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Abstract The effects of maleic anhydride-grafted polypropylene (PP-g-MAH) and maleic anhydride-grafted polyolefin
elastomer (POE-g-MAH) on interfacial adhesion properties of the polypropylene/magnesium oxysulfate whiskers
(PP/MOSw) composites were investigated via mechanical, thermal, ATR-FTIR and rheological tests. Although significant
increases in yield strength and Young’s modulus were observed in PP-g-MAH treated composites, a sharp decline in these
properties was observed in POE-g-MAH treated composites. ATR-FTIR results indicated that esterification occurred between
the hydroxyl groups of MOSw and the carbonyls of anhydrides of both compatibilizers but POE-g-MAH was still
incompatible with the PP matrix, as verified by the presence of shoulder peaks in DTG curves and numerous voids in SEM
micrographs. On the other hand, PP-g-MAH was highly compatible with the PP matrix, as evidenced by the peaks in DTG
curves and vague interfaces with wrapped melts on the surface of MOSw. Rheological behaviors also confirmed that
introducing PP-g-MAH resulted in a transition from liquid-like to solid-like, which was attributed to the stronger interfacial
adhesion between MOSw and the PP matrix. POE-g-MAH treated composites, in contrast to PP-g-MAH, maintained liquid-
like rheological behaviors as typical molten polymers. There is likely a MOSw network formed in the PP/15PP-g-
MAH/15MOSw composite as suggested by the significant deviation of G' versus G” plots and the two crossover frequencies
observed in plots of tand versus frequency.
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INTRODUCTION

Over the past decades, magnesium oxysulfate whiskers (MOSw) have drawn much attention in the production of
flame-retardant polymer composites!'!, due to their outstanding mechanical properties, low density, low cost,
etc!19, Several investigations have shown considerable improvements in the flame retarding and mechanical
properties of polymer matrices. Gao et al.l! compared the major pyrogenation characteristics of MOSw,
Mg(OH), and Al(OH);. They found that MOSw displayed much higher caloric receptivity and decomposition
temperature than the other two flame retardants. The limiting oxygen index (LOI) of 20 wt% magnesium
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oxysulfate whisker/polypropylene (MOSw/PP) composites increased up to 22.7%. In addition, the tensile
strength and bending strength of the composites also increased by 56% and 30%, respectively. Besides this
study, MOSw is also incorporated into low-density polyethylene (LDPE)™, silicone rubber (SR)", polyvinyl
chloride (PVC)™, and acrylonitrile butadiene styrene (ABS)! matrices as a flame retardant or reinforcing filler.

Although MOSw has been widely used as a flame retardant, the main challenges still exist for the poor
dispersion and weak interfacial interaction between MOSw and polymer matrices. Often, the small size and
strong intermolecular hydrogen bonding among whiskers caused serious aggregationl: & =4 Since
agglomerations themselves acted as crack initiators!'> !°1, the mechanical properties of polymer matrices were
not enhanced as expected when MOSw was introduced without surface modification. Moreover, as an inorganic
filler, MOSw showed completely different compatibility with the polymer matrix; the diametrically opposite
polarities between hydrophilic MOSw and hydrophobic polymer can be the main barrier to the interfacial
interactiont! > 91,

Due to the reasons mentioned above, surface modification of MOSw is the most common method to
decrease agglomerates and enhance the interfacial adhesion between MOSw and polymer matrix. Jiang et al.l'!
examined the effect of surface modification of MOSw with various modifiers, including calcium stearate,
potassium oleate, stearic acid, zinc stearate and 3-(trimethoxysilyl)propyl methacrylate. They found that
potassium oleate was the most efficient modifier which turned the surface of MOSw into hydrophobic with an
activation index of 99.35% and a contact angle of 126.8°. Furthermore, potassium oleate modified MOSw was
incorporated into PVC matrix, and the composite with the best mechanical properties was obtained at 40
portions™. Gao et alll reported that MOSw modified by methyl methacrylate (MMA) via emulsion
polymerization improved the tensile strength of the PP matrix by 92%. However, Jiang et all'7l found a
significant decrease in tensile strength when MMA-modified MOSw was added in the PP matrix. They ascribed
this decrease to the lack of chemical bond formation between the modified MOSw and the PP matrix. In our
previous work, we prepared both lauric acid (LA)-modified MOSw and dodecyl dihydrogen phosphate (DDP)-
modified MOSw as reinforcing fillers of the PP matrix. The results showed that yield strength and Young’s
modulus of LAMOSw- or DDPMOSw-filled PP composites further decreased in comparison with the PP/MOSw
composites. In addition, the nominal strain at break decreased in all composites, but less for those containing
LAMOSw or DDPMOSw. These results suggest that surface modification of MOSw only ameliorates the
agglomerations of whiskers, but does not enhance the interfacial adhesion between MOSw and the PP matrix
actually.

