
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/5
/2

02
5 

11
:2

9:
46

 A
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
Silica film depos
aKey Laboratory of Bio-inspired Smart Interfa

Education, Beijing, China. E-mail: yangql@
bSchool of Chemistry and Environment, Beih

Cite this: RSC Adv., 2017, 7, 54668

Received 22nd August 2017
Accepted 13th November 2017

DOI: 10.1039/c7ra09297k

rsc.li/rsc-advances

54668 | RSC Adv., 2017, 7, 54668–546
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The specific strength of lightweight cellular materials mainly depends on their structure and composition. In

this study, polymer microlattices with diamond structures were fabricated by 3D printing. Then, silica

materials with high strength were covered on the polymer microlattices using a dip-coating method, and

we obtained polymer/SiO2 microlattices, which had the properties of low density, high compressive

strength, and good thermostability. Moreover, three types of silica films with different thickness, i.e.,

10.1 mm, 18.3 mm, and 23.6 mm, were deposited on the microlattices. The compressive strength of the

polymer/SiO2 microlattices can be improved upon increasing the thickness of the silica coating. The

thermostability of the polymer can be enhanced after coating with the silica materials and was improved

more dramatically with a thicker coating. Light hollow-tube SiO2 microlattices with a density of

14.7 kg m�3 were also fabricated by calcining the polymer template at high temperatures.
Introduction

As a type of lightweight cellular material, microlattice materials
have periodicity and ordered structures and have recently
attracted signicant attention in the eld of lightweight mate-
rials. Lightweight materials have properties of good storage,1,2

excellent noise reduction,3,4 prominent absorption and shield-
ing,5 ideal permeability and adsorption,6 shape memory,7,8

effective thermal conductivity,9 and strong energy absorption,10,11

and they have a wide range of applications in aviation, aerospace,
and architecture. Existing lightweight materials can be divided
into approximately three categories according to the structure of
the materials,12 i.e., aerogels,13–15 foams,16–18 and micro-
lattices.9,19–27 When compared with that of other lightweight
cellular materials, the pore distribution of microlattice materials
is very ordered, and the greatest advantage of microlattice
materials lies in the periodicity of their structures as well as their
manual design. As a result, the strength of the materials will be
higher. By researching the structure of the lattice, we can know
that the density and mechanical performance of the lattice
depends strongly on the cell geometry including shape, size, and
structural hierarchy.28–31 Among the common topologies used to
produce structured materials, the diamond structure is preferred
for attaining material with high strength and low density due to
its special conguration, which exhibits high spatial symmetry
and strong stability to resist deformation.11,32,33

The strength of lattice materials not only depends on the
architecture but also on the constituent materials. The materials
cial Science and Technology of Ministry of
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that make up the architecture are polymers. There were three
reasons to select polymers over other materials. First, polymers
have a wide range of applications in research. Thus, we wanted to
investigate that the changes in their mechanical properties and
thermal stability aer being coated using a low-cost and simple
method, to expand their applications. Second, polymers can be
calcined, and we aimed to construct a perfect hollow tube
structure to investigate its functionality to obtain materials with
a perfect combination of mechanical structure and function.
Ceramics arematerials with high strength in inorganicmaterials.
Third, the polymer materials that we used to fabricate the
architecture by 3D printing have better precision,34,35 which is
benecial for the subsequent coating process, and it is easier to
obtain a smooth coating. Silica is an important inorganic mate-
rial, which belongs to atomic crystal and possesses excellent
mechanical and thermal properties due to the diamond-like
structure formed by the Si–O covalent bonds.36 To protect the
surface of the polymeric materials and improve other properties
of the materials, a ceramic lm can be coated on the surface of
polymericmaterials to obtain new types of composite, which have
attracted signicant attention; moreover, some meaningful
research has been carried out in this regard recently.37–41 A
biomimetic study has shown that hybrid materials consisting of
an inorganic shell and a polymer core exhibit higher mechanical
performance than the individual constituent materials. There-
fore, by fabricating polymer/ceramic composites, the materials
can signicantly improve their mechanical properties.25,42–46

