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Synopsis 

A series of polypropylene (PP)/nylon 6 (N6) blends of composition 75/25,50/50, and 25/75 have 
been prepared in a screw extruder combined with a Koch static mixer. The phase morphology was 
observed with a scanning electron microscope. The influence of heating in the reservoir of a 
rheometer followed by subsequent extrusion through a capillary on the phase morphology was in- 
vestigated. Phase size growth as a function of time was observed under quiescent and mild defor- 
mation rate conditions. The discrete phase size was observed to decrease with increasing extrusion 
rate through dies. The shear viscosity and principal normal stress difference of the blends were 
measured as a function of composition. The crystalline orientation of both polypropylene and nylon 
6 in blend melt spun fibers was characterized by wide angle X-ray diffraction and interpreted in terms 
of Hermans-Stein orientation factors. The orientation increases with drawdown ratio. The or- 
ientation factors for the polypropylene phase vary with spinline stress in a manner independent of 
composition and identical to that for pure polypropylene. Extracting melt spun blend fibers with 
formic acid has produced small-diameter polypropylene minifilaments with diameters of the order 
of microns. 

INTRODUCTION 

There have been extensive investigations through the years of characteristics 
of blends of thermoplastics. Most of these studies have involved polyolefins 
and styrenics. Few have involved polyamides. Some reports have appeared 
of blends of polyamides with polyethylene tere~hthalate, '-~ p~lyethylene,~ 
p~lypropylene,~,~ p~lyoxymethylene,~-lO butadiene-acrylonitrile copolymer," 
and other polyamides.12 These studies have usually involved nylon 6.1-6J1J2 
None of these papers contains a vertically integrated investigation of the melt 
rheology, phase morphology, and processing of such blends. 

In the present paper, we consider various aspects of the disperse two-phase 
melt flow and solidification of polypropylene/nylon 6 blends including the 
structure of the products produced. We will investigate the (i) phase morphology 
and how it varies with process conditions, (ii) the rheological properties of the 
blends, (iii) the development of structure during the melt spinning of fibers, and 
(iv) the formation of small-diameter minifibers by extracting blend filaments. 
This paper represents one of the broadest vertically integrated studies of a 
polymer blend system. 
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EXPERIMENTAL 

Materials 

The polymers used in this study were an isotactic polypropylene (PP) (Her- 
cules Profax PD 064 with melt index of 3.5) and nylon 6 (N6) supplied by 
American Enka. The latter material had a M, = 22,500 and MJM, = 2.08. 

Blending 

The polypropylene (PP) and nylon 6 (N6) were mixed in a .?/4 in. Rainville screw 
extruder with a Koch static mixer at 230°C. Blends with composition PP/N6 
of 75/25,50/50, and 25/75 were prepared. 

Scanning Electron Microscopy (SEM) 

The SEM studies were carried out using an AMR Model 900 High Resolution 
Scanning Electron Microscope (Advanced Metals Research Corporation, Bur- 
lington, Mass.). Fracture surfaces of the extrudates of PP/N6 blends from ex- 
truder with a static mixer and from capillary die were prepared. A gold palla- 
dium alloy was used on the surfaces to prevent charging in the electron beam. 

Rheological Measurements 

The melt flow rheological properties of the homopolymers and blends were 
determined at  230°C in both a Rheometrics Mechanical Spectrometer in the 
cone-plate mode and in a Merz-Colwell Instron Capillary Rheometer. 

Shear stresses a12 and principal normal stress differences Nl(all-a22) were 
obtained as a function of shear rate in the cone-plate instrument. The shear 
rate + is given by the angular velocity Q and the cone angle c ~ ~ ~ . ~ ~  

, 

y = Q/a (1) 

while the shear stress is given by the torque M and the principal normal stress 
difference by the thrust F, through13J4 

a12 = 3M/2rR3 (2) 

N 1 =  2 F / r R 2  (3) 
Measurements were possible up to a shear rate of 1 s-l, where the melts generally 
balled up and came out of the gap. 

