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Abstract Novel polyphenylene oxide/polyamide 6 (PPO/

PA6) blends were synthesized via in situ polymerization of

e-caprolactam with PPO dissolved in it. The introduction of

10 wt% PPO into PPO/PA6 led to phase inversion of the

blends, which was nearly completed by incorporating

15 wt% PPO into the blends. A single crystallization

temperature (Tc) of PA6 was detected for PPO/PA6 with

1–4 wt% PPO, while double Tc existed in the blends with

6–15 wt% PPO. After eliminating previous thermal his-

tory, PPO/PA6 containing no more than 6 wt% PPO gave a

single melting point (Tm), but the blends with 10–15 wt%

PPO exhibited double Tm. Increasing PPO content in PA6

resulted in the transformation of its crystal form from

a-crystal to c-crystal, which might be attributed to hin-

drance of crystallization of PA6 particles in PPO-rich

phase.

Introduction

Great interests have been attracted to polymer blends of

PA6 and PPO from industrial and academic point of view

because the combination of PPO and PA6 has a chance to

give mutually complementary properties [1]. The disad-

vantages of PA6, such as low heat distortion temperature

and poor dimensional stability can be complemented by

high-dimensional and good thermal properties of PPO,

while the deficiencies of PPO, such as poor solvent resis-

tance and difficulty to process can be improved by incor-

porating PA6. Though, much attention has been paid to the

morphology and mechanical properties of PPO/PA6, few

were reported on the structure effects, especially the

crystallization behavior and crystalline structure [2].

Polyamide 6 exhibited polymorphism structures that

contained two types of stable crystal form: monoclinic

a-form and pseudo-hexagonal c-form [3–6], which are very

sensitive to the way of preparing samples. The a-form

crystal of PA6 can be obtained by slow cooling from the

melt state [7]. Usually, c-form crystal is an unstable form.

The c-form crystal of PA6 can be transformed into the

a-form crystal by annealing PA6 [8], by drawing and then

by annealing PA6 [9], or by treating PA6 with a phenol

aqueous solution [10]. Reversely, the a-form of PA6 can be

transformed to the c-form by treating PA6 with iodine

[5, 11], incorporating clay into PA6 [12–17].

In our previous studies [18], a series of PA6 molecular

composites with PA66 were synthesized via in situ anionic

polymerization of e-caprolactam (CL) with soluble in it

PA66. It was found that PA66 macromolecules can be

inserted, disposed in molecular level, into PA6 matrix by

this method. It was because of the strong hydrogen bonding

interactions in the mixture that PA66 did not crystallize and

phase separated out during in situ polymerization process.

PA66 macromolecules dispersed in a molecular level in

PA6 interfered with the arranging order of hydrogen

bonding of PA6, changed its crystalline structure, and

reduced its crystallization rate and crystallinity.

Similar to the approach to synthesize PA66/PA6

molecular composites, the blends of polyphenylene oxide/

polyamide 6 (PPO/PA6) with a quite high glass temper-

ature, which does not form strong hydrogen bonding with
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PA6, have been synthesized via in situ anionic ring

opening polymerization of CL with PPO dissolved in it,

instead of PA66. It was found that incorporating a small

content of PPO (1–3 wt%) also improved the impact

strength and the elongation of PA6 with maintenance of

its tensile strength, which may be related to the special

morphology and crystal structure in the in situ formed

PPO/PA6 blends [19].

What would happen when more amount of PPO was

incorporated into PA6 via in situ polymerization of CL? The

purpose of this contribution is to further investigate the effect

of an PPO in a broader range (0–15 wt%) on the morphology

of PPO/PA6 blends, crystallization behavior, and crystal

structure of PA6 using scanning electron microscopy (SEM),

differential scanning calorimetry (DSC), and wide-angle

X-ray diffraction (WAXD), respectively. Interestingly, it

was found that a variation of PPO led to a dramatic change in

the morphology and an unusual crystallization behavior and

crystal transformation of PA6 in the resulting PPO/PA6

blends.

Experimental section

Materials

Polyphenylene oxide (PPO) was obtained from General

Electric, (Commercial Grade, BHPP 820). e-Caprolactam

was bought from Nanjing Oriental Chemical Company,

(Commercial Grade, Jiangsu province, P.R. China). Sodium

hydrate (NaOH) and toluene diisocyanate (TDI) were pur-

chased from Shanghai Chemical Reagents Company,

(Analysis Grade, P.R. China), and they were used without

further purification.

Preparation of PPO/PA6 composite

PPO was dissolved in molten e-caprolactam monomer at

180 �C under nitrogen atmosphere, and a homogeneous

transparent polymer–monomer solution was observed. It

was vacuumed at 170 �C for about 20 min to remove

water. Then 0.2 wt% NaOH was added under stirring and

continuously vacuumed for another 10 min. After 0.4 wt%

TDI was added with stirring, the mixture was then imme-

diately poured into a mold preheated to 180 �C, and

polymerized in oven at 180 �C for 20 min. After poly-

merization, the products were cooled to room temperature

and extracted with boiling water to eliminate the residual

monomer for 10 h. Then, the extracted products were dried

at 80 �C in oven. The obtained PPO/PA6 blends with dif-

ferent PPO contents were designated as ‘‘PPO/PA6’’ below

for short.

