels both dramatically decreased to smaller than 10> mPa-s, indicating good
shear-thinning effect. Fig.2D shows the G’ and G” of these two samples as a function
of shearing stress. It was found that the G’ of these two samples were both
significantly higher than the G". In addition, we observed a high shear yield stress (zy)

of 80.0 Pa. These results indicated the formation of gel with high stiffness, which was
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Viscosity(mPa-s)

the key role for high shape fidelity of the printed 3D structures. Furthermore, these
results also suggested that the incorporation of polymers or inorganic fillers had an
ignorable effect on the rheological behavior of OA/TTA gel, making it suitable for
DIW 3D printing. Compared to conventional DIW method, the present DIW approach
shows several advantages, such as a more versatile 3D printing process for various

materials, and a higher content of anisotropic particles in composites.
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Fig.2. (A) Schematic diagram of the structure of OA/TEOA gel. (B) IR spectra of (a)

TEOA, (b) OA and (c) OA/TEOA gel. (C) Viscosity vs. shear rate and (D) modulus vs.
shear stress curves of (a) OA/TEOA gel and (b) OA/TEOA/NBR/GF/G composite
printing ink. The inset of Fig.2C is the optical photo of OA/TEOA/NBR/GF/G
composite printing ink.

The effect of OA/TTA mass ratio on the shear-induced alignment of GFs was
also investigated. Fig.3A and 3B shows the rheological behaviors of the composite gel
with various OA/TTA mass ratios. The composite gel with higher OA/TTA mass ratio
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obviously showed larger higher viscosity and modulus. The result may be attributed
to the more cross-linking point between OA and TTA as shown in the inset in Fig.3A.
The micro-structure of GFS/NBR composite gels with various OA/TTA mass ratios
was also characterized and compared during 3D printing process by the optical
micro-photographs as shown in Fig.3C-D. It was found that the GFs were orderly
orientation and alignment in the composite gel at high OA/TTA mass ratio (3:1).
Contrarily, the GFs were disorderly distribution in the composite at low OA/TTA
mass ratio (3:2). These results confirm the shear-induced alignment of GFs during 3D
printing process, which also depends on the OA/TTA mass ratio. The result was
attributed to that the composite gel with high OA/TTA mass ratio possessed high
modulus. As well-known, the aligned GFs can be easily fixed in an composite gel
with high modulus. Therefore, the modulus of DIW printing inks should be
considered for the shear-induced alignment.
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composite gel with various OA/TTA mass ratios of (a) 3:1 and (b) 3:2. The optical
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micro-photographs of extruded filaments based on composite gel with various
OA/TTA mass ratios of (C) 3:1 and (D) 3:2. The insets in Fig. 3A are the schematic
structure of OA/TEOA in composite gels with various mass ratios.

The micro-structure of the composites prepared by different 3D printing
directions was characterized and compared by the SEM images (Fig. 4A-F). There
presented a lot of closed fibers on the surface for all samples due to be high dopping
content of GFs. Furthermore, these fibers were clearly ordered in orientation and
arrangement, and few disordered fibers were observed as shown in Fig.4A-C. The
result was difficult to be observed in previous works [28-31], in which some
disordered fibers were always observed. In addition, it was found that it clearly
showed different orientations (0°, 45° and 90°) of GFs for the composites prepared by
different 3D printing directions. Fig.4D-F shows the fractured surface SEM images of
composites prepared by different 3D printing directions (0°, 45° and 90°), respectively.
The orientation of the GFs was parallel to the fractured surface for composites
prepared by the 3D printing direction of 0° In contrast, the orientation of the GFs
was perpendicular to the fractured surface of the other two composites prepared by
the printing direction (45° and 90°). Furthermore, we found that the 3D printing
composites had very few pores due to the high solid content of the present
shear-shining ink. The micro-structure of the composites prepared by different 3D
printing directions was further characterized and compared by the optical microscopes
as shown in Fig.4H-J. The white and black picture represents the GFs and NBR
matrix, respectively. It clearly showed that the GFs were well dispersed in NBR
matrix. In addition, the orientation and alignment of fillers was consistent with
printing direction in a large scale. In all, the GFS/NBR composites with ordered
orientation and alignment of GFs were prepared by DIW 3D printing method, in
which the orientation of fillers could be easily and precisely adjusted by the printing

