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Abstract The functionalized polyetherimides (fPEIs) grafted with maleic anhy-

dride (MA) or glycidyl methacrylate (GMA) was synthesized through reactive melt

blending. The compatibility and interaction of polyamide 6,6 (PA66) and fPEI in the

blends were characterized by Fourier transform infrared spectra, Molau tests, melt

flow index, dynamic mechanical analysis, thermal mechanical analysis, and scan-

ning electron microscopy. Izod impact strength and heat deflection temperature tests

were performed to determine thermal and mechanical properties. The results show

that fPEIs can react with the amino end groups in PA66. In this way, the in situ-

formed fPEI-g-PA66 copolymer compatibilizer anchors at the interface of PA66/

fPEI blends. The morphological study of the fracture sections before and after

impact test revealed that the fPEI particles were dispersed uniformly in the PA66

matrix and the interfacial adhesion between PA66 and fPEI was increased signifi-

cantly. The mechanical properties of the modified blends were enhanced compared

with the unmodified PA66/PEI pair due to the improvement in the compatibility

between the individual components.

Introduction

Polymer blends offer enormous potential in polymer modification because they

allow for simple processing and unlimited possibilities in designing novel materials

that combine advantageous properties of different polymers [1, 2]. Due to intense

commercial interest in materials with specifically tailored end-use properties,

polymer blending has become a major issue in the field of polymer science and
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technology during the last three decades. Currently, polymer blends constitute more

than 10 wt% of the total polymer consumption, and their economic significance

continues to increase [3].

Polyamide (PA), also known as nylon, is one of the most versatile engineering

plastics. PA66 is an important engineering plastic in the PA family due to its

excellent performance, large-scale production and wide application [4]. Because of

its excellent balance of strength, ductility and stiffness, exceptional chemical and

solvent resistance, and ease of fabrication and processing [5–7], PA66 is widely

applied in areas such as automobile, electronics, machinery, packaging, sports,

consumer goods, and so on [8, 9]. However, it is well known that PA66 is prone to

absorb moisture due to the backbone polar amide groups [10], and at low

temperature has high sensitivity to notch propagation under impact, which easily

leads to embrittlement [11]. In addition, its inferior electrical properties compared to

polyethylene or polypropylene, its relatively lower dimensional stability and heat

resistance compared with most other engineering plastics, limit the wider

application of PA66 [12]. Therefore, in recent years [13–16], more attention has

been paid to the modifications of PA66 to develop new products with outstanding

properties to broaden its applications in electronic and automotive industries. Indeed

blending PA66 with various high-performance polymers [12, 16–19] offers an

efficient and economic alternative despite recent progress in synthesis of high-

temperature nylons with aromatic backbones such as polyterephthalamides and

polyamide-imide [20, 21].

On the other hand, polyetherimide (PEI), an amorphous polymer commercially

known as Ultem, has favorable high-performance properties [22–24], and is

characterized by a high glass transition temperature (Tg) of around 220 �C. The
ether units lend the structure flexible linkages. The aromatic imide units provide

high heat resistance, dimensional stability and good mechanical properties.

Furthermore, the high proportion of aromatic rings gives this polymer excellent

thermal stability and flame retardancy, but like many other high-performing

thermoplastic materials PEI has low stress crack resistance and high melt viscosities

[25]. Therefore, blending PEI with partially crystalline polymers like polyamides,

which have excellent stress crack resistance and good flow properties, could be an

appropriate way to create new materials with tailor-made properties. PEI has been

blended with various engineering polymers [26–28] to form partially miscible

blends with improved processability. However, the development of PA66 and PEI

blends is rather lagging behind.

The aim of the present study is to introduce PEI containing rigid segments to

PA66, in order to improve performance and to explore the relationship between the

microstructure and the properties of the novel in situ blends. To the best of our

knowledge, few studies to date concerning these aspects have been reported [12,

29–33]. In addition, the difference in compatibilization behavior between the in situ-

formed copolymers during melt blending will be examined. We shall carry out melt

blending of functionalized PEI with PA66 at 40/60 weight ratio using a miniature

mixer. Two types of functionalized PEIs (fPEIs) with different degree of grafting

are used, i.e., maleic anhydride (MA) and glycidyl methacrylate (GMA)-grafted PEI

(PEIgMA and PEIgGMA). The morphology developments are studied by scanning
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electron microscopy (SEM). The stability of in situ-formed copolymer at the

interface was investigated at quiescent condition and the result was compared with

that at dynamic condition through morphological observation. The in situ copoly-

mer formation was further confirmed by FTIR and the Molau test. The DMA results

indicate that functionalized PEIs can also form entanglement with PA66 matrix. In

this way, the in situ-formed PEI-g-PA66 anchors at the interface and leads to the

suppression of PEI particle aggregation and enhancement of interfacial adhesion.

The mechanical properties are consequently improved.

Experimental

Materials

The polymers used in this work were of commercial grade nylon 6,6 (PA66) of

DuPont, Zytel� 101L; and polyetherimide (PEI) of SABIC, UltemTM HU1010.

The thermal, mechanical and flow properties of the base polymers are listed in

Table 1. Two fPEIs, PEIgMAs and PEIgGMAs, of different degree of grafting

(DG) were used as reactive components. Both GMA and MA are reagent grades

of Showa Chemicals Japan with purity over 95 %; and the radical initiator

dicumyl peroxide (DCP) is also a reagent grade of Acros with purity over 99 %.