A t  high shear rates the viscosities were determined using a capillary rheometer. 
The shear stress was measured through the pressure loss through a series of three 
capillary dies of diameter, D, 0.735 mm and (length)/(diameter) (LID) 20,30, 
40. The pressure p~ was plotted as a function of die LID and the die wall shear 
stress ( 0 1 2 ) ~  was determined from14J5 

(4) 

where A p e n d s  is the sum of die entrance and exit pressure losses. The die wall 
shear rate was determined from Weissenberg’s r e l a t i ~ n s h i p ~ ~ J ~  

PT = 4(aidwL/D + APends  
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(5) 

Melt Spinning 

Fibers were melt spun through a single hole spinneret capillary with diameter 
0.735 mm and L / D  ratio of 40 placed in an Instron capillary rheometer. The 
extrusion temperature was 230°C. The filament descended from the die into 
a water quench bath, around a roller and onto a takeup device with a takeup 
speed 17-55 m/min depending on drawdown ratio. Spinline tensions were 
measured with a Rothschild Tensiometer. The experimental procedure is ba- 
sically that used by Minoshima et a1.16 in an earlier study in our laboratories. 

Characterization of Fiber Structure 

The orientation of the crystalline regions of both the polypropylene and nylon 
6 phases were measured by wide-angle X-ray diffraction. Nickel-filtered CuKa 
radiation was used. 

Both the polypropylene and nylon 6 diffract X-rays. Typical equatorial in- 
tensity scans as a function of Bragg angle for monoclinic polypropylene and the 
pseudohexagonal nylon 6 found in a melt spun fiber are shown in Figure 1. The 
WAXS reflections of monoclinic polypropylene in terms of its unit cell have been 

110 

30 25 20 15 10 

Equatorial 28 

Fig. 1. 28 scan for monoclinic polypropylene and pseudohexagonal nylon 6. 
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Y ,  sec-’ 

(b) 
Fig. 2. (Cont inued from t h e  previous page.) 

described by Natta and Corradini.17 The reflections for nylon 6 are described 
by Ziabicki,18 Vogelsong,lg and Parker and Lindenmeyer.20 

There is some overlap of peaks. However, the 040 and 110 diffraction peaks 
of polypropylene are not so encumbered. The 040 and 110 reflections may be 
used to specify orientations of the crystallographic axes. Pseudohexagonal nylon 
6 does not exhibit the range of reflections that monoclinic polypropylene does. 
Usually the 100 and 002 reflections are used to determine the orientation of the 
crystallographic axes. I t  is not possible to use the 100 reflection here because 
of peak overlap. 

We shall represent orientation in terms of the Hermans-Stein orientation 
factors for the three crystallographic a x e ~ . ~ l - ~ ~  These are defined as 

(7) 

where 4, is angle between the fiber axis and the j-crystallographic axis. The 
040 reflection directly gives the orientation of the b-crystallographic axis. The 
orientation of the c-crystallographic axis can be obtained from the 110 and 040 
reflections through Wiichinsky’s expression2* 

(8 )  
For the orientation of the pseudohexagonal nylon 6 in the melt-spun fibers we 
used the meridionalOO2 reflection. An a’-crystallographic axis was defined to 

f j  = (3  cos24j - 1)/2 

cos24c = 1 - 1.099 COS24ll0, l  - 0.901 COS24040,1 
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Fig. 3. Reduced viscosity q/qo as a function of q ~ i .  for polypropylene (0 )  and nylon 6 (0). 
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Fig. 4. Principal normal stress difference N , ,  as a function of shear stress u12, for polypropylene 
( 0 )  and nylon 6 (0). 
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Fig. 5. SEM photomicrographs of PP/N6 blends prepared in a screw extruder and Koch static 
mixer: (a) 75/25; (b) 50/50; (c) 25/75. 

be perpendicular to the plane of the b and c axes. We will define from this an 
orientation factor fa !  (compare Nadella et a1.22). 

