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Abstract

Balanced stiffness and toughness is always the goal of high-performance general plastics for
engineering purposes and the interfacial crystalline structure control has been proved to be an
effective way to approach this goal. In this work, a kind of novel B-nucleating agent (B-NA) for
isotactic polypropylene (iPP), one of the most rapidly developing general plastics, was supported
onto the surface of octadecylamine functionalized graphene oxide (GO-D), and the effects of
functionalized graphene oxide (GO) on the crystallization behavior, crystalline structures and
mechanical properties of iPP composites were studied. The presence of the octadecyl chain changes
the hydrophilic GO to be hydrophobic, and further supporting of B-NA on GO-D (GO-N) does not
change its solubility in xylene. The hydrophobic nature of octadecyl chains on the GO-D and GO-N
surface leads to improved interfacial adhesion with the non-polar iPP matrix. At the same time,
GO-N exhibit high efficiency in inducing the formation of § crystals of iPP. The relative content of f3
crystals, kg, reaches a value as high as 73.6% at a loading of 0.1 wt% GO-N, resulting in a maximum

increase in impact strength by almost 100% and a simultaneous improvement of the tensile strength
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by about 30%. This work provides a potential industrializable technique for high-performance iPP

nanocomposites.

Introduction

Isotactic polypropylene (iPP), a typical polymorphic thermoplastic with several crystalline
forms including monoclinic (a), trigonal (B) and orthorhombic (y) 12 is one of the most important
and rapidly developing thermoplastic polymers due to its low cost and versatility 4 The B form iPP
(B-1PP) shows excellent toughness and thermal performance 2 and has received much attention in
scientific researches and industrial applications. However, B-iPP can only be formed under some
special conditions such as quenching the melt to a certain temperature range °, directional

7, or with the help of

crystallization in a temperature gradient field °, melt shear or elongation
selective B-nucleating agent (B-NA) 89, Among these methods, the addition of B-NA is the simplest
and the most effective to obtain a high content of B crystals. Although B-iPP shows superior
toughness and thermal performance, its yield strength and stiffness are generally much lower than
those of a form iPP (a-iPP) "*'°. To improve the stiffness of B-iPP, the combined modification of
iPP with reinforcing fillers and B-NA may be a possible path to balance the stiffness-toughness of iPP
1,16

Graphene, as an atomically thick, two-dimensional sheet composed of sp® carbon atoms

arranged in a honeycomb structure, has attracted a tremendous amount of attention due to its

fascinating properties such as super mechanical, electrical and thermal properties''"*. It has been

19,20 21,22

widely studied in various fields including energy devices '*'*, sensors , catalysts , electronic

materials =, drug delivery * and polymer compositeszs'zg. Compared with other nanofillers for

2
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reinforcing purpose in polymer composites, graphene is considered to be an optimum choice for its
abundant source of raw material as well as superior properties.

As a precursor of graphene, graphene oxide (GO) is easily available through the controlled
chemical oxidation of graphite and can be easily reduced to graphene by chemical or thermal

29, 30
approaches™

. It is believed that GO should be more preferred in reinforcing polymers than
graphene because the functional groups on the surface of GO sheets can enhance the compatibility
between GO and polymer matrix. GO contains graphitic domains and oxidation regions, with
epoxide and hydroxyl groups locating on the basal planes and carbonyl and carboxyl groups at the
edges *"*2. The presence of these functional groups endows GO with strong hydrophilicity and
allows for enhanced interactions with polar polymers such as poly (methyl methacrylate) *°,
polyamide?” and poly(vinyl alcohol) **. However, GO requires surface modification to be
homogenously dispersed in non-polar polymers. Surface modification of GO can be realized easily
by the introduction of functional groups such as epoxide and carboxyl groups *> **. The
functionalized GO showed good dispersion in non-polar polymers, such as polystyrene *’ and iPP **.
The formation of a polymer crystalline layer surrounding nanofillers is another route to enhance a

39,40

non-covalent interface between nanofillers and a semi-crystalline polymer for stress transfer, and

GO shows a-nucleating ability for the crystallization of iPP. *'+*2

In this work, a kind of novel B-NA for iPP synthesized by our group *,
N,N'-Dicyclohexyl-1,5-diamino-2,6-naphthalenedicarboxamide, was supported onto the surface of

octadecylamine functionalized GO (GO-D), aiming at balanced reinforcing and toughening of iPP.