The PA stabilizer, tris (2,4-di-tert-butylphenyl) phosphate (Everfos� 168) is a

commercial grade of Everspring Chemical Co. Taiwan with purity over 99 %. The

solvent for PEI, N-methyl-2-pyrrolidone (NMP), is an HPLC grade of Chang

Chun Petrochemical Co. Taiwan with purity over 99.5 %. All the chemical

regents were used as received.

Synthesis of functionalized PEI

The functionalization of PEI is similar to the grafting of polyethersulfone [34]. PEI

pellet was dried under vacuum for 4 h at 150 �C to ensure removal of any absorbed

moisture. Next, PEI, MA or GMA, and DCP were physically premixed. The recipe

consisted of 50 g PEI, and 5 and 10 phr of MA or GMA. The amount of DCP was

0.5 phr based on the weight basis of PEI. The reactive grafting process was carried

out in a roller mixer (Brabender plastograph EC, Germany) at 300 �C and 100 rpm

Table 1 Thermal and mechanical properties of neat resins

Td (�C) Tm (�C) Tg (�C) Ts (�C) HDT (�C) MFI g/10 min IS (J/m)

PEI 544 – 223 220 209 5.53 48.6 ± 2.0

PA66 460 265.7 76 76 248 270 51.8 ± 2.3

Td degradation temperature by TGA, Tm melting temperature by DSC, Tg glass transition temperature by

DMA, Ts softening temperature by TMAm, Ts softening temperature by TMA, HDT heat deflection

temperature by ASTM D648, MFI melt flow index by ASTM D1238 at 300 �C, IS notched Izod impact

strength by ASTM D256
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for 5 min when both the torque and the temperature became steady. After grafting,

purification process was carried out. PEIgMA or GMA was agitated in NMP at

60 �C for 2 h, and the hot solution was poured into cold acetone. The precipitated

polymer was washed with acetone several times, to remove any unreacted reagents,

followed by drying in a vacuum oven at 80 �C for 24 h. The purified functionalized

PEI (fPEI) was stored in sealed bag with desiccant for later use. The FTIR analysis

and the grafting reactions between PEI and the reacting monomers will be discussed

later.

Titration and degree of grafting of PEIgGMA and PEIgMA

A brief description of the epoxide titration is given here. The detailed procedures

can be found elsewhere [35]. A certain amount of samples with 10 mL hydrochloric

acid–acetone solution were loaded into a conical flask with a ground glass stopper.

After ultrasonication and dissolution of the samples, 3–5 drops of a phenolphthalein

indicator were added into the flask and the solution was titrated with a KOH/EtOH

solution to a pink color which did not fade within 10 s. Each set of data was

measured three times and the average values were taken as the end results.

Back titrations are used to determine epoxide values of grafted GMA; the excess

hydrochloric acid is titrated with NaOH after the addition reaction of the epoxide

group with HCl. The degree of grafting (DG) of GMA was calculated by the

following formula:

DG GMAð Þ ¼ N � Vo � Vð Þ � 143:15= W � 1000ð Þ � 100 %; ð1Þ

where V and Vo are the volumes (mL) of the NaOH standard aqueous solution

consumed by the hydrochloric acid–acetone solution with and without dissolved

samples, respectively. N (mol/L) is the normal concentration of the KOH/EtOH

solution, and W is the mass (g) of the sample.

Degree of grafting for PEIgMA was also determined through titration [36]. A

certain amount of purified PEIgMA was refluxed in 100 mL of NMP for 1 h. It was

then titrated immediately with 0.005 N potassium hydroxide in ethanol (KOH/

EtOH), using phenolphthalein as indicator. The DG can be calculated by:

DG MAð Þ ¼ N � ðV � VoÞ � 98:06= 2 �W � 1000ð Þ � 100 %; ð2Þ

where N (mol/L) is the normal concentration of NaOH/EtOH solution, W is the

sample weight (g), Vo and V are the KOH/EtOH volumes (mL) for blank solution

and for titration of PEIgMA, respectively. All characteristic data of fPEIs are

summarized in Table 2. Note that PEIgGMAs with feed ratios of 5 and 10 phr GMA

are abbreviated as PG5 and PG10, respectively. Similarly, PM5 and PM10 denoted

PEIgMAs with 5 and 10 phr MA feed. The DG (Eq. 1) of PG5 and PG10 are

1.9 % ± 0.12 and 2.3 % ± 0.08, respectively; and the DG (Eq. 2) of PM5 and

PM10 are 2.4 % ± 0.13 and 3.5 % ± 0.17, respectively. The mechanical and

thermal properties of fPEI were generally lower than that of the virgin PEI (see

Table 1) except that the MFIs of fPEIs were lower due to polar interaction among

the grafted functional groups.
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Blend preparation

Various reacted blends of PA66/fPEI with a weight ratio of 60–40 were prepared

using the following procedure. Both PA66 and purified fPEI were dried under

vacuum for 4 h at 80 and 150 �C, respectively. Next, dried fPEI was transferred to

the plasticorder, which was preheated to 300 �C and operated at 100 rpm until

steady torque reached. Then dried PA66 pellet was added with 0.1 phr stabilizer and

blended for a predetermined time of 3 min, which was recorded as the reaction time.

