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SYNOPSIS 

Fibers spun from blends of small percentage of plastic grade polypropylene (HMPP) with 
fiber grade polypropylene ( P P )  are studied for drawing behavior. A factorial design of 
experiment is used for a two-stage drawing process with variables, such as percent of HMPP 
component, first stage draw ratio and temperature, and second stage temperature. Opti- 
mization is carried out for breaking stress and modulus of drawn filaments. Breaking stress 
of up to 0.74 GPa and initial modulus of 7.34 GPa is possible by such an optimization 
process. These properties are observed for 6% HMPP blend composition. Heat setting of 
drawn filaments show little changes up to 140°C heat-setting temperature. Large scale 
structural changes with rapid drop in mechanical properties is observed for 150-160°C 
heat-set samples. 

INTRODUCTION 

Addition of a small percentage of high molecular 
weight polymer in fiber-grade polymer may be used 
to advantage in improving properties of the fila- 
ments. Studies of Hinrichsen and Green' on nylon 
indicate that blending of a small percentage of high 
molecular weight material does not affect the melt 
viscosity of the parent component to any large ex- 
tent. Results on polypropylene (PP) by Deopura 
and Kadam' supports this fact. Thus, properties of 
drawn polypropylene filaments can be significantly 
improved by blending with a small percentage of 
high molecular weight polypropylene ( HMPP) . 
These improvements are related to ( a )  a distorted 
spherulitic structure at the spinning stage, ( b )  in- 
creased amorphous orientation, ( c )  long chain mol- 
ecules acting as tie chains, and ( d )  a possible re- 
duction in crystal size.' 

The drawing process of polypropylene and blends 
is greatly affected by the percentage of second com- 
ponent and drawing parameters. Bet et al.3 carried 
out studies on drawn fibers, prepared by a two-stage 
drawing process from polypropylene and blends of 
polypropylene with 3% of HMPP. A factorial design 
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of the experiment was used to optimize drawing 
variables, i.e., the first zone draw ratio, temperature, 
and the second zone temperature. A combination of 
5.2 X, 50°C, and 120°C for the three variables, re- 
spectively, for PP, gave an optimum tenacity of 8.8 
gpd and an initial modulus of 94 gpd. The 3% HMPP 
blend sample gave a tenacity of 9.0 gpd and a mod- 
ulus of 105 gpd at the variables, i.e., 4.9 X, 4OoC, 
and 127OC, respectively. 

The present investigation deals with optimization 
of drawing variables for breaking stress and modulus 
of drawn filaments and studying the effect of heat- 
setting temperatures on mechanical and structural 
properties of filaments from PP and blends of PP 
with HMPP. 

EXPERIMENTAL 

Materials 

Characteristics of two kinds of polypropylene chips 
used for this study are given in Table I. 

Sample Preparation 

A laboratory model Fuji melt spinning tester (Type 
C )  was used for production of filaments. During the 
spinning process, spun filaments after emerging 
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Table I Material Characteristics Density 

Density of samples were measured on a Davenport 
density gradient column maintained at 23 k 2"C, 
using a mixture of isoproponal and diethylene glycol. 

- 
Sample Manufacturing Code MFI M" 

PP Pro-fax NESTE VC-19 14.5 104,000 
HMPP IPCL S-1730 1.7 322,000 

from the spinnerette were quenched in a water bath 
maintained at 8°C. The distance between spinner- 
ette and water bath was 350 mm. For all samples, a 
take-up speed of 80 m minpl and a spin draw ratio 
of 72 was maintained throughout the spinning pro- 
cess. As-spun filament birefringence and density 
crystallinity values were in the range of 12-14 X 
and 52-55%, respectively. A two-stage drawing was 
carried out for these filaments, using a factorial de- 
sign of the experiments. The variables for factorial 
design are ( a )  first zone draw ratio XI, ( b )  first zone 
temperature TI, ( c )  second zone temperature T2, 
and (d)  HMPP composition. The samples are drawn 
to a maximum draw ratio in the second zone. A total 
of 31 drawing experiments are carried out. Details 
of factorial design and drawing conditions are given 
in the Appendix. 