Measurements

The impact-fractured surfaces of specimen images were

observed on a JSM-6360LV scanning electron microscope

(SEM). Surfaces of fracture specimens were gold-sputtered

before observation.

DSC was carried out on a Perkin–Elmer Pyris-7 differ-

ential scanning calorimeter (DSC) calibrated with indium.

DSC scans were performed with Perkin–Elmer aluminum

DSC pans and covers that were sealed with a Volatile Sealer

Assembly. All the DSC measurements were performed from

room temperature to 250 �C at a heating rate of 10 �C/min

under nitrogen atmosphere, and stayed there for 10 min to

eliminate previous thermal history for all samples.

Wide angle X-ray diffraction (WAXD) analysis was

performed on a Rigaku D/Max-III X-ray diffraction(XRD)

analyzer equipped with a rotating anode generator system

using CuKa (k = 1.54 Å) radiation at an operating current

of 25 mA and a voltage of 35 kV. The scanning rate was

1�/min.

Results and discussion

Figure 1 shows the SEM morphologies of cryo-fractured

surface of PPO/PA6 with PPO content no more than 4 wt%.

Small particles of PPO were dispersed in PA6 matrix for

PPO/PA6 with 1–3 wt% PPO (Fig. 1a–f). For PPO/PA6

with 4 wt% PPO, dispersed PPO-rich particles with the

spherical inclusions of PA6 were found, besides the

appearance of PPO particles with larger size (Fig. 1g, h).

The size of the particles obviously increased with increasing

amounts of PPO.

Compared to PPO/PA6 with 4 wt% PPO, the addition of

5 wt% PPO into PA6 increased the number of PA6-inclu-

ded PPO particles in the blend (Fig. 2a), although there

was no obvious increase in the particle size. The incorpo-

ration of 6 wt% PPO caused a drastic increase in the size of

PPO-rich particles. The introduction of 10 wt% PPO into

PPO/PA6 led to phase inversion between PPO and PA6,

and the phase inversion was nearly finished for the blends

with 15 wt% PPO.

Figure 3 shows the DSC curves of PPO/PA6 blends with

different PPO contents. It can be seen that a single crys-

tallization peak (Tc) was observed for PPO/PA6 with less

than 6 wt% PPO, while two Tc peaks were detected in the

blends containing 6–15 wt% PPO. Compared to pure PA6,

Tc of PA6 in PPO/PA6 with 1–10 wt% PPO decreased with

increasing PPO content. The decrease of Tc together with

the appearance of second low Tc in the blends with

6–15 wt% PPO indicated that the presence of PPO in PPO/

PA6 restricted the crystallization of PA6. However, the

high Tc of PPO/PA6 with 15 wt% of PPO was about 4 �C
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higher than that of pure PA6, which suggested that PPO

might act as nucleating agent to increase crystallization

rate of PA6 [2, 20–22]. The changes of Tc of PA6 in the

blend may depend on the balance of nucleation and hin-

drance of PPO on PA6.

During the first scanning, the DSC melting curves of

PPO/PA6 containing different PPO had melting peaks with

different shapes (Fig. 4), which suggested the quite

complicated melting behaviors due to the effect of the

thermal history during in situ polymerization process.

To eliminate the effect of thermal history, the samples

were kept at 250 �C for 10 min and then the second scanning

was performed for PA6 and its blends with PPO. The DSC

melting curves shown in Fig. 5 indicated that PPO/PA6

containing PPO/PA6 with 1–6 wt% PPO had a single melt-

ing peak (about 220 �C), while the blends with 10–15 wt%

Fig. 1 SEM micrographs of

fractured surfaces of PPO/PA6

containing a, b 0 wt% PPO;

c, d 1 wt% PPO; e, f 3 wt%

PPO; g, h 4 wt% PPO
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PPO exhibited double peaks. Interestingly, the high Tm of

PPO/PA6 with 15 wt% PPO was 1 �C higher than that of

pure PA6, while the high Tm of the PPO/PA6 with 10 wt%

PPO was 1 �C less than that of PA6. The increase of PA6 in

the blends did not cause the depression of Tm of PA6 (higher

Tm for the blends with higher PPO content), which indicates

that the two components are immiscible [23]. The appear-

ance of the lower Tc and Tm might ascribe to the restricted

crystallization of the PA6 particles dispersed in PPO and the

melting of the restricted crystallites, respectively, because

PPO had a quite high glass-transition temperature

(Tg = 221 �C, as shown in Fig. 5j).