Throughout the experiment, the temperature was maintained at 300 �C. The

physical blend of pure PA66 and PEI was also prepared using the same procedure.

The test specimens of PA/PEI and PA/fPEI blends were compression molded in an

electrically heated hydraulic press. Hot-press procedures involved preheating at

300 �C for 5 min, followed by compressing for 2 min at the same temperature, then

water cooled to room temperature for about 1 h. Note the weight ratio of PA66/PEI

or fPEI was fixed at 60/40, which showed better processibility and property

improvement than other compositions.

Characterization

The nonisothermal degradation behavior of neat resins, fPEI, and their blends were

characterized using a thermogravimetric analyzer (TGA Q500, TA Instrument). All

measurements were performed under a nitrogen atmosphere in the temperature

range between 30 and 800 �C at a heating rate of 10 �C min-1.

Differential scanning calorimetry (DSC) was carried out under nitrogen flow at

a heating rate of 10 �C/min using PerkinElmer DSC-7. A tiny as-extruded sample

(ca. 10 mg) was used for DSC over a temperature range from 30 to 200 �C.
Dynamic mechanical relaxation was measured with a Perkin Elmer model 7e

DMTA working in bending mode constant stress. The complex modulus,

E* = E0 ? iE00, of each sample was determined over a temperature range from

0 to 150 �C at a constant frequency of 1 Hz. The experiments were carried out at a

heating rate of 10 �C/min. The dimension of the specimen samples was about

12 9 12 9 3 mm. The specimen was cut from a core part of the injection-molded

dumbbell specimen. Thermomechanical properties were measured on a thermo-

mechanical analyzer (TA Model 2940). Size of the compression-molded

Table 2 Thermal and mechanical properties of fPEIs

Name

code

Degree of

grafting

Td
(�C)

Tg
(�C)

E0

(MPa)

30 �C

E0

(MPa)

200 �C

Ts
(�C)

HDT

(�C)
MFI (g/

10 min)

IS (J/m)

PEI – 544 223 429 390 220 209 5.53 48.6 ± 2.02

PG5 1.9 % ± 0.12 534 219 383 355 216 213 5.19 40.3 ± 1.46

PG10 2.3 % ± 0.08 520 216 300 298 214 212 4.77 35.7 ± 1.23

Td degradation temperature by TGA, Tg glass transition temperature by DMA, Ts softening temperature

by TMA, HDT heat deflection temperature by ASTM D648, MFI melt flow index by ASTM D1238 at

300 �C, IS notched Izod impact strength by ASTM D256
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specimens was 7 9 7 9 3 mm. The temperature range was from 30 to 140 �C and

the heating rate was 5 �C/min. The expansion measurements used the flat-tipped

standard expansion probe with a constant force of 0.05 N. All materials show

temperature dependence in their linear coefficients of thermal expansion, CTE,

especially above Tg (glass transition temperature). Therefore, a single reported

number for CTE cannot accurately reflect the expansion behavior, except below

Tg, where CTE changes little.

Infrared spectra were recorded on a Shimadzu FTIR spectrometer (Prestige-21)

to identify the chemical groups of the reactive blends. The samples were measured

in the form of thin film from compression molding. SEM images of the morphology

of modified blends were observed by field-emission scanning electron microscope

(FESEM) JSM-6400 (JEOL, Japan) with accelerating voltage at either 5 or 10 kV

and working distance from 8.8 to 15.1 mm. The dispersed PEI/fPEI domain within

the PA66 matrix was also observed. Both the freeze-fractured and the impact-

fractured sample surfaces were sputter-coated with platinum using an ion coater IB-

3 (Giko, Japan). Molau tests were performed by dissolving about 100 mg of the

blend samples in 20 ml of 85 % formic acid, storing the test tubes for 24 h, and

observing the turbidity of the solutions.

Notched Izod impact test was performed according to ASTM D256, using DG-

1B (Toyo Seiki Co. Ltd.) after notching (sharp notches of 2.5 mm depth obtained

with a diamond cutter). An average value of five replicated specimens was taken for

each composition. Heat deflection temperature (HDT) was measured by an HDT

tester, 6M-2 (Toyo Seiki Co. Ltd.) at edgewise mode under a load of 0.455 MPa at a

heating rate of 2 �C/min according to ASTM D648. HDT was the temperature at

which the specimen distortion increased to 0.25 mm during the heating process.

Both impact and HDT tests were carried out for the as-mold samples. The melt flow

index (MFI) measurements were performed at 300 �C on a GOTECH melt flow

indexer Model 4002 according to ASTM D1238.

Results and discussion

IR spectroscopy results of PEI functionalization and interfacial reactions

IR spectroscopy was used to examine the structural changes in PEI following

functionalization. Figure 1 shows the IR spectrum of the samples of neat PEI and

fPEIs of PM10 (PEIgMA) and PG10 (PEIgGMA). The assignments of the principal

absorption bands of PEI, 1780, 1720, due to symmetric and asymmetric stretching

of C=O, respectively, and 1608 due to aromatic C=C, were made based on the

literature [37, 38]. Some of these assignments are indicated in Fig. 1. In the

spectrum of PM10, new absorption bands at 1700 and 1783 cm-1 due to symmetric

stretching of carbonyl group of carboxyl acid and MA, respectively; and at

1854 cm-1 due to asymmetric stretching of MA, which are not observed in the

spectrum of PEI, are found in the range 500–2500 cm-1 (line B). These

characteristic bands are assigned to a carbonyl stretching in MA grafted on PEI.

