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Maleic anhydride grafted onto atactic polypropylene (aPP-g-MAH) using a solution grafting reaction with
e-caprolactam promoter was investigated in this study. FTIR-ATR and elemental analysis (EA) measurements
showed that the optimal degree of grafting (DG) of aPP-g-MAH could be achieved at a 5.03 wt% when
e-caprolactam was added as the radical protecting agent. aPP-g-MAH was then introduced to PP and PP/Nylon 6
(PP/Ny6) as a nucleation and compatibility agent, respectively. The DSC curve of the PP/aPP-g-MAH blend
showed that the crystallization temperature of the blend was increased to 115.3 °C, higher than that of pristine
PP. In addition, POM observations demonstrated that the size of the spherulites present in pristine PP shrank
obviously. Moreover, the dynamic temperature variations in the POM observations revealed that the initial
crystallization temperature of PP/aPP-g-MAH was much higher than that of pristine PP. The results indicate that
the aPP-g-MAH additive was an excellent nucleating agent for the PP materials. When aPP-g-MAH was added as a
compatibility agent for PP/Ny6 blending, the cryogenically fractured surface of the PP/Ny6/aPP-g-MAH (5 wt%)
blend presented good compatibility between PP and the Ny6 domains. The crystallization temperatures of PP/
Ny6 blends with 10-50 wt% Ny6 were higher than that of pure PP, and the blends with aPP-g-MAH had much
higher of that. These findings reveal that aPP-g-MAH is a good nucleation and compatibility agent in PP/Ny6

blends.

1. Introduction

Polypropylene (PP) is one of the most important polymers in com-
modity plastics not only for its widely used in industry and commodity
materials, but also for it was a low carbon-feet material. Nevertheless,
the non-polarity of PP results in very poor compatibility and adhesion
with other materials and thus restricts its application [1-6]. Many re-
searchers have attempted to graft maleic anhydride (MAH) onto PP to
improve the interfacial adhesion between PP and different components,
such as polymers, metals and inorganic fillers in polymer blends [2]. In
addition, the different types of PP, such as isotactic polypropylene (iPP)
and atactic polypropylene (aPP), have been modified by MAH and used
as compatible agents for strengthening the mechanical properties of
composites based on PP [7-13].

Unfortunately, it is difficult to propagate the MAH monomer
repeating unit during free radical grafting polymerization [1-4]. The
degree of grafting (DG) of MAH onto a polymer depends on amount of
active sites and its active life. Garcia-Martinez et al. [2] concluded that
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there is a maximum DG for MAH grafted onto PP regardless of how the
initial concentration of MAH and/or peroxides in the grafting reaction
system are regulated. To overcome the grafting limitation problem,
some researchers have proposed different methods, including control-
ling the tacticity of the PP backbone [2,3], adding a second component
to the reaction mixture [2,4,13-18], or reacting in different types of
solvents [19,20]. For example, Garcia-Martinez et al. [3] reported that
the absence of stereoregularity in PP could increase the DG by up to
4.2%. Garcia-Martinez et al. [21,22] also modified aPP in both batch
solution and molten state process. The maximum DG of MAH onto aPP
was 3.0% produced by Anirban Bhattacharya et al. [23] under a batch
molten state process. Grafting modifications carried out photochemi-
cally were employed by Jun Qian et al. [24], and the DG was raised to
approximately 4.0%. Antioxidant, as a radical scavenger, was added to
the reaction medium to avoid collateral reactions, specifically p-scission,
by Frantisek Kucera et al. [25] Diop et al. also modified PP with MAH
using solid-state shear pulverization, achieving a significant amount of
grafting and strongly suppressing p-scission, inhibiting molecular
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weight reduction [26]. Incorporating p-(3-butenyl)toluene comonomer
units into PP and then grafted 1.1% of MAH was presented by Min Zhang
et al. [5] Li et al. [4] proposed that adding extra monomer, such as
styrene (St), could assist in reducing the chain scission reaction and
increased the DG of MAH onto PP from 0.25% to approximately 2.0%.
Weihua Luo et al. [14] also claimed that grafting MAH in the presence of
a-methyl-styrene could efficiently improve the amount of grafting on PP
and prevent the excessive degradation of PP macromolecules. In addi-
tion, the effect of solvent on radical grafting polymerization has also
been demonstrated [3,19,27]. Overall, the strategy of the above studies
was to prolong the radical life and activity to improve the DG of MAH on
aPP.

