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diamond as novel reinforcing
nanofillers for polyimide with enhanced thermal,
mechanical and wear resistance performance†

Songlv Qin,ab Mingjun Cui,b Shihui Qiu,b Haichao Zhao, *b Liping Wang*b

and Afang Zhang a

In this study, to achieve a homogeneous dispersion of nanodiamond (ND) in a polyimide (PI) matrix and

a strong interfacial adhesion between ND and the PI matrix, a biomimetic nondestructive dopamine

chemistry was employed for surface modification of ND. FTIR and Raman spectroscopy studies revealed

that self-polymerization of dopamine could produce thinner polydopamine (PDA) layers on the ND

surface via spontaneous oxidation and the intermolecular cross-linking reaction of PDA molecules. The

structure and morphology of PDA–ND were studied by FTIR, SEM, and Raman spectroscopy, which

verified the p–p interactions between PDA and ND. The facile dispersion of PDA–ND in a polyamic acid

prepolymer made it possible to obtain PI/ND composites with no obvious ND aggregation. The effect of

PDA–ND nanoparticles on the thermal, mechanical and tribological properties of the resulting PI/PDA–

ND composites were evaluated, and the results showed that the incorporation of PDA–ND could

increase the hardness, tensile strength, storage modulus, as well as the wear resistance properties. PI/

PDA–ND composites prepared in this study showed that PDA–ND is a promising nanoreinforcing filler

for PI composites.
1. Introduction

Carbon-based nanomaterials (i.e., fullerene, nanodiamond,
carbon nanotubes, graphene) combine unique physical and
chemical properties, making them ideal candidates for the
fabrication of composite materials with a wide range of appli-
cations, such as energy storage, in sensors, in displays, as
catalysts, nanomedicines, gas separation and water purica-
tion.1–3 Despite numerous advances in the development of
carbon-based composites, there are still many issues to be faced
regarding the synthesis, scaled-up production, and purication
of carbon-based nanomaterials.4–6 In particular, carbonaceous
materials tend to aggregate in the polymer matrix due to their
strong p–p stacking and van der Waals interactions, which will
seriously damage the performance of nanomaterials.7,8 There-
fore, the homogeneous dispersion of carbonaceous materials
throughout the matrix without destroying its integrity and good
interfacial bonding with the polymer matrix are essential for
ing, Shanghai University, Nanchen Road
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their effective utilization in composite applications. Covalent
functionalization of carbonaceous materials is an effective
approach to increase their processability and manipulate the
interfacial properties of composites.9 Although several reactions
have been successfully developed, such as oxidation,10 Friedel–
Cras acylation,11 diazo coupling,12 the Diels–Alder reaction,13

the oxygen radical reaction,14 and alkylation,15 most of these
chemical processes rely on harsh reaction conditions, like
strong acids, oxidants, high temperature, and the exclusion of
oxygen and water. As a consequence, it is highly desirable to
develop novel synthetic routes that are very efficient, simple,
scalable and versatile for the functionalization of carbon-based
materials.

Recently, a biomimetic dopamine self-polymerization
inspired by mussel protein has been devised to modify
a variety of substrates, leading to multifunctional surfaces for
diverse applications.16 In comparison with conventional chem-
ical modication methods, mussel-inspired dopamine chem-
istry features a versatile ability for use with almost any organic
or inorganic substrates under moderate conditions, enabling its
use as a modier for nanollers to achieve strong interfacial
adhesion and good dispersion in polymeric nano-
composites.17–19 By taking advantage of the self-polymerization
of dopamine, several polydopamine (PDA)-coated carbona-
ceous composite materials with multifunctionality and high
mechanical performance have been successfully fabricated.20,21