From these results, it is clear that MA units are introduced into the PEI backbone via
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the reactive extrusion process. Line C is the FTIR spectrum of the GMA-grafted PEI

(PG10). Compared with the spectrum of the neat PEI, we obtain a spectrum with a

broadened signal in the region of 1720 cm-1 due to carbonyl stretching of both

GMA and PEI. The C–O stretch is strong and appears as two bands, a broad band

with a maximum near 1260 cm-1 (C–O stretching) and narrower and slightly

weaker bands with maxima near 900 and 819 cm-1 (stretching of oxirane group).

From these data, we conclude that the epoxy ring is grafted to PEI to a certain extent

with the radical initiated reactions.

For investigating the reaction between PA66 and fPEI, the comparison of FTIR

spectra of unmodified PA66/PEI and PA66/fPEI blends are shown in Fig. 2 together

with neat PA66 and PEI. Figure 2a shows the range of 500–2000 cm-1, and 2b in

the range of 2000–4000 cm-1. In Fig. 2a, the characteristic peaks of both neat PA66

and PEI can be observed clearly in the spectrum of unmodified PA66/PEI blend

(Line b). The bands at 1635 and 1541 cm-1 are attributed to PA66 amide I and II

absorption bands, respectively [39]. The principal absorption bands of PEI at 1780

and 1720 cm-1 also appear in PA66/PEI blends, but the band at 1608 cm-1 of PEI

seems to merge with the band at 1635 cm-1 of PA66 and produces a broad band.

Two new peaks appear in PA66/PM10 spectrum (line C) compared with that of

unmodified PA66/PEI. The peak at 1854 cm-1 is assigned to the asymmetrical

stretch vibrations of the anhydride carbonyl [40]. In addition, slightly broadened

peak around 1705 cm-1 may result from the reaction between MA of PM10 and the

end amino group of PA66 [41]. As for the spectrum of PA66/PG10, disappearance

of epoxy ring band at 900 and 819 cm-1 in line D could illustrate that the reaction

between two phases has occurred with epoxy ring. Since the spectrum of PA66/

PG10 (line D) in the range of 500–2000 cm-1 is nearly the same as that of the

PA66/PEI blend, we further examine the spectra in the range of 2000–4000 cm-1 in

Fig. 2b. It can be clearly seen that the peak at 3305 cm-1 due to the N–H vibration

is present in all spectra except neat PEI. In addition, in the spectrum of PA66/PG10

(line D), the OH stretching band at 3475 cm-1 is due to epoxy ring opening of

GMA. The small shifts of N–H and OH band could stem from the H-bonding

Fig. 1 FTIR spectra of A neat PEI, B PEI/MA10, and C PEI/GMA10
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between N–H and OH [42]. The appearance of these characteristic peaks could

reveal the reaction between PA66 and fPEI and producing PA66/fPEI copolymer at

the interface of the blend. And as expected, the spectrum of PA66/PM10 seems

nearly the same as that of unmodified PA66/PEI in the high energy range.

In summary, the thermal cleavage of DCP would yield radicals. It is speculated

that the decomposed DCP free radicals may induce the hydrogen abstraction from

the methylene groups of bisphenol A and initiate graft polymerization. The radicals

may also react with the monomer to form a growing monomeric radical, whose

radical character is able to be conveyed to the PEI backbone, and to induce MA or

GMA graft copolymerization as well as homopolymerization [34]. As for the

Fig. 2 a FTIR spectra for 500–2000 cm-1 of a neat PA66, b PA66/PEI, c PA66/PM10, d PA66/PG10,
and e neatPEI. b FTIR spectra for 2000–4000 cm-1 of a neat PA66, b PA66/PEI, c PA66/PM10, d PA66/
PG10, and e neatPEI
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interfacial reaction between functionalized PEI and PA66, it has been demonstrated

that either MA or GMA is highly reactive with the end-functional PA66 [40]. The

reactions between functional group pairs, which are aliphatic amine/anhydride or

epoxy, proceed extremely fast. According to the FTIR results, the schematics of PEI

functionalization [34] and the interfacial reactions between fPEI and PA66 [43, 44]

are shown in Fig. 3a, b, respectively.

Thermal and mechanical properties of functionalized PEIs

The thermal and mechanical properties of PEIgMA and PEIgGMA are listed in

Table 2. It is apparent that all the measured properties are lower than that of neat

PEI due to thermal hydrolysis and mechanical degradation experienced by fPEIs

during compounding at 300 �C. It is obvious that PEIgMA suffered more loss in

properties relative to PEIgGMA.