The effects of functionalized GO on the crystallization behavior, crystalline structures and mechanic
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properties of iPP nanocomposites were studied. The interfacial adhesion between GO and non-polar
iPP matrix was found to be improved by surface functionalization, and the B-NA functionalized GO
showed high efficiency in inducing the formation of B crystals, exhibiting huge influence on the

mechanical properties of iPP nanocomposites.

Experimental Section

Materials

iPP with a trade name of T30S and a melt flow rate of 2.3 g/10min (230 'C, 2.16 kg load) was
purchased from Lanzhou petroleum Chemical Co, Ltd. (PR China). B-NA was synthesized according
to the procedure reported in our previous work™. Natural flake graphite (NG) with an average
particle size of 200 meshes and a purity of over 99.9% was purchased from Shenghua Research
Institute (Changsha, China). Sodium nitrate (NaNO;), potassium permanganate (KMnQOy),
concentrated sulfuric acid (H,SOs), hydrochloric acid (HCI), hydrazine hydrate (80%), hydrogen
peroxide (H,0O,), ODA, ethanol and xylene were purchased from Chengdu Changzheng Chemical
Glass Apparatus Co, Ltd. (PR China) and used as received.
Surface functionalization of GO

Graphite oxide was synthesized from NG powder by modified Hummer’s method.***® Graphite
oxide was exfoliated into GO under ultrasonication according to the method in our previous work.*
Briefly, the obtained graphite oxide powder (0.5g) was added to a given amount of deionized water
(500 ml), and then the mixture was subjected to bath ultrasonication (KQ-400KDB, 40 kHz, 400 W)
and mechanical stirring for 1 h. Subsequently, the resulting homogeneous dispersion was

freeze-dried in a lyophilizer to remove all the water. The resulting powdery samples were named as

4
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GO.

For the grafting of ODA on GO, the resulting suspension under ultrasonication in the last step
was mixed with the solution of ODA (0.9g) in 90 ml of ethanol. *”**"* The mixture was refluxed
under stirring for 20 h at 90 'C and vacuum filtrated. The obtained powder was re-dispersed in 100
ml of warm ethanol under ultrasonication for 5 min and vacuum filtrated. The rinsing-filtration cycle
was repeated for four times to remove excess and physically adsorbed ODA. At last, resulted ODA
grafted GO powder (designated as GO-D) was vacuum dried at 60 "C for 24 h.

For the supporting of B-NA onto GO-D, 50 mg of GO-D powder was dispersed in 100 ml of
xylene under magnetic stirring. Then GO-D dispersion was mixed with xylene solution of 50 mg
B-NA and stirred overnight. Obtained from the mixture by vacuum filtration, the solids were
re-dispersed in 200 ml of xylene and separated by vacuum filtration again. This purification cycle
was repeated for four times to ensure that the filtrate is free of dissociative B-NA, and the final
products were dried at 40 'C under vacuum overnight, yielding GO-D supported p-NA (designated as
GO-N), a functionalized GO with B-NA on the surface.

Preparation of iPP composites

Various iPP composites were prepared by solution mixing. In brief, the desired amount of GO-N
(0.1, 0.2, 0.5 wt%, respectively) was dispersed in xylene homogeneously by ultrasonication at room
temperature for 30 min. In a three neck round flask, the desired amount of iPP was dissolved in
xylene at 130 "C to obtain a solution. The dispersion of GO-N was then dropped into the iPP solution
and stirred for 30 min. Finally, the composite solution was dropped into vigorous stirring methanol to

coagulate the iPP composites. The precipitate was obtained by filtrating and drying in a vacuum oven
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at 70 "C for 3 days. For comparison, pure iPP, iPP composites with 0.1 wt% GO and 0.1 wt% GO-D
were also prepared with the same procedure. These samples were compression molded at 200 'C and
10 MPa into rectangular specimens (80 mm length x10 mm width x 4 mm thickness) for impact
testing or sheets (80 mm length x10 mm width x 0.5 mm thickness). The specimens for tensile tests
were then prepared by cutting these sheets into dog-bone type samples (7 mm width X 15 mm gauge
length x 0.5 mm thickness).

Characterization

The chemical characteristics of GO, GO-D and GO-N were analyzed by X-ray photoelectron
spectrometer (XPS) (XSAMS800, Kratos Company, UK) using Mg Ko as the radiation source
(hv=1253.6 eV).