Extraction of Filaments 

The melt-spun PP/N6 75/25, 50/50, and 25/75 filaments were extracted in 
formic acid. This would remove the nylon 6 and leave the polypropylene. The 
character of the extracted filaments were investigated using scanning electron 
microscopy. 

RHEOLOGICAL PROPERTIES OF PURE COMPONENTS 

The shear viscosity q and principal normal stress difference N I  were measured 
for both the polypropylene and nylon 6 at 23OOC in the Rheometrics Mechanical 
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Fig. 6. SEM photomicrographs of PP/N6 blend extrudates heated for a period of 60 min and ex- 
truded a t  32Q/rD3 of 3.79 s-l through a capillary die: (a) 75/25; (b) 50/50; (c) 25/75. 

Spectrometer. Viscosities of higher shear rates were measured in the capillary 
rheometer. The results are shown in Figure 2. At low shear rates, the PP ex- 
hibits both a higher viscosity and a higher principal normal stress difference than 
nylon 6. The zero shear rate viscosity qo for PP is of order 80,000 P and for nylon 
6 of order 6,000 P. The nylon 6 viscosity function is much more Newtonian in 
character than the PP, and there is a crossover a t  about 60 s-1. 

The differences in the rheological properties of the nylon 6 and PP seem due 
to a combination of absolute molecular weight and breadth of molecular weight 
distribution, as suggested by recent studies from our l a b ~ r a t o r y . ~ ~ - ~ ~  The dif- 
ferences in zero shear viscosity indicated that the PP has a much higher molecular 
weight. In Figures 3 and 4, we plot q/qo vs. and N1 vs. 012 for the two melts. 
The PP data fall off more rapidly than the nylon 6 in the q/qo vs. qo? plot and 
are higher than the nylon 6 data in the NI-al2 plot. Both indicate the broader 
molecular weight distribution of PP.25-27 
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Fig. 7. SEM photomicrographs of 50/50 PP/N6 blends removed from reservoir after being heated 
for various periods: (a) 30 min; (b) 180 min. 

PHASE MORPHOLOGY 

Extrudates from Screw Extruder/Static Mixer System 

Extrudates from the static mixer were cross-sectioned. SEM photomicro- 
graphs are shown in Figure 5. The PP/N6 25/75 blends show polypropylene 
islands in a nylon 6 sea. Both 75/25 and 50/50 blends show nylon 6 islands in 
a polypropylene sea. The cross sections of the discrete islands have dimensions 
of 5-50 pm depending on composition. The smaller dimensions are found in 
the PP/N6 75/25 blends and the coarser morphology in the 50/50 and 25/75 
b 1 ends . 

Blend Melt in a Heated Reservoir and Subsequent Extrusion from 
Capillary Die 

The extrudates from the static mixer were placed in the barrel of the Instron 
capillary rheometer and heated at 230°C. After various periods, the melt was 
extruded at  a low rate, equivalent to a die wall shear rate of 3.79 s-l and shear 
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Fig. 8. SEM photomicrographs of PP/N6 50/50 blends extruded from a capillary die a t  32Q/xD3 
of 3.79 s-l, T = 23OOC for (a) 30 min, (b) 90 min, (c) 150 min. 

stress of order 0.5 X lo5 dyn/cm2. SEM photomicrographs of the extrudates 
are shown in Figure 6. It may be seen that in the 25/75 and 50/50 PP/N6 blends, 
the islands grow in size with time. Phase dimensions of order 60-100 pm are 
observed after 1 h. Little change is observed in the 75/25 blends. In Figures 
7 and 8 we observe phase morphologies of the 50/50 blend extrudates from barrel 
and capillary die with different residence times. A similar phenomenon was 
observed. The increase in phase dimensions with time is clear. 

We have studied the influence of extrusion rate on the morphology of the 
PP/N6 blends. This is shown in Figures 9-11. As the extrusion rate increases, 
the sizes of the phase dimensions become smaller (see Table I). We plot island 
size vs. die wall shear stress ( 0 1 2 ) ~  in Figure 12 for the 75/25 and 25/75 
blends. 