Fig. 3 a Scheme for PEI functionalization. b Scheme for interfacial reaction between fPEI and PA66

Polym. Bull. (2016) 73:703–726 711
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The addition of maleic anhydride may trigger the acid catalyzed degradation of

PEI, which is similar to the degradation behavior of polyamide [45]. Indeed, we

observed that PEIgMA darkened significantly after functionalization for a short

compounding period of 5 min, with high degree of grafting (DG) PM10 appearing

darker than low DG PM5. Further, while storage modulus exhibited significant

decrease (ca. 50 % drop), Tg (from DMA), Ts (from TMA), and HDT (by ASTM

D648) only showed mild loss against neat PEI. Note that the properties of high DG

fPEIs also decreased more than that of low DG ones due to chain degradation

induced by the presence of high content of reactive monomers.

Morphological study

Reduction of interfacial tension and increase in interfacial adhesion is the goal of

compatibilization to achieve stable morphology in polymer blends [29, 30].

Figures 4 and 5 display the morphologies of the uncompatibilized and compati-

bilized blends before and after impact test observed by SEM. Figure 4 shows the

micromorphologies of cryogenic fractured specimens of the uncompatibilized

PA66/PEI blend (Fig. 4a), PA66/PM10 (Fig. 4b) and PA66/PG10 blends (Fig. 4c).

All blends show binary phase structures with PEI dispersing in PA66 matrix, which

are typical sea–island structures. However, the uncompatibilized blend gives a

coarse morphology, in which aggregated or coalesced PEI droplets formed large

particles with diameters of 1–2 lm. In addition, there are sharp interfaces between

PEI particles and PA66 matrix with many voids of different sizes, indicating poor

compatibility and low adhesion of the two phases [30]. As for the compatibilized

blends (Fig. 4b, c), submicron fPEI droplets dispersed in PA66 matrix uniformly

with diffused phase boundaries (see the edge of the droplets protruded from the

fractured surface) can also be seen, indicating that the interfacial tension was

reduced and the coalescence of the fPEI droplets was suppressed efficiently.

Particularly, to show the interfacial interaction, a single large droplet, located at the

center of Fig. 4b or c, is debonded from the matrix; however, the remaining shell-

like, thickened interfacial regions [46, 47] can be clearly observed due to effective

compatibilization.

To further demonstrate the effect of compatibilizer on the interfacial adhesion,

SEM observation of impact-fractured section was also carried out. The SEM image

of the uncompatibilized blend (Fig. 5a) shows rather smooth surface without the

sign of plastic deformation of the matrix. It can be clearly seen that spherical PEI

droplets debonded from PA66 matrix under impact, and the fractured surface is full

of voids and large cracks. This is originated from the poor interfacial adhesion at the

interface of the two phases in which the two components only exhibit partial

miscibility. When the sample was subject to impact, PEI droplets debonded from

PA66 matrix easily leading to the formation of voids. With increasing matrix

deformation, the individual voids could coalesce together and finally cause the

sample to break. In addition, the remaining droplets protruded from the surface

show little shape change; and there are also some cracks along the phase boundaries

with little fibrillation.
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Different from that of the uncompatilized blend, most fPEI droplets did not

debond from the matrix under impact for the compatibilized blend (Fig. 5b, c), and

the originally spherical particles were elongated into elliptical ones during impact.

Fig. 4 SEM micrographs of
cryo-fractured PA66/PEI and
fPEI blends. a PA66/PEI blend.
b PA66/PM10 blend. c PA66/
PG10 blend
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The particle distortion ratio, as defined by Kitayama et al. [48], could reach 3–5.

Besides, no large cracks appear across the surface indicating that the fracture mode

is changed from the debonding of PEI droplets to the failure of PA66 matrix by

Fig. 5 SEM micrographs of
impact-fractured PA66/PEI and
fPEI blends. a PA66/PEI blend.
b PA66/PM10 blend. c PA66/
PG10 blend
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blending with fPEI. Thus, the plastic deformation induced by the soft interface

under external stress may lead to more anisometric droplets during the impact test

for compatibilized blends. In short, the compatibility of the blend can be improved

effectively by the addition of fPEI though two phases still exist in the blend. It is

proposed that fPEI sits at the interface adhered to PA66 matrix by chemical bonding

or chain entanglement with the two phases, which reduces the interfacial tension,

suppresses coalescence of fPEI droplets, and also increases the interfacial adhesion.

This mechanism of the compatibilization is further characterized by MFI and DMA

tests.

Molau test

Molau test was used to analyze the emulsifying effect of a graft copolymer in the

polyamide/polyolefin blends [16, 49]. Here, the observation of the solubility of each

material helps us to predict and understand the interaction between each component

in the blend. The Molau tests were carried out using formic acid as the solvent in

transparent glass beakers for uncompatibilized PA66/PEI blend and compatibilized

blend of PA66/PG10 (see Fig. 6). Formic acid is a good solvent for PA66 but a poor

solvent for PEI, and vice versa for NMP. Indeed, PA66 is completely dissolved in

formic acid and gives a transparent solution [4]. For the uncompatibilized PA66/PEI

blend, PA66 can be dissolved completely in formic acid while leave the PEI

particles floating upon the solution (Fig. 6a). After filtration, the vacuum dried PEI

powder can also be dissolved in NMP and the solution is nearly transparent

(Fig. 6b). It suggests that PA66 and PEI are almost incompatible and the interaction

between them is weak. The compatibilized PA66/PG10 blend (Fig. 6c) exhibits an

opaque suspension in the formic acid without apparently separated layer. Then after

filtration, the vacuum dried powder, which consists of in situ-formed PA66/PG10

copolymer, cannot be completely dissolved in NMP showing an opaque suspension

(Fig. 6d). This indicates that the addition of PEIgGMA no doubt increased the

interaction between PA66 and PEI. It can serve as an emulsifying agent, and

improve the compatibility of the two phases.