For instance, Fei et al. prepared PDA-coated carbon nanotubes
This journal is © The Royal Society of Chemistry 2018
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of predened thickness by adjusting the reaction time,
temperature and pH. The resulting polydopamine coating could
act as a platform for further tailoring of additional functions
and electroless metal deposition.22 Cui et al. reported the
fabrication of cross-linked graphene oxide (GO) sheets using
dopamine as a crosslinker via an evaporation-induced assembly
process. The prepared articial-nacre-based composites inte-
grated high tensile strength, excellent toughness and high
electrical conductivity.23 Recently, dopamine has also been used
as both reducing agent for graphene oxide (GO) and for non-
covalent functionalization of the resulting graphene, providing
a versatile platform for further functionalization24,25 or as
a reactive component for the preparation of polymer/graphene
composites with enhanced physical properties.26–28 Although
polydopamine-modied carbonaceous materials could enhance
the mechanical properties of polymers, the tribological prop-
erties of the resulting polymer composites have rarely been
studied, particularly polyimide with a high coefficient of friction
and poor wear resistance. Given the ultra-high hardness and
wear resistance of nanodiamond, we expected that the tribo-
logical properties will be improved with the addition of
nanodiamond.

Polyimides (PIs) are known as a class of aromatic polymers
showing excellent mechanical properties, high thermal
stability, and chemical and radiation resistance, all of which are
of critical importance for their practical applications in micro-
electronics, in membranes, as bers, and in the aerospace
industry.29–31 It is of considerable interest to impart polyimide
with improved or novel properties by incorporation of carbon-
based materials like fullerene,32–34 carbon nanotubes,35,36 gra-
phene,37–40 and nanodiamond (ND).41–43

In this study, we present the preparation of carbon-based
polyimide nanocomposites using polydopamine-coated nano-
diamond (PDA–ND) as reinforcing nanollers, as shown in
Scheme 1. Self-polymerization with dopamine chemistry was
rst employed to functionalize nanodiamond, with the aim of
addressing the aggregation issue of ND and to achieve
a uniform distribution in the polyamic acid prepolymer. PI/ND
nanocomposites were then prepared by in situ poly-
condensation of 4,40-oxydianiline (ODA), pyromellitic dianhy-
dride (PMDA), and various amounts of PDA–ND in
dimethylacetamide under N2 at room temperature, followed by
thermal imidization at an elevated temperature. The dispersity
Scheme 1 Schematic illustration of in situ preparation of PI/PDA–ND co

This journal is © The Royal Society of Chemistry 2018
of ND and PDA–ND in the polyamic acid prepolymer solution
was analyzed. The structure and morphology of PDA–ND were
studied by FTIR, SEM, and Raman spectroscopy, which veried
the p–p interactions between PDA and ND. Microstructure
analyses using XRD and SEM were performed to investigate the
morphology of ND in the polyimide matrix. The thermal,
mechanical and tribological properties of PI/PDA–ND nano-
composites as a function of ND content were studied in detail.

2. Experimental section
2.1 Materials

Dopamine hydrochloride, tris(hydroxymethyl)aminomethane,
pyromelliticdianhydride (PMDA), 4,40-oxidianiline (ODA) and
dimethylacetamide (DMAc) were supplied by the Aladdin
Industrial Corporation. HCl solution was purchased from
Sinopharm chemical Reagent Co. Ltd. Nanodiamond was
provided by Beijing DK Nanotechnology Co. Ltd.

2.2 Preparation of nanodiamond with dopamine (PDA–ND)

A typical procedure for the modication of nanodiamond with
dopamine is as follows. Dopamine hydrochloride (0.8 g) was
dissolved in 400 mL of tris(hydroxymethyl)aminomethane (pH
¼ 8.5) in a 1000 mL round bottom ask. Then 2 g of nano-
diamond was added to the ask in an ultrasonic bath for 3 h.
Aer that, the mixture solution was stirred at 60 �C for 24 h.
Finally, the reaction solution was washed with plenty of
deionized water to remove the residual dopamine, centrifuged
and dried overnight. Subsequently, gray dopamine-modied
nanodiamond (PDA–ND) was obtained.

