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The dependence of the morphology development of physical as well as of reactive 
compatibilized polypropylene/polyamide 6 (PP /PA6) blends in a mixing zone of a 
co-rotating twin screw extruder on blend composition and screw rotational speed 
was investigated. A special process analytical set-up based on a co-rotating twin 
screw extruder was used, which allowed melt sampling from different positions 
along the operating extruder in time periods less than 10 seconds. It has been 
shown that the disperse particle sizes in physical blends depend crucially on the 
blend composition because of the increasing influence of coalescence with an in
creasing concentration of the disperse phase. Furthermore, the morphology of 
physical PP/PA6 blends depends strongly on their rheological properties. In con
trast, the influence of the screw rotational speed on the morphology is minor. The 
resulting particle size in a mixing zone is achieved already after a short screw 
length. The particle size of compatibilized blends is significantly smaller than in 
physical blends because of the better conditions for drop break-up and the sup
pression of coalescence effects. Due to this, compatibilization has a stronger influ
ence on the blend morphology than a variation of process or rheological conditions 
with physical blends. Furthermore, the compatibilization leads to a concurrent 
crystallization of the PA6 phase with the PP phase. 

,3c::r-

INTRODUCTION 

P olymer melt blending is an effective and well-es
tablished method to design new materials with 

tailor-made properties. However, owing to the chemi
cal nature of macromolecules, most polymers are 
thermodynamically immiscible. Hence, in the mixing 
of polymers, mostly disperse systems are formed, in 
which the minor constituent is dispersed in a matrix 
of the major constituent. The physical properties of 
such blends depend strongly on the size, the size dis
tribution and the shape of the dispersed particles. 
Therefore, it is generally desired to manufacture 

blends with well-defined, stable and reproducible 
morphologies. Since the mixing of polymers is mainly 
accomplished in co-rotating twin screw extruders, a 
fundamental understanding of the morphology devel
opment during the flow in an extruder is required. 
However, owing to the "black-box" -like construction of 
an extruder it is difficult to investigate the morphology 
development during the mixing process. 

Corresponding author: W. J. MacKnight. 

Several techniques have been developed to solve 
this problem. Most of the appropriate methods are 
based on dead-stop experiments with subsequent 
screw pulling or split barrel opening. Since the time of 
melt sampling by use of these techniques is usually 
up to five minutes, morphology can undergo changes 
as a result of coalescence (1). Therefore, an original 
sampling method was developed that allows sampling 
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in time periods less than ten seconds without stop
ping the extruder. Using this procedure, the detection 
of the morphology development can be achieved 
nearly in real time (2). 

Owing to the low intermolecular adhesion between 
the interfaces of immiscible polymers, a phase com
patibilization is generally required to obtain stable 
morphologies (3). Compatibilization, as defined by 
Utracki (4), is a process of interfacial modification that 
improves the phase adhesion and allows control of the 
particle size. For the blend system polypropylene 
(PP)-polyamide 6 (PA6), it is known that a suitable 
compatibilization can be achieved by the use of maleic 
anhydride grafted polypropylene (PP-g-MAn) (5--8). The 
generation of copolymers of PP and PA6 at the poly
mer interface has been described as the mechanism of 
compatibilization (9-11). 

This paper deals with the investigation of the mor
phology development of PP/PA6 blends in mixing 
wnes of a co-rotating twin screw extruder. The mate
rials used were analyzed to determine the rheological 
and interfacial properties. The determination of the 
interfacial tension between the blend components is 
important to describe compatibilization effects be
cause phase compatibilization is accompanied by a 
significant decrease of this parameter (12, 13). The 
breaking thread method (12) was chosen to measure 
interfacial tensions. 

A special setup based on a ZSK 40 was assembled 
for the mixing experiments. The influence of the con
centration of the disperse phase and the viscosity 
ratio of blends on the blend morphology was investi
gated. The morphologies of uncompatibilized and 
compatibilized blends were analyzed and compared. 