In recent decades, the mechanical properties of PP/Nylon 6 blends
have been paid more attentions. PP is a versatile polymer due to its low
material cost, high service temperature, high tensile modulus and good
chemical resistance, but the low impact strength limits its applications.
Nylon 6 has the advantages of easy processing, low friction, and suitable
wear resistance, but it still has some disadvantages like high material
cost, brittleness, poor dimensional stability, and considerable moisture
absorption. The PP/Nylon6 blends could combine the merits and elim-
inate the shortcomings of them. However, it is worth noting that the
incompatibility between PP and Nylon 6 form obvious phase separation
leading to poor mechanical properties. Therefore, maleic anhydride
grafted polypropylene (PP-g-MAH) was used as a compatibilizer to
improve the miscibility of PP and Nylon 6 [7,12,28-30]. J. Roeder et al.
[28] claimed that the addition of small quantities of PP-g-MAH to
PP/Nylon 6 improve the compatibility with a reduction in the size of
Nylon 6 domains and copolymer formation at the interface.
Garcia-Martinez et al. [31] also proposed that aPP-g-MAH was an
effective interfacial agent in PP/Nylon 6 blend. In addition, thermal
behavior of PP/Nylon 6/aPP-g-MAH composites also studied by E. P.
Collar et al. [32], and there is a critical value in the coupling agent level
that optimizes the properties of the blend was found.

In our previous study, a novel radical system was constructed using
mercaptan/e-caprolactam (Cap) [33-37]. In this novel system, Cap
plays an important role stabilizing the radicals and acting as a fragment
at the polymer chain end. Hence, Cap was added to the MAH-aPP
grafting system to prolong the radical life and improve the DG of aPP
in this study. Furthermore, different solvents were chosen to change the
environment of the reaction for the free radical grafting of MAH onto
aPP with Cap additives. Finally, MAH grafted onto aPP (aPP-g-MAH)
was applied to act as the nucleating agent for PP crystallinity
improvement and the coupling agent for PP/Nylon blending.

2. Experimental
2.1. Materials

Maleic anhydride (MAH, 98%, Alfa Aesar Co. Ltd.), benzoyl peroxide
(BPO, 97%, Alfa Aesar Co. Ltd.), and e-caprolactam (99%, Alfa Aesar Co.
Ltd.) were purified using recrystallization (twice) in solvent and were
stored in a refrigerator before use. aPP (p = 0.85 g/cm®, My, = 29,600)
and PP (YUNGSOX 1080; p = 0.90 g/cm3, My = 169,500; melt flow
index (MFI) = 10 g/10 min) were supplied by Formosa Plastics Corpo-
ration, Kaohsiung, Taiwan. Nylon 6 (Akulon F223D; p = 1.13 g/cm®,
My = 19,546; MFI = 44 g/10 min) was provided by DSM Engineering
Plastics. Xylene (>98.5%, Sigma-Aldrich Co. Ltd.), chlorobenzene
(>99.5%, J.T. Baker Co. Ltd.), and benzene (99%, Alfa Aesar Co. Ltd.)
were used as received.

2.2. Grafting reaction of aPP with MAH

The grafting reaction was carried out in a three-necked Pyrex bottle
equipped with a stirrer and a refluxing column. When using benzene as a
solvent, the reaction was conducted in a high pressure reactor, the
pressure of which was maintained at about 10 kgf/cm? by nitrogen gas.
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In section 3.1.1 and 3.1.4, xylene was selected as solvent for grafting
reaction. Xylene, chlorobenzene, and benzene were used in section
3.1.2. All of reaction components, including aPP (16% w/v), MAH (7.8%
w/v), with or without Cap addition, were dissolved in solvent and
purged with nitrogen gas for 30 min and controlled at 120 °C. The BPO
initiator solution was slowly titrated into the reactor. After 4 h, the re-
action was terminated by precipitating in methanol, and the product was
washed and purified several times in methanol. The final product,
termed aPP-g-MAH, was dried under vacuum and stored in a dried box
before used.

2.3. Blending process

The blends of PP containing 1 wt% aPP and 1, 5, or 10 wt% aPP-g-
MAH were melted and blended in a Leistritz co-rotating twin screw
extruder (diameter D = 27 mm and L/D = 36). PP was dried in an oven
at 110 °C for 16 h to remove residual water before use. The temperature
profile in extruder blocks was 120, 140, 160, 180, 180, 180, 180,
180,170, and 160, respectively. The gear rate and the compounding
time in the intruder was 150 rpm and about 2 min, respectively. The PP/
Nylon 6 composites were also manufactured by a Leistritz co-rotating
twin screw extruder, and the temperature profile of the PP/Nylon 6
composites was 140, 160, 180, 200, 220, 220, 220, 220,210, and 200 °C,
respectively. The gear rate was also controlled at 150 rpm.