2.3 Preparation of PAA/PDA–ND suspension with various
mass fractions of PDA–ND

Various quantities of PDA–ND (0.01 g, 0.02 g, 0.03 g, 0.04 g) were
dispersed in dry DMAc (28mL). Then ODA (2.00 g, 0.01mol) was
added aer sonication of the mixtures for 1 h at room
temperature. When the ODA was completely dissolved in the
DMAc, PMDA (2.18 g, 0.01 mol) was added to the mixture
separately and stirred for 24 h at room temperature under a ow
of N2, yielding a PAA/nanodiamond hybrid suspension with
various PDA–ND loadings (0.25 wt%, 0.5 wt%, 0.75 wt%, 1 wt%).
Further increases in the PDA–ND content in the PI matrix led to
serious cracking during thermal imidation. This may be the
mposite films.

RSC Adv., 2018, 8, 3694–3704 | 3695
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reason why a high content of nanodiamond cannot achieve
a high molecular weight of PI (Fig. S1†). Pure PAA in DMAc
solution was prepared in a similar procedure without the
addition of PDA–ND.

2.4 Synthesis of polyimide/nanodiamond composite lms
by thermal imidization

PI/PDA–ND composite lms and neat PI were prepared by
solution casting and a subsequent thermal imidizationmethod.
The prepared PAA/nanodiamond suspension or neat PAA solu-
tion were cast on 2 cm � 2 cm sheet steel (Q235) and glass
substrates; then the precursor was degassed in a vacuum oven
at 100 �C for 1 h to remove excessive solvent. For the thermal
imidization reactions, the above specimens were placed in an
air circulation oven at 150, 200, 250 and 300 �C for 1 h to
evaporate all the volatiles and achieve thermal imidization. The
thickness of the PDA–ND/PI nanocomposite lms is ca. 0.13
mm.

2.5 Instruments and characterization

Intelligent Fourier infrared (FTIR) spectra of ND and PDA–ND
were obtained by a FTIR (NICOLET 6700) spectrometer. The
FTIR spectrum was recorded between 500 and 4000 cm�1. The
chemical composition of the samples was obtained by X-ray
photoelectron spectrum measurement (XPS), which was
carried out on a multi-functional spectrometer (AXIS
ULTRADLD) using Al Ka radiation. The specimens of ND and
PDA–ND were characterized by a confocal micro Raman spec-
trometer (Renishaw inVia Reex). The microstructures of ND
and PDA–ND were performed with TEM (Tecnai F20). Particle
size analysis of ND and PDA–ND was performed with dynamic
light scattering (Zetasizer Nano ZS). X-ray diffraction (XRD)
patterns were acquired by a D8 ADVANCE using Cu Ka radiation
(l¼ 0.154 nm) at an accelerating voltage of 40 kV and current of
40 mA. Atomic force micrographs (AFM) were conducted using
a commercial instrument (Dimension 3100) in the tapping
mode. The fracture morphology of the PI/PDA–ND composite
lms and the microstructure of ND and PDA–ND were observed
by scanning electron microscopy (HITACHI S4800). The worn
surface and wear debris of the PI/PDA–ND composite coatings
were observed by scanning electron microscopy (FEIQuanta
FEG250). Thermogravimetric analysis (TGA) of PI/PDA–ND
composite lms was carried out with Diamond TG/DTA under
air ow at a heating rate of 10 �C min�1.

A tensile test of the PI/PDA–ND composite lm samples was
performed on a 5567 universal material testing machine with
a test speed of about 0.5mmmin�1. At least ve specimens were
used of each sample during the test. Dynamic mechanical
analysis (DMA) was studied on a DMAQ800 analyzer. The
Vickers hardness of the PI/PDA–ND composites was tested on
a microhardness tester (HV-1000) under a load of 100 N.