Heat setting of selected samples was done for PP, 
6 and 12% HMPP drawn samples. The drawing 
conditions for the selected samples were optimum 
conditions as obtained from optimization technique. 
These conditions refer to X as 2.5 X, T1 as 55"C, 
and T2 as 130°C. Heat setting of these filaments 
was carried out in a silicon oil bath at temperatures 
of 100,120,140,150, and 160°C for 10 min in a taut 
condition. After heat setting, samples were slowly 
cooled in a taut condition to room temperature and 
washed with carbon tetrachloride. 

Characterization of Drawn and Heat-Set 
Filaments 

Mechanical properties of filaments were measured 
on an Instron tensile tester (Model 4202) a t  a 100% 
strain rate with a gauge length of 50 mm. The initial 
modulus was calculated from the initial slope of the 
stress-strain curve. 

Dynamic Mechanical Properties 

The dynamic mechanical properties of drawn and 
heat-set filaments were measured in the tensile 
mode, using a Rheovibron (Model DVV 11-EP). 
Measurements were carried out a t  3.5 Hz as a func- 
tion of temperature from -50 to +150"C, with a 
heating rate of 3°C min-l. 

Crystallinity 

Volume fraction crystallinity ( X u )  from density was 
determined using crystalline and amorphous density 
as 0.946 and 0.853 g ~ m - ~ ,  respectively. X-ray crys- 
tallinity (X , )  was determined from WAXD, applying 
the Farrow-Preston5 method. 

Crystal Size 

Crystal size was estimated from WAXD patterns 
using Schemer's equation: 

where Dhkl is the average dimension of the crystal- 
lites normal to the diffraction planes (hkl )  , x is the 
wavelength (1.542 A ) ,  is the integral breadth of 
the reflection in radians, and 8 is Bragg's angle. Cor- 
rections due to instrumental broadening were cal- 
culated and found to be negligible. 

Birefringence, Crystalline Orientation Factor and 
Amorphous Orientation Factor 

Birefringence A n  of the samples was measured on 
a Leitz polarizing microscope, Model Laborlux 12 
POL with a Leitz Wetzler tilting-plate-type com- 
pensator. The accuracy for measurement of A n  is 
k 0.002. 

The crystalline orientation factor, f,, was esti- 
mated from the azimuthal intensity distributions of 
the (110) and (040) reflections using Wilchinsky's' 
method. The amorphous orientation factor fa was 
calculated using the Stein-Norris 7,8 method. 

Coupling Parameter and Fraction of Tie 
Molecules 

The modulus of drawn sample E is calculated on 
the basis of the Takayanagi'.'' model using the fol- 
lowing equation: 

E 7 (1 - h)E,  + 

where E, is the crystal modulus along the molecular 
axis, E,  is the modulus of the amorphous phase ex- 
cept for tie molecules, and CP and X are the measures 
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of fraction of series and parallel coupling of the 
amorphous phase. A is equal to the volume fraction 
of the amorphous region, V,. If = Va/X is substi- 
tuted in 

The fraction of tie molecules, ( 1 - A ) ,  was evaluated 
from eq. ( 3 ) .  The effective crystalline and amor- 
phous modulii of PP for calculations were taken as 
34 and lo-' GPa, respectively." 

RESULTS AND DISCUSSION 

Mechanical Properties of As-Spun Filaments 

Yield stress ( u,,) and maximum draw ratio (MDR) 
of as-spun filaments are plotted as a function of 
HMPP blend composition in Figure 1. It is observed 
that both a, and MDR show increase with HMPP 
blend composition up to 6%. A further increase in 
HMPP composition show reduction in both a,, 
and MDR. 

Drawing behavior is critically dependent on the 
properties of as-spun filaments. In the present in- 
vestigation, filaments are quenched at 8OC to gen- 
erate essentially a dominant pseudohexagonal 
structure." Addition of HMPP in PP generates a 
bimodal crystal texture as a result of the epitaxial 
attachment of the chains to growing lamellae crys- 
tallites.'* These above factors help improve draw- 
ability of the blended as-spun  filament^.'^ Macro- 
scopically there have been several attempts to cor- 
relate a, and MDR with mean spherulitic diameter. 

% H M P P  

Figure 1 
HMPP blend filaments. 

