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Abstract: In this work, nylon 6 (PA6) and cationic dyeable polyester (CDP) modified with benzene-
sulfonate groups were reactively blended in a twin-screw extruder. The well-mixed CDP/PA6 
blends were re-molten and statically kept for various amounts of time. The morphology evolution 
caused by phase separation was observed by a scanning electron microscope (SEM) and an atomic 
force microscopy-infrared (AFM-IR) technique. In the absence of shear force, the homogeneously 
mixed blends were found to separate rapidly into two phases because of the poor miscibility be-
tween polyester and polyamide. In the early stage, the dispersed phase was small in size and irreg-
ular in shape. With prolongation of the phase separation time, the dispersed phase turned into larger 
and spherical particles to minimize the interface between phases. The phase separation process typ-
ically lasted 2 to 7 min. This means that the effects of phase separation on the morphology of the 
blends cannot be ignored in injection molding, compression molding, or other processing processes 
short of shear force. The effects of the ratio between polyester and polyamide, the benzenesulfonate 
content, and the molecular weight of polymers on phase separation behavior were investigated. 
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1. Introduction 
Polyethylene terephthalate (PET) and polyamide 6 (PA6) are two types of widely 

used polymer materials, with annual outputs in the tens of millions of tons [1]. PET has 
the advantages of low cost, high rigidity, good creep resistance, and dimensional stability. 
However, impact resistance, wear resistance, and antistatic properties of PET need to be 
improved [2,3]. PA6 has excellent impact resistance and antistatic properties, but it has 
high processing shrinkage and high cost [4–6]. PET/PA6 blends are expected to combine 
the advantages of these two types of polymers and improve the overall performance. 
However, this expectation is difficult to achieve due to the poor miscibility between PET 
and PA6. In recent years, many studies have been devoted to improving the compatibility 
between polyester and polyamide. Typical approaches involved the in situ production of 
the compatibilizers, which are amphiphilic and miscible with both polyester and polyam-
ide [7–13]. 

One approach is to generate a polyester–polyamide block copolymer through the es-
ter–amide exchange reaction between polyester and polyamide. Typically, a catalyst, such 
as p-toluenesulfonic acid (TsOH), is employed to promote ester–amide exchange. Pillon 
et al. carried out melt blending of PET and PA66 in the Brabender mixer and twin-screw 
extruder with 0.2 wt% TsOH [7]. The structure of the product characterized by 13C NMR 
showed that TsOH was an effective catalyst for the ester–amide exchange reaction in the 
PET/PA66 melt-blending system. Evstatiev et al. prepared a PET/PA6/PA66 ternary blend 
with TsOH as a catalyst to improve the compatibility and mechanical properties of the 
blend [8]. A series of test results showed that block copolymers were generated and had 
the effect of in situ compatibilization on the blend. Yao et al. added TsOH to a blend of 
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poly(butylene succinate) (PBS) and poly(hexamethylene (iso-co-tere)phthalamide) 
(PA6IcoT) and carried out transesterification in a horizontal reactor [8]. Quantitative anal-
ysis validated that TsOH was an effective catalyst for the transesterification reaction to 
generate sufficient copolymers to improve the compatibility of PBS and PA6IcoT. Samperi 
et al. conducted a quantitative analysis on the transesterification reaction of the PA6/PBT 
blend system [14]. The results revealed that only the carboxyl end groups of PBT and PA6 
were able to react in the initially biphasic PA6/PBT blends so that an outer–inner exchange 
took place. Block copolymers can also be generated through a chain-extension method 
involving the reaction between the chain extender and the end groups of polyester and 
polyamide. Most of the employed reactions are irreversible reactions with fast rates and 
exclusion of the generation of small molecules. Commonly used chain extenders include 
epoxy compounds, dioxazolines, and diisocyanates [10,15]. The addition of ionomers can 
also enhance the compatibility of polyester and nylon. The ionomer structure contains a 
small number of ionic groups, which can introduce special ionic interactions between the 
two polymers during blending, thereby achieving a compatibilizing effect. Ju et al. used 
the phosphonate poly(ethylene terephthalate) ionomer to modify the compatibility of the 
immiscible amorphous polyester (PETG) and semi-crystalline polyamide 
(poly(isophthalate adipyl) methylamine) (MXD6) [11,12]. The research group also studied 
the influence of the phosphonate poly(ethylene terephthalate) ionomer on the compatibil-
ity of the blend of PET and MXD6. The characterization results of the product showed that 
the size of the phase separation in MXD6 decreased with the increase of the ionic mono-
mer concentration [13]. 