Discussion 
Both Ide and Hasegawa5 and Baramboim and RakityanskiP have noted that 
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Fig. 9. SEM photomicrographs of PP/N6 25/75 blend extrudates as a function of die wall shear 
rate 32Q/aD3: (a) 3.79 s-l; (b) 37.9 s-l; (c) 152 s-l; (d) 1520 s-l. 

PP/N6 blends are difficult to disperse in comparison to blends of polymers of 
similar character. However, the growth in coarseness of the morphology in the 
molten state for this blend system has not been previously observed. Obser- 
vations in our laboratories for similarly prepared polyethylene-polystyrene 
blendsz8 show much more fine-grained morphologies (1-5 pm) and no noticeable 
phase growth with time. The phenomenon thus apparently does not occur in 
purely hydrocarbon melts. 

Ide and Hasegawa5 and Baramboim and RakityanskiF note that addition of 
small amounts of additives such as maleic anhydride-grafted polypropylene could 
produce much finer dispersions. The latter authors attribute this to reductions 
in interfacial tension. 

It appears to us that the mechanism of transient phase growth particularly 
of PP islands in an N6 sea is associated with the interfacial tension K between 
the phases. This should lead to stresses of form K/d, where d represents a radius 
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Fig. 10. SEM photomicrographs of 50/50 extrudates as a function of die wall shear rate 32Q/rD3: 
(a) 3.79 s-l; (b) 37.9 s-l; (c) 379 s-1; (d) 3790 s-l. 

of curvature which will be of the same order as the dimensions of the PP island. 
The resistance to interfacial movement will be due to the viscosity q of the con- 
tinuous phase. This is of form qVld, where V is a velocity. The tendency of 
different blend systems towards phase growth is determined by the ratio of these 
stresses 

interfacial stresses Kld K 
viscous stresses q Vld q V 

- - 

This dimensionless group is well known in the theory of emulsions of Newtonian 
f l ~ i d s . ~ ~ - ~ ~  It is useful to write eq. (9) in the form 

Phase growth is promoted by large interfacial tensions, small shear stresses, and 
small phase dimensions. Phase size reduction is promoted by large shear stresses 
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Fig. 11. SEM photomicrographs of PP/N6 75/25 extrudates as a function of die wall shear rate 
32Q/*D3: (a) 3.79 s-l; (b) 37.9 s-l; (c) 152 s-$ (d) 1520 s-l. 

and phase dimensions and is opposed by the interfacial tension. 

RHEOLOGICAL PROPERTIES OF BLENDS 

Results 
The viscosity-shear rate behavior of nylon 6, PP and their blends are shown 

in Figure 13. The viscosity of the blends is plotted as a function of composition 
a t  fixed shear rate in Figure 14. As shown in Figures 13 and 14, the viscosity 
varies with composition in a complicated manner. It exhibits a minimum and 
maximum in the plot. 

plot for the blends is 
shown in Figure 15. The value of N1 is a monotonic increasing function of both 
shear rate and PP content over most of the composition range. The data is 
replotted as a function of shear stress in Figure 16. This indicates that the 75/25 
and 50/50 blends exhibit higher N1 at  fixed ~ 1 2  than either pure component. 

A principal normal stress difference N1-shear rate 
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TABLE I 
The Influence of Extrusion Conditions on the Dimensions of the Discrete Islands of PP/N6 

Blends 

Average size of 
(alz)w x 10-5 discrete phase 

Composition i. w (sol) (dyn/cm2) (w-4 
PP/N6-25/75 3.79 0.31 29 

37.9 1.61 25 
152 4.01 23.5 

3790 20.3 14.5 

37.9 1.91 4.8 
152 2.65 3.8 

1520 9.20 2.2 

PP/N6-75/25 3.79 0.36 7.7 

Discussion 

There are few other investigations of nylon 6-polyolefin blends in the litera- 
ture. Hayashida et al.4 found a monotonic increase in viscosity with addition 
of polyethylene to nylon 6. They sought to represent the viscosity-composition 
behavior of the blends using a model developed by Lees.32 This presumes a 
parallel lamellar structure in the direction of flow with a constant shear stress 
within the layers. This leads to the expression 