In spite of these results, surface modification is still treated as an effective bench-scale method, limited by
the complicated process and high cost. By contrast, direct blending compatibilizers with polymer/MOSw
composites may be more appropriate for enhancing interfacial adhesion while requiring few additions during the
manufacturing process!'®* 4. For example, Yang et al.l*’ found that blending either epoxy resin (ER) or styrene-
maleic anhydride copolymer (SMA) improved the mechanical properties of ABS/MOSw composites after
amelioration of interfacial adhesion. Except this, we were unable to find any additional studies specifically
improving the interfacial adhesion of PP/MOSw composites via incorporating with compatibilizers, and none
addressing the mechanism of enhancement. However, other studies about PP composites reinforced by various
fillers were available in reference. Kim et al.?” investigated the effect of different types of maleic anhydride-
grafted polypropylene (PP-g-MAH) on interfacial adhesion, mechanical properties and thermal stability of bio-
flour-filled PP composites. They confirmed via ATR-FTIR that the improvement of interfacial adhesion of PP-g-
MAH treated composites was due to the chemical reaction between maleic anhydride groups and hydroxy groups
of the bio-flour-fillers. However, the compatibility of different kinds of PP-g-MAH with the PP matrix was not
considered.

For this study, we prepared PP/MOSw composites treated with two kinds of compatibilizers (PP-g-MAH
and maleic anhydride-grafted polyolefin elastomer (POE-g-MAH)) via melt blending method. The main purpose
was to investigate the different effects of PP-g-MAH and POE-g-MAH treatments on the interfacial adhesion
between MOSw and the PP matrix. Mechanical properties were measured to detect the enhancement of
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PP/MOSw composites in terms of tensile performance. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) analyses were also used to investigate the interfacial bonding and chemical reaction between
MOSw and the compatibilizers in the compositesi?®> 2% 23 Thermogravimetry (TG) and derivative
thermogravimetry (DTG) tests were carried out to investigate the compatibility of the PP matrix to the
compatibilizers. Furthermore, rheological behaviors were also studied with frequency sweeps in small amplitude
oscillatory shear (SAOS), as rheology is a powerful tool to examine the microstructures of filler in
polymer[Zl, 26, 27]'

EXPERIMENTAL

Materials

Isotactic polypropylene (PP, T30s) was purchased from Maoming Petrochemical Co., Ltd., Maoming, China. It
has a melt flow rate (MFR) of 3.7 g/10min (230 °C, 2.16 kg) and a density of 0.91 g/cm®. Maleic anhydride
grafted polypropylene (PP-g-MAH) with a density of 0.90 g/cm® and maleic anhydride grafted polyolefin
elastomer (POE-g-MAH) with a density of 0.88 g/cm® were both purchased from Fine-blend Compatibilizer
Jiangsu Co., Ltd. The MAH contents in PP-g-MAH and POE-g-MAH were (0.92 + 0.03)% and (0.73 £ 0.02)%,
respectively. Antioxidant 1010 (95.0%) was purchased from Tokyo Chemical Industry (TCI), Tokyo, Japan.
MOSw with a diameter of 0.5—1 wm and length of 10-50 um was lab made.