However, the morphology of the polymer blends is a quasi-steady-state structure. In 
injection molding, compression molding, and other processing processes, melting blends 
undergo a low shear rate or even a static state. The two incompatible phases undergo 
phase separation driven by the thermodynamical instability [16]. Most studies focused on 
the phase separation of polymer solutions induced thermally and/or by the evaporation 
of solvents [17–22]. There are a few related studies on phase morphology evolution of 
polymer blends under molten conditions. Zhong et al. prepared isotactic polypropylene 
(iPP)/ethylene-octene random copolymer (EOC) and iPP/ethylene-octene block copoly-
mer (OBC) blends of different compositions using a solution-precipitation method. To 
study phase separation, the blends were annealed at 200 °C for various durations and 
were investigated quantitatively using an in situ atomic force microscopy-infrared (AFM-
IR) technique. The compatibility of OBC with iPP was found to be better than that of EOC 
[23]. Moonprasith et al. prepared polymer blends of bisphenol-A polycarbonate and 
poly(methyl methacrylate) (PMMA) using a pressure-driven capillary rheometer. A large 
amount of PMMA was found on the surface of the strand extruded from the rheometer. 
The segregation behavior was enhanced by higher temperatures, higher shear rates, and 
lower molecular weight of PMMA [24]. Chuang et al. investigated the competitive effects 
of the hydrogen-bonding interaction and molecular weight on the phase and crystalliza-
tion behaviors of polystyrene-block-poly(ethylene oxide) (PS-b-PEO)/polystyrene-block-
poly(acrylic acid) (PS-b-PAA) blends. The hydrogen-bonding interaction between the two 
polymer chains enabled the block copolymers to co-organize into common PS and 
PEO/PAA microdomains, leading to improved miscibility [25]. 

In our previous work, a series of polyester/PA6 blends were prepared in a twin-screw 
extruder using PA6 and benzenesulfonate-modified PET (commercially named CDP) [26]. 
It was found that the compatibility between CDP and PA6 was considerably better than 
that of PET and PA6. In this work, the well-mixed CDP/PA6 blends were re-molten and 
statically kept for various amounts of time to induce phase separation. The morphology 
evolution caused by the phase separation was studied. The effects of the ratio between 
polyester and polyamide, the benzenesulfonate content, and the molecular weight of pol-
ymers on phase separation behavior were investigated. 

2. Materials and Methods 
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2.1. Materials 
The CDP and PA6 used in this work are summarized in Tables 1 and 2. Formic acid 

was supplied by China National Chemicals Co., Ltd(Shanghai). 

Table 1. CDP and PET used in this work. 

CDP 
Molecular 

Weight (g/mol)  
Sulfonic Acid 

Content (mol %) Supplier 

PET  18,400 0 Zhejiang Henglan Technology Co., Ltd. 
LC2 14,500 2.0 Zhejiang Henglan Technology Co., Ltd. 
LC4 11,700 4.0 Zhejiang Henglan Technology Co., Ltd. 
LC8 11,400 8.0 Self-made 
MC4 23,000 4.0 Self-made 
HC4 25,400 4.0 Self-made 

Table 2. PA6 used in this work. 

PA6 Molecular Weight (g/mol) Supplier 
LA 19,600 Zhejiang Henglan Technology Co., Ltd. 
MA 31,600 Ube Co., Ltd., Thailand 
HA 39,700 Ube Co., Ltd., Thailand 

2.2. Preparation of Polyester/Nylon Blends 
CDP and PA6 were vacuum dried at 100 °C for 12 h before being mixed uniformly 

and melt-extruded to prepare a series of CDP/PA6 blends. The melt extrusion was carried 
out in the HAKKE Polylab OS instrument with RheoDrive 7 as the driving system and 
Rheomex PTW 16/40 OS as the twin-screw extrusion unit (TSE). The main screw had an 
L/D ratio of 40 and a rotation speed of 300 r/min. The residence time was about 3 min. 
Table 3 provides the extrusion temperature, composition ratios, and sample designations 
of the prepared blends. 