2.4. Characterization

The samples were dissolved and precipitating several times as a wax
like sample. Then, the samples were dried in vacuum under 80 °C to
prevent the influence of water vapor. Next, the aPP and aPP-g-MAH
were grinded with pestle and portar and analysed by attenuated total
reflection (ATR) sampling accessory. The samples were analysed by
FTIR-ATR (JASCO ATR-61) over the range of 700-4000 cm ™! with a
spectrum resolution of 4 cm™'. The spectra were averaged over 64 scans
at room temperature. To precisely confirm the amount of grafted MAH
and the DG of MA on aPP, elemental analysis (EA, Elementar Vario EL
I11) was carried out to identify the composition of C, H and O elements in
the samples. The polarity changes of aPP and modified aPP were
determined by contact angle (CA) measurement. The samples were
made into a film by a hot-pressing process (190 °C for 10 min). The
thermal properties of the samples (approximately 5 mg) were measured
using differential scanning calorimetry (DSC, TA Instruments Q2000)
under nitrogen purging. The heating and cooling rate of the test was
controlled at 10 °C/min. The crystallization temperature of the samples
was taken from the 2nd heating/cooling curves of DSC. A polarized
optical microscope (POM, Olympus BH-2) equipped with a Linkam
Scientific Instruments CI 93 temperature controller and a THMS 600
heating stage was employed to observe the crystallization behavior of
the samples. The samples observed by POM were heated to melt, held for
10 min at 200 °C, at first. After the thermal history of the materials were
eliminated, the cooling rate of samples was controlled at 10 °C/min to
60 °C. A JSM 6700F field emission scanning electron microscope
(FESEM, JEOL, Japan) was used to observe the morphology of the
cryogenically fractured surface and phase domains in the samples. (The
composites extruded by extruder were quenched with liquid nitrogen for
5 min. After the treatment in liquid nitrogen, the composites became
hard and brittle. The low temperature composites were broken by
external force, and the fractured surfaces were observed under SEM.)
For SEM analysis, the samples were prepared with a thin Pt film
deposited on the samples via vacuum plating to enhance the sample
conductivity and increase the SEM resolution. The Pt deposition was
operated for 150 s under a pressure of 3.5 Pa at 10 mA.
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Fig. 1. FTIR-ATR spectra of (a) aPP, (b) aPP-g-MAH, and (c) aPP-g-MAH (Cap).

Table 1
Carbonyl index (CI = Aj7g2/A1167) of aPP, aPP-g-MAH,
and aPP-g-MAH (Cap).

Sample A1782/A1167
aPP 0
aPP-g-MAH 0.61
aPP-g-MAH (Cap) 0.97
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Fig. 2. FTIR-ATR spectra of aPP-g-MA using (a) xylene, (b) chlorobenzene, and
(c) benzene as the reaction medium.

Table 2
CI of aPP-g-MA prepared using xylene, chlorobenzene, and
benzene as reaction media.

Sample Ai782/A1167
aPP-g-MAH (Cap)(Xy) 0.97
aPP-g-MAH (Cap)(Cb) 1.21
aPP-g-MAH (Cap)(Ben) 1.56
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Table 3
DG and contact angle (CA) of aPP, aPP-g-MAH, aPP-g-MAH (Cap)(Xy), aPP-g-
MA (Cap)(Cb), and aPP-g-MAH (Ben).

Sample c? H* o° DG CA
(wWt%)