Yield stress and MDR of as-spun PP and PP/ 

A study2 of the PP/HMPP blend system has shown 
that spherulite size decreases with the addition of 
HMPP up to 5% composition. It is also observed by 
other authors'4*15 that the very fine spherulitic mi- 
crostructure produced by adding nucleating agents 
or reducing crystallization temperature results in 
improved ductility and increased yield stress. It is 
suggested that the possibility of the presence of 
highly interconnected interspherulitic matter at low 
HMPP compositions resists the initial deformation 
and thus increases the a,, to some extent. During 
plastic deformation these interconnected spherulitic 
chains also act as a catalyst to effectively break up 
the spherulites through formation of several micro- 
necks in the primary neck region. 

At still higher HMPP compositions, very high 
molecular weight PP molecules are preferentially 
rejected from the spherulites (crystallization pro- 
cess ) and segregate at the interspherulitic region. 
During the deformation process, this coarse spher- 
ulitic macrostructure and interspherulitic foreign 
matter layer lead to reduced a,,. Further, such a 
structure gives fracture site at spherulite boundaries, 
reducing MDR. 

Optimization of Drawing Variables 

A factorial design of experiments has been carried 
out using drawing parameters as X I ,  T1, T z ,  and 
percent HMPP. Factorial design and experimental 
data for 31 samples are given in the Appendix. This 
analysis is used for optimization of strength and ini- 
tial modulus. An effort to fit the strength values in 
a second-order polynomial equation in the analysis 
of factorial design was not successful. It was realized 
that the value of 0.85 GPa for sample 8 could not 
be fit in with a second-order polynomial. Therefore, 
it was decided to assume a breaking stress value of 
sample 8 as 0.76 GPa instead of 0.85 GPa. A good 
fit was obtained. F (model), the coefficient of de- 
termination ( R 2 ) ,  and the standard error of estimate 
are shown in Table IV (Appendix) with an F value 
of 0.83. A very large value of breaking stress for 
sample 8 (0.85 GPa) may be associated with syn- 
ergistic effects. The following analysis is based on 
the assumed value of sample 8. 

Figure 2 (A) shows the dependence of breaking 
stress and modulus for the simultaneous variation 
of first zone temperature T1 and HMPP composition 
for drawn filaments. It is observed that strength and 
modulus increases with increase in T, up to 55°C. 
Beyond this temperature, mechanical properties 
show a decreasing trend. The above effect can be 
explained in the following manner. 
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Figure 2 Breaking stress and initial modulus of fully 
drawn PP and PP/HMPP blend filaments: ( A )  effect of 
first zone temperature ( TI) ; ( B  ) effect of first zone draw 
ratio ( XI ) ; (C)  effect of second zone temperature ( T,). 

For the filaments drawn at  lower T1, the motion 
available for the molecules to rearrange themselves 
in the orientation direction is much less. A t  this 
stage, the flaw mechanism (stress concentration) 
will predominate; the sample will only show exten- 
sion due to crack formation and the strength of the 
filaments will be low. At  higher TI, the molecules 
have enough mobility for rearrangement of the in- 
ternal structure to relieve the stress. At  this stage, 
the spherulitic structure is slowly destroyed, and a 
microfibrillar structure develops. At still higher T1, 
relaxation takes over the orientation process. The 
optimum T1 is around 55°C. 

Figure 2 (B)  shows the effect of first zone draw 
ratio X1 and HMPP composition on mechanical 
properties of drawn filaments. The initial increase 
in mechanical properties up to 2.5 X draw ratio is 

related to straightening of the interlocked chain 
molecules and uniform conversion of spherulitic to 
fibrillar structure, being the NDR of the sample. 
Deformation beyond NDR in the first zone induces 
a build in stresses in the structure as a result of 
higher orientation, and this leads to a relaxation 
process in the second zone drawing and lower 
strength and modulus values. Thus the optimum 
conditions of the first zone drawing are X1 as 2.5 
X and TI as 55°C. This shows that the optimum XI 
is close to NDR at given T1. 

The effect of the second zone temperature T z  and 
HMPP composition on mechanical properties is 
shown in Figure 2 ( C )  . It is observed that the op- 
timum value of T z  for getting maximum strength 
and modulus is in the range of 120-130°C, and is 
related to enhanced mobility for the orientation 
process with a restricted relaxation process. Further 
investigations are in progress to ascertain synergistic 
improvements in strength for sample 8 prepared 
from 3% HMPP composition with TI as 55"C, A1 as 
2.6X, and T2 as 130°C. 