Sample Preparation

Before blending, all materials were dried at 70 °C for 8 h to eliminate the effect of moisture. Composite
components were weighed following the experimental design showed in Table 1 (formulations 1-5 for PP-g-
MAH treated composites and formulations 8—12 for POE-g-MAH treated composites). For comparison,
composites were also prepared without addition of MOSw (formulations 6 and 7 for PP/PP-g-MAH composites
and formulations 13 and 14 for PP/POE-g-MAH composites), without the addition of compatibilizers
(formulations 15 and 16), as well as neat PP only (formulation 17). The PP pellets, MOSw, compatibilizers and
antioxidant 1010 were mixed based on a certain percentage with an RM-200C torque rheometer (HAPRO,
Harbin, China) at 190 °C with a rotor speed of 60 r/min for 15 min. The content of antioxidant 1010 was
maintained 0.2 wt% of PP composites. Film samples with different thicknesses were obtained by compression
molding with an XH-406B press vulcanizer (Xihua, Dongguan, China) at 190 °C for 8 min without pressure and
7 min under a pressure of 15 MPa, sequentially. Then, the film samples were cooled to room temperature at the
same pressure for 5 min. All the samples were stored in a dry and room temperature ((23 + 2) °C) condition.

Table 1 Compositions of the PP composites

Formulation cpp (Wt%) c1010 (Wt%) cMmosw (Wt%) cpp-g-MAH (Wt%) CPOE-g-MAH (Wt%)

1 89.8 0.2 5 5 0

79.8 0.2 5 15 0
3 79.8 0.2 15 5 0
4 69.8 0.2 15 15 0
5 79.8 0.2 10 10 0
6 94.8 0.2 0 5 0
7 84.8 0.2 0 15 0
8 89.8 0.2 5 0 5
9 79.8 0.2 5 0 15
10 79.8 0.2 15 0 5
11 69.8 0.2 15 0 15
12 79.8 0.2 10 0 10
13 94.8 0.2 0 0 5
14 84.8 0.2 0 0 15
15 94.8 0.2 5 0 0
16 84.8 0.2 15 0 0
17 99.8 0.2 0 0 0
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Characterization

Scanning electron microscopy (SEM)
The surface of cryo-fractured specimens was observed after sputtering coated with gold with a JSM-6701F field
emission scanning electron microscope (FESEM) from JEOL using an acceleration voltage of 5.0 kV.

Measurement of mechanical properties
Tensile strength and modulus were measured at room temperature with CMT 6000 Electronic Universal Testing
Machine according to ISO 527-2: 1993: standard using dumbbell-shaped specimens (1BB) with the length of
30 mm and thickness of 2 mm. The test speed was 10 mm/min.

The results of each measurement were the average values of 6 samples test at least.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to determine the thermal resistance and degradation of neat PP and PP
composites. The analysis was performed on an STA449F3 simultaneous thermal analyzer (German, Netzsch) at
the heating rate of 5 K/min under a nitrogen atmosphere from room temperature to 700 °C.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) measurements

The ATR-FTIR spectra of neat PP, PP/MOSw, PP/compatibilizer and PP/compatibilizer/MOSw composites
were obtained using a Nexus infrared spectrometer (Thermo Nicollet, USA). The samples were analyzed over
the range of 675—4000 cm™! with a resolution of 2 cm™'. This analysis of the composites was performed at point-
to-point contact with a pressure device.

Rheology

The rheological behaviors of PP and the composites were measured using a stress-controlled TA AR2000ex
rheometer. The experiments were conducted under N, to avoid oxidation of the samples. A parallel plate
geometry was used with a gap of 1 mm and a plate diameter of 25 mm. Frequency sweep in small amplitude
oscillatory shear (SAOS) on the samples was carried out at 190 °C.

RESULTS AND DISCUSSION

Mechanical Properties
Figure S1 (in supporting information, SI) shows the typical tensile stress-strain curves of samples. Besides, the
yield strength, Young’s modulus, and nominal strain at break of all samples are presented in Table 2. Without

Table 2 Tensile results of PP and PP composites

Formulation Yield strength (MPa) Young’s modulus (MPa) Nominal strain at break (%)