Table 3. Reactive extrusion conditions. 

Sample Temperature (°C) CDP PA6 CDP Content (wt%) PA6 Content (wt%) 
LC2/LA(70/30) 250 LC2 LA 70 30 
LC4/LA(70/30) 250 LC4 LA 70 30 
LC8/LA(70/30) 250 LC8 LA 70 30 
LC4/LA(50/50) 250 LC4 LA 50 50 
LC4/LA(30/70) 250 LC4 LA 30 70 
LC4/MA(70/30) 250 LC4 MA 70 30 
LC4/HA(70/30) 250 LC4 HA 70 30 
MC4/LA(70/30) 250 MC4 LA 70 30 
HC4/LA(70/30) 250 HC4 LA 70 30 
PET/LA(70/30) 250 PET LA  70 (PET content) 30 

2.3. Phase Separation Experiment 
The dried CDP/PA6 blend in the shape of flakes was placed in a mold and heated by 

a hot press (model GT-7014-A50C) to 260 °C. No pressure was applied to the samples to 
avoid significant changes in the shape of sample. In order to obtain samples with various 
degrees of phase separation, the molten blends were kept at 260 °C statically for 1, 2, 3, 5, 
7, 10, or 20 min before being rapidly cooled down to room temperature to maintain the 
morphology. 

2.4. Characterization Method 
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2.4.1. Nuclear Magnetic Resonance (13C NMR) 
A 500MHZ BRUKER-AVANCE 400 nuclear magnetic resonance spectrometer was 

used for 13C NMR analysis. Deuterated trifluoroacetic acid (CF3COOD) was used as the 
solvent with tetramethylsilane (TMS) as the internal standard. The number of scans was 
3000. The following samples were characterized with NMR: LC2/LA(70/30), 
LC4/LA(70/30), LC8/LA(70/30), and PET/LA(70/30). 

2.4.2. Scanning Electron Microscope (SEM) 
The morphology of the blends was observed using a Hitachi SU-8010 field emission 

scanning electron microscope (SEM). Before observation, the samples were quenched in 
liquid nitrogen and etched in formic acid for 48 h to remove the PA6-riched phase in the 
blends. The etched samples were vacuum dried at 80 °C for 4 h. The samples were adhered 
to the observation deck with conductive glue and treated with Pt spraying for 120 s. All 
samples were characterized with SEM. 

2.4.3. Atomic Force Microscopy-Infrared (AFM-IR) 
The Bruker nanoIR2-fs multifunctional nano-infrared spectrometer was used for 

AFM-IR experiments. The topography of the sample was scanned with a PR-EX-nIR2-5 
probe, and the sample was irradiated with a mid-infrared quantum cascade tunable 
pulsed laser MIRcat QCL with a wavenumber range of 950–1900 cm−1. In this experiment, 
the C=O stretching vibration peak (1720 cm−1) was used as the characteristic peak to obtain 
the distribution of the polyester phase in the blends. LC4/LA(50/50) were characterized 
with AFM-IR. 

2.4.4. High-Pressure Capillary Rheology 
Rheological tests were performed by using Malvern RH10 Capillary Rheometers. The 

samples were preheated at 250 °C, 260 °C, 265 °C, and 280 °C for 1 min. The shear viscosity 
of the sample was measured in the shear rate range of 100–3000 s−1. All raw materials listed 
in Tables 1 and 2 were characterized by the capillary rheometer. 

3. Results and Discussion 
In previous studies, it has been found that benzenesulfonate is an efficient catalyst 

for ester–amide exchange. During the melt-extrusion process of CDP and PA6, the ben-
zenesulfonate group on the CDP molecular chain attacks the amide bond (-NHCO-) in 
PA6, resulting in an exchange reaction and the formation of a polyester/polyamide graft 
copolymer as shown in Scheme 1 [23]. The produced graft copolymer acts as a compati-
bilizer to facilitate the mixing of CDP and PA6. 