aPP 85.56 14.44 0 0.00 110°

aPP-g-MAH 84.61 14.11 1.28 2.62 109°

aPP-g-MAH (Cap)(Xy) 84.34 13.97 1.69 3.59 103°

aPP-g-MAH (Cap)(Cb) 84.11 13.94 1.95 3.93 98°

aPP-g-MAH (Cap)(Ben) 83.82 13.86 2.32 4.90 97°

# The contents of C and H were determined by using an elementary analyzer.
b Calculated from the C and H contents.

3. Results and discussion
3.1. Maleic anhydride grafted onto atactic polypropylene

3.1.1. Grafting of MAH onto aPP with and without Cap

The FTIR-ATR spectra of pristine aPP, aPP-g-MAH and aPP-g-MAH
(Cap) are shown in Fig. 1. The absorption bands at 1782 and 1790
cm ™! assigned to carbonyl groups (-C=0) of MAH were present in both
aPP-g-MAH and aPP-g-MAH (Cap). The shoulder bands shown at 1710
cm ™! were assigned to carbonyl groups of carboxylic acids. The lack of a
broad band in the range of 3200 cm™! - 3600 cm ™! illustrated that the
anhydride group of MAH grafted onto aPP did not open the ring to form
a carboxylic acid group [1,4]. According to previous studies [1], the
carbonyl index (CI = Aj7g2/A1167), Which is the area ratio of the char-
acteristic peaks of anhydride at 1782 cm™! to methyl groups at 1167
em™ !, can be used to estimate the DG of MAH onto aPP. Table 1 shows
that the CI of MAH grafted onto aPP was 0.97 and 0.61, respectively,
with and without Cap addition. This result clearly indicates that the DG
of MAH onto aPP was significantly improved by the addition of Cap due
to the radical protection function of Cap. Cap acts as a dormant species
that can dissociate reversibly into active radicals to maintain radical
activity, according to our previous study [20]. The role of Cap in the
reaction was also shown in Scheme S1 in supplementary data. Fig. 1 also
reveals that the aPP-g-MAH had two peaks, at 1790 cm ™! and 1782
cm ™}, both of which are attributed to the grafted single succinic anhy-
dride unit attached to the chain end of aPP and poly(maleic anhydride)
or to other forms of MAH, according to literature reports [4,38]. In
particular, the characteristic peak at 1790 cm ™! in aPP-g-MAH(Cap) had
nearly disappeared, which indicated that fewer single MAH molecules
were grafted onto the chain end of aPP when Cap was added to the
grafting system. This result reveals that dormant Cap species can inhibit
MAH grafting onto the chain end of aPP.

3.1.2. Solvent effect

Different solvents, including xylene (Xy), chlorobenzene (Cb) and
benzene (Ben), were used as the reaction medium to evaluate the DG of
MAH grafting onto aPP. The FTIR-ATR spectra and CI values of aPP-g-
MAH(Cap)(Xy), aPP-g-MAH(Cap)(Cb) and aPP-g-MAH(Cap)(Ben) are
shown in Fig. 2 and Table 2, respectively. The absorption band at 1782
cm ! for the MAH group was present in all sample spectra, indicating
that all aPP samples had successfully grafted MAH onto the main chain.
The CI of aPP-g-MAH(Cap)(Cb) was obviously higher than that of aPP-g-
MAH(Cap)(Xy). This result indicates that the probability of radicals
transferring to the solvent, as well as chain transfer, is inhibited in a
system with chlorobenzene as solvent, because two methyl groups of
xylene are highly reactive with radicals in the polymerization [20].
Xylene would transfer the free radicals of primary radicals from initiator
and macroradicals from to itself. These reactions may greatly suppress
the grafting reaction and reduce the degree of grafting. The amount of
MAH grafted onto aPP-g-MAH(Cap)(Ben) was the highest owing to the
stable chemical structure of benzene [19]. Benzene, with symmetrical
and stable chemical structure, was much more stable relative to xylene
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Fig. 3. The relationship between CI and DG in the aPP-g-MAH samples.
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Fig. 4. FTIR-ATR spectra of aPP-g-MAH (Cap) prepared at (a) 100 °C, (b) 110
°C, (¢) 120 °C and (d) 130 °C.

Table 4
Carbonyl index of aPP-g-MAH(Cap) prepared at 100 °C, 110 °C, 120 °C and 130
°C.

Sample Ai782/A1167 DG"
aPP-g-MAH (Cap)(100 °C) 0.56 1.88
aPP-g-MAH (Cap)(110 °C) 0.68 2.28
aPP-g-MAH (Cap)(120 °C) 0.97 3.25
aPP-g-MAH (Cap)(130 °C) 0.81 2.71

# Calculated by CI.

and chlorobenzene. In addition, the chain transfer reaction would be
greatly inhibited on it. Therefore, benzene is the best choice of reaction
solvent to increase the DG of aPP-g-MAH [19,20].