1 33.91+1.00 713.39 +57.00 4528 +11.73
2 35.31+£0.62 751.51 £ 61.93 25.49+4.22

3 36.17 +£0.75 810.02 +53.84 14.49 +3.39

4 38.94 +£0.44 899.39 +43.05 13.38 £2.74

5 34.61 £1.26 776.98 + 33.38 17.58 £2.93

6 31.77+0.24 608.02 +39.86 707.38 +76.28
7 31.75+0.28 610.09 +27.01 721.93 +52.59
8 27.04 £0.63 512.50 £ 41.20 682.79 + 69.90
9 24.62 +0.49 394.64 +47.58 577.30 +45.50
10 33.25+1.17 639.03 +40.97 69.26 +13.39
11 28.01 £0.87 471.92 £47.11 115.67 £ 20.53
12 28.83 £0.85 538.40 +36.18 339.15+42.93
13 26.15+1.02 486.32 +£21.07 759.62 +24.80
14 23.33+0.53 427.78 £27.07 729.71 +31.12
15 31.27+£2.33 708.15 + 87.77 104.79 +35.67
16 29.13+0.83 792.35 +52.25 23.77 +5.07

17 31.93+0.95 597.71 £ 81.82 620.72 + 54.53
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the presence of either of the compatibilizers (formulations 15—-17), both yield strength and nominal strain at
break of composites decrease with the increasing MOSw loading. This trend is due to the weak interfacial
adhesion and low compatibility between hydrophilic MOSw and the hydrophobic PP matrix?* 24, As shown in
Fig. 1(b), the interfaces between MOSw and the PP matrix are well-defined and the surface of whiskers is
smooth without adhering to any melt. These well-defined interfaces enable microcracks to be easily formed,
leading to significant decline in both yield strength and nominal strain at break. However, the Young’s modulus
of the PP/MOSw composites increases due to the rigidity of MOSw itself and the MOSw-MOSw hydrogen
interactions of aggregations!'3l.

Fig. 1 SEM micrographs of cryo-fractured surfaces of (a) neat PP and (b) PP/15MOSw composite

With the addition of PP-g-MAH to PP matrix (formulations 6 and 7), the yield strength shows a minimal
decrease and the Young’s modulus shows a slight increase compared with that of neat PP. However, a significant
increase in nominal strain at break is observed, indicating that PP-g-MAH can improve the flexibility of PP
matrix. As shown in Fig. 2(a), the cryo-fractured surface of PP/15PP-g-MAH composite is as smooth as neat PP,
due to the structural similarity between the PP-g-MAH backbone and the neat PP chains. On the other hand,
when PP-g-MAH is incorporated into PP/MOSw composites (formulations 1-5), noticeable increases in yield
strength and Young’s modulus are observed. These increases are ascribed to (i) the similarity of the PP-g-MAH
backbone and the PP structure, as mentioned above and (ii) maleic anhydride grafted chains that can react with
the hydroxyl groups on the MOSw surface. Thus, the interfacial adhesion between the PP matrix and MOSw is
improved, further increasing yield strength and Young’s modulus. Intuitively, as shown in Fig. 2(b), PP/15PP-g-
MAH/5MOSw presents a vague interface between the MOSw and the PP matrix. The whiskers (indicated by
arrows) are wrapped by PP and show clear polymer melt infiltration. After increasing the MOSw loading to

Fig. 2 SEM images of cryo-fractured surfaces of (a) PP/15PP-g-MAH, (b) PP/15PP-g-
MAH/5MOSw, (c) PP/15PP-g-MAH/15MOSw and (d) PP/5PP-g-MAH/15MOSw composites
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15 wt% (Fig. 2c), the interfaces between MOSw and the PP matrix are as indistinct as the PP/15PP-g-
MAH/5MOSw sample. However, numerous voids are then observed in the PP/5PP-g-MAH/15MOSw composite
owing to the pullout of MOSw in the brittle failure process. It is therefore concluded that the ratio of
compatibilizer/filler is crucial for the achievement of strong interfacial adhesion.