THEORY 

Drop Deformation and Drop Break-up 

Assuming that during the flow through a twin screw 
extruder, shear stress predominates, there are two di
mensionless parameters important to characterize the 
drop break-up process (14): 
the capillary or Weber number 

TJm·)' ·D 
We=--

a 

and the viscosity ratio 

(1) 

Tld p= - (2) 
Tim 

where Tim is the viscosity of the matrix phase, "Y the 
shear rate, D the disperse particle diameter, a the in
terfacial tension and TJa the viscosity of the disperse 
phase. 

In model experiments, different break-up mecha
nisms of disperse droplets were observed. However, 
the most realistic mechanism is the break-up of elon
gated droplets caused by sinusoidal capillary wave 
instabilities ( 15-1 7). The theo:ry of this mechanism is 
based on the fundamental work ofTomotika (18), who 
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investigated the break-up of a Newtonian liquid cylin
ders in a Newtonian liquid quiescent matrix. 

In this model, amplitudes ex with a dominant wave 
number x..n: 

'lTDo x =-
m Am 

grow exponentially with time. 

ex = ex0 eflt 

(3) 

(4) 

D0 is the initial diameter of a cylinder, Am is the domi
nant wave length, ex0 the original amplitude and q the 
disturbance growth rate. The disturbance growth rate 
is given by Eq 5 with n as the dimensionless distor
tion growth function, which is a tabulated function 
(18). 

(j n(A,p) 
q= 

TJmDo 
(5) 

The time of the break-up of an elongated thread into a 
number of droplets with the same size can be esti
mated by (12) 

_ Tim Do ( 1.39 a Do2
) 

tb-2nmaln 4kT (6) 

with nm as the corresponding dimensionless distur
bance growth rate of the dominant wave number x..n 
and k as the Boltzmann constant. The values of Om 
and Xm can be calculated from Tomotikas original 
equations (18), which are too space consuming to be 
reproduced here. Figure 1 shows both nm and x..n as a 
function of the viscosity ratio p. 

Coalescence 

Since the morphology development in a blend is 
influenced by both drop break-up processes and coa
lescence, it is necessary to consider coalescence as 
well. Several models were developed to describe the 
coalescence process in disperse systems (19-22). The 
basis of all of these models is the description of the 
collision frequency C of disperse particles in a matrix 
and of the probability of particle unification after colli
sion, P wttte· 

Assuming simple shear flow, the collision frequency, 
C, can be expressed as a function of the shear rate 
and the concentration of the disperse phase <I> (21, 23). 

c = 16 )' <I>. 
'lT 

(7) 

Janssen (17) compared different models for P wtite with 
his experimental data which he obtained by use of 
viscous model liquids. These models are based on the
ories of MacKay and Mason (19) and Chesters (21). 
Janssen applied expressions for: 

• immobile interfaces 

(8) 
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Fig. 1. Dominant wave number Km and corresponding growth rate Om of capillary instabilities versus the viscosity ratio (p = Tid/Tirnl· 

• partly mobile interfaces 

( 
y3 D ) P -exp ---pwe312 

Wlfte B hcru (9) 

• fully mobile interfaces 

PW111e -exp(-% We m[ ~]) (10) 

Only the partly mobile interface model corresponded 
within an order of magnitude with his results. Gisber
gen and Meijer (24) found a qualitative correlation be
tween their experimental results and this model as 
well. In contrast. Elmendorp and Van der Vegt (25) 
determined a good agreement between their results 
and the model of fully mobile interfaces. However, the 
model of the partly mobile interfaces was not devel
oped at the time of their study. 

All models predict that the coalescence probability 
will decrease with increasing Weber number and in
creasing particle size. Furthermore, high Weber num
bers provide good conditions for drop break-up proc
esses as well. Areas of very different shear stresses 
exist in an extruder causing different Weber numbers. 
Therefore. zones can be assumed to exist where drop 
break-up dominates and other zones to exist where 
coalescence dominates. This concept is known as two
zone mixing model ( 1 7, 26). 

Experimental 

Material 

A blend system with PP as matrix and PA6 as dis
perse phase was chosen. Two different PP resins 

(Hostalen. Hoechst AG) and two different PA6 resins 
(Ultramid. BASF AG) were used. 