3.1.3. The DG of aPP-g-MAH

The DG of aPP-g-MAH samples was further detected and calculated
from the results of elementary analysis (EA), as shown in Table 3. The
trend of DG obtained from EA data for the aPP-g-MAH samples was
consistent with the CI value, as shown in Table 3 and Fig. 3. The notable
linear relationship of CI and DG, with an R-squared value of 0.988, is
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Fig. 5. DSC cooling curves for (a) aPP and (b) aPP-g-MAH(Cap)(Ben).
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Fig. 6. DSC cooling curves for (a) PP, (b) PP/aPP = 99/1, (c) PP/aPP-g-MAH
(Cap)(Ben) = 99/1, (d) PP/aPP-g-MAH(Cap)(Ben) = 95/5, and (e) PP/aPP-g-

MAH(Cap)(Ben) = 90/10.
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Fig. 7. DSC heating curves for (a) PP, (b) PP/aPP = 99/1, (c) PP/aPP-g-MAH
(Cap)(Ben) = 99/1, (d) PP/aPP-g-MAH(Cap)(Ben) = 95/5, and (e) PP/aPP-g-

MAH(Cap)(Ben) = 90/10.
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Table 5

Thermal properties of the PP/aPP and the PP/aPP-g-MAH blends.
Sample T.(°C)  AH. Tm °C)  AHn (J/8)

/g

PP 114.0 86.5 166.9 83.5
PP/aPP = 99/1 114.1 86.8 163.2 85.6
PP/aPP-g-MAH (Cap)(Ben) = 99/1 115.3 97.1 163.6 92.4
PP/aPP-g-MAH (Cap)(Ben) = 95/5 114.4 92.4 166.5 88.3
PP/aPP-g-MAH (Cap)(Ben) = 90/10 113.3 88.3 162.9 83.6

displayed in Fig. 3. From the slope of linear curve in Fig. 3, the DG of
aPP-g-MAH samples can be obtained by 3.5 times the CI value. This
result illustrates that the CI value can represent the DG of aPP-g-MAH. In
addition, the contact angle (CA) displayed in Table 3 shows a higher DG

Lens Z100:X700
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of aPP-g-MAH with a lower CA, because the hydrophobicity of aPP
decreased with an increasing DG of aPP-g-MAH [39]. Without any
modification, the CA of aPP is approximately 110°. The CA of
aPP-g-MAH was decreased to 97°, as its DG was 4.9 wt%. This polarity
change indicates that aPP-g-MAH is a good coupling agent for PP
blending with a polar polymer, such as Nylon.

3.1.4. Temperature effect

The effect of the reaction temperature on the DG of MAH onto aPP
was explored, as shown in Fig. 4 and Table 4. The CI values of aPP-g-
MAH prepared at 100 °C, 110 °C, 120 °C and 130 °C were 0.56, 0.68,
0.97 and 0.81, respectively. The optimum temperature of the grafting
reaction was 120 °C, as deduced from the CI value. When the reaction
temperature was increased to greater than 120 °C, the lower CI of the
aPP-g-MAH indicated that the DG of MAH on aPP was decreased. The

Fig. 8. POM images of (a) PP, (b) PP/aPP = 99/1, (c) PP/aPP-g-MAH(Cap)(Ben) = 99/1, (d) PP/aPP-g-MAH(Cap)(Ben) = 95/5, and (e) PP/aPP-g-MAH(Cap)(Ben)

= 90/10.
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Fig. 9. SEM micrographs of (a) PP/Nylon6 = 90/10; (b) PP/Nylon6/aPP-g-
MAH(Cap)(Ben) = 90/10/5; (c) PP/Nylon6 = 70/30; (d) PP/Nylon6/aPP-g-
MAH(Cap)(Ben) = 70/30/5; (e) PP/Nylon6 = 50/50; (f) PP/Nylon6/aPP-g-
MAH(Cap)(Ben) = 50/50/5; (g) PP/Nylon6 = 30/70; (h) PP/Nylon6/aPP-g-
MAH(Cap)(Ben) = 30/70/5; (i) PP/Nylon6 = 10/90; and (j) PP/Nylon6/aPP-g-
MAH(Cap)(Ben) = 10/90/5.

characteristic peak at 1790 cm™!, which was attributed to a succinic
anhydride attached to the chain end of aPP, also gradually disappeared
as the grafting temperature was increased from 100 °C to 130 °C. These
results indicated that the rate of termination reactions was greatly
increased at temperatures above 120 °C [40], and the dormant species
dissociation still occurred as the temperature increased above 100 °C.