In studying the POE-g-MAH treated PP/MOSw composites, significantly different results were observed.
With the addition of POE-g-MAH in the PP matrix (formulations 13 and 14), both yield strength and Young’s
modulus decrease sharply, while nominal strain at break increases even more than the PP/PP-g-MAH blends.
These results indicate that POE-g-MAH is more efficient for increasing the flexibility of PP matrix than PP-g-
MAH, probably due to the architectural difference between the POE-g-MAH backbone and PP chains. Similar
behavior is also observed in other lubricants or plasticizers treated polymer systems. For example, Bettini
et al.” concluded that the remaining lubricant in a polymer matrix contributed to the decrease in strength due to
its low molecular weight and incompatibility with the matrix. In this study, after introducing POE-g-MAH into
PP/MOSw composites (formulations 8—12), remarkable decrease in yield strength and Young’s modulus are
observed. We also notice that the yield strength and Young’s modulus of POE-g-MAH treated PP/MOSw
composites are higher than those of PP/POE-g-MAH composites. The maximum yield strength and Young’s
modulus of POE-g-MAH treated composites are as high as 33.25 and 639.03 MPa, respectively. From Fig. 3(a),
PP/15POE-g-MAH composite shows a relatively smooth surface similar to neat PP and the PP/15PP-g-MAH
composite. However, numerous voids are evident in Figs. 3(b), 3(c) and 3(d), indicating that POE-g-MAH does
not improve the interfacial adhesion between MOSw and the PP matrix. In fact, PP-g-MAH and POE-g-MAH
both contain the maleic anhydride groups which can react with the hydroxyl groups on the MOSw surface.
Therefore, the main cause of POE-g-MAH treated composites exhibiting lower strength and modulus is the
incompatibility between the POE backbone and the PP structure. Details are discussed in the following sections.

Fig. 3 SEM images of cryo-fractured surfaces of (a) PP/1SPOE-g-MAH, (b) PP/15POE-g-MAH/5MOSw,
(c) PP/15POE-g-MAH/15MOSw and (d) PP/5POE-g-MAH/15MOSw composites

Figure 4 presents the response surface plots?*l of the yield strength as a function of compatibilizers and
MOSw contents for PP-g-MAH and POE-g-MAH treated composites. Obviously, each variate affects the yield
strength of composites. For example, when MOSw and PP-g-MAH are added simultaneously, the yield strength
increases with the increasing content of PP-g-MAH or MOSw, comparing formulations 1 and 2 (or formulations
1 and 3). The highest yield strength of PP-g-MAH treated composites occurs at the highest content of each
additive (i.e., 15 wt% PP-g-MAH and 15 wt% MOSw). When using POE-g-MAH as the compatibilizer, an
opposite trend is observed. The yield strength of POE-g-MAH treated PP/MOSw composites decreases with
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increasing POE-g-MAH, comparing formulations 8 and 9 (or formulations 10 and 11). In addition, both PP-g-
MAH and POE-g-MAH treated composites show higher yield strength at higher MOSw content, indicating the
reinforcement of MOSw to the PP matrix.
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Fig. 4 Effects of the variable compatibilizer and MOSw contents on yield strength of PP composites: (a) PP-g-MAH and
(b) POE-g-MAH as compatibilizers

Thermal Stability

Figure 5 shows the TG and DTG curves of neat PP and PP/15MOSw composites with or without compatibilizer
(the magnified thermograms at the range from 300 °C to 500 °C are shown in Fig. S2, in SI). Neat PP displays a
one-step degradation process from 300 °C to 400 °C by the presence of only one peak in the DTG curve at peak
temperature of 395.7 °C (Table 3). Above 400 °C, the quantity of PP residue is almost 0%, due to the thermal
degradation and further break down of depolymerized materials into gases with increasing temperature.
Although the other composites also show one-step degradation, nevertheless, the peak positions vary in the DTG
curves. First, MOSw filled PP composites decompose in a one-step degradation process, with peak temperature
dramatically increasing up to 422.5 °C. Introducing MOSw also leads to an increase in 7Tys, which is the
temperature that the sample starts to decompose, signified by a 5% weight loss?®]. Thus, the addition of MOSw
results in higher thermal resistance. It should be pointed out that MOSw also decomposes at 395 °C, which may
be superimposed with the thermal degradation peak of PP. Secondly, POE-g-MAH treated composites present
different DTG peaks compared with other composites. For the PP/SPOE-g-MAH/15MOSw composite, the
appearance of weak shoulder peak at 442.3 °C is attributed to the formation of a new phase in the composite,
which is inferred to be a POE-g-MAH constituent. To confirm this observation, TG and DTG curves of POE-g-
MAH are also shown in Fig. 6. Interestingly, POE-g-MAH starts decomposition at 394.2 °C (7os) and the peak in
the DTG curve is measured at 451.4 °C (7peak), as summarized in Table 3. What is more, both Tos and Tpeak
further increase when introducing 15 wt% POE-g-MAH into the PP/15MOSw composite. The shoulder peak
shifts to 451.7 °C and its intensity increases dramatically. In general, the appearance of a new phase in polymer
system reveals the poor compatibility between the matrix and the additives!?-3%, Therefore, POE-g-MAH poorly
enhanced the interfacial adhesion between MOSw and the PP matrix, coinciding with the previous mechanical
results. DSC results were also obtained to provide more useful information, which was detailedly discussed in
the supporting information.