• Polypropylene Hostalen PPr 1070 (PP11 

• Polypropylene Hostalen PPH 2150 

• Polyamide 6 Ultramid B3 

• Polyamide 6 Ultramid B4 

(PPH) 

(PA6 B3) 

(PA6B4) 

To investigate the effect of compatibilization, a 
maleic anhydride modified polypropylene (PP-g-MAn) 
received from Mitsui Ltd. was used The anhydride 
content of this product determined by titration was 
0.5%. 

• Polypropylene Admer QF 556 E (Admer) 

Two physical PP /PA6 blends with different viscosity 
ratios were analyzed to investigate the influence of the 
viscosity ratio on the disperse blend morphology. Fur
thermore, a blend with a PP-g-MAn as matrix was an
alyzed to investigate the effect of compatibilization 
(Table I). 

Viscosity Measurements 

The viscosity data of each component were obtained 
using a rotational rheometer Rheometrics RMS 800 

Table 1. Polymer Blends Used in This Study. 

Blend Matrix Disperse 
Phase (PP) Phase{PA6) 

PPH/PA6 83 PPH PA683 uncompatibilized 
PPT/PA6 84 PPT PA684 uncompatibilized 
Admer/PA6 84 Adm er PA684 compatibilized 
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operating in oscillation mode with a parallel plate con
figuration. The plate diameter was 25 mm. The mea
sured values were fitted using the Carreau-Yasuda 
equation (27) 

. n-1 

TJ = (TJo -TJoo)(l + (~Ja)----a (11) 

where 'IJo is the zero-shear-rate viscosity, '1] 00 the infi
nite-shear-rate viscosity, 'Ye a constant (the crossing of 
the line represents zero-shear-rate viscosity and the 
line represents the power-law viscosity at high fre
quency), a is a dimensionless parameter that de
scribes the transition region between the zero-shear
rate region and the power-law region and n is the 
power-law exponent. 

lnteifacial Tension 

In recent years the breaking thread method has 
been applied frequently to determine interfacial 
tensions between melts of immiscible polymers (28, 
29). Using this method Elemans et al. (12) found a 
significant decrease of the interfacial tension between 
polystyrene and polyethylene by adding a polystyrene
polyethylene-diblock-copolymer as compatibilizer to 
the system. Cho et al. (30) investigated the effect of 
end-sulfonated polystyrene on the interfacial tension 
in the system polyamide 6/polystyrene. 

Fibers with a constant diameter of approximately 30 
µm were prepared using a melt spinning apparatus. 
The fibers were annealed for 24 h at 100°C in a vac
uum oven. Matrix sheets of PP with a dimension of 10 
x 10 x 0.5 mm were made by compression molding. 
The thread was placed between two sheets at room 
temperature. Afterwards the system was placed in a 
Linkarn hot stage. Prior to the breaking thread experi
ments, the systems were annealed for 10 min at a 
temperature close to the melting point of the thread to 
minimize recoiling effects during the melting of the 
PA6 thread. Subsequently, the system was heated to a 
temperature of 260°C with a heating rate of 90 K/s. 

The observation of growing distortions was carried out 
using a Zeiss optical microscope equipped with a CCD 
camera. Using Eq 4, the distortion growth rate q was 
detenninated by the growth of the amplitude with 
time. The interfacial tension u was calculated using 
Eq5. 

Extrusion 

Prior to the mixing experiments, the PA6 pellets 
were dried under vacuum at 90°C for 12 h. Two gravi
metric screw feeders were used. The average barrel 
temperature was 260°C for the PPH/PA6 B3 blend 
and 240°C for the PPT/PA6 B4 and the Admer/PA6 
B4 blend. The total throughput in all experiments was , 
15 kg/h. Two different extruder configurations were 
assembled to investigate the morphology and the 
morphology development, respectively, in the mixing 
zone of a co-rotating twin-screw extruder (Werner & 
Pfleiderer ZSK 40). 