3.2. Physical properties of aPP-g-MAH and PP/aPP-g-MAH blends

3.2.1. Crystallization behavior of aPP-g-MAH

The crystallization temperatures (T.) of aPP and aPP-g-MAH(Cap)
(Ben) were measured by DSC, as shown in Fig. 5. The low enthalpy of
crystallization (AH,) of aPP and aPP-g-MAH(Cap)(Ben) was due to the

Polymer 194 (2020) 122386
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Fig. 10. DSC cooling curves for (a) PP/Ny6 = 90/10, (b) PP/Ny6/aPP-g-MAH
(Cap)(Ben) = 90/10/5, (c) PP/Ny6 = 70/30, (d) PP/Ny6/aPP-g-MAH(Cap)
(Ben) = 70/30/5, (e) PP/Ny6 = 50/50, (f) PP/Ny6,/aPP-g-MAH(Cap)(Ben) =
50/50/5, (g) PP/Ny6 = 30/70, (h) PP/Ny6/aPP-g-MAH(Cap)(Ben) = 30/70/5,
(i) PP/Ny6 = 10/90, and (j) PP/Ny6/aPP-g-MAH(Cap)(Ben) = 10/90/5.
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Fig. 11. DSC heating curves for (a) PP/Ny6 = 90/10, (b) PP/Ny6/aPP-g-MAH
(Cap)(Ben) = 90/10/5, (c) PP/Ny6 = 70/30, (d) PP/Ny6/aPP-g-MAH(Cap)
(Ben) = 70/30/5, (e) PP/Ny6 = 50/50, (f) PP/Ny6/aPP-g-MAH(Cap)(Ben) =
50/50/5, (g) PP/Ny6 = 30/70, (h) PP/Ny6/aPP-g-MAH(Cap)(Ben) = 30/70/5,
(i) PP/Ny6 = 10/90, and (j) PP/Ny6/aPP-g-MAH(Cap)(Ben) = 10/90/5.

low tacticity. Moreover, the T. of aPP-g-MAH (98.7 °C) was obviously
higher than that of aPP (82.4 °C), indicating that aPP-g-MAH can crys-
tallize more easily. Thus, aPP-g-MAH(Cap)(Ben) effectively acted as the
nucleation site to induce the crystallization of aPP [41].

3.2.2. Thermal properties and crystallization behavior of PP/aPP-g-MAH
blends

The DSC traces and thermal properties of the PP blends with 1 wt%
aPP and 1 wt% aPP-g-MAH(Cap)(Ben) are shown in Fig. 6, Fig. 7 and
Table 5, respectively. The T, and AH, values of the PP blended with 1 wt
% aPP-g-MAH(Cap)(Ben) were higher than those of pristine PP and the
PP/aPP blend. Notably, the crystallization peak of the PP/aPP-g-gMAH
(Cap)(Ben) blend was narrower and stronger than that of pristine PP and
the PP/aPP blend, suggesting a narrow size distribution of crystallites in
the PP/aPP-g-gMAH(Cap)(Ben) blend (Fig. 6 (a) and (c)) [42]. These
results revealed that the addition of aPP-g-MAH to PP enhanced the
crystallization degree of PP due to the heterogeneous nucleation effect
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Table 6

Thermal properties of PP/Ny6 and PP/Ny6,/aPP-g-MAH composites.
Sample T (°C) T (°C) AH. (J/8) AHpm (J/8)

PP Ny6 PP Ny6 PP Ny6 PP Ny6

PP/Ny6 = 90/10 116.3 189.1 162.8 220.3 78.9 4.7 79.5 4.4
PP/Ny6/aPP-g-MAH = 90/10/5 116.2 - 164.2 221.3 81.7 - 84.3 4.2
PP/Ny6 = 70/30 114.8 190.5 162.6 220.9 59.5 18.2 55.3 15.1
PP/Ny6/aPP-g-MAH = 70/30/5 118.0 187.1 163.1 220.7 68.1 13.7 64.2 14.8
PP/Ny6 = 50/50 119.2 190.2 164.4 221.1 42.4 30.4 36.1 26.5
PP/Ny6/aPP-g-MAH = 50/50/5 120.4 189.5 163.8 221.7 43.9 24.7 42.2 21.7
PP/Ny6 = 30/70 119.6 190.6 163.7 221.4 24.4 39.1 21.3 34.0
PP/Ny6/aPP-g-MAH = 30/70/5 104.6 189.8 163.7 221.0 25.7 40.7 21.7 36.0
PP/Ny6 = 10/90 119.6 191.0 163.8 222.2 9.2 52.9 7.3 47.7
PP/Ny6/aPP-g-MAH = 10/90/5 101.0 189.4 163.3 222.2 5.6 48.8 4.8 45.9