Figure 5 also shows the TG and DTG curves of PP-g-MAH treated composites. The thermal stability and
degradation temperatures of these samples, especially for the PP/15PP-g-MAH/15MOSw composite, are
apparently higher than those of neat PP and the PP/15MOSw composite. This is mainly due to the enhancement
of interfacial adhesion between MOSw and the PP matrix[?> 2], Also, the absence of a shoulder peak suggests



1150 L. Dang et al.

that PP-g-MAH is highly compatible with the PP matrix. The TG and DTG curves of PP-g-MAH are also
presented in Fig. 6, with Tos and Tpeax values of 410.2 and 460.1 °C, respectively.
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Fig. 5 (a) TG and (b) DTG curves of neat PP and PP composites
Table 3 Summary of Tos and Tpeax for neat PP, POE-g-MAH, PP-g-MAH and its composites
Sample Tos (°C) Toeak (°C)
Neat PP 3135 395.7
POE-g-MAH 394.2 451.4
PP-g-MAH 410.2 460.1
PP/15MOSw 352.8 422.5
PP/5POE-g-MAH/15MOSw 364.5 420.1/442.3 2
PP/15POE-g-MAH/15MOSw 387.5 420.8/451.7 2
PP/5PP-g-MAH/15MOSw 390.3 4442
PP/15PP-g-MAH/15MOSw 403.8 456.5
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Fig. 6 (a) TG and (b) DTG curves of PP-g-MAH and POE-g-MAH

In summary, introducing MOSw effectively increases the thermal stability and degradation temperature of
the PP matrix. Moreover, adding POE-g-MAH further improves the thermal resistance with the presence of a
new phase, POE-g-MAH, resulting from the incompatibility of the POE-g-MAH backbone in the PP matrix. PP-
g-MAH treated composite exhibits the highest thermal stability and degradation temperature not only due to the
reaction between maleic anhydride groups and hydroxy groups of MOSw, but also for the high compatibility of
PP-g-MAH in the PP matrix.
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ATR-FTIR Analysis

In order to further investigate the interactions between MOSw and the compatibilizers, ATR-FTIR spectral
analysis was carried out®> 2+ 2%l Figure 7(a) shows the ATR-FTIR spectra obtained for neat PP, PP/15MOSw,
PP/15PP-g-MAH and PP/15PP-g-MAH/15MOSw composites. Only the PP/15PP-g-MAH composite shows one
low intensity absorption peak at 1780 cm™, corresponding to the carbonyls from five-membered cyclic
anhydridest®!- 321, As for the PP/15PP-g-MAH/15MOSw composite, a higher intensity peak appears at 1743 cm™
corresponding to the carbonyls of ester groups, with the absence of the peak at 1780 cm™'. Hence, it is
considered that the maleic anhydride functional groups of PP-g-MAH can be reacted with the hydroxyl groups of
MOSw to produce covalent bonding via esterification reaction/?% 2433341 The ester bonds of PP-g-MAH treated
composites offer much stronger interfacial adhesion between MOSw and the PP matrix, which improves the
mechanical and thermal properties of the samples. For the POE-g-MAH treated composites, Fig. 7(b) presents a
similar behavior of esterification reaction, where the symmetric C=0 stretching vibration of maleic anhydride
functional groups at 1776 cm™ is replaced by the C=0 stretching vibration of ester carbonyl groups at
1747 cm™'.
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Fig. 7 ATR-FTIR spectra of (a) PP-g-MAH and (b) POE-g-MAH treated PP composites