Non-isothermal crystallization behaviors of the composites were studied by differential
scanning calorimeter (DSC) with a DSC Q20 (TA Instruments, USA) under a nitrogen gas flow of 50
mL min™'. Samples of about 3-5 mg were melted at 200 "C for 5 min; then the melt was cooled down
to 40 "C to record the crystallization behavior, and heated again to 200 'C to record the melting
behavior. The cooling and heating rates were 10 “C/min.

X-ray diffraction (XRD) profiles were recorded on a DX-1000 X-ray diffractometer (Dandong
Fanyuan Instrument Co. LTD) using a CuKa radiation source (A= 0.154 nm, 40 kV, 25 mA) in the
scanning angle range of 20=2-45° at a scan speed of 3 °/min. The relative content of B crystals (kg) in
the crystalline phase was evaluated according to Turner-Jones et al.’
kg=Hp300y/(Hp300)tHo(110ytHo040)tHo(130))

where Hq(110), Ho040)and Hq(130) are the intensities of the (110), (040) and (130) diffraction peaks of a
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phase and correspond to 26=14.1, 16.9 and 18.6°, respectively, and Hgoo) is the intensity of the (300)
diffraction peak of § phase at 26=16.1°.

The morphology and thickness of GO, GO-D and GO-N were determined by AFM using a
Nanoscope Multimode and Explore atomic force microscopy (Veeco Instruments, USA), in the
tapping mode using rectangular cantilevers with a spring constant of ~ 40 N m™ and the typical
resonance frequencies between 250 and 300 kHz. A Tecnai G2 F20S-TWIN transmission electron
microscope (TEM) was used to characterize the morphology of the filler dispersed in iPP matrix with
an accelerating voltage of 200 kV. The supermolecular structures of pure iPP and iPP composites
were observed using an XFORD 6650 scanning electron microscope (SEM) at an accelerating
voltage of 20 kV. Before SEM characterization, the sample was etched for 12 h with an etchant
containing 1.3 wt % potassium permanganate (KMnO,), 32.9 wt % concentrated sulfuric acid
(H2SQ0y4), and 65.8 wt % concentrated phosphoric acid (H3POjy), according to the method developed
by Olley et al*’. All the samples were gold sputtered prior to SEM characterization.

Tensile tests were conducted on the dog-bone type specimens with an AGS-J universal testing
machine (Shimadzu Instruments, Japan) according to ASTM d638-82a, and the crosshead speed was
50 mm/min. Notched impact strength was evaluated on a UJ-40 Izod impact test instrument
(Chengde Jinjian Testing Instrument Co. Ltd., Heibei, China) according to ASTM D256 on the
rectangular specimens. Further, the double-notch four-point-bend (DN-4-PB) technique was used to
investigate the deformation history of the materials in the vicinity of the crack tip. The rectangular
specimens were given two sharp identical notches using a razor blade. The distance between the two

sharp notches on the DN-4-PB bar was set at 10 mm. The DN-4PB tests were performed to generate
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subcritical fracture using the AGS-J universal testing machine at a crosshead speed of 10mm/min.
The damage zone of the unbroken notch tip in the DN-4-PB test was observed using transmission
optical microscope (TOM) (BX51, Olympus, Japan) after obtaining thin sections (20 um). At least

five samples were tested in all the tests conducted.

3 Results and Discussion

Surface functionalization of GO with p-NA

Fig. 1 Schematic for the proposed mechanism of functionalization of GO with B-NA.

The mechanism of functionalization of GO with B-NA is shown in Fig. 1. The hydrophilic
groups on GO surface were converted to alkyl groups to disperse GO in organic solvent, and f-NA
was then supported onto their basal plane through O-H---O or N-H---O hydrogen bonding. XPS was
employed to evaluate the chemical change of GO surface brought by the functionalization and
favorable interaction. The Lorentzian function is generally fitted to determine the peak shape after