direction of nozzle.
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Fig. 4. SEM images of GFs/NBR composites with different printing directions of (A)
0°, (B)45° and (C)90°. SEM images of the fractured composite samples with different
alignment and orientation: (D)0°, (E)45° and (F)90°. Optical microscopes of
GFs/NBR composites with different printing directions of (H)0°, (1)45° and (J)90°.
Fig.5A shows the stress-strain curves of the composites with different printing

directions (0°, 45° and 90°). It was found that the stress of all samples increased
rapidly with the increase of strain in the first stage, and then increased moderately in
the second stage. The rapid increase of stress was mainly attributed to the strong
interaction between GFs and the NBR matrix, while the moderate increase was
attributed to the weak interaction between the NBR chains. In a control experiment,
the composite without GFs showed a pseudo-linear growth until fractured, indicating
the weak interaction between NBR chains. In addition, all 3D printing composites
with GFs exhibited higher tensile strength and smaller elongation at break compared

with composite without GFs. The enhanced tensile strength was attributed to
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reinforcing effect of GFs, which could significantly improve tensile strength of
polymer composites[32]. The small elongation at break was due to the interface
failure (poor compatibility) between the GFs and the NBR matrix. Furthermore, it was
found that the mechanical properties of the composites also strongly depended on the
printing directions. The composites with printing direction of 0° and 90° showed the
lowest and the highest tensile strength, respectively (Fig.5B). The result was
attributed to different orientations of GFs in NBR, resulting from different printing
directions. When the tensile direction is parallel to the orientation of GFs (90°), the
deformation resistance of the composites comes from the GFs. the NBR matrix and
the interaction between them, resulting in high tensile strength. In contrast, when the
tensile direction is perpendicular to the orientation of GFs (0°), the deformation
resistance mainly comes from the NBR matrix and the interaction between matrix and
fillers, leading to low tensile strength. The stress-strain curves of 3D printing
composites (90°) were further characterized as function of parallel and perpendicular

tensile force as shown in Fig.5C, and the tensile strength and elongation data were

summarized in Fig.5D. In the parallel direction, oay and & of composites were

1.85+0.1MPa and 210.3£7.4%, while in the perpendicular direction, opiand &p, of
composites were 0.75+0.1MPa and 175.2+7.0%, respectively. The anisotropic
mechanical properties of composite with printing direction of 90° further indicated the
orderly arrangement of GFs in NBR matrix. These results again confirmed the
successful preparation of polymer composites with controlled orientation, which

exhibited excellent anisotropic mechanical properties.
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Fig.5. (A)Stress-strain curves and (B)Tensile strength and elongation of (a) composite
without GFs, (b) disordered composite with GFs and composite with GFs prepared by
different printing directions of (c) 0°, (d) 45° and (e) 90°. (C)Stress-strain curves and
(D)Tensile strength and elongation of composite with GFs (90°) under along (a)
parallel and (b) perpendicular to the printing direction.

The thermal conductivity of the composites with different printing directions (0°,
45° and 90°) was also characterized and compared as shown in Fig.6A. The composite
without GFs and the disordered composite with GFs showed similar thermal
conductivity of ca. 0.4W m™*K™. The result was due to that it did not form thermally
conductive network for the two composites. In a comparison, the thermal conductivity
of the composites with different 3D printing directions of 0° 45° and 90° were all
improved to 0.9 W m? K? 1.1 W m?K? and 1.2W m™ K, respectively. The
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enhanced thermal conductivity was attributed to the formation of thermally
conductive network, resulting from the ordered orientation and alignment of GFs in
NBR matrix[17-19]. The thermal transfer performance of composites with different
printing directions was also characterized and compared by infrared thermal imaging
(Fig.6B). The thermal transfer direction of the composites was almost consistent with
the printing directions. The heat generally transfers along the thermal conductive
network[16]. These results further confirmed the formation of thermal conductive
network, effectively improving the thermal transfer performance. The surface
temperatures of the composites as a function of heating time were recorded in Fig.6C.
After placed on a hotplate for 175s, average surface temperature of 3D printing
composites with different printing directions of 0°, 45° and 90° was ca. 58.5°C, 61.0°C
and 64.5°C, respectively. In a comparison, the average surface temperature of the
disordered composite was only 36.5°C. This result further indicated that the
composites with ordered orientation of GFs were easier heat transfer comparing to
disordered composite. The enhanced thermal transfer performance of composites with
ordered structure was analyzed as shown in Fig.6D. When the direction of heat
transfer is parallel to the orientation of GFs, the heat is easily transferred between GFs.
On the contrary, when the heat transfer direction is perpendicular to the orientation of
GFs, it is difficult to transfer heat due to the heat transfer resistance between GFs and
the NBR matrix. In all, these results reveal that the 3D printing composites with
ordered orientation have good heat transfer performance for potential application in