The tribological properties of the samples were evaluated
using a UMT-3. The friction mode is reciprocating friction. And
the diameter of the steel ball is 3 mm. Evaluation of the tribo-
logical behavior was conducted at a 2 Hz sliding frequency
under a constant load of 3 N with a test duration of 30 min.
3696 | RSC Adv., 2018, 8, 3694–3704
Before each test, the steel balls were cleaned with acetone fol-
lowed by drying. All the tests were carried out at about 24 �C and
a relative humidity of 40–45%. The wear rate and depths of the
specimens aer the tribological test were measured using
a surface proler (D-100, KLA, Tencor).
3. Results and discussions
3.1 Preparation and characterization of the poly(amic acid)/
ND hybrid suspension

It is a challenge to steadily disperse ND in a polymer matrix to
achieve their optimal properties. Owing to its high aspect ratio
and strong interlayer van der Waals interactions, ND tends to
aggregate in organic solvents or in a polymer matrix. As shown
in Fig. 1a, pristine ND (marked as A) were partly aggregated in
DMAc, while it was obvious that PDA-functionalized ND could
be stably dispersed in DMAc solvent (marked as B), making it
possible to prepare a homogenous PAA/ND suspension via in
situ polymerization of ODA, PMDA, and various amounts of
PDA–ND (marked as C). The morphology and particle size
distribution of pristine ND and the resulting PDA-coated ND
were examined by SEM, TEM and dynamic light scattering
(DLS), respectively. Typical SEM and TEM images showed that
primary ND particles exhibited a typical irregular shape
(Fig. 1b1) and part aggregated morphology (Fig. 1b2), and the
average size of the ND was around 183.5 nm with a narrow size
distribution. No obvious aggregation in the morphology of
PDA–ND could be seen aer the dopamine treatment
(Fig. 1c1–2), and the average size of PDA–ND was measured to be
196.4 nm, implying the formation of a PDA layer on the ND
surface.

The chemical functionality of PDA–ND and the resulting
poly(amic acid)/ND suspension were characterized by FTIR,
Raman spectroscopy and XPS, respectively. Fig. 2a shows the
FTIR spectrum of pristine ND and PDA–ND particles. As shown
in Fig. 2a, the characteristic peaks of pristine ND were a broad
absorption band at 3421 cm�1 due to OH functional groups or/
and absorbed H2O, a 1771 cm�1 band due to the C]O stretch,
and a band at 1623 cm�1 due to the COOH group, suggesting
the presence of hydroxy and carbonyl species. The presence of
PDA layers on the ND surface was conrmed by intense peaks at
1778 cm�1 due to the presence of quinone groups, at 1531 cm�1

due to aromatic amines, and at 1387 cm�1 owing to the CNC
stretching modes of the indole rings of PDA. All of which sup-
ported the successful formation of PDA layers on the ND
particle surface.44

For the Raman spectrum of ND and PDA–ND shown in
Fig. 2b, pristine ND exhibits a typical crystal diamond peak at
1323 cm�1. On the other hand, there is another wider peak at
1545 cm�1, which corresponds to the sp2 structure character-
istic peak of graphite.6 It could be because some graphite was
le behind in the process of nanodiamond graphitization. It is
apparent that the sp2 structure characteristic peak of ND shied
from 1545 cm�1 to 1555 cm�1 for the PDA–ND particles, indi-
cating charge transfer interactions between ND and the
aromatic polydopamine.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Digital images of (a) ND in DMAc, PDA–ND in DMAc, PAA/PDA–ND in DMAc; SEM images of pristine ND (b1) and PDA–ND (c1); typical TEM
images of ND (b2) ND and PDA–ND (c2); size distribution of pristine ND (b3) and PDA–ND (c3).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 4

:0
5:

23
 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
XPS spectra provided additional evidence for the formation
of PDA layers on the ND surface. As shown in the wide-scan
XPS spectra of ND and PDA–ND in Fig. 3a and c, we can
observe sharp peaks corresponding to carbon and oxygen on
the ND and PDA–ND, while there is an additional weak N 1s
peak at around 397.5 eV, elucidating the existence of nitrogen
from polydopamine (Fig. 3d). The C 1s spectra of ND can be
resolved into four peaks, including the most intense peak at
284.6 eV (Fig. 3b), which expresses the peak of bulk diamond
composed of sp3 carbon and an alkyl group. And the graphitic
carbon species of sp2 carbon at 283.5, the peak of ethers at
Fig. 2 (a) FTIR spectra of ND and PDA–ND; (b) Raman spectra of ND an

This journal is © The Royal Society of Chemistry 2018
285.9 eV, and the peak of carbonyl groups at 287.6 eV agreed
well with the FTIR and Raman spectra of ND.45 Aer the
formation of PDA on the ND surface, the C/O atomic ratio
changed from 4.10 (ND) to 6.22, as can be seen in the tables in
Fig. 3a and c.