- +- (11) 

where 4 i s  the volume fraction of nylon 6. We contrast this to experiment in 
Figure 17 where we plot shear viscosity as a function of composition at different 

_ - -  1 4 1 - 4  
7 7N6 TPP 

0 10 20 

O,x 1 0 ' ~  dynes/cm* 

Fig. 12. Mean dimensions of islands in 75/25 ( 0 )  and 25/75 (0) PP/N6 blends as a function of 
die wall shear stress. 
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Fig. 14. Viscosity-composition plot for PP/N6 blends at  various shear rates 
( 0 1  100; (a) 101; (0) 102; ( 0 1  103. 

i. (s-1): (0 )  10-1; 

shear stresses. The agreement is not good. Certainly the situation is more 
complex than envisaged in this model. 

STRUCTURE OF MELT-SPUN FIBERS 

Results 

WAXS patterns for the nylon 6, polypropylene, and PP/N6 blends are shown 
in Figure 18. The nylon 6 fibers exhibit diffraction patterns similar to those 
reported by ZiabickP and Bankar et al.23 with diffuse meridional and equatorial 
spots. The polypropylene exhibits diffraction patterns equivalent to that de- 
scribed by Natta and Corradini17 and Nadella et a1.22 These correspond to 
pseudohexagonal nylon 6 and monoclinic polypropylene. The diffraction pattern 
of the PP/N6 blends indicate a superposition of pseudohexagonal nylon 6 and 
monoclinic polypropylene. 

With increasing drawdown, the WAXS patterns indicate increased orientation. 
Hermans-Stein orientation factors f i ,  f b ,  f c  have been computed for polypro- 
pylene and f :  for nylon 6. The orientation of both phases in the blends was de- 
termined. The polypropylene orientation factors are plotted as a function of 
spinline stress in Figure 19. The results show that the molecular orientation 
in the polypropylene component of the blends is independent of blend compo- 
sition when compared on the basis of spinline stress. The 040 reflection becomes 
equatorial, and f b  becomes negative indicating the b -crystallographic axis is 



POLYPROPYLENE/NYLON 6 BLENDS 2027 

I I 
10" 10' 

3 ,  sec-' 

Fig. 15. Principal normal stress difference N1-shear rate i. plot for nylon 6 (O), polypropylene 
(0 ) .  and PP/N6 blends: (0) 75/25; ((3) 50/50; (0) 25/75. 

perpendicular to the fiber direction. The f c  values computed by Wilchinsky's 
formula increase monotonically with drawdown stress. 

In Figure 20 we plot f :  for nylon 6 and nylon 6 component in the blends as 
function of drawdown stress. The data for the 25/75 and 50/50 compositions 
are much lower than for the pure components. 

Discussion 

We have contrasted our results for PP and nylon 6 to earlier data in the liter- 
ature. Spruiell and White,33 Nadella et a1.,22 and Chen et al.34 have reported 
plots of Hermans-Stein orientation factors, fi, f b ,  and f c  as a function of spinline 
stress for polypropylene. Gianchandani et al.35 have prepared a similar plot for 
nylon 6. Our results for pure PP and nylon 6 generally agrees with those of these 
earlier investigators. 

The data for the crystalline orientation factor of nylon 6 in the blends is lower 
than that for the pure nylon 6. We believe that this in large part is due to overlap 
of the nylon 6 002 (20 = 1 1 O )  with (i) the much stronger PP 110 (20 = 14.2O) and 
(ii) background and amorphous scattering which become relatively stronger as 
the amount of N6 decreases. A careful inspection of Figure 19 shows a similar 
effect for PP in the 25/75 PP/N6 blend with the orientation being noticeably, 



2028 LIANG ET AL. 

Fig. 16. Principal normal stress difference N1-shear stress u12 plot (T = 230°C) for nylon 6 ( O ) ,  
polypropylene ( O ) ,  and PP/N6 blends: (0) 75/25; (a) 50/50; (0) 25/75. 

though only slightly, lower than the data for the other blends. One cannot, of 
course, say that if such errors were not present the nylon 6 orientation factors 
in the blends would correlate with stress. It can only be said that with increasing 
PP, the uncertainty rapidly increases, and ignoring this will lead to lower and 
lower Hermans orientation factors. 