Surface coating technology is an important way to modify the
surface of materials, which plays an important role in
improving material usability, expanding the scope of a material
and realizing the functional combination of materials. There
are many ways, such as electroless plating,1,5,22,24,26,29,47
This journal is © The Royal Society of Chemistry 2017
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electroplating,1,5,47 atomic layer deposition,23,48 plasma vapor
deposition,25 and dip-coating,27 to deposit lms on microlattice
materials. As a kind of mature technology with low cost, the dip-
coating method can be used to produce high quality lms over
large areas, and thus, it was chosen as the preferred coating
method in this study. Based on previous studies,12,25,26 in this
study, silica lms were deposited on the surface of diamond-
structured polymer microlattices via a dip-coating method,
and the resulting lightweight diamond-structured microlattice
polymer/silica thin lm composite materials with certain
mechanical strength and thermal stability were successfully
fabricated.

Experimental
Fabrication of the 3D polymer microlattices

3D polymer microlattices with a diamond structure were
designed using computer aided design (CAD) soware (Solid
Works v2011 sp4.0) and manufactured by 3D printing. A 3D
printer (MiiCra, Young Optics Inc) based on stereolithography
was used in this study. The stereolithography resin used in this
study was acrylate-based EX-200 resin (Yiwu Realmaker Elec-
tronic Technolgy Co. Ltd). The size of the resulting 3D micro-
lattice was approximately 3 � 2 � 1 cm3.

The process began with a photosensitive polymer resin bath.
The 3D model was rst converted into an STL le format and
digitally sliced into a sequence of 2D layers, which were pro-
jected to solidify the liquid photosensitive resin. Aer one layer
was solidied on the bottom of the tank, the object being built
was recoated with a second layer of fresh resin, and then,
solidication of the next layer began. These steps were repeated
until the whole object was fabricated.

Fabrication of the polymer/SiO2 microlattices

The polymer scaffolds were conformally coated with SiO2 layers
via dipping–withdrawing cycles under ambient conditions. The
precursor was a model glass of SiO2–Na2O (purity > 95%, Hai-
hua Co., Shandong, China) with a Na2O concentration of
29 mol% and SiO2 concentration of 71 mol%. It has been
denoted silica in the study since its main ingredient is silica.
The withdrawal speed was 10 mm min�1, and the dipping time
was 15 min. The polymers coated with SiO2 were dried at 80 �C
using an oven for 60 min in air aer each coating was nished.
The thickness of the SiO2 layers was controlled by repeating the
cycle from dipping to heat treatment. In this study, to ensure
that the densities of the microlattice materials are within the
density range of lightweight materials, we coated the material
with 1–3 layers.

Fabrication of the hollow-tube SiO2 microlattices

Hollow-tube SiO2 microlattices were obtained by calcining the
polymer/SiO2 microlattices to remove the polymer template
using a tube furnace (RT 50-250, Nabertherm, Germany). The
polymer/SiO2 microlattices were heated to 500 �C at a heating
rate of 10 �C min�1 and kept at this temperature for 120 min to
completely remove the polymer template under a nitrogen
This journal is © The Royal Society of Chemistry 2017
atmosphere. The calcination temperature depends on the
thermal decomposition temperature of the template.
Characterization and performance testing of the microlattice
materials

Environmental scanning electron microscopy (ESEM, FEI
Quanta-250 FEG) was conducted to investigate the surface
morphology and measure layer thickness of the resultant
microlattices at an acceleration voltage of 10 kV.

X-ray diffraction (XRD) (D/MAX-1200, Rigaku Denki Co. Ltd,
Japan) was used to identify the phase composition present in
the silica layer using Cu Ka radiation (l¼ 1.5406�A) at 40 kV and
30 mA in the 2q range of 10–80�.