A series of characterizations proved that PDA functionalized
ND successfully. Density functional theory (DFT) was performed
to calculate the interaction between ND and PDA, and the van
der Waals forces of ND. And we found that the interaction
between ND and PDA is slightly smaller than the van der Waals
forces of ND (Fig. S2†).
d PDA–ND.

RSC Adv., 2018, 8, 3694–3704 | 3697
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Fig. 3 XPS spectra of ND and PDA–ND: (a) wide-scan spectrum of ND; (b) C 1s core-level spectrum of ND; (c) wide-scan spectrum of PDA–ND;
(d) N 1s core-level spectrum of PDA–ND.
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3.2 Preparation and characterization PI/ND nanocomposites

XRD was employed to characterize the structures of ND, PDA–
ND, pure PI and PI/PDA–ND nanocomposites. Fig. 4 shows that
the XRD pattern of ND presents two sharp diffraction peaks at
approximately 2q ¼ 44.0� and 75.4�, which indicated that the
ND particles possess a three-dimensional diamond structure.45

The interlayer spacing shows little difference between ND and
Fig. 4 X-ray diffraction patterns of ND, PDA–ND, neat PI and PI/PDA–N

3698 | RSC Adv., 2018, 8, 3694–3704
PDA–ND, while the intensity of the diffraction peak for PDA–ND
is weakened compared to that of ND, revealing that the poly-
dopamine was coated in the ND particles to further increase the
structural heterogeneity.20 To study the dispersion state of PDA–
ND in the polymer matrix, the XRD patterns were also plotted
for pure PI and PI/PDA–ND composites. The pure PI shows
a broad peak at around 2q ¼ 18.9�, revealing its amorphous
D composite films.

This journal is © The Royal Society of Chemistry 2018
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nature. Aer PDA–ND was incorporated into the PI matrix, the
XRD patterns of the PI/PDA–ND composites are almost the
same as those for pure PI. The absence of the characteristic
diffraction peak of ND may clearly demonstrate that PDA–ND is
fully dispersed in the polyimide matrix.41

Fig. 5 presents the surface morphologies of neat PI and PI/
PDA–ND nanocomposites obtained by AFM. The surface
roughness (Ra) of neat PI is 4.86 nm and the surface roughness
of polyimide/PDA–ND nanocomposites ranges from 7.28 to
14.9 nm, exhibiting a slight rise in surface roughness with the
incorporation of PDA–ND into the PI matrix. The surface
morphologies of the composite showed the highest surface
roughness with a PDA–ND loading up to 1%.40
3.3 Mechanical properties

Typical stress–strain curves of neat PI and PI/PDA–ND
composites are shown in Fig. 6a. Both the neat PI and the
nanocomposites exhibited the typical characteristics of ductile
fracture. The corresponding tensile strength, modulus, and
elongation at break are summarized in Fig. 6b. Neat PI exhibi-
ted a tensile strength of 98 MPa, and a tensile modulus of
2.2 GPa. As expected, the PI/PDA–ND composites exhibit
improved tensile strength and tensile modulus with the addi-
tion of PDA–ND. With the incorporation of a small quantity of
0.75 wt% PDA–ND, the tensile strength was signicantly
increased by 45% (142 MPa), implying more absorbed energy
and greater fracture resistibility. In addition, the tensile
modulus of PI/PDA–ND composites with 0.75 wt% PDA–ND was
Fig. 5 AFM surface morphologies of (a) neat PI, (b) 0.25% PI/PDA–ND, (

This journal is © The Royal Society of Chemistry 2018
increased to 3.5 GPa, representing the best mechanical perfor-
mance among the prepared specimens. On the other hand, we
compared the tensile property of PDA–ND/PI and PDA–GO/PI
composites. The tensile strength and the tensile modulus of
PDA–ND/PI composites are obviously higher than those of the
PDA–GO/PI composites (Fig. S3†). The strong interfacial adhe-
sion and ne dispersion of ND in the PI matrix led to efficient
load transfer from the PI matrix to PDA–ND and decreased the
stress concentration during the stretching process.46,47 And the
hydrogen bonding between PDA and polyimide improved the
compatibility between ND and the polyimide matrix (Fig. S4†).