In the first series the influenc_e of the disperse phase 
concentration, the viscosity ratio and the effect of a 
compatibilizer on the blend morphology of three differ
ent PP /PA6 blends was investigated. In this set-up, 
the extruder was equipped with one sampling device. 
After a long zone of conveying elements to reach the 
equilibrium state of drop break-up and coalescence, a 
mixing zone of KB 45/5/20 kneading elements was 
assembled. The sampling was carried out at the end 
of this mixing zone (Fig. 2). The screw rotational speed 
in all tests was 100 rpm. The disperse phase concen
trations of the PPH/PA6 B3 and PPr/PA6 B4 blend 
was varied in a range from 0.25 to 12 wt% PA6, the 
disperse phase concentrations of the Admer /PA6 B4 
blend were 4, 8 and 12 wt%. 

In the second series, the morphology development 
along a mixing zone for the different PP /PA6 blends 
was analyzed. To investigate the morphology develop
ment in a mixing zone, a set-up with three different 
sampling positions was assembled at the end of the 
extruder (Fig. 3). A throttle valve was used to achieve 

\ -, 

~ ' -, " ' I \ 

,_f'D*i¥%%Si%1¥¥SS•w•w I &Mil. 
\ ~ ,' ' , .... ' ... 

Sampling 
Fig. 2. Extruder barrel with screw and one sampling position. 
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Fig. 3. Extruder barrel with screw and three sampling positions. 

a filled mixing zone in all experiments. The mixing 
wne consisted of screw-mixing-elements (SME). The 
concentration of the disperse PA6 phase was in all ex
periments 5 wt%. For the tests with the PPT/PA6 B4 
and the Admer/PA6 B4 blend, screw rotational speeds 
of 200, 250 and 300 rpm were used. For the tests 
with the PPH/PA6 B3 blend only a screw speed of 200 
rpm was employed. 

Morphology 

Melt samples were taken from different positions 
along the extruder to investigate the morphology of 
the blends. The exact sampling procedure has been 
described elsewhere (2). The samples were cryo-cut at 
-20°C using a microtome. Micrographs of these sam
ples were made by using a Zeiss Gemini 870 scanning 
electron microscope (SEM) at 10 kV of accelerating 
voltage. To obtain a good contrast, the disperse PA6 
particles were etched with formic acid and the sam
ples were sputtered with gold. The micrographs were 
analyzed by using an automatic image analyzer Leica 
Quantimet 570 to determine the average particle size. 
At least 1000 particles were counted since it has been 
shown that this number is necessary to obtain a suffi
cient accuracy (2). 

RESULTS AND DISCUSSION 

Rheology 

Viscosity measurements were carried out at 240, 
260 and 270°C. In Figs. 4 and 5 are shown the appro
priate viscosity data. The data are fitted using the 
Carreau-Yasuda function. The Carreau-Yasuda para
meters for all materials at 260°C are listed in Table 2. 

The viscosity ratios p were obtained by the division 
of the Carr,eau-Yasuda equations of PA6 by the Car
reau-Yasuda equations of PP. In Fig. 6 the viscosity 
ratios at 240, 260 and 270°C are plotted versus the 
temperature. 

It has been reported by Wu (31) who investigated a 
polyamide 6,6/ethylene-propylene rubber blend that 
drop break-up is most probable in the range of the 
viscosity ratio between p = 0.1 and p = 1 and that the 
number average particle diameter increases with in
creasing viscosity ratio (p > 1). Taking this result into 
account, the rheological conditions for drop break-up 
of the PPH/PA6 B3 blend (0.1 < p < 0.7) are better 
than those of the PPT/PA6 B4 blend (3.8 < p < 6.5). 

lnterfacial Tension 
Figure 7 depicts a uniform break-up of a PA6 B4 

thread in a PPT matrix. After equal time intervals of 
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Fig. 4. Viscosity data of the poly
propylenes and their Carreau
Yasudajits. 