Shirley background correction. Fig. 2 shows the full XPS spectra and XPS spectra of GO, GO-D and
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Fig. 2 XPS spectra: (a) full spectra of GO, GO-D and GO-N, and Cls of (b) GO, (c) GO-D and (d)
GO-N
GO-N in the Cls region. The deconvoluted Cls peaks, with their relative atomic percentages, are
shown in Table 1. The Cls XPS spectrum of GO (Fig.2b) consists of six different chemically shifted
components and can be deconvoluted into: sp* C=C, sp> C-C in aromatic rings (284.5 and 284.9 ¢V);
C-OH (285.8 eV); C-O-C (286.8 ¢V); C=0 (288.2 e¢V); O-C=0 (289.1 eV), respectively. These
assignments agree with previous works.””>* In contrast, in the spectra of GO-D and GO-N (Fig.2¢
and d), the peak intensities corresponding to C-C increase significantly, while the peak intensities
related to the oxidized carbon species reduced markedly. Furthermore, in Fig.2c, the emergence of

new peaks corresponding to C-N-C (at 286.1 eV, 4% is 4.68%)” is accompanied by a significant
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decrease in those of C-O-C (at 286.8 eV, 4% = -33.41%), demonstrating the reaction of GO with
ODA through the nucleophilic substitution reaction between the amine group of ODA and the
epoxide group of GO.* In Fig.2d, the new peaks at 285.4 ¢V and 287.4 ¢V assigning to C-NH, and
N-C=0 species of B-NA, respectively,” together with the C-N-C peak at 285.9 eV, confirms the
supporting of B-NA on the surface of GO-D.

Table 1 Analysis of the deconvoluted Cls peaks obtained from XPS and their relative atomic

percentages for GO, GO-D and GO-N

Cls fitting binding energy (eV) (relative atomic percentage %)

Sample name
C=C C-C C-NH; C-OH C-N-C C-0-C N-C=O0 C=0 O0-C=0

284.5 2849 285.8 286.8 2882 289.1
GO
(29.4)  (8.55) (9.40) (42.7) (5.39)  (4.53)
2843 2844 2858  286.1  286.8 288.0  289.2
GO-D
(28.5) (42.0) (8.94) (4.68) (9.29) (3.52)  (2.97)
284.1 2849 2854 2857 2859 2865 287.4 2882  289.3
GO-N

(27.5) (43.6) (3.93) (7.12) (424) (638) (3.44) (1.92) (1.84)

Fig. 3 shows the XRD patterns of NG, GO, GO-D, GO-N and B-NA. The strong and sharp peak
at 20 of 26.5° in the XRD pattern of NG originates from the interlayer (002) spacing (d= 0.34 nm).
After oxidation and exfoliation under ultrasonication, this sharp peak completely disappeared and a
new broad peak appeared at 20 = 8.8°, indicating that the neighboring layers are 1.0 nm apart
because of the presence of oxygen groups on the surface of GO. Compared with the diffraction of
GO, the diffraction peak of GO-D shifts to 4.2° from 8.8°, corresponding to the increase of

intra-gallery spacing from 1.0 nm to 2.1 nm. The enlarged inter-layer space also indicates that ODA

10
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has been intercalated into the layers of GO. In addition, the broad diffusion peak with the peak
maxima at approximately at 20.6 ° (d = 0.42 nm) and a drastic reduction in peak intensity is observed
for GO-D. This fact may be attributed to the formation of certain degree of reaggregated GO-D
sheets during the refluxing process.” After further supporting of B-NA, the new diffraction peaks
located at 20 = 18.1° and 21.6° appear in the XRD trace of GO-N. Because all of these peaks
correspond to the crystalline structure of B-NA, their presence demonstrates that the -NA supported
on GO-D can form crystals, which will then induce the formation of  crystals of iPP by epitaxial
crystallization.* Moreover, compared with those of pristine B-NA, the positions of the diffraction
peaks of GO-N shift slightly, which may be due to the interaction between B-NA and GO-D. The

interlayer spacing of graphene is d=1.7 nm (20 = 5.2°), implying the ease of complete exfoliation of

Journal of Materials Chemistry A

graphene oxide in xylene solution and the iPP matrix.

Intensity

Fig. 3 XRD patterns of NG, GO, GO-D, GO-N and B-NA.