An AFM-IR image of LC4/LA(50/50) is presented in Figure 1a. The distribution of 
polyester phase in the samples is characterized by the intensity of the IR signal at the spe-
cific wavenumber. In this work, the peak at 1720 cm−1, which corresponds to the stretching 
vibration of the C=O linked to the benzene rings of CDP, was chosen as the characteristic 
wavenumber. The yellow zone is the fraction with a strong IR signal, which is identified 
as the polyester-rich phase. The auburn zone is the fraction with a negative signal, which 
is identified as the PA6-rich phase. The orange area corresponds to the 0 V signal and is 
the region with an equal amount of polyester and nylon mixed at a scale smaller than the 
spatial resolution of IR (10 nm). As shown in Figure 1a, LC4/LA(50/50) exhibited a co-
continuous phase morphology. The yellow PET-rich fraction and the auburn mixture of 
PET/PA6 each formed a continuous phase. A few blue PA6-rich particles with irregular 
shape were dispersed in the auburn phase. The thickness of each continuous phase and 
the size of particles were both smaller than 1 μm. Therefore, it can be concluded that CDP 
and PA6 were well mixed at the weight ratio of 50:50 through melting extrusion in TSE. 
The morphology of LC4/LA(50/50) was further confirmed by Figure 1b, which presents 
the SEM image of LC4/LA(50/50) etched with formic acid. 
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Scheme 1. Reaction between CDP and PA6. 

However, after the samples were molten and statically kept for various durations, 
the well-mixed morphology changed as shown in Figure 1c–h. After the blend was left in 
the molten state statically for 1 min, more dispersed particles emerged from the continu-
ous PA6-rich phase. The size of the PA particles was much smaller than 1 μm, which is 
the result of reduced interfacial tension between the CDP and PA6 phases with the pres-
ence of the graft polymer. For the same reason, the shape of the dispersed particles did 
not need to be spherical to maintain the smallest specific surface area. The total volume of 
the dispersed phase was less than 50%, which was the overall fraction of PA6 in the sam-
ple LC4/LA(50/50). After two minutes of phase separation, the volume of the dispersed 
phase gradually increased. Particles with a size greater than 1 μm appeared. With the 
extension of the statically melting time to 5 min, the proportion of the etched PA6-rich 
phase increased to nearly 50%. The residual CDP-rich phase demonstrated irregular 
shapes. With further increase in the phase separation, the specific surface area of the CDP-
rich phase began to decrease. After 10 min, the CDP-rich phase became spherical. From 
the above observation, it can be seen that the co-continuous phase of the extruded sample, 
LC4/LA(50/50), was a thermodynamically unstable state, which quickly changed into the 
morphology of a traditional incompatible blend once it was statically molten. In the fol-
lowing sections, the effects of polymer ratios, content of benzenesulfonate in CDP, and 
polymer molecular weigh on the phase separation process were investigated. 

Figures 2 and 3 show the phase morphological evolution of two samples: 
LC4/LA(30/70) and LC4/LA(70/30). It can be seen from Figures 2a and 3a that both sam-
ples were uniformly dispersed as extrudes directly out of the TSE. In LC4/LA(30/70), the 
PA6-rich phase was expected to be the continuous phase and to be dissolved by formic 
acid. However, the sample with zero phase separation time (Figure 3a) maintained a com-
plete continuous morphology after being etched by formic acid. After one minute of phase 
separation, the etched residue consisted of the accumulation of numerous irregular parti-
cles with dimensions less than 1 μm. With the prolongation of phase separation time, the 
fraction of material etched away increased. When the phase separation time exceeded 5 
min, the residual PET-rich phase condensed into micron-sized particles, which gradually 
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approached a spherical shape. After 10 min, the remaining PET particles were fully spher-
ical with diameters between 1 and 10 microns. In LC4/LA(70/30), a large number of pores 
left by the etching of the PA6-rich phase appeared after one minute of phase separation. 
The pores were irregular in shape and had a wide size distribution of scales between 0.1 
and 10 μm. With increasing phase separation time, the number of pores increased, and 
the shape became more regular. After being statically molten for 5 min, a large number of 
pores with a shape close to spherical and uniform size appeared. In this paper, the time of 
the appearance of spherical pores/particles was defined as the phase separation point, 
which was 5, 5, and 7 min for the three samples, LC4/LA(30/70), LC4/LA(50/50), and 
LC4/LA(70/30), respectively. 

 
Figure 1. Morphology evolution of LC4/LA(50/50) after being statically molten for various dura-
tions: (a) 0 min, directly out of the TSE (AFM-IR image); (b) 0 min, directly out of the TSE (SEM 
image); (c) 1 min; (d) 2 min; (e) 3 min; (f) 5 min; (g) 7 min; (h) 10 min. 