[41,42]. The T. of the PP/aPP-g-gMAH(Cap)(Ben) blend with 1 wt%
aPP-g-gMA(Cap)(Ben) increased from 114.0 °C to 115.3 °C. The AH. and
enthalpy of fusion (AHy,) of the PP/aPP-g-gMAH(Cap)(Ben) blend with
1 wt% aPP-g-gMAH(Cap)(Ben) were the highest values (97.1 and 92.4
J/g, respectively) among the different weighting PP/aPP-g-gMAH(Cap)
(Ben) blends, indicating that it has the highest crystallinity. Due to the
crystallinity, the PP and PP/aPP blend have similar peak strengths, as
displayed in Fig. 7(a) and (b). The PP/aPP-g-gMAH(Cap)(Ben) blend
with 1 wt% aPP-g-gMAH(Cap)(Ben) has the strongest peak (Fig. 7 (c)).
However, when the amount of aPP-g-MAH(Cap)(Ben) within PP is
greater than 5 wt%, the T, and AH, values began to decline due to in-
terruptions from the excessive addition of aPP-g-MAH [43], as shown in
Fig. 6. Chen et al. [43] also claimed that the nucleation and growth rates
of the crystallization behavior for iPP are interrupted by the presence of
aPP molecules. The interrupting phenomena could also be demonstrated
in the broader peak and lower melting temperature of the exotherms
shown in Fig. 7(d) and (e). The AH. and AH,, values of the
PP/aPP-g-gMAH(Cap)(Ben) blend with 5 wt% aPP-g-gMA(Cap)(Ben)
were 92.4 and 88.3 (J/g), respectively. The AH. and AHp, values of
the PP/aPP-g-gMAH(Cap)(Ben) blend with 10 wt% aPP-g-gMA(Cap)
(Ben) were 88.3 and 83.6 (J/g), respectively. The above values, which
were much lower than the blend with 1 wt% aPP-g-MAH(Cap)(Ben),
were also indicative of crystallization interruption.

The crystallization morphology of PP, PP/aPP and the PP/aPP-g-
MAH blends were further observed by using POM with a heating
stage, as shown in Fig. 8. The crystallization morphologies of pristine PP
and the PP/aPP blend formed large spherulites with diameters of
approximately 100 pm (Fig. 8(a)) as it cooled from the melting state. The
spherulite size for the PP domain decreased with an increasing content
of aPP-g-MAH(Cap)(Ben). Shrinking of the spherulite size may have
arose from the large amount of heterogeneous nucleation sites induced
by aPP-g-MAH(Cap)(Ben) [41,42]. In addition, the uniform distribution
of the spherulites was in accordance with the narrow crystallization
peak in the DSC curve. However, when the content of aPP-g-MAH within
the PP domain was increased to 10 wt%, spherulites with a wide size
distribution were observed (Fig. 8(e)). Although small-sized spherulites
could be found, there were also large spherulites present. This phe-
nomena could also be observed as the wider peak width of the
PP/aPP-g-MAH(Cap)(Ben) = 90/10 crystallization peak in DSC. The
wide size distribution of the spherulites may arise from some amount of
phase segregation of aPP-g-MAH in the blend.

3.3. Miscible phenomena and thermal behavior of PP/Nylon 6/aPP-g-
MAH blends

The compatibility between PP and Nylon 6 (Ny6) in the composites
with and without aPP-g-MAH were first observed by SEM. The cryo-
genically fractured surfaces of PP with 10, 30, 50, 70 and 90 wt% Ny6
blend are shown in Fig. 9. Fig. 9 (a), (), (e), (g) and (i) are the SEM
micro-images of the PP/Nylon 6 blend, showing that the minor spherical
phase was dispersed within the matrix owing to phase segregation. The