Fig. 7a–e shows SEM images of the tensile-fractured surfaces
of neat PI and the PI/PDA–ND composite lms. The neat PI
exhibits a relatively smooth and at fracture surface, which
implies that the crack propagates rapidly and little energy is
absorbed during tensile fracture. However, the PI/PDA–ND
composite lms exhibited obvious rough and wrinkled
morphologies. Moreover, a few crack initiation points were
observed simultaneously for the nanocomposites. The much-
deformed morphology of PI/PDA–ND composites revealed the
strong interfacial adhesion and compatibility between ND and
the PI matrix.42

DMA experiments were also undertaken to investigate the
reinforcement effect of nanodiamond on the polyimide nano-
composites. Fig. 8 shows the effects of the PDA–ND mass frac-
tion on the dynamic storage modulus, E0, of polyimide. The E0

values of all the specimens were temperature dependent and
decreased gradually with an increase in temperature. The E0 of
c) 0.5% PI/PDA–ND, (d) 0.75% PI/PDA–ND, (e) 1% PI/PDA–ND.

RSC Adv., 2018, 8, 3694–3704 | 3699
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Fig. 6 Tensile properties of neat PI and PI/PDA–ND composites: (a) typical stress–strain curves of neat PI and PI/PDA–ND composites; (b)
tensile strength, tensile modulus and elongation at break of neat PI and PI/PDA–ND composites.
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neat PI at ambient temperature is 1072 MPa, while the poly-
imide/PDA–ND nanocomposites exhibited an E0 of over
1188 MPa. It is evident that the E0 value (1973 MPa) of poly-
imide/PDA–ND nanocomposites with 0.25 wt% PDA–ND was
much higher than that of neat polyimide and other composites,
indicating that the rigidity of the composites reached its
maximum. This prominent increase in E0 is due to the strong
interfacial adhesion and good dispersion of PDA–ND in the PI
matrix. However, with the increase in PDA–ND content, poly-
dopamine molecules might be incorporated into the structure
of polyimide, and increase the exibility of polyimide/PDA–ND
nanocomposites, resulting in a decrease in E0. The compiled
DMA curves of loss modulus (E00) versus temperature of neat PI
and PI/PDA–ND nanocomposites are displayed in Fig. 8b. The
E00 of polyimide/PDA–ND nanocomposites also increased with
the amount of PDA–ND. In addition, the loss modulus of PI/
PDA–ND nanocomposites displayed a maximum at around
367 �C, owing to the backbone motion of PI molecules and was
dened as a relaxation or the primary glass transition.48 This
signicant enhancement in storage modulus is indicative of
a uniform dispersion of PDA–ND in the polyimide resin,
because the PDA–ND could trap and inhibit the movement of PI
Fig. 7 SEM images of (a) neat PI, (b) 0.25% PI/PDA–ND, (c) 0.5% PI/PDA

3700 | RSC Adv., 2018, 8, 3694–3704
molecular chains and the external stress was transferred to the
much stiffer PDA–ND.49 Fig. 8c expresses the tan d peaks of the
damping spectra of polyimide and polyimide/nanodiamond
nanocomposites, corresponding to their glass transition
temperatures in the range of 385 to 397 �C. The PI/PDA–ND
nanocomposites exhibited lower Tg compared with neat PI (397
�C). The reason is probably that the additional bonding between
polydopamine and PI improved the exibility of polyimide.40,50