Figure 8 shows the hypothetical structure of PP-g-MAH and POE-g-MAH between hydrophilic MOSw and
the hydrophobic PP matrix!?>l. On one hand, it is confirmed that both PP-g-MAH and POE-g-MAH can react
with the hydroxyl groups of MOSw to form ester bonds, as discussed in the ATR-FTIR results. This reaction is
also the reason for improved thermal stability (7os) of compatibilizer treated composites. On the other hand, the
compatibility of POE-g-MAH and the PP matrix is not as good as PP-g-MAH, due to the structural differences
between the POE-g-MAH backbone and the PP chains. As a result, the yield strength and Young’s modulus of
POE-g-MAH treated composites are lower than those of untreated composites. Furthermore, this incompatibility
of POE-g-MAH and the PP matrix leads to the appearance of a new phase, as evidenced by the shoulder peaks in
the DTG curves. On the other hand, PP-g-MAH is highly compatible with the PP matrix due to structural
similarity. Therefore, PP-g-MAH treatment not only enhances the mechanical properties (yield strength and
Young’s modulus) as expected, but also greatly improves the thermal stability (7os) and degradation temperature
(Tpeak) of the final products. The miscibility of compatibilizers into the PP matrix also affects the mechanical and
thermal properties of composites. More details are discussed in the supporting information.

Rheology

The influence of compatibilizers on rheological behaviors of PP/MOSw composites was also investigated, since
the viscoelastic response is related to the short-range structure of fillers and the long-range interaction between
fillers and matrix/?>27, SAOS tests were conducted in the frequency range of 0.01-1000 rad/s at 190 °C, and the
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Fig. 8 Hypothetical structure of compatibilizing agents between hydrophilic MOSw and
hydrophobic PP matrix: (a) PP-g-MAH and (b) POE-g-MAH as compatibilizers

results are shown in Fig. 9. It can be seen from Fig. 9(a) that for complex viscosity (7%*) at high frequencies, all
the samples exhibit shear-thinning behaviors, most noticeably for the PP/15PP-g-MAH/15MOSw composite. In
particular, the behaviors of neat PP, PP/SMOSw and all the PP composites containing POE-g-MAH are typical
of molten polymers. Blending 15 wt% POE-g-MAH with the PP matrix results in the lowest n* at low
frequencies, which indicates that POE-g-MAH is acting as a plasticizer or lubricant’?! 33, However, the
PP/15PP-g-MAH sample exhibits slightly higher 7* than that of neat PP at low frequencies. When MOSw is
added into PP/15POE-g-MAH and PP/15PP-g-MAH systems respectively, both 77* values increase because of
the particle-particle contact effect of MOSw. Apparently, PP/iPP-g-MAH/iIMOSw composites show weakening
plateau region of 7* at low frequencies and more pronounced shear-thinning behavior at high frequencies,
especially for the PP/15PP-g-MAH/15MOSw composite. These trends indicate the formation of a network and
transition from liquid-like to solid-like, attributed to the much stronger interfacial adhesion between MOSw and
the PP matrix provided by PP-g-MAH™% 32 331 Strangely enough that 77* for the PP/15PP-g-MAH/5MOSw and
PP/15PP-g-MAH/15MOSw composites are lower at high frequencies than that for all the other samples; this
could be ascribed to the destruction of the MOSw network under high frequencies shearing!®*.