,......., 
{/) 

ro 
i::i... ,__, 

i=-

104 

103 

102 
10-2 

60 s images of the growing distortions were recorded. 
According to Eq 4, the growth rate q of the distortion 
was calculated from the slope of the line and obtained 
by plotting log (2a/Do) versus time. In this equation 
D0 is the original thread diameter. The calculated 
interfacial tensions of the PPI' /PA6 B4 and the PPH/ 
PA6 B3 blend are listed in Table 3. Taking an accu
racy of lOOAi (12) into account, both measured interfa
cial tensions can be assumed to be similar. 

In contrast. Fig. 8 depicts a PA6 B4 thread imbed
ded in an Admer (PP-g-MAn) matrix. The thread 

Fig. 5. Viscosity data of the poly
wnides and their Carreau Yasuda 
.ft.ts. 

• PPH 
• PPT 
• Admer 

240 °C 
260 °C 
270 °C 

10-I 10
3 

shows slight distortions after 5 min. However, the dis
tortions stop growing after a certain time and even 
after a period of 75 min the thread does not break. A 
similar effect was observed by Sundararaj and Ma
cosko (32) who investigated the system polyamide 6,6 
and maleic anhydride grafted polystyrene. The experi
ment indicates that during the measurement immobi
lization of the interfaces occurs, probably due to chem
ical reactions of the components at the interface. 

Although the observed behavior does not allow the 
determination of a defined value of interfacial tension 

240°C 
260 °C 
270 °C 

T • PA6 B4 
• PA6 B3 

102-t---.,.---.--r-T"T'T"TTT---T-r--r-T.....-r.....-~..-.--.-.-......TTT'"~-r--r-r.........,rrrl 
10-I lQO 101 102 103 

y [s-1] 
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Table 2. Parameters From the Fitting of the Viscosity Data at 260°C With Carreau Yasuda. 

PPH PPT 

1Jo (Pas) 31678.06 1065.38 
1Jx [Pas) 0.1 0.01 
'Ye (s-1] 0.59 13.35 
n (-) 0.34 0.45 
a(-) 0.62 0.64 

when using the breaking thread method, this result 
shows the strong effect of compatibilization at the in
terface of the blend components. Taking this result 
into account, it might not be exact to use degrees of 
interfacial tension that are obtained by the breaking 
thread method in the classical sense to determine ef
fects of compatibilization when covalent chemical 
bondings at the interface of immiscible polymers are 
possible. 

Effect of the Blend Composition 
on the Phase Morphology 

Figure 9 shows that at PA6 concentrations :s 0.5 
wt% the equivalent particle diameter (ECD) of the 
PPH/PA6 B3 blend is lower than the ECD of the 
PPT/PA6 B4 blend. However, at PA6 concentrations> 
2 wt% the effect is opposite, the average ECD of the 
PPH/PA6 B3 blend is higher than the average ECD of 
the PPT/PA6 B4 blend. Referring to Wu (31), drop 
break-up is most probable at a viscosity ratio close to 
unity. Thus, in the PPH/PA6 B3 blend (0.1 < p < 0. 7) 
a smaller ECD can be expected compared to the 
PPT /PA6 B4 blend (3.8 < p < 6.5), observed at low 

7 
- - - PPH/PA6 B3 

6 -- PPT/PA6 B4 

Admer PA6B3 PA6B4 

2656.57 488.49 4318.37 
0.06 0.04 9.93 

13.94 296.31 7.75 
0.35 0.23 0.58 
0.37 0.95 0.79 

PA6 concentrations. The probable reason for the 
higher ECD at larger PA6 concentrations in both 
blend systems is coalescence effects. The influence of 
coalescence rises with the concentration of the dis
perse component due to the higher collision probabil
ity (Eq 6). 

Nevertheless, Eqs 8 to 10 provide no explanation 
why the probability of particle unification after colli
sion Punite for the PPH/PA6 B3 blend is obviously 
higher than for the PPT/PA6 B4 blend. However, Es
seghir et al. (33) observed that the effect of coales
cence is stronger in blends with a highly viscous ma
trix phase. The authors explained that this effect is 
due to higher laminar flow stresses in a highly viscos
ity matrix which forces the dispersed domains to meet 
and to coalesce. 