Fig. 2 SEM micrographs of

fractured surfaces of PPO/PA6

containing a, b 5 wt% PPO;

c, d 6 wt% PPO; e, f 10 wt%

PPO; g, h 15 wt% PPO
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Figure 6 presents the WAXD intensity profile of PPO/

PA6 with different PPO content. The WAXD patterns of

PPO/PA6 reveal that the peaks of a-crystal form of PA6

decreased with the increase of PPO, and a-crystal form

diminished and nearly disappeared when the amount of

PPO was increased to 15 wt%. At the same time, the

peaks of c-crystal form apparently increased with incor-

poration of more than 10 wt% PPO. This indicates that the

presence of PPO induced the transition of a crystal form to

c-crystal form of PA6 in PPO/PA6. The a1 peak arises from

the distance between hydrogen-bonded chains, and the a2

peak reflects the separation of the hydrogen-bonded sheets

[7, 24]. The increase of the d-spacing of the a1 peak could

be attributed to the thermal expansion of the lattice, while

the change in the d-spacing of the a2 peak might be related

to respective lattice distortion (shown in Table 1). The

above results reveal that the presence of PPO significantly

influenced the crystalline structure. We assume that the

rigid molecular motion of PPO around PA6 dispersed

particles restricts the adjustment of conformation of PA6

macromolecular chains, limiting the formation of hydro-

gen-bonded sheets of a-phase, which can be verified by the

transformation of a-crystal form to c-crystal form of PA6

by increasing PPO content in PPO/PA6.

Thermodynamics, kinetics, and polymerization rates are

competing factors that control the phase separation of in

situ polymerization system during the process of poly-

merization of reactive solvent. It is easier for thermoplas-

tic/e-caprolactam systems via in situ polymerization to

manipulate morphological structure than common ther-

moplastic/thermosetting system, due to its faster reaction

rate of the former than that of the latter [25–27].
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Fig. 3 DSC crystallization curves of PPO/PA6 containing PPO: (a)

0 wt% PPO; (b) 1 wt% PPO; (c) 2 wt% PPO; (d) 3 wt% PPO; (e)

4 wt% PPO; (f) 5 wt% PPO; (g) 6 wt% PPO; (h) 10 wt% PPO; (i)

15 wt% PPO

E
nd

ot
he

rm

240220200180160

Tempearature (
o
C)

a

b

c

d

e

f
g

h
i

Fig. 4 First scanning DSC melting curves of PPO/PA6 containing

PPO: (a) 0 wt% PPO; (b) 1 wt% PPO; (c) 2 wt% PPO; (d) 3 wt%

PPO; (e) 4 wt% PPO; (f) 5 wt% PPO; (g) 6 wt% PPO; (h) 10 wt%

PPO; (i) 15 wt% PPO
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Fig. 5 Second scanning DSC melting curves of PPO/PA6 containing

PPO after eliminating thermal history by keeping samples at 250 �C

for 10 min: (a) 0 wt% PPO; (b) 1 wt% PPO; (c) 2 wt% PPO; (d)

3 wt% PPO; (e) 4 wt% PPO; (f) 5 wt% PPO; (g) 6 wt% PPO; (h)

10 wt% PPO; (i) 15 wt% PPO and (j) pure PPO
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Fig. 6 WAXD intensity profile of PPO/PA6 containing PPO (a)

0 wt% PPO; (b) 3 wt% PPO; (c) 5 wt% PPO; (d) 6 wt% PPO; (e)

10 wt% PPO; (f) 15 wt% PPO
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Secondary phase separation may take place in reaction-

induced phase separation, which results in dispersed par-

ticles with inclusion of the continuous phase matrix [28].

The secondary phase-separation process occurs when the

blend first passed into the metastable region and then into

the unstable region such that some nucleation and growth

precede spinodal decomposition, or the composition of the

coexisting phases changes due to continuous polymeriza-

tion of the reactive monomers such that they themselves

become unstable [29].

The poor miscibility between PA6 and PPO made PPO

phase segregate in the early stage of curing, during which

the PPO-rich phase formed due to the relatively low vis-

cosity of the blends. Then the further phase separation

occurred just in the separated phases. The diffusion

between PA6-rich phase and PPO-rich phase would be

hindered by the increase of viscosity of the system, due to

the quite high Tg of PPO, the relatively low polymerization

temperature and quick polymerization rate of e-caprolac-

tam. As a consequence, the individual PPO-rich phase

appeared with the introduction of more than 3 wt% PPO,

and the phase inversion would happen with further

increasing PPO content in the blends. The crystallization

behavior of the dispersed particles of PA6 was restricted by

the rigid molecular motion of PPO matrix around PA6

particles. The restricted crystallization behavior led to the

transition of a-crystal form to c- crystal form of PA6 in

PPO/PA6 with increasing PPO.

Conclusions

Polyphenylene oxide/polyamide 6 (PPO/PA6) blends were

prepared via in situ polymerization of e-caprolactam in the

presence of PPO. The introduction of 10 wt% PPO into

PA6 caused phase inversion between PPO and PA6, which

was nearly finished by incorporating 15 wt% PPO into the

blends. PPO/PA6 containing less than 1–4 wt% PPO

exhibited a single Tc, while the blends with 6–15 wt% PPO

gave double Tc. After eliminating thermal history,

PPO/PA6 containing no more than 6 wt% PPO gave a

single melting point (Tm), but double Tm existed in the

blends with 10–15 wt% PPO. The incorporation of PPO

induced the transformation of a-crystal form of PA6 to

c-crystal, which might be attributed to the restricted crys-

tallization of PA6 particles in PPO-rich phase.
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