Thermal and degradation behavior of PA66/PEI Blends

Figure 7 shows the neat PA66 and the blend DSC thermograms of melting and

cooling; and the characteristic parameters are listed in Table 3. From Fig. 6a, it can

be seen that two melting peaks were present for neat PA66 and the PA66/PEI blend;

they correspond to the melting of a (the major peak) and b (the minor peak) form

crystals of PA66 [24]. However, the b peak was reduced to a shoulder for the PA66/

fPEI blends due to the coupling reactions between PA66 and PEI. The melting peak

temperatures, Tm(a), and the crystallizing peak temperature, Tc, showed no obvious

change, while both the corrected DHm and DHc of PA66/fPEI blends increased a

little in comparison with the neat PA66. The crystallization of polymers was

controlled by nucleation and growth processes. On the one hand, the PEI droplets

introduced could act as nucleating agents to increase the nucleation sites of the

matrix; but the processing temperatures for PA66 and PEI were quite different and
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in the processing of the blends, and at the processing temperature, though was

higher than the glass transition temperature of PEI, the PEI did not flow completely;

so the interactions between PEI and PA66 would restrict the diffusion of the PA66

chain segments to the crystal surface and hinder the PA66 crystal growth in some

degree. The consequence of the two opposite interactions was that the crystallinity

of the blends increased slightly over that of neat PA66.

Figure 8 shows TGA thermograms (Fig. 8a) and their derivative weight curves

(Fig. 8b). Only the measurements of modified blends of PA66/PG10 and PM10,

along with neat PA66 and PEI, were presented for the reason of clarity. Thermal

degradation profiles of the modified blends displayed that their stability was

improved over the unmodified PA66/PEI blend. Furthermore, TGA thermograms

for binary incompatible blends usually show two-step changes in weight loss with

two distinct peaks corresponding to the degradation of each component in the DTG

curves [50]. The specific interaction between polar amido and imide groups may

improve the miscibility between PA66 and PEI phases, which result in only single-

Fig. 6 a Uncompatiblized PA66/PEI blend in formic acid. b Dried filtrand dissolved in NMP.
c Compatibilized PA66/PG10 blend in formic acid. d Dried filtrand dissolved in NMP
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step weight loss changes even in the unmodified blends. However, the unsymmet-

rical peaks in the DTG curves of various blends may represent overlapped stages of

degradation [50, 51]. In addition, the shoulder in the DTG curves around 500 �C
may imply some inhomogeneities in the phase-separated, unmodified blend as seen

in Figs. 4 and 5. That the addition of fPEI makes the degradation peaks more

symmetrical with a less clear shoulder may demonstrate the improvement in the

Fig. 7 DSC traces of a neat PA66, b PA66/PEI. c PA66/PM10, d PA66/PG10. a Heating scan; b cooling
scan
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morphological homogeneity due to enhanced interfacial interaction in the PA66/

fPEI blends. For the quantitative comparison of thermal stabilities among the tested

specimens, the maximum thermal degradation temperatures, Td, evaluated from the

peak value of DTG curves are also summarized in Table 3, together with the

residual weight of each sample after degradation. It can be clearly seen that Td of the

modified PA6/fPEI blends were all higher than the unmodified one, while the

residual weight of each blend almost unchanged. Further, Tds of modified PA66/

PEIgMA blends were slightly higher than that of PEIgMA modified ones. Finally,

compared with the neat PA66, though the Td became lower, the carbonaceous

residuals remained higher for the blend samples.

Melt flow index

Melt flow index (MFI) measurement has been utilized successfully to obtain

qualitative information concerning the chemical reaction in a reactively compat-

ibilized system [52]. The variation of MFI with fPEI of different degree of grafting

in the blend is shown in Table 4. Firstly, the values of MFI of all blends are between

that of PA66 (the highest MFI) and PEI (the lowest MFI). The MFI for the

uncompatibilized blend is 261 g, and the addition of fPEI can dramatically decrease

the MFI of the compatibilized blend. For low DG blends, the MFI of PA66/PG5 and

PM5 decreased to 250 and 253 g, respectively. For high DG blends, the MFI of

PA66/PG510 and PM10 decreased to 247 and 249 g, respectively. The decrease

should be attributed to the improved dispersion of fPEI particles in the matrix that

enhances the viscosity of the melt blend. Then, MFI of high DG blends generally

decreases more than that of low DG ones. It should be attributed to the reaction

between PA66 and PEIgGMA or PEIgMA results in high molecular weight

copolymers and increases the interfacial adhesion. The reaction between PA66 and

fPEI has also been confirmed by FTIR and SEM.

Dynamic mechanical thermal analysis

The investigation of dynamic relaxation behaviors in relation to the molecular or

segmental mobility are extensively used to elucidate the compatibility of blends.