heat dissipation and diffusion.
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time curves and (D) schematic diagram of heat transfer mechanism of (a) disordered
composite and composites different printing directions of (b) 0°, (c) 45° and (d) 90°.
Previous studies have reported that when the temperature of electronic
components rises by 2.0°C, the reliability of electronic components decreased by 10%.
For example, the lifetime of electronic components at 50.0°C is only 1/6 of that at
25.0°C. Therefore, speeding up the heat dissipation of electronic components is very

important. However, due to the inevitable gap between the surface of the electronic
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components and the heat sink, the actual contact area is only 10%. Therefore, an
flexible material with high thermal conductivity is required to fill the gap to remove
the air with low thermal conductivity and establish an effective heat conduction
channel, speeding up the heat dissipation of electronic components[33-34]. The
present ordered GFS/NBR composites have high flexibility, high elasticity, high
thermal conductivity and heat transfer rate for potential applications in heat
dissipation of electronic components. As shown in Fig.7A, the heat dissipation
performance of the 3D printing composites with different ordered orientation of GFs
was evaluated for application in the substrate of LED light. In the initial stage, all
LED lights showed a similar surface temperature of ca.38.6°C. However, as the
working time increases, the surface temperature of the LED lamp with a GFS/NBR
substrate is lower than that of the single LED lamp. The equilibrium temperature of
the LED lights was about 53.6°C, 54.3°C, 55.6°C and 61.7°C for containing with
GFs/INBR substrate with ordered GFs orientation (90°, 45° and 0°) and a blank
substrate, respectively. This result proves the excellent heat dissipation performance
of the 3D printing composite with 90° ordered GFs orientation. We then applied these
3D printing composites to the computer central processing unit to further evaluate
their heat dissipation performance as shown in Fig.7B. When the nine capacitors
reached steady state, the surface temperature is ca. 47.3°C. After being covered with a
heat dissipation box made of the 3D printing composite, the surface temperature
dropped to 43.2°C. These results indicate that the present composite with ordered
orientation of GFs can effectively transfer the heat for the heat dissipation of

electronic components.
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Fig.7. (A) (a) Optical of a LED strip with 3D printing composite substrate, the
thermal images of a LED strip with 3D printing composite substrate as function of
working time, (b) 0, (c) 1.0min and (d) 2.0min. (B) (a-b) Optical of a computer central
processing unit fixed on the customized 3D thermal dissipation substrates, the thermal
images of a computer central processing unit (c) without and (d) with fixed on the
customized 3D thermal dissipation substrates.
4. Conclusion

In this study, we developed a novel hybrid ink composed of thermally
conductive GFs and NBR matrix. Through the efficient and robust DIW 3D printing

process, flexible, thermally conductive while electrically insulating 3D structures
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were successfully prepared, in which controlled alignment and orientation of GFs was
also achieved by tuning the printing direction of the nozzle. The thermal conductivity
of the 3D printing composite with 90° oriented GFs increased from 0.4 to 1.2 W m!
K1, which was close to the thermal conductivity of single GFs (1.4 W m1K™). At the
same time, the 3D printing composites also exhibit good flexibility and elastic
properties. Equipped with the customized composite substrates, the heat dissipation
performance of LED lights and computer CPU has also been greatly improved due to
the orderly orientation of thermally conductive fillers. The work confirms the
formation of shear-induced alignment in 3D-printed nitrile rubber-reinforced glass
fiber composites for various applications.
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