Structural Characterization of Heat-Set Filaments 

Crystallinity and Crystal Size 

The dependence of crystallinity and crystal size on 
heat-setting temperature is shown in Figure 3. The 
degree of crystallinity measured by the X-ray and 
density method shows an increase with heat-setting 
temperature. The rapid increase in density and X- 
ray crystallinity with increasing temperature refers 

I 50 
100 120 142 16( 
Heat-setting temp ( C I 

Figure 3 Crystallinity and crystal size (110) as a 
function heat-setting temperature for: (- 0 - )  PP; 
(- - 0 - -) 6% HMPP; ( -  0 -) 12% HMPP. 
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to a separation of crystalline and amorphous regions 
as distinct phases. No significant difference in crys- 
tallinity is observed for different HMPP blend sam- 
ples. Increase in crystal size with temperature of 
thermal treatment for all set of samples is in general 
agreement with published work.16-18 This process is 
attributed to a crystal perfection phenomenon at  
boundary layers of crystalhne and amorphous phases 
and greater electron density differences between 
crystalline and amorphous regions. 

It is most interesting to note that 6% HMPP 
sample has smaller crystal size compared to PP and 
12% HMPP samples. This observation can support 
the possibility of a larger number of intercrystalline 
TTM present in the structure. 

Birefringence, Crystalline and Amorphous 
Orientation 

Birefringence An, crystalline orientation f,, and 
amorphous orientation fa as a function of heat-set- 
ting temperature is shown in Figure 4. As shown in 
Figure 4, fa decreases with temperature. The rapid 
decrease in fa beyond 12OOC is obviously because of 
gross relaxation of the molecules in the amorphous 
region during reorganization of the structure at high 
temperatures. This process increases f c  to some ex- 
tent. It is also observed that the addition of a small 
percentage of HMPP in PP considerably changes 
the process of molecular relaxation in amorphous 
regions, which can be seen from the trend observed 
for these samples. The ability of these samples to 
retain fa is relatively higher compared to PP at high 

35r 

100 120 14.0 16 
Hea t -se t t i ng  temp ( C 1 

Figure 4 Birefringence, crystalline orientation function 
( fc) and amorphous orientation function (fa) as a function 
of heat-setting temperature for: ( -  0 -) PP; (- - 0 - -) 
6% HMPP; ( -  0 -) 12% HMPP. 

heat-setting temperatures and is related to the pres- 
ence of higher TTM molecules present in the struc- 
ture. 

Mechanical Properties of Heat-Set Filaments 

The initial modulus, breaking stress, and breaking 
strain are shown as a function of heat-setting tem- 
perature in Figure 5. Further, the initial modulus 
has been analyzed in terms of the Takayanagi unit 
cube model, assuming series and parallel couplings." 
Series coupling is given by X and parallel coupling 
is by a. The values of the coupling parameter ratio 
@/A and fraction TTM (1 - A )  are also shown in 
Figure 3. With increasing heat-setting temperature, 
it is observed that there is continuous increase in 
series coupling, whereas parallel coupling goes on 
decreasing. The fraction TTM decreases much more 
rapidly beyond 140°C. These observations are con- 
sistent with an increase in phase segregation of 
crystalline and amorphous regions and disorienta- 
tion of the amorphous region. This is further sup- 
ported by amorphous orientation function results 
given above. 

Interesting observations are given by maxima in 
strength at 140°C and a large increase in strength 
for 6% HMPP sample at this temperature. This high 
strength of the HMPP sample is related to high fc 

and with a marginal decrease in fa.  It is well known 
that, during heat setting of PP, crystalline orien- 
tation increases and this accounts for the large 
strength at  a heat-setting temperature of 140°C. For 
6% HMPP samples a large increase in strength is 
related to relatively high TTM as indicated by the 
analysis of the modulus by the unit cube model. The 
increase in breaking strain with increasing heat- 
setting temperature is related to decreasing fa values. 

Dynamic Mechanical Properties of Drawn and 
Heat-Set Filaments 

Figure 6 shows dynamic mechanical behavior of 
drawn and 140°C taut annealed PP and 6% HMPP 
samples. It is observed that the drawn sample has 
a well-resolved tan 6 peak at  0°C; however, the peak 
height decreases on taut annealing. This is related 
to increase in crystalline orientation during an- 
nealing. The E' values for 6% HMPP samples are 
slightly higher than PP samples and support the 
static mechanical results. The broad tan 6 peak 
around 85°C is related to defect migration in the 
crystals, as well as in the interphase boundary be- 
tween crystalline and amorphous region~. '~ 
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CONCLUSIONS 

Optimum breaking stress and modulus of the drawn 
samples is achieved at about 6% HMPP blend com- 
position, when T I  is 55"C, XI is 2.5 X, and TZ of 120 
and 127"C, respectively. 