It is expected that the hardness of polyimide will be
increased with addition of nanodiamond due to the high
modulus of ND and the ne dispersion of ND in the polyimide
matrix. Fig. 9 shows the Vickers hardness of the PI/PDA–ND
nanocomposites with different mass fractions of PDA–ND.
When a load of 100 N was applied in the Vickers hardness test,
the hardness of neat PI was 18.44 HV. As the mass fraction of
PDA–ND was 0.25%, the hardness slightly increased by ca. 0.52
HV compared with that of pure PI. Aer that, the Vickers
hardness of the PI/PDA–ND nanocomposites increased obvi-
ously with the increase in PDA–ND. It went up to 20.89 HV at
a 1% PDA–ND load, at which point the hardness reach its
maximum. This signicant increase in hardness for PI/PDA–ND
composites can be attributed to the existence of well-dispersed
–ND, (d) 0.75% PI/PDA–ND, (e) 1% PI/PDA–ND.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 DMA results of polyimide and polyimide/nanodiamond nano-
composites as a function of nanodiamond content; (a) storage
modulus E0, (b) loss modulus E00, and (c) tan d as a function of
temperature.

Fig. 9 The hardness of neat PI and PI/PDA–ND nanocomposites with
various mass fractions of nanodiamond.
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ND and the strong interface adhesion between ND and the PI
matrix. We also compared the hardness of PDA–GO/PI and
PDA–ND/PI composites. As shown in Fig. S5,† the Vickers
hardness of a 1 wt% PI/PDA–ND composite was 20.9 HV, and
the Vickers hardness of a 1 wt% PI/PDA–GO composite was 19.9
HV. The hardness of the two composite materials was similar
due to the high modulus of GO and ND.
Fig. 10 TGA curves of polyimide and nanodiamond/polyimide
nanocomposites as a function of temperature.
3.4 Thermal properties

To study the effects of nanodiamond on the thermal stability of
polyimide, thermogravimetric (TGA) analysis was conducted
under air in the temperature range of 25 to 800 �C. The TGA
results of pure PI and PI/PDA–ND nanocomposites are shown in
Fig. 10 and Table 1. There is almost no weight loss below 400 �C
This journal is © The Royal Society of Chemistry 2018
for any of the specimens, and the onset degradation tempera-
ture (Td) of pure PI was found to be 565 �C. As a result, it can be
seen that the Td of the PI/PDA–ND nanocomposites increased
signicantly with a low PDA–ND loading (571 �C for 0.25 wt%
PDA–AD, 574 �C for 0.5 wt% PDA–AD, 573 �C for 0.75 wt% PDA–
AD, 576 �C for 1 wt% PDA–AD). PI/PDA–ND nanocomposites
exhibited higher thermal stability under air atmosphere, owing
to the incorporation of thermoduric ND nanollers.51 The
thermal stability parameters, including temperature of 50%
degradation (Td50), could also be obtained from an enlarged
drawing of the partial curves of Fig. 10; see Table 1. The thermal
decomposition temperature at Td50 slightly decreased with the
mass fractions of 0.25–1% of PDA–ND compared with that of
neat PI. It is considered that the easily decomposed carboxyl or
hydroxyl groups on ND might accelerate the degradation of PI.
Despite the slight decrease in Td50, PI/PDA–ND nanocomposites
RSC Adv., 2018, 8, 3694–3704 | 3701
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Table 1 TGA results of the polyimide/nanodiamond nanocompositesa

ND loading

TGA data

Td/�C Td50/�C

0% 565.45 � 0.25 642.72 � 1.20
0.25% 571.42 � 0.43 632.64 � 3.92
0.5% 574.25 � 0.59 633.30 � 3.30
0.75% 573.17 � 1.21 638.65 � 3.50
1% 575.67 � 0.60 641.86 � 0.30

a Td: onset degradation temperature; Td50: temperature at 50% weight
loss.
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retain superior thermal stability to satisfy their practical
applications.42

3.5 Friction and wear tests

Coefficients of friction (COF) testing was carried out under dry
conditions at a 2 Hz sliding frequency and an applied load of
3 N, and the results of COF against time as a function of ND
content are shown in Fig. 11a. It was shown that the mean COF
slightly increased and then decreased with the addition of PDA–
ND. Neat PI has a mean COF value of 0.41, while the mean COF
of the PI/PDA–ND composites was higher than that of neat PI,
ranging from 0.47 to 0.52 (Fig. 11b). The reason for the increase
in the mean COF for the PI/PDA–ND nanocomposites can be
explained on the basis of the super stiffness of nanodiamond,
and the difference in mean COF for PI/PDA–ND composites is
a combined result of the changes of PI chains with PDA and the
different contents of ND. The wear rate tests of pure PI and PI/
Fig. 11 Friction coefficients (a) and (b); wear depth (c) and wear rate (d) o
and an applied load of 3 N.