Crystallization behavior and crystalline structure of iPP nanocomposites

Fig.4 shows the DSC cooling and melting curves of pure iPP and iPP composites. From Fig.4a,
the crystallization temperature (T.) of iPP composites with 0.1 wt% GO-D is slightly higher than that

of pure iPP, while that of iPP composites with 0.1 wt% GO is lower than pure iPP, indicating the

O
l5.6° 17.5 A 26.5°
I Iy
/| N AWAY B-NA
Tl NN
18.1°
5.2° A 21.6°
"\ JU A GO-N
% 20.6° [ T————
' I e S GO-D
8.8°
GO
\ NG
1 1 1 n 1 n 1 1 n 1 1
5 10 15 20 25 30 35
26 (°)
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different effect of GO and GO-D on the crystallization of iPP. The slight hindering effect of GO and
enhanced heterogeneous nucleating ability of GO-D on the crystallization of iPP can be confirmed
by isotherm crystallization behavior (Fig.S1-3 and Table S1). The presence of GO-N improves T, of
iPP dramatically, and T, increases with the content of GO-N increasing. These results strongly
confirm the nucleating ability of the GO-N in iPP matrix. From Fig.4b, for pure iPP, and iPP
composites with 0.1 wt% GO and GO-D, a single endothermic peak above 160 ‘C appears on the
melting curves, showing that complete a crystals with no 8 crystals are formed. For iPP composites
with GO-N, two endothermic peaks are observed at ca.150 and 168 "C, indicating the melting of p

phase and o phase, respectively.

(a) 0.5%GO-N (b)
\/r 0.2%GO-N
W 0.1%GO-N
0, |
W 0.1%GO-D DSt 1
o o [0.2%GO-N
e} T
(& V 0.1%GO S| |0.1%GO-N
v iPP
0.1%GO-D
0.1%GO
iPP
1 1 n 1 n 1 n 1 1 1 1 1 n 1 1 1
80 100 120 140 160 100 120 140 160 180
Temperature (°C) Temperature (°C)

Fig.4 DSC (a) cooling and (b) melting curves of pure iPP and iPP composites.

XRD patterns of pure iPP and iPP composites are shown in Fig.5. No conspicuous diffraction
peaks are observed except the crystalline diffraction peaks of the iPP matrix, indicating that no
significant stacking of graphene oxide sheets occurs when dispersed in the iPP matrix. Consistent
with DSC results, diffraction peaks of a(110), 0(040) and a(130), corresponding to 26 of 14.1°, 16.8°,
and 18.6° respectively, are seen in pure iPP, and iPP composites with 0.1 wt % GO and GO-D. An

additional strong diffraction peak of B(300) at 20 of 16° appears on the XRD patterns of iPP

12
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composites with GO-N, indicating the formation of B phase as well. The relative contents of f3
crystals (kg) in the crystalline phase are 73.6%, 90.4% and 90.1% for iPP composites with GO-N
content of 0.1, 0.2 and 0.5 wt%, respectively. Both the DSC and XRD results indicate that GO-N is
an effective compound B nucleating agent for iPP at a low concentration, and the functionalized GO
with B-NA can induce the formation of 3 crystals effectively. It should be noted that the nucleating
ability of GO-D supported B-NA for B phase of iPP in this work is much higher than that of carbon
nanotubes (CNTs) supported B-NA in our previous work®, in the latter the maximum kg is only
12.48% at the content of 1% CNTs supported B-NA. The nucleation theory suggests that curved
surfaces of CNTs make it harder for nucleation to occur.”>*® More importantly, two-dimensional
carbons of GO-D are more favorable to the deposition of B-NA onto the surface of graphene

platelets.

0.5%GO-N

0.2%GO-N
L L1 0.1%GO-N

N\ 0.1%GO-D
| ; 0.1%GO
I
iPP

T S S U U IR (N (N ST MR M |
6 8 10 12 14 16 18 20 22 24 26 28

26 (%)

Intensity

Fig.5 XRD patterns of pure iPP and iPP composites.

Mechanical properties of iPP composites
Fig.6 shows the impact strength, tensile strength, and elongation at break of pure iPP and iPP
composites. As shown in Fig. 6(a), GO-D filled iPP sample shows higher tensile strength with no

sacrifice of toughness. However, the impact strength of GO modified iPP is inferior to that of pure

13
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Fig.6 (a) Impact strength and tensile strength and (b) elongation at break of pure iPP and iPP

composites.