 
Figure 2. Phase evolution of LC4/LA(30/70) after being statically molten for various durations: (a) 0 min, 
directly out of the TSE; (b) 1 min; (c) 2 min; (d) 3 min; (e) 5 min; (f) 7 min; (g) 10 min; (h) 20 min. 
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Figure 3. Phase evolution of LC4/LA(70/30) after being statically molten for various durations: (a) 0 min, 
directly out of the TSE; (b) 1 min; (c) 2 min; (d) 3 min; (e) 5 min; (f) 7 min; (g) 10 min; (h) 20 min. 

The phase separation point was also affected by the benzenesulfonate content in 
CDP. The molecular fraction of benzenesulfonate in LC2, LC4, and LC8 were 2.0, 4.0, and 
8.0%, respectively. The phase separation processes of LC2/LA(70/30) and LC8/LA(70/30) 
were similar to that of LC4/LA(70/30). However, the phase separation point of 
LC2/LA(70/30) was at 3 min, which is significantly less than the 7 min for LC4/LA(70/30) 
and LC8/LA(70/30). 

The size distribution of the dispersed phase after phase separation for 7 min are 
shown in Figure 4 for these three samples. The diameter of the dispersed phase of 
LC2/LA(70/30) was in the range of 0.3–1.20 μm with an average size at 0.70 μm. The dis-
persed phase of LC4/LA(70/30) and LC8/LA(70/30) had smaller average diameters of 0.34 
and 0.28 μm, respectively. The dispersed phase distributed in the range of 0.1–0.7 μm and 
0.1–0.5 μm for LC4 and LC8 samples, respectively. 

 
Figure 4. Size distribution of dispersed phase at stationary melting for 7 min: (a) LC2/LA(70/30); (b) 
LC4/LA(70/30); (c) LC8/LA(70/30). 

These results show that with the increase of benzenesulfonate content, the phase sep-
aration point was delayed, and the size of the dispersed phase decreased after the phase 
separation. This is related to the amount of graft copolymer formed during the reactive 
blending process. Figure 5 is the NMR spectra of these three samples and PET/LA(70/30). 
The chemical shifts corresponding to C-a and C-b of CDP were in the range of 64–63 ppm. 
This characteristic peak appeared in the formic acid soluble fraction of the CDP/PA6 
blends, indicating that part of the polyester was grafted onto PA6 and dissolved by formic 
acid together with PA6. This phenomenon was not found in PET/LA(70/30). The C-c at-
tached to the amino group in PA6 had a chemical shift at 42–41 ppm, which was chosen 
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as the comparison for the quantitative calculations of the peak areas of C-a and C-b. The 
results show that the peak areas of C-a and C-b for LC2/LA(70/30), LC4/LA(70/30), and 
LC8/LA(70/30) were 0.05, 0.10, and 0.11, respectively. It proved that when the content of 
benzenesulfonate increased from 2.0 mol% to 4.0 mol%, the amount of graft copolymer 
increased. Therefore, the phase stability of the blends was increased, and the size of the 
dispersed phase was decreased. When the content of benzenesulfonate was further in-
creased to 8.0 mol%, the resulting graft copolymer did not increase. The reason is analyzed 
as follows: LC4 and LC8 have an average of 2.3 and 4.5 benzenesulfonates attached to 
each polymer chain, respectively. Due to the incompatibility of CDP and PA6, the polymer 
chains were in a coiled state in the molten blends. Fractions of benzenesulfonate groups 
are embedded within the CDP chains and cannot participate in the reaction. Therefore, 
within a certain range, by increasing the content of benzenesulfonate in the CDP, the 
amount of generated graft copolymer can be increased, and the stability of the blend in 
the molten state can be improved. However, the average number of benzenesulfonates on 
each CDP chain is over two, and further increase in benzenesulfonate content would not 
lead to additional benefits. 
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Figure 5. 13C NMR diagram of the amount of graft copolymers formed in the range of 66–40 ppm: 
(a) LC2/LA(70/30); (b) LC4/LA(70/30); (c) LC8/LA(70/30); (d) PET/LA(70/30). 