Figure 9 shows plots of temperature dependence of storage (E0) and loss (E00)

Table 3 Thermal and degradation properties of PA66/PEI and fPEI blends

Name code Tm (�C) DHc (J/g)

corrected

Tc (�C) DHc (J/g)

corrected

Td (�C) RW (%)

PA66 265.7 57.7 235.7 52.3 460 3.2

PA66-PEI 264.2 62.2 232.3 64.2 446 9.0

PA66-PG5 265.5 59.7 229.2 63.2 457 10.6

PA66-PG10 266.3 56.3 227.4 55.7 452 9.1

PA66-PM5 267.2 66.2 230.6 65.5 455 9.5

PA66-PM10 265.8 61.5 229.2 64.8 450 9.3
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moduli for neat PA66, PEI, uncompatibilized PA66/PEI and compatibilized PA66/

fPEI blends. For the neat PA66, as shown in Fig. 9a, the E0 curve shows typical

behavior of a semicrystalline polymer with glass transition in the range of

Fig. 8 a TGA thermograms and b DTG curves of neat resins and PA66/fPEI blends
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50–100 �C; and a secondary transition due to crystalline domain slip around 160 �C.
E0 only slightly decreases before melting at 265.7 �C (from DSC) which is beyond

the experimental temperature range shown here. On the other hand, for the neat PEI,

the E0 curve shows typical behavior of an amorphous polymer. E0 remains nearly

unchanged up to the glass transition around 220 �C. Note that the glassy E0 of PA66
even higher than that of PEI. For PA66/PEI blends, both the glass transitions of

PA66 and PEI domains are clearly broadened compared with that of neat resins. The

E0s of the PA66/fPEI blends are clearly greater than that of unmodified PA66/PEI;

and E0 of PA66/PG10 is even greater than that of PA66/PM10. The proton-catalyzed

degradation of PM10 during high-temperature functionalization (see Table 2) due to

the presence of MA moiety may lead to the low E0 of PA66/PM10 blend. According

to the characteristic changes of E0, the E00 curve of neat PA66 shows the Tg (a-
transition) at 76 �C; a shoulder around 160 �C; and a melting peak above 250 �C.
For neat PEI, there is Tg (a-transition) at 223 �C with a broad b-transition around

132 �C [24]. The two peaks for Tgs of both PA66 and PEI domains apparently

broadened in the blend samples; and the difference between Tgs of PA66 and PEI is

the largest for unmodified PA66/PEI blend, and is the smallest for PA66/PG10

blend. These results indicate that the grafting of either MA or GMA functional

group to PEI backbone improve the interfacial interaction of the PA66/PEI blend.

For quantitative comparison, the Tgs and the E0 values at 30 and 200 �C are listed in

Table 4.

Thermal–mechanical behavior

The thermal–mechanical analysis is useful in studying the thermal expansion

behavior of polymers. The dimensional changes vs temperature curves of the binary

blends along with the neat PA66 and PEI resins are shown in Fig. 10a. The slope of

the relative dimensional change, which is the linear coefficient of thermal expansion

(CTE), of the specimens, is plotted in Fig. 10b against temperature. For neat PA66,

the expansion increased with temperature, which is typical of semicrystalline

polymers. PA66 retained its stiffness even above Tg (ca. 76 �C) as can be seen from

DMA (Fig. 9a) in which E0 remained flat before melting. In Fig. 10b, the CTE of

PA66 showed a broad peak around 76 �C, indicating the glass transition. For neat

Table 4 Thermal and mechanical properties of PA66/PEI and fPEI blends

Name code Tg (�C) E0 (MPa) Ts (�C) MFI at 300 �C HDT (�C) IS (J/m)

30 �C 200 �C

PA66 74 514 97 212 270 ± 4.6 248 51.8 ± 2.3

PA66-PEI 63.8 217.2 382 122 212 261 ± 3.8 209 41.6 ± 1.5

PA66-PG5 74.6 215.7 448 178 217 250 ± 2.6 220 45.6 ± 0.8

PA66-PG10 81.7 216.5 412 155 220 247 ± 2.1 227 46.7 ± 0.8

PA66-PM5 68.6 214.4 443 179 219 253 ± 1.2 224 45.2 ± 1.1

PA66-PM10 72.0 216.6 352 143 214 249 ± 3.7 220 44.7 ± 0.7
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PEI, there was little expansion before Tg (ca. 223 �C), and showed a step change in

the specimen dimension passing the glass transition, which is typical of glassy

polymers. As expected, a sharp peak in CTE of PEI can be seen in Fig. 10b

corresponding to the E00 peak from DMA (Fig. 9b). Again in Fig. 10a, the

unmodified PA66/PEI showed abrupt increase in thermal expansion after 150 �C,
and a step change passing the Tg of PEI. For the modified blends of PA66/fPEI, the

thermal expansion, which was clearly lower than that of uncompatibilized pair after

Fig. 9 DMA curves of storage and loss moduli of PA66/fPEI blends. a Storage moduli (E0); b loss
moduli (E00)
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150 �C, increased steadily until the Tg of PEI. The thermal expansion of the PA66/

PG10 is the lowest among the tested blends. In Fig. 10b, the broad peak seen in the

CTE of neat PA66 disappeared in the blends due to interaction with PEI. The CTE

of all the blends showed a hump around 150 �C possibly due to softening of the

interfaces (small shoulder in E00 around 150 �C). The peak around 220 �C for PEI

glass transition broadened significantly for PA66/fPEI blends. Overall, the CTE of

unmodified blend is the highest, and that of PA66/PG10 is the lowest among all the

blends due to the enhanced interfacial adhesion. In addition, we also note that the

Fig. 10 TMA scans of neat resins and PA66/PEI blends. a Dimensional change vs temperature; b CTE
vs temperature
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softening point Ts of PA66 at 212 �C due to melting of crystalline phase is lower

than that of the modified PA66/fPEI blends.