iPP, and the reinforcing effect is less obvious than that of GO-D. The impact strength of iPP
composites with GO-N are largely improved compared with that of pure iPP and iPP composites with
GO and GO-D. A maximum improvement of nearly 100% in impact strength compared with that of
pure iPP is achieved at 0.1 wt% GO-N loading, and with the content of GO-N increasing, the
increase of impact strength weakens. Interestingly, the tensile strength also increases over pure iPP
when the content of GO-N is lower than 0.5 wt%, and the tensile strength of iPP composites with
0.1% GO-N is even higher than that of composites with 0.1% GO-D. As shown in Fig. 6(b),
compared with GO-D, GO has more negative effect on the elongation at break. Although the
elongation at break decreases for all the iPP composites with GO-N compared with pure iPP, it still
maintains at a very high level. With the content of GO-N increasing, the elongation at break
decreases, but it still higher than that of iPP composites with 0.1% GO-D when the loading of GO-N
lower than 0.5 wt%. The impact strength, tensile strength and elongation at break achieve the
maximum improvement at the same loading of 0.1 wt% GO-N. The results show that iPP is
toughened and reinforced simultaneously by GO-N and this reinforcement in mechanical properties

is highly influenced by the dispersion state of the filler and the interface between the filler and matrix,

14
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which will be discussed in the following section. However, further increasing the content of GO-N
from 0.2 to 0.5 wt% leads to the decrease of the impact strength, tensile strength and elongation at
break, which may be due to the aggregation of graphene oxide sheets by the Vander Waals force.
Structure-property relationship

ODA is mainly used as a surface modifier to improve the hydrophobicity of GO and its
dispersion in non-polar polymers. Fig.7 shows the dispersion of GO, GO-D and GO-N in the
immiscible xylene/water mixture (Img/ml, Vyyiene / Vwater =1/1). The unfunctionalized and
functionalized GO exhibit totally different affinities. Compared to GO, which tends to be dispersed
in polar water (lower layer), GO-D and GO-N are lifted to nonpolar xylene (upper layer), an
important nonpolar solvent which can dissolve most important nonpolar polymers, including iPP.
The conversion of the hydrophilic feature of GO to the hydrophobic characteristics of GO-D
confirms the effectiveness of surface functionalization. The results clearly indicate that the substitute
alkyl groups in GO-D change the surface nature of GO, and further supporting of B-NA does not

change its solubility in xylene.

Fig.7 Dispersion of (a) GO, (b) GO-D and (c) GO-N in the immiscible xylene/water mixture
(Img/ml, Vyyiene / Vwater =1/1).

15
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Fig. 8 AFM images and line profiles of (a) GO deposited from a dispersion in water, (b) GO-D and (c)

GO-N deposited from a dispersion in xylene.

To give the degree of exfoliation of GO, GO-D and GO-N in the solvents, AFM imaging of the
dispersions deposited on mica substrates was carried out. Fig. 8 shows the AFM images and line
profiles of GO deposited from a dispersion in water and GO-D and GO-N deposited from a
dispersion in xylene. The thicknesses of GO sheets determined from AFM images are about 0.90 nm,
which agrees with the previous reports of monolayer of GO.”” Due to the grafting of long alkyl
chains, the thicknesses of GO-D are seen to rise to about 1.37 nm, which also agrees with the reports
of ODA functionalized GO®. The thicknesses of GO-N further increase to about 1.93 nm, which
should be attributed to the subsequent supporting of B-NA. To further perceive the exfoliation state
and morphology of GO-N sheets in the iPP composites, a microtomed crosssection of iPP composites
with 0.1 wt% GO-N was analyzed by TEM. As is shown in Fig. 9, multilayered GO-N sheets
exhibiting a wrinkled structure were seen, suggesting that the GO-N particles are not completely
exfoliated into individual sheets. However, according to the XRD results, there is a high possibility

that many few-layered or monolayered platelets, which may be “invisible” by TEM>®, were dispersed

16
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in the iPP matrix.

R

Fig. 9 TEM images of (a) microtomed cross-sections of iPP composites with 0.1 wt% GO-N and (b)

the partial enlarged view.