Blends of CDP and PA6 with various molecular weights were prepared and subjected 
to phase separation by being statically molten. The size distribution of the dispersed phase 
was shown in Figure 6. Here, LC4, MC4, and HC4 are CDP with 4 mol% benzenesulfonate 
and a molecular weight of 11,700, 23,000, and 25,400, respectively. LA, MA, and HA are 
PA6 with a molecular weight of 19,600, 31,600, and 39,700, respectively. In the process of 
melt blending and melt phase separation, the effects of polymer molecular weight are re-
flected by the difference in melt viscosity. During melt blending processes, the counterac-
tion of shear force and interfacial tension determines the size of the dispersed phase. Wu 
et al. studied the blending of PA6 and ethylene-propylene rubber and derived an empiri-
cal formula to determine the size of the dispersed phase [24]. 
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This formula shows that the more the viscosity ratio of the two phases deviates from 
one, the greater the interfacial tension of the system, and the larger the size of the resulting 
dispersed phase. During static melting processes, viscosity also causes differences in the 
diffusivity of polymer molecules, which in turn affects the formation of the dispersed 
phase. In the following discussion, the influence of molecular weight on phase separation 
behavior is discussed in terms of the difference in the viscosity of each polymer melt. 

 
Figure 6. Influence of molecular weight on size distribution of the dispersed phase: (a) 
LC4/LA(70/30); (b) LC4/MA(70/30); (c) LC4/HA(70/30); (d) MC4/LA(70/30); (e) HC4/LA(70/30). 

The melt viscosity of each polymer at different shear rates was measured using a 
high-pressure capillary rheometer. The ratio of dispersed phase viscosity to matrix phase 
viscosity in each blend is shown in Figure 7. The higher the shear rate, the closer the vis-
cosities of CDP and PA6 were. The viscosity of LA was smaller than that of LC4. With the 
increase of γ from 100 to 1000 s−1, the viscosity ratio between LA and LC4 increased from 
0.7 to 0.9. The viscosity of MA and HA were both larger than LC, and the viscosity differ-
ence was large. In the γ range of 100 to 1000 s−1, the viscosity ratio of MA/LC4 was de-
creased from 1.7 to 1.5, and that the viscosity ratio of HA/LC4 was decreased from 3.9 to 
2.6. While the viscosity of LA was much smaller than that of MC4 and HC4, the viscosity 
ratios of LA/MC4 and LA/HC4 were increased from 0.4 to 0.7 and from 0.3 to 0.5 in the γ 
range of 100 to 1000 s−1, respectively. 

Combining these rheological data with the phase separation results, it can be found 
that the closer the viscosity of the dispersed phase and the matrix phase was, the longer 
the phase stabilization time was. The LC4/HA(70/30) and HC4/LA(70/30), whose viscosity 
ratio deviated by a maximum of one, had the shortest phase stabilization times. Between 
these two blends, the size of the dispersed phase in HC4/LA(70/30) was smaller. HC4/LA 
had higher matrix viscosity, which may suppress the diffusion of PA6 out of the matrix 
and lead to a smaller dispersed phase. 
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Figure 7. The melt viscosity of CDP and PA6 raw materials varies with the shear rate at 250 °C. 

4. Conclusions 
In this work, the phase separation process of CDP/PA6 blends was observed by AFM-

IR and SEM. The molten blends were statically kept at 260 °C for various durations to 
induce the phase separation. Without shear force, the homogeneously mixed blends rap-
idly separated into two phases. In the early stage, the dispersed phase consisted of small 
and irregular particles. With the increase in phase separation time, the dispersed phase 
turned into larger and spherical particles to minimize specific surface area. The phase sep-
aration process typically lasted 2 to 7 min. 

Increasing the benzenesulfonate content would increase the amount of in situ-pro-
duced compatibilizer and improve the stability of the blend in the molten state. The effects 
of molecular weights of CDP and PA6 were reflected by the difference in the melt viscos-
ity of each polymer. The closer the melt viscosity of the dispersed phase and the matrix 
phase was, the longer the phase stabilization time was. 

The findings of this work show that although two incompatible polymers can be 
mixed homogeneously with the help of in situ-generated compatibilizers, the blends were 
still in a thermodynamically unstable state. If the blends were re-molten in the absence of 
shear force, the two incompatible polymers rapidly separated into two phases, resulting 
in changes in morphology and even properties. 
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