Furthermore, Fig. 9 shows that the particle size of 
the Admer/PA6 B4 blend is significantly smaller com
pared to the two uncompatibilized blend systems. 
This finding indicates that under the investigated mix
ing conditions, the compatibilization causes better 
conditions for drop break-up processes. This effect is 
in accordance with the results of Sundararaj and 
Macosko (32) who observed smaller particle sizes 

..... Admer/PA6 B4 

,......., 
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i::-
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Fig. 6. Viscosity ratios (p = 1Jd/11rrJ of the blends. 
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Fig. 7. Disintegration of a PA6 B4 thread in a PPT matrix at 
260°C. 

at the low concentration limit of a nonreactive poly
amide /polystyrene blend in reactive polyamide 
6,6/polystyrene-maleic anhydride blends. 

Further agreement with the results of Sundararaj 
and Macosko (32) is the lack of dependence of the 
particle size on the PA6 concentration in Admer /PA6 
B4 blends. The authors found that by reactive com
patibilization coalescence is suppressed up to concen
trations of the disperse phase of 20 wt% and that the 
particle size at this concentration is not dependent on 
the disperse phase concentration. 

The micrographs in Figs. lOa to lOc show the mor
phology of samples of the three investigated blend 
systems with the composition 88 wt% PP and 12 wt% 
PA6. The effect of the compatibilization on the size of 
the disperse particles is obvious. Furthermore, Fig. 10 
shows a significant difference in the particle shape be
tween the PPT/PA6 B4 and the PPH/PA6 B3 blend. 
The disperse domains in the PPH/PA6 B3 blend are 

much more elongated than in the PPT /PA6 B4 blend 
expressed by the aspect ratio AR. 

particle length 
AR=------~ 

particle breadth 
(12) 

The development of the mean AR's and their standard 
deviations for the physical blends (Fig. 11) demon
strates that at PA6 concentrations > 4 wt% disperse 
domains in PPH/PA6 B3 blends are elongated whereas 
domains in PPT/PA6 B4 blends remain almost spheri
cal. Taking the theory of the Weber number (Eq 2) into 
account, the blend with the viscosity ratio close to 
unity (PPH/PA6 B3: 0.1 < p < 0. 7) has better condi
tions for drop break-up than the blend system with 
the higher viscosity ratio (PPT /PA6 B4: 3 .8 < p < 6.5). 
However, the results of Esseghir et al (33) show that 
coalescence effects rise with an increase of the matrix 
phase viscosity. These two contradictory effects may 
be the reason that the particles in the PPH/PA6 B3 
blend are much more elongated but not smaller than 
in the PPT/PA6 B4 blend. . 

Morphology Development Along a 
Mixing Zone in an Extruder 

Figure 12 shows the evolution of the number aver
age ECD along the investigated mixing section. The 
development of the ECD of the PPT /PA6 B4 blend 
shows that at all screw speeds the significant disper
sion of the particles takes place in the 62.5 mm be
tween the first and the second sampling position. The 
reduction of the mean ECD between the second and 
the third sampling position is not significant. Further
more, Fig. 12 depicts the interesting effect that in the 
PPT /PA6 B4 blend the average ECD at the first sam
pling position at 250 rpm is significantly higher than 
at 200 rpm. At 300 rpm, the melt contained even solid 
particles at this position (Fig. 13) and made a quanti
tative analysis of these samples impossible. The in
crease of the particle diameter with an increase of the 
screw rotational speed is unusual, since an increase 
in the screw speed causes in general a higher energy 
input (34, 35), which should cause a better melting 
behavior. The reason for the worsening of the plastifi
cation by an increasing screw rotational speed is 
probably a decreasing backup length in the melting 
zone with increasing screw speed. Because of this ef
fect, the residence time in the melting zone, and 
therefore the melting efficiency, decrease with an in
creasing screw rotational speed. At the second sam
pling position only minor differences in the particle 

Table 3. lnterfacial Tension Data Determined at 260°C Via the Breaking Thread Method. 