Figures 9(b) and 9(c) show, for neat PP and its composites, the dependence of storage modulus (G') and
loss modulus (G") on frequency, respectively. Both G’ and G" show similar trends to 7%*, with G’ more sensitive
to the presence of MOSw than G". With the increase of MOSw content, G’ of PP/15PP-g-MAH composites
significantly increases and shows weaker dependence on frequency in the terminal region. For the PP/15PP-g-
MAH/5MOSw and PP/15PP-g-MAH/15MOSw composites, the weak dependence of G’ on frequency is also a
characteristic of solid-like behavior?!>3% 361, Moreover, it has been reported that G’ relates to the elasticity of the
microstructure while G" relates to the molecular interactions and molecular mobility in the melt**. Therefore,
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for PP-g-MAH treated PP/MOSw composites, the increase in G’ suggests enhanced elastic response of the melt
under the shear condition, and the enhancement of G” indicates that molecular chain mobility is reduced in the
presence of a whisker network. In contrast, the POE-g-MAH treated PP/MOSw composites present lower G’ and
G" than those of PP/SMOSw, indicating a typical characteristic of liquid-like behavior. It should be emphasized
that, for the PP/15PP-g-MAH/15MOSw composite, G' is higher than G” over most of the frequency range. This
result suggests the dominance of solid-like relaxation behaviort,
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Fig. 9 (a) Complex viscosity, (b) storage modulus and (c) loss modulus versus frequency of neat PP and its composites
at 190 °C

In addition to these analyses, plots of G’ versus G" were also obtained to verify differences in the
microstructure of PP/MOSw composites containing different compatibilizers, as shown in Fig. 10(a). The curves
of composites containing POE-g-MAH are nearly superimposed upon those of PP/SMOSw and neat PP, meaning
that the microstructure of composites does not change after incorporating POE-g-MAH. However, the curves of
composites containing PP-g-MAH gradually deviate from those of PP/SMOSw or neat PP, as the MOSw content
increases. As for the PP/15PP-g-MAH/15MOSw composite, a significant deviation is observed which again
confirms the formation of an MOSw network in the PP matrix[3¢,

Figure 10(b) shows plots of damping factor (tand) versus frequency (@) of neat PP and its composites. As
reported by other authors, the transition from liquid-like to solid-like behavior occurs at the crossover frequency,
at which tand = 1133, As shown in Fig. 10(b), the crossover frequency of neat PP is 19.9 rad/s and stays no
change after introducing MOSw and/or POE-g-MAH. However, for the PP/15PP-g-MAH/SMOSw composite,
the crossover frequency decreases to 9.9 rad/s, implying that PP chain relaxation is retarded by the presence of
the PP-g-MAH. For PP/15PP-g-MAH/15MOSw composite, two crossover frequencies are observed at 3.2 and
0.32 rad/s, respectively, suggesting that percolation occurs in the PP/15PP-g-MAH/15MOSw composite.
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Fig. 10 Plots of (a) G’ versus G” and (b) tand versus frequency for neat PP and its composites at 190 °C
CONCLUSIONS

In this work, we prepared two types of PP/MOSw composites using either PP-g-MAH or POE-g-MAH as
compatibilizer. The effects of these two compatibilizers on the interfacial adhesion properties of PP/MOSw were
investigated in detail. PP-g-MAH treated PP/MOSw composites show significant increase in yield strength and
Young’s modulus, but remarkable decrease in nominal stain at break. On the other hand, the yield strength and
Young’s modulus of PP/MOSw composites sharply decrease when introducing POE-g-MAH as the
compatibilizer. These effects on mechanical properties are mainly attributed to the compatibility between the PP
matrix and the backbone of the compatibilizers. Specifically, PP-g-MAH is highly compatible with the PP matrix
due to structural similarity, as evidenced by the signal peaks in the DTG curves and the vague interface with
melts wrapped on the surface of MOSw. On the contrary, POE-g-MAH is incompatible with the PP matrix, as
verified by the appearance of shoulder peaks in the DTG curves and the numerous voids shown in SEM images.
In addition, ATR-FTIR results indicate that esterification reactions occur between the hydroxyl groups of MOSw
and the carbonyls of anhydrides to produce covalent bonding, both for PP-g-MAH and POE-g-MAH.
Rheological behaviors also confirm that introducing PP-g-MAH results in a transition from liquid-like to solid-
like, which is ascribed to the much stronger interfacial adhesion between MOSw and the PP matrix. However,
POE-g-MAH treated composites maintain the liquid-like rheological behaviors as typical molten polymers.
Furthermore, there is an MOSw network formed in the PP/15PP-g-MAH/15MOSw sample, as suggested by both
the significant deviation of G’ versus G” plot and the two crossover frequencies observed in tand versus
frequency plot.
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