3702 | RSC Adv., 2018, 8, 3694–3704
PDA–ND nanocomposites were determined by measuring the
depth of the worn surface. Fig. 11c–d displays the variation in
wear depth and wear rate as a function of PDA–ND content. The
wear depth and wear rate sharply decreased with the incorpo-
ration of PDA–ND. In particular, the wear rate of the composite
with 0.5 wt% PDA–ND was measured to be 0.84 � 10�5 mm3

N�1 m�1, which was reduced by 76% in comparison with that of
neat PI (3.49 � 10�5 mm3 N�1 m�1). The incorporation of ND
could signicantly enhance the stiffness of the nanocomposites
and form ND transfer lms. Consequently, it could reduce the
fragmentation and distortion of the PI nanocomposites and
result in an obvious decrease in the wear depth and wear rate.40

The worn surface of pure PI and the resulting PI/PDA–ND
nanocomposites were analyzed using SEM. As shown in Fig. 12a
and e, the worn surface of neat PI showed a relatively at
morphology, displaying signs of adhesive wear.52 However, the
worn surface of the PI/PDA–ND nanocomposites containing
0.25%, 0.5% and 1% ND exhibited cataphract morphologies, as
shown in Fig. 12b–d and f–h. The typical fatigue deformations
and super rigidity characterized by the tensile and DMA tests
implied that the type of wear changed from adhesive wear to
fatigue wear.38,53 The SEM images of wear debris of neat PI and
PI/PDA–ND nanocomposites are given in Fig. 12i–l. The debris
comes from the cracked surface at the points weakened by the
adhesive force. It was observed that the wear debris of neat PI
(Fig. 12i) and its nanocomposite exhibited ake-like
morphology. However, the worn surface of the PI/PDA–ND
nanocomposite was much smoother than that of neat PI, indi-
cating that the rigid nanocomposites were more difficult to peel
off during the sliding process.
f neat PI and PI/PDA–ND nanocomposites at a 2 Hz sliding frequency

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 SEM images for the worn surface of specimens: (a) (e) neat PI, (b) (f) 0.25% PI/PDA–ND, (c) (g) 0.5% PI/PDA–ND, (d) (h) 1% PI/PDA–ND,
and for the wear debris of specimens: (i) neat PI, (j) 0.25% PI/PDA–ND, (k) 0.5% PI/PDA–ND, (l) 1% PI/PDA–ND (load: 3 N, sliding frequency: 2 Hz).
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4. Conclusions

In summary, novel PI/PDA–ND nanocomposites were prepared by
taking advantage of polydopamine chemistry to ensure the facile
dispersion of ND and the good compatibility between ND parti-
cles and the PI matrix. The successful formation of PDA layers on
the ND surface was veried by FTIR, Raman and XPS spectros-
copy. The effect of PDA–ND on the thermal, mechanical and
tribological properties of PDA–ND/PI composites were evaluated
as a function of ND load. The slight decrease in the Tg of the PI/
PDA–ND nanocomposites was probably due to the change in
exibility of the polymer chains by chemical bonding between
PDA and PI. Obvious improvements in the tensile strength and
tensile modulus were observed with incorporation of 0.25–1 wt%
of PDA–ND. In addition, the incorporation of PDA–ND could
distinctly increase the hardness, storage modulus and wear
resisting properties. Considering their superior mechanical
properties and tribological performance, the novel PI/PDA–ND
nanocomposites prepared in this study are expected to extend the
applications of PI as composites and wear resistance materials.
This journal is © The Royal Society of Chemistry 2018
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