Matrix phase Thread phase p [-] xexp [-] xm [-] nm[-] U'[mN/m] 
(PP) (PA6) 

PPH PA6 83 0.015 0.44 0.45 0.4741 10.7 
PPT PA6 84 4.053 0.50 0.48 0.0351 9.2 
Adm er PA6 84 1.626 0.54 0.0567 no break 
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unity (PPH/PA6 B3) are better than those of a blend 
with a viscosity ratio larger than one (PPT/PA6 B4). 
Like the tests with the PPT /PA6 B4 blend, the main 
changes in the morphology occur in the first 62 .5 mm 
of the mixing zone. 

The ECD's of the Admer/PA6 B4 Blend are at all 
sampling positions significantly smaller than those of 
the uncompatibilized blends. However, the experi
ments with the Admer /PA6 B4 blend show that there 
is no effect of the screw rotational speed on the mor
phology. Furthermore, there is no significant change 
of the morphology along the mixing zone. The fact 
that the screw configuration used contained only a 
melting zone and a long section of conveying elements 
prior to the mixing section which have almost no mix
ing efficiency indicates that in the compatibilized 
Admer/PA6 B4 blend the morphology formation oc
curs mainly already in the melting zone. This finding 
is in accordance with the results of Sakai (36) , who 
found by the use of a PP-g-MA/PA blend that the 
main dispersion occurs in the melting zone. 

Effect of Phase Compatibilization on the 
Crystallization Behavior (DSC) 

Fig. 8 . PA6 B4 thread in an Admer matrix at 260°C. Thermal analysis was carried out using a DSC 7 
(Perkin-Elmer) in nitrogen atmosphere to study the 
influence of the melting and the crystallization behav
ior of the blends. Two heating and one cooling cycle 
were done in the temperature range from -60 to 
250°C at a rate of 10 K/min. 

size between the different screw rotational speeds and 
at the third sampling position exist. No more differ
ences in the particle size are present. 

The average ECD of the PPH/PA6 B3 blend at all 
sampling positions is smaller than the average ECD of 
the PPT /PA6 B4 blend at 200 rpm. This is a further 
indication that the rheological properties for drop 
break-up of the blend with a viscosity ratio close to 

Figure 14 shows the cooling curves of PPT, PA6 B4 
and the PPT/PA6 B4 blends whereas Fig. 15 shows 
the cooling curves of Admer, PA6 B4 and the Admer I 
PA6 B4 blends. In Fig. 14 it can be seen that the crys
tallization temperature of the PPT matrix is slightly 

2.5 

2.0 

.....--. 1.5 s 
:i .......... 

Q 1.0 u 
~ 

. 

. . . . -· pp . . . .... · · · ..... - HIPA6 B3 . . . .. =:-=- PPT/PA6 B4 

. . . . . . . . . . . Admer/PA6 B4 . ... . . . ·/ .. . . 

········ ···· ··· ··· ········ _ T 
.. ... .... 0~l./.'"• -· ./" / ·- · :..:.·~·~· . .. .. . .. ... . . .. . . ... . . . .. 

• •-+ 
0.5 

0.0 
0.1 10 

PA6 concentration (wt.%] 
Fig. 9. Average Equivalent Circle Diameter (ECD) of the investigated PP/ PA6 blends versus the PA6 concentration. 
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(a) 
Fig. lOa. Micrograph of a sample of a PPH/PA6 B3 blend 
with a composition of 88 wt% PP and 12 wt% PA6. 

(b) 

Fig. lOb. Micrograph of a sample of a PPT/PA6 B4 blend 
with a composition of 88 wt% PP and 12 wt% PA6. 

increasing with an increasing content of the PA6 
phase due to the nucleating activity of the dispersed 
PA6 particles. This finding is in accordance with the 
results ofVanneste et al.. (37). Figure 15 shows that in 
the Admer/PA6 B4 blend no crystallization peak 
arises at the typical crystallization temperature of the 
PA6 phase. However, the second melting scan of the 
Admer /PA6 B4 blends (Fig. 16) shows a clear melting 
peak at the typical PA6 temperature of 221.1 °C. This 
unusual behavior is in accordance with results of 
other authors (37- 39) . Moon et al.. (38) explained this 
effect by concurrent crystallization of the PA6 with the 
PP-g-MAn phase. The reason for this kind of crystal
lization is probably the reduction of the PA6 particle 
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Fig. 1 Oc. Micrograph of a sample of an Admer I PA6 B4 blend 
with a composition of 88 wt°IO PP and 12 wt% PA6. 

size. A smaller disperse particle size decreases the 
probability of the existence of units of a certain het
erogeneity and, as a result, the possibility of crystal
lization at the usual crystallization temperature. 