voids with a sharp interface in the images were due to domains being
extracted from the matrix during the fracture process, revealing that the
interaction between PP and Ny®6 is weak [7,12,29,30]. In contrast, as the
5 wt% aPP-g-MAH was added as a coupling agent between PP and Ny®6,
the blurred interface between PP and the Ny6 domains indicates that the
compatibility of PP and Ny6 was efficiently promoted, as shown in Fig. 9
(b), (d), (f) and (j). In particular, for 10 wt% and 30 wt% of Ny6 blending
with PP and aPP-g-MAH (Fig. 9 (b) and (d)), the spherical dispersion of
Ny6 in PP was nearly absent, supporting the idea that aPP-g-MAH is
suitable as a coupling agent for PP/Ny6 blending [7,12,29,30]. When
the composition of Ny6 in the PP/Ny6 blends was increased to 50 wt%,
70 wt% and 90 wt% (Fig. 9(f), (h) and (j)), the amount of spherically
dispersed phase became smaller and was well-dispersed in the matrix.
Moreover, the morphology of the domains that were extracted during
fracture indicated that aPP-g-MAH was not sufficient to act as a coupling
agent in the presence of higher Ny6 contents [7,12,29,30].

The thermal properties of the PP/Ny6 and PP/Ny6/aPP-g-MAH(Cap)
(Ben) blends were also characterized by DSC, as shown in Figs. 10 and
11. The temperature and latent heat of crystallization and melting are
presented in Table 6. The DSC curves show that the crystallization peaks
of PP and Ny6 without aPP-g-MAH are different in cooling and heating
curves, indicating the phase segregation phenomenon. As aPP-g-MAH
was added, the crystallization peak of Ny6 disappeared, showing good
miscibility in the blend with 10 wt% Ny6 (Fig. 10 (b)) [7]. In addition,
the crystallization peak of PP in PP/Ny6/aPP-g-MAH became stronger
and narrower. The T, of PP/Ny6/aPP-g-MAH(Cap)(Ben) = 90/10/5 (T,
pp) was 116.2 °C (Table 6), which was 2.2 °C higher than the T. of
pristine PP (114.0 °C), revealing that the presence of Ny6 and
aPP-g-MAH as a nucleating agent provoked the crystallization behavior
of PP [7,42]. Similar phenomena could be found for PP/Ny6 = 70/30
and 50/50, with and without aPP-g-MAH, due to the presence of high-T.
Ny6 and aPP-g-MAH. The weaker promotion of AH, in
PP/Ny6/aPP-g-MAH(Cap)(Ben) = 50/50/5 relative to PP/Ny6 = 90/10
and 70/30 was due to the excessive additive of aPP-g-MAH, as
mentioned for the PP/aPP-g-MAH blends. These results also showed that
aPP-g-MAH has a relatively higher solubility in PP. In addition, the
peaks of PP and Ny6 had separate melting endotherms, demonstrating
that Ny6 and PP crystallize independently (Fig. 11(b)). The cooling
curve of the PP/Ny6/aPP-g-MAH(Cap)(Ben) blend (70/30/5) showed a
similar result (Figs. 10 and 11 (c) and (d)). When the proportion of
PP/Ny6 was decreased to 30/70 and 10/90, the T, pp values decreased to
104.6 and 101.0 °C, respectively, which were lower than the T, values
for pristine PP and PP/Ny6 without aPP-g-MAH, as shown in Table 6.
The crystallization peaks of PP in the PP/Ny6/aPP-g-MAH(Cap)(Ben) =
30/70/5 and 10/90/5 also became broader, and the T, pp of each shifted
to a lower temperature, as presented in Table 6, Fig. 10(h) and (j). These
poorer crystallization behaviors were due to the excessive addition of
aPP-g-MAH, as previously mentioned. Apart from this, the totally
separated crystallization peaks and melting peaks of PP and Ny6 (shown
in Figs. 10 and 11(h) and (j)) demonstrated that the miscibility of these
composites was not good relative to the composite with a lower content
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of Ny6 [7]. In addition, the T, T,, AH, and AHy, of Ny6 in the PP/Ny6
blends showed no drastic changes with or without aPP-g-MAH, indi-
cating that aPP-g-MAH had no effect on the crystallization of Ny6.

4. Conclusion

The DG of MAH onto aPP was greatly improved by the Cap radical
protector and the use of benzene solvent. When 1 wt% aPP-g-MAH was
added to PP, the crystallinity of PP was increased. However, when the
content of aPP-g-MAH was raised to 5 wt% and 10 wt%, the T, and AH,
values became lower owing to the interruptions of excess aPP-g-MAH. In
addition, the compatibility between PP and Ny6 could be greatly
enhanced by aPP-g-MAH additive. However, as the content of Ny6 was
increased to 50% in the blends, the coupling agent of aPP-g-MAH lost its
function in the PP/Ny6/aPP-g-MAH blend.
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