Energy-dispersive X-ray spectrometry (EDS) was also used to
analyze the composition of the inorganic SiO2 coating of the
polymer/SiO2 microlattices.

TGA measurements were used to characterize the thermal
stability of the polymer/silica composites in terms of their
thermal degradation under a nitrogen atmosphere at a heating
rate of 10 �C min�1 and to evaluate the effect of the silica lms
on the degradation of the matrix.

Compression tests were performed using a servo-electric
INSTRONR 5565 frame with a 5 kN load cell controlled using
the Bluehill 2.0 soware. All the microlattices were tested
between the compression plates at a loading displacement rate
of 0.5 mm min�1, and the loading area was 3 � 2 cm2.

The compressive strength was determined using the initial
peak strength.

The apparent density was calculated by measuring the
weight and dimensions of the microlattices.
Results and discussion

The 3D polymer/SiO2 microlattice fabricated in this study is
illustrated in Fig. 1. The microlattice was designed using
a series of regular diamond cell connected at their vertices. Each
diamond cell was made up of four 2 mm-long and 0.6 mm
diameter struts intersecting at the angle of 109� 28' (Fig. 1a–c).
The length of a strut was determined as node-to-node distance
(L) and the diameter of a strut was dened as the average
diameter (D). The strut diameter of the polymer/SiO2 was in
accordance with that of the design (Fig. 1e). Fig. 1f shows
a coating thickness (t) of 10.1 mm. The coating was uniform, as
observed in Fig. 1e and f. Fig. 1g shows the hollow-tube SiO2

microlattice, whose density is only 14.7 kg m�3, which belongs
to ultralight class of materials and can be fully supported on
a dandelion. The average diameter of the hollow-tube SiO2 was
about 547 mm, which was lower than that of solid SiO2, and the
SiO2 lm was not as uniform as solid SiO2 due to the slight
shrinkage that occurred aer the thermal treatment. The
thickness was unchanged for the hollow-tube SiO2 microlattice
when compared with that of the solid SiO2 microlattice (Fig. 1i).

The XRD patterns show that all the samples exhibit the same
peak at around 24�, which corresponds to amorphous silica,
indicating that the main constituent of the coating layers is
amorphous SiO2 (Fig. 2a).49 EDS shows that the layer
RSC Adv., 2017, 7, 54668–54673 | 54669
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Fig. 1 The architecture of the polymer/SiO2 microlattices: (a–e) CAD
images of the diamond structure design: (a) the diamond-structured
microlattice; (b) a magnified section of (a); (c) the unit cell; (d) a digital
image of the 3D printed polymer microlattice coated with SiO2 via dip-
coating; and (e) an SEM image of a strut in (d). (f) An SEM image of the
layer thickness of a strut in (d). (g) A digital image of the hollow-tube
SiO2 microlattice (r ¼ 14.7 kg m�3) supported on a dandelion. (h) An
SEM image of a strut of (g). (i) An SEM image of the layer thickness of
a strut in (h).

Fig. 3 The stress–strain curves obtained for the polymer, polymer/
SiO2 composites, and hollow tube silica microlattices. The magnifi-
cation curve obtained for the hollow tube silica microlattice is in the
top right corner.
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composition is 71% SiO2 and 29% Na2O (Fig. 2b). A small
amount of the element C present in the EDS (Fig. 2b) may be
derived from the polymer core of the polymer/SiO2 micro-
lattices. The element C presented in Fig. 2c was higher than that
observed in Fig. 2b, which might be derived from the calcined
products of the polymer template.

The stress–strain curves of the pure polymer, polymer/silica
composites, and hollow-tube silica microlattice material are
shown in Fig. 3. It can be seen that the compression strength of
the pure polymer microlattice is 205 kPa, and the compression
stress of the polymer/silica composites with different coating
thicknesses of silica lm (10.1 mm, 18.3 mm, and 23.6 mm) is
Fig. 2 (a) The XRD patterns obtained for SiO2 gel at 25 �C, the SiO2

coating dried at 80 �C and the SiO2 coating calcined at 500 �C. (b) The
EDS patterns of the polymer/SiO2microlattices. (c) The EDS patterns of
the hollow-tube SiO2 microlattices.