CONCLUSIONS 

Because of the complexity of the flow and mixing 
behavior in an extruder the development of suitable 
models about the morphology development during the 
mixing in an extruder is a very complicated matter. 
Furthermore, the black-box-like construction of twin
screw extruders makes it very difficult to obtain 
experimental data to verify theoretical models. The de
termination of information about the dynamics of 
morphology development of disperse blend systems in 
an extruder was the main emphasis of this study. 
PP /PA6 was used as the disperse blend system. 

Since the PPH/PA6 B3 blend has the finer morphol
ogy at low PA6 concentrations compared to the PPT I 
PA6 B4 blend and a coarser morphology at high PA6 
concentrations, it has been shown that Wu's state
ment that blends with a viscosity ratio close to unity 
have a finer disperse morphology than blends with a 
high viscosity ratio is not in general valid. The effect of 
the blend composition and the effect of coalescence at 
higher concentrations, respectively is also very impor
tant. 

The investigation of the morphology development 
along a mixing zone showed that the influence of the 
screw rotational speed on the blend morphology is 
minor. In contrast, the influence of the rheological pa
rameters of the blend components is important. It has 
further been shown that the main changes in particle 
size occur in the first 62.5 millimeters of the mixing 
zones, whereas there is no significant reduction of the 
disperse particle size after the second sampling posi
tion. 
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The compatibilization of a PP /PA6 blend by the use 
of maleic anhydride grafted polypropylene (Admer) 
supports the drop break-up process and suppresses 
the coalescence process in the investigated range of 
composition. The consequence is a drastic reduction 
of the particle size compared to the uncompatibilized 
blends. Processing conditions or the blend composi
tion have no significant effect on the blend morphol
ogy in compatibilized blends. A further effect of the 
compatibilization is the concurrent crystallization of 
the PA6 with the PP-g-MAn as a result of the drastic 
reduction of the disperse particle size. 

For general conclusions more experimental work 
with different blend systems is necessary. 
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Fig. 13. Solid PA6 B4 particles in a PIT matrix at a screw ro
tational speed of 300 rpm at the first swnpling position. 
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NOMENCLATURE 

Admer QF 556 E . 
Polyamide 6 . 
Ultramid B3. 
Ultramid B3. 
Polypropylene. 

. 

-PPT 
- - - PA6 B4 

--- --- - -

- - PPT + 4% PA6 B4 
- - . PPT + 8% PA6 B4 
.. .. PPT+ 12%PA6B4 

PP-g-MAn 

PPH 
PPT 

a 
AR 

c 
D 

Do 
ECD 

k 
n = 

q 
T 

tb 
We 

xrn 
a , a0 
'f, 'f c 

11 · Tio• Tioo 

Maleic anhydride grafted polypropy
lene. 
Hostalen PPH 2150. 
Hostalen PPT 1070. 
Dimensionless parameter. 
Aspect ratio. 
Collision frequency. 
Drop diameter. 
Initial thread diameter. 
Equivalent circle diameter. 
Boltzmann constant. 
Power law exponent. 
Viscosity ratio. 
Probability of unification of particles 
after a collision. 
Disturbance growth rate. 
Temperature. 
Time for thread break-up. 
Weber number. 
Dominant wave number. 
Amplitude, original amplitude. 
Shear rate, constant shear rate. 
Viscosity, zero-shear-rate vis cosity, 
infinite-shear-rate viscosity. 
Disperse and matrix phase viscosity. 
Dominant wave length. 
Interfacial tension. 
Dimensionless disturbance growth 
rate. 
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