Heat deflection temperature and impact property

The measurement of HDT is shown in Fig. 11, where the dimensional change is

plotted against temperature. The HDT is defined as the temperature at which the

dimensional change reaches 0.25 mm. The negative dimensional change indicates

the initial expansion of the tested specimens. The neat PEI showed an HDT at

209 �C which is lower than its Tg at 223 �C (Table 1). However, the HDT of PA66

at 248 �C is much higher than its Tg at 76 �C (Table 1). In fact, the HDT of

semicrystalline PA66 depends on many factors, such as crystallinity and thermal

history, and it takes great caution in preparing the sample for HDT test. Further

understanding of the HDT is possible through a direct correlation with the modulus–

temperature behavior. For PA66, the storage modulus E’ only drops moderately

through the glass transition zone, and exhibits a ‘‘plateau’’ region between the glass

transition and the melting transition (see E0 curve in Fig. 9a). Hence, considerable

stiffness is still retained even upon exceeding the HDT [53], which is responsible for

the high HDT of PA66. For quantitative comparison, the measured HDTs are shown

in Table 4 together with Izod impact strength (IS). The HDT of unmodified blend is

209 �C, which is the same as neat PEI, indicating weak interfacial interaction

between PA66 and PEI. The HDTs of the modified blends (PA66/fPEI) are all

higher than that of unmodified PA66/PEI. Among them, PA66/PG10 shows the

highest HDT at 227 �C, which is ca. 20 % increase relative to that of the unmodified

pairs. Moreover, note that high DG of PEIgGMA showed higher HDT than its low

DG counterpart due to improved interfacial interaction. However, high DG of

Fig. 11 HDT scans of neat resins and PA66/fPEI blends: dimensional change vs temperature
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PEIgMA showed lower HDT than its low DG counterpart, since PEIgMA may

suffer catalyzed oxidative degradation during high temperature compounding at

300 �C in the presence of excessive amount of MA. As can be seen from Table 2,

high DG PM10 showed that the thermal and mechanical properties are the lowest

among the functionalized PEIs.

Next, the increase in Izod impact strength can also be observed as a result of the

improved compatibility. The IS of modified blends were generally greater than that

of unmodified blend. Notably, the IS increased from 41.6 J/m of PA66/PEI to

around 45 J/m of PA66/fPEI, which was ca. 10 % higher than that of unmodified

blends. In fact, the fracture behavior changed from brittle to ductile with addition of

fPEIs, as seen from SEM micrographs of the impact-fractured surfaces. Note that

both IS and HDT of the modified PA66/fPEI blends were still lower than the neat

PA66 except the high-temperature storage modulus; further refinement of DG and

formulation will be required in the future research.

Conclusion

Novel PA66/fPEI blends based on functionalized polyetherimides were prepared

successfully through melt compounding. fPEI promotes the compatibility of PA66/

PEI blend and enhances the interfacial adhesion greatly by grafting PA66 through

its amino end groups. SEM micrographs revealed sea–island morphology for the all

binary blends. Ductile interfacial region between PA66 and fPEI domains on the

impact-fractured surface can be seen as microfibrils at the domain boundaries

indicating the compatibilizing effect of fPEI. In addition, fPEI droplets can disperse

homogeneously in the PA66 matrix. Significant reduction of the size of spherical

droplets of fPEI in the PA66 matrix further proves that the in situ-formed PA66-g-

fPEI copolymer anchoring at the interface not only effectively reduces the

interfacial tension, but also increases the interfacial adhesion.

As for the thermal and mechanical properties, the unmodified pairs showed typical

low IS and low HDT of immiscible blend due to poor interfacial strength. However,

the higher IS and HDT of PA66/PEIgGMA than that of PA66/PEIgMA may be

attributed to the acid-catalyzed degradation of PEIgMA during compounding in the

presence of MA monomer. The differences in glass transitions between fPEI and PA66

are much smaller than the unmodified blend. The Tg difference further reduced with

high degree of grafting in both PEIgGMA and PEIgMA. Further, PEIgGMA with high

DG (2.3 %) showed significant improvement in both IS and HDT of PA66 blend than

low DG (1.9 %) one. On the contrary, PEIgMA with high DG (3.5 %) showed lower

IS and HDT of PA66 blend than the low DG (2.4 %). While high degree of grafting

promotes interfacial interaction, the high MA moiety seemed to harm the thermal and

mechanical properties of PEIgMA leading to blends with poorer properties.

Finally, the proper formulation of the PA66/fPEI blends may optimize the

advantages and eliminate some of the disadvantages associated with the functionalized

PEIs. An optimized formulation may facilitate both toughness and heat resistance for

PA66 blends. Further refinement of the blend formulation and blending conditions will

be pursued in the future to take full advantage of the compatibilized blends.
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