54670 | RSC Adv., 2017, 7, 54668–54673
higher than that found for the pure microlattice and far higher
than that of the hollow-tube silica microlattice material. The
compressive strengths of the coatedmicrolattices are higher than
that of the pure polymer microlattice because silica is stiffer than
EX-200 polymer and carries the bulk of the externally applied
load. The compressive strength of the polymer/SiO2 microlattices
increases signicantly upon increasing the thickness of the
coating. When the coating thickness was 10.1 mm, the maximum
compressive strength was 286 kPa, which was 1.40 times that of
the pure polymer microlattice. When the coating thickness was
18.3 m, the maximum compressive strength was 339 kPa, which
was 1.65 times that of the pure polymer microlattice. The
compressive strength of the hybrid microlattices increased to
402.6 kPa, which was 1.97 times that of the pure polymer
microlattice, when the coating thickness was 23 mm. In addition,
it was demonstrated that the mechanical properties of the
microlattices could be signicantly enhanced at a lower density
by introducing a SiO2 coating. The reinforcementmechanism can
be considered as the stiff SiO2 coating carrying the compressive
forces, whereas the light polymeric core serves to resist early face
cracking and improve the toughness. The compressive strength
of the hybrid structures primarily depends on the thickness of the
coating, which is the only variable factor, because the lattices
possess the same structure including geometric conguration
and elemental size. However, the strength of the polymer/SiO2

composites increases to just less than twice than that of the pure
polymer; if we optimize the related parameters, we can obtain
a higher mechanical strength. This is one of our goals in our
further research to use an ideal oxide precursor with better
mechanical properties and obtain composites with obvious
mechanical properties. Furthermore, the hierarchy has an
important effect on the strength; thus, the increased thickness of
the SiO2 coating leads to an increase in the strength of the
polymer/SiO2 microlattices.

All samples exhibit a similar mechanical response to
compression, as shown in Fig. 3, due to the chosen geometry
This journal is © The Royal Society of Chemistry 2017
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Table 1 The density and mechanical parameters of the polymer, polymer/silicon oxide composites, and hollow-tube SiO2

Samples SiO2 thickness [mm] Density [kg m�3]
Compressive
strength [kPa]

Specic compressive
strength [kPa m3 kg�1]

Polymer 0 85.5 203.8 2.384
Polymer/SiO2 10.1 103.1 285.2 2.766
Polymer/SiO2 18.3 115.09 336.5 2.924
Polymer/SiO2 23.6 122.46 403.2 3.293
Hollow-tube SiO2 10.1 14.7 0.090 0.006

Fig. 4 The TGA and DTG curves obtained for the polymer/SiO2

composites compared with the pure polymer.
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and architecture. Generally, the samples deformed elastically
over the rst 3–8% strain due to the low densities and long
slender trusses of the diamond structures, followed by a peak of
stress between 8% and 10% strain, which corresponds to
buckling of the top and bottom layers of the cells. Aer this
peak, the stress declines rapidly before it increases again. This
suggested that the structure was fully collapsed sequentially as
the unit cells buckled layer by layer. Then, the structure of the
polymer and polymer/SiO2 composites was totally destroyed,
and they just simply stacked together; thus, the stress strength
of the polymer and polymer/SiO2 composites had no discipline,
and there was no comparability between them aer their
collapse.