The correlation of the PP orientation in blends with spinline stress is rea- 
sonable if one considers the observations of earlier authors on the online spinline 
structure development for PP and N6 individually. Observations for PP22933,36 
indicate that it crystallizes in the spinline at a temperature of about 90°C. Nylon 
6 vitrifies in the spinline, probably at  about 40°C. On the bobbin it absorbs 
moisture which lowers Tg and then crystallizes. One may consider either a PP 
continuous phase or a longitudinal cocontinuous phase with PP islands being 
long minifilaments (see the next section). The spinline tension appropriately 
corrected to stress will act on the PP phase as it crystallizes. This reasonably 
leads to a correlation between crystalline orientation and spinline stress in P P ,  
which would be the same as for melt-spun fibers from the pure polymer. 
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Fig. 17. Viscosity-composition plot a t  different shear stresses u12 (dyn/cmZ), in comparison 
Lee’s equation [eq. (II)]: (0 )  2 x 103; (a) 4 x 104; (a) 105; (0) 3 x lo5; (0) lo6. 

with 

EXTRACTION OF MELT-SPUN FILAMENTS 

Results 

Formic acid-extracted PP/N6 blend melt spun fibers are shown in Figure 21. 
Small-diameter “mini” filaments that have diameters in a range of 0.5-5 pm are 
obtained from the 25/75 PP/N6 blends and porous fibers from the 75/25 blend. 
These minifilaments seem to be potentially infinitely long. 

Fig. 18. WAXS film patterns for nylon 6, polypropylene, and N6/PP melt-spun fibers U L / U O  = 
257: (a) PP; (b) N6/PP 25/75; (c) N6/PP 50/50; (d) N6/PP 25/75; (e) N6. 
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Fig. 19. Hermans-Stein orientation factors f h ,  fb, and fc as a function of spinline stress, for PP 
fraction of the blends: (0 )  PP; (0) PP/N6 75/25; (a) PP/N6 50/50; (0) PP/N6 25/75. 

Discussion 

Similarly prepared mini fibers have been reported by investigators in various 
laboratorie~7-~0,~~-*~ using a number of different polymer systems though not 
nylon G/polypropylene. Some of these systems have included p o l y a m i d e ~ ~ - ~ ~ ~ ~ ~ . ~ ~  
and p~lypropylene~l but not together. 
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Fig. 20. Hermans orientation factors for nylon 6 components of PP/N6 blends as a function of 
spinline stress: (0) N6; (0) PP/N6 25/75; (a) PP/N6 50/50; (0) PP/N6 75/25. 



POLYPROPYLENE/NYLON 6 BLENDS 2031 

(b) (C) 

Fig. 21. Formic acid-extracted PP/N6 blend melt-spun fibers. Drawdown UL/UO = 216 (a) 25/75; 
(b) 50/50; (c) 75/25. 

The diameter of the minifibers can be computed from the diameters of the 
“islands” in the extrudates by continuity. Taking subscript o to represent the 
die and L the drawdown of the fiber at  the takeup, we may write (neglecting 
density variations) 

‘/4rd:u0 = ‘/4rdLuL (12) 

This is equivalent to 

Thus a drawdown ratio of 100 will reduce the diameters of the islands an order 
of magnitude in forming minifilaments. Our 25/75 system had island diameters 
of order 20 pm a t  the extrusion rate in question and a uJu0 of 216. The mini- 
filament diameter of 0.5-5.0 pm is consistent with eq. (13). 

This research was supported in part by the National Science Foundation, Division of Materials, 
Polymers Program. 
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