Fig. 10 shows SEM micrographs for the supermolecular structures of etched pure iPP and iPP
composites. Typical a-spherulites can be observed for pure iPP, iPP composites with 0.1 wt % GO
and GO-D, and the boundaries between a-spherulites are clear (Fig. 10a-c). For pure iPP, the
diameters of a-spherulites are heterogeneous. The diameters of a-spherulites are reduced and the size
uniformity is enhanced for iPP composites with GO-D, due to enhanced heterogeneous nucleating
ability of GO-D on the crystallization of iPP as shown in Fig.4a, Fig.S1-3 and Table S1. From Fig.
10d-f, the typical bundlelike morphology of B-spherulites with no clear boundaries appears in iPP
composites with GO-N. With the content of GO-N increasing from 0.1 wt% to 0.2 wt%, the sizes of
B-spherulites decrease dramatically, also indicating the nucleating role of the GO-N in the iPP matrix.
It should be noted that, for iPP composites with GO-N, a few a crystals and a large number of 3
crystals can be detected by DSC and WAXD measurements. However, SEM micrographs show that
the whole area of the etched sample is filled with crystalline superstructures that can be assigned to 3

phase due to the high B phase content.
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Fig. 10 SEM micrographs for the supermolecular structures of etched pure iPP (a) and iPP

composites with 0.1 wt% GO (b), 0.1 wt% GO-D (c), 0.1 wt% GO-N (d), 0.2 wt% GO-N (e), and 0.5

wt% GO-N (f). (g), (h) and (i) are magnified micrographs of (c), (d), and (e), respectively.

To illustrate the structure-property relationship, the schematic representation of crystalline
structure and morphology of iPP composites with GO, GO-D, and GO-N is shown in Fig. 11. As
shown in Fig. 11a, a crystals can be induced by GO and GO-D, and interface between filler and

matrix is bridged by a crystalline layer mainly. A large number of B crystals can be induced by GO-N,

18



Page 19 of 26

Journal of Materials Chemistry A

and SEM micrographs show B-spherulites can be formed in iPP composites with GO-N (Fig.10d-1).
The lamellae of  phase can grow on the both surfaces of GO-N due to its nucleation ability to f3
crystals, and then GO-N is embedded in B-spherulites. The core-shell like structure with GO as the
core and lamella of B crystals as the shell is obtained in a-iPP matrix in Fig. 11b. The strong

polymer/filler interaction can be achieved by the presence of the B crystal layer.

(a) iPP matrix o-crystal

GO LA — a-iPP r
l ' Interface

iPP/GO or GO-D composites

) l """"""""""""" U """" pp— };&E;;i{;}i"
/ GO core

Interface

I
- ODA B-NA B-crystal iPP/GO-N composites

Fig. 11. Schematic representation of crystalline structure and morphology of iPP composites with
GO, GO-D, and GO-N.

Fig.12 gives the bright field TOM photographs showing the crack initiation patterns of pure iPP
and iPP composites from the damage zone of the unbroken notch of the DN-4-PB tests. For pure iPP
and iPP composites with 0.1 wt % GO and GO-D as shown in Fig.12a-c, a few crazing spreads into
the matrix at the crack tip, which is well consistent with the low notch impact strength. Compared to
pure iPP, the magnitude of crazing is higher for iPP composites with GO-D, while it is lower for iPP
composites with GO. The ratios of the crazed area for iPP composites with 0.1 wt% GO and 0.1 wt%
GO-D to that of iPP are 0.72, and 1.55, respectively. Indeed, the size of the damage (craze) zone
scales with the impact strength results. From Fig.12d-f, there is distinctively different fracture

mechanism in the iPP samples with GO-N. Yield-region takes place around the crack tip and it
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should be noted that no sign of crack propagation is observed in iPP composites with GO-N,
implying better ability of preventing crack propagation. With the content of GO-N increasing,
smaller yield-region can be seen, which is consistent with the decreased notch impact strength. The
ratios of the yield-region area for iPP composites with 0.1 wt%, 0.2 wt%, and 0.5 wt% GO-N to that

of iPP are 7.00, 6.35 and 5.34, respectively.

: .500um

500pm | i TR : : 500 ;

Fig.12 Bright field TOM photographs showing the crack initiation patterns of pure iPP (a) and iPP
composites with 0.1 wt% GO (b), 0.1 wt% GO-D (c), 0.1 wt% GO-N (d), 0.2 wt% GO-N (e), and 0.5
wt% GO-N (f) from the damage zone of the unbroken notch of the DN-4-PB tests.

The above mentioned interface between nanofillers and polymer matrix, crystalline structure
and morphology of polymer matrix are key factors that affect the performance of polymer
composites. The addition of GO can enhance the tensile strength of iPP, but there is a decrease in
toughness due to the poor compatibility between iPP and GO. ODA improve the hydrophobicity of

GO and its dispersion in iPP, then the tensile strength for iPP composites with GO-D is increased
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further. For iPP composites with GO-D, a crystals are also the exclusively crystalline structure. So,
the slight improvement of toughness described above is mainly ascribed to the sharp decrease of the
diameter of spherulites and their homogeneous dispersion due to enhanced heterogencous nucleating
ability of GO-D on the crystallization of iPP.