The compressive strength of the hollow-tube SiO2 micro-
lattice was about 90 Pa, which was far lower than that found for
the polymer/SiO2 microlattices. Therefore, the polymer/SiO2

composite microlattices exhibit better mechanical performance
Table 2 The thermal stability parameters of the pure polymer and polym

Sample

TGA results

Tonset (�C) T0.5 (�C)

Polymer 307.6 402.6
Polymer/SiO2 (10.1 mm) 332.9 411.1
Polymer/SiO2 (18.3 mm) 363.1 426.1
Polymer/SiO2 (23.6 mm) 367.1 445.8

This journal is © The Royal Society of Chemistry 2017
than the pure polymer lattice and hollow-tube SiO2 microlattice.
The parameters and apparent densities are provided in Table 1.

To investigate the thermal stability of the polymer and
polymer/SiO2 composites with different coating thicknesses of
the silica lm (10.1 mm, 18.3 mm, and 23.6 mm), TGA and DTG
were conducted. Thematerials were heated to 800 �C from room
temperature. It was obvious that all the samples degraded
between 300 �C and 550 �C. This temperature range was chosen
for analysis. The TGA and DTG curves obtained for all the
samples are shown in Fig. 4, and the corresponding TGA
parameters are given in Table 2. For the polymer/silica
composites, as shown in Fig. 4 and Table 2, the thermal
degradation temperatures, such as the initial temperature of
degradation (Tonset), the degradation temperature at 50%
weight loss (T0.5), and the degradation temperature at
maximum weight loss rate (Tmax), increase continuously and
dramatically as a function of the silica coating thickness. The
maximum improvement in Tonset, T0.5, and Tmax was 59.58 �C,
43.23 �C, and 37.72 �C, respectively. The maximum weight loss
rate (Vmax) given in Table 2 remained hardly unchanged for
polymer/SiO2 (10.1 mm) and polymer/SiO2 (18.3 mm) when
compared with the case of the pure polymer, but increased
obviously for polymer/SiO2 (23.6 mm); this might indicate that
the thermal degradation of the polymer was accelerated by the
thicker coating of SiO2. The residue at 800 �C increased from
4.53% to 29.38% and remained unchangeable above 500 �C;
this suggested that the polymer was almost completely
decomposed in the atmosphere at 500 �C and the residue was
mainly silica. In view of these results, the thermal stability of the
polymer/SiO2 composites increased, and the thermal stability
was enhanced upon increasing the thickness of the silica
coating.

In summary, we have demonstrated a feasible method for
the synthesis of lightweight diamond-structured microlattice
polymer/silica thin lm composite materials by combining the
er/SiO2 composites

Tmax (�C) Vmax (% per �C)
% Residue
at 800 �C

410.1 1.59 4.5
418.6 1.54 12.8
428.6 1.58 14.8
445.8 1.91 29.4

RSC Adv., 2017, 7, 54668–54673 | 54671
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methods of 3D printing and dip-coating. With regard to the
thickness of the coating, the polymer/silica lattices exhibits
higher strength than the pure polymer lattice and hollow-tube
SiO2 lattices. The mechanical properties of the obtained
composite microlattices improved upon increasing the thickness
of the SiO2 coating. When the coating thickness was 23.6 mm, the
compressive strength of the hybrid microlattices approached
402.6 kPa, which was 1.97 times that of the pure polymer
microlattice. The corresponding density was 122.46 kg m�3, and
the specic compressive strength was 3.293 kPa m3 kg�1. This
study enables the mechanical properties of the polymer
microlattices to be improved signicantly within relativity low
densities. Moreover, the thermal stability of the polymers
increased with the silica coating, and the thermal stability of the
polymer/silica thin lm composites enhanced with an increase
in the thickness of the SiO2 coating. When the coating thickness
was 23.6 mm, the maximum improvement for Tonset, T0.5, and
Tmax were 59.6 �C, 43.2 �C, and 37.7 �C, respectively. Hollow-
tube SiO2 microlattices were also fabricated by calcining the
polymer template at high temperatures, and the mechanical
property test was carried out. The polymer/silica composites
microlattices are expected to have a wide range of applications
in the weight reduction of space vehicles, sound insulation
materials, and so on.
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