The further supporting of B-NA does not change the surface nature of GO-D, and improved
homogeneous dispersion in xylene and interfacial adhesion with non-polar iPP matrix can be
observed in Fig. 7. The functionalized GO with B-NA induce the formation of B crystals effectively
as shown by DSC and XRD results in Fig. 4 and 5. The significant improvement in toughness can be
ascribed to the formation of a large number of f crystals of iPP. As shown in Fig. 10 and 11, different
morphology of a crystals and B crystals appear in iPP composites. o phase of iPP shows excellent
modulus, tensile strength but inferior fracture toughness because of the radial lamellae by the
tangential crystallite which makes the plastic deformation very difficult 60 However, B crystals of
iPP without cross-hatching allow the initiation and propagation of plastic deformation more easily
and then enhance the energy dissipating process °" ®% Karger-Kocsis attributes the enhanced
toughness of B phase of iPP to a stress-induced transformation from less denser f form to denser a
form crystalline structure at the root of a growing crack®. As shown in Fig.12, the yield-region takes
place around the crack tip for iPP composites with GO-N due to the formation of B crystals with
bundlelike morphology, while crazing spreads into the matrix at the crack tip for pure iPP and iPP
composites with GO and GO-D in which only a-spherulites can be observed. Thus, the large number
of B crystals formed in the composites is the major reason for the improved fracture toughness of iPP.

The creation of a polymer crystalline layer bridging the nanofillers and the polymer matrix is
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considered a promising way to engineer a strong non-covalent interface for stress transfer in polymer
composites.”” ** As confirmed by DSC and XRD results, GO-N shows effective p nucleating ability
for iPP. Stronger interfacial interaction between polymer matrix and filler can be achieved by
interfacial crystallization induced by the supporting of B-NA. On the other hand, the core-shell like
structure with GO as core and lamella of B crystals as shell is obtained in a-iPP matrix as shown in
Fig. 11b. This structure is difficult to observe directly due to the bulk crystallization in composites,
and will be evidenced in our further work. The core-shell structure is very effective in balancing the
stiffness-toughness of the material. ** % It is then interesting to note that the tensile strength of iPP
composites with 0.1 wt% GO-N is even higher than that of iPP composites with 0.1 wt% GO-D,
though high content of B crystals with lower stiffness are formed. As the content of GO-N increasing,
kgincreases to 90%. The decrease of o crystals and poorer GO-N dispersion owing to higher GO-N
loading lead to the less effect on toughness and tensile strength. As shown in Fig.S4, at the loading of
0.5 wt%, the aggregation of GO-N can easily observed on the impact fractured surface of iPP
composites, causing nonuniform dispersion of reinforcement phase, which leads to localized stress
concentration. Then smaller yield-region can be seen for iPP composites with the content of GO-N
increasing as shown in Fig.12.

Moreover, the good interfacial adhesion between GO-D and iPP weaken the negative effect of
GO on the elongation at break of iPP, and the formation of j§ crystals layer on the surface can further
reduce this effect due to the effective stress transfer across the noncovalent interface. Although the
aggregation of GO-N increases with the content of GO-N increasing, the elongation at break of iPP

composites with 0.5 wt% GO-N is still higher than that of with 0.1 wt% GO.
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Conclusion

The surface functionalization of GO was realized by grafting of ODA, and then supporting of
B-NA for iPP. iPP samples modified by this compound B-NA show simultaneously enhanced
toughness and tensile strength. Due to the alkylation of GO, the compound B-NA can disperse in
non-polar solvent. The improved interfacial adhesion and compatibility lead to enhanced
heterogeneous nucleating ability and its nucleating ability for B phase of iPP is granted by the
supported B-NA. With only 0.1 wt% loading of the compound - NA, the kg value can reach 73.6%;
The impact strength of iPP composites reach a maximum increase by almost 100%, and the tensile
strength achieved an increase of about 30%, showing excellent toughening and reinforcing effect by
this interfacial crystalline structure control. The results are very significant in obtaining a material

having remarkable stiffness-toughness balance.
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