The overall increased values of strength and 

modulus for the 6% HMPP sample are a result of 
long molecular chains of the HMPP fraction acting 
as interconnecting links between crystalline regions. 
On the other hand, inferior strength and modulus 
at a relatively high percentage of the second com- 
ponent are related to phase segregation of long chain 
molecules of HMPP fractions. 
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Dynamic mechanical properties of drawn and heat-set filaments: ( -  0 -) PP, 
- )  6% HMPP, drawn; ( -  - - -) 6% HMPP, heat- 
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Table I1 Process Variables and Unit Values 

Unit Value 

Variable -2 -1 0 1 2 

X ,  First zone temp. (TI "C) 45 50 55 60 65 
X 2  First zone draw ratio (A,) 1.4 1.8 2.2 2.6 3.0 
X ,  Second zone temp. (T2 "C) 100 110 120 130 140 
X ,  HMPP blend composition (B%) 0 3 6 9 12 

During heat setting, taut tie molecules rearranges 
themselves in a state of lowest potential energy. This 
process results in a detectable change in amorphous 
orientation and crystallinity and consequently me- 
chanical properties of the filaments. Optimum 
properties for heat-set samples are obtained for the 
6% HMPP sample. 

APPENDIX: MATHEMATICAL MODEL FOR 
OPTIMIZATION TECHNIQUE 

Three drawing variables, namely, first zone tem- 
perature (TI) ,  first zone draw ratio ( X I ) ,  second zone 
temperature ( T, )  , and one material variable, i.e., 
HMPP blend composition ( % ) along with five levels, 

Table I11 Experimental Points with Mechanical Properties and Birefringence of Drawn Samples 

Breaking Initial 
Stress Modulus Birefringence 

Expt TI, XI A1, x* T2, X3 B, X ,  (GPa) (GPa) (x 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

-1 
1 

-1 
1 

-1 
1 

-1 
1 

1 
-1 

1 
-1 

1 
-1 

1 
-2 

2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 

-1 
-1 

1 
1 

-1 
-1 

1 
1 

-1 
-1 

1 
1 

-1 
-1 

1 
1 
0 
0 

-2 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 
-1 
-1 
-1 

1 
1 
1 
1 

-1 
-1 
-1 
-1 

1 
1 
1 
1 
0 
0 
0 
0 

-2 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 

1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 

-2 
2 
0 
0 
0 
0 
0 
0 
0 

0.72 
0.69 
0.74 
0.73 
0.73 
0.73 
0.75 
0.76' 
0.66 
0.63 
0.69 
0.68 
0.67 
0.65 
0.70 
0.69 
0.67 
0.67 
0.68 
0.75 
0.67 
0.74 
0.65 
0.67 
0.75 
0.76 
0.75 
0.74 
0.76 
0.74 
0.75 

5.4 
5.0 
6.5 
5.6 
6.3 
5.9 
6.7 
6.8 
4.4 

5.6 
5.2 
6.0 
5.9 
6.4 
6.3 
6.7 
6.8 
6.4 
6.9 
5.4 
7.5 
5.2 
4.8 
7.0 
7.3 
6.6 
7.3 
7.2 
6.8 
6.7 

4;3 

31 
30 
32 
31 
32 
32 
33 
34 
29 
30 
32 
32 
31 
30 
33 
32 
32 
33 
32 
33 
30 
32 
32 
31 
34 
35 
34 
34 
35 
34 
34 

a Assumed value of sample 8 instead of 0.85 GPa. 
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Table IV 
Stress and Modulus 

Optimum Parameters for Breaking 

Breaking Initial 
Variables Stress Modulus 

Xl First zone temp Tl ("C) 55 54 
X2 First zone draw ratio X1 2.55 2.42 
X ,  Second zone temp T2 ("C) 126 131 
X ,  HMPP blend composition (%) 4.8 5.7 

F (model)" 5.60 9.86 
R2 0.83 0.90 
Standard error of estimate 0.012 0.16 

a Flo,6,0.95 = 4.06 (table). 

each are given in Table I1 and investigated by the 
statistical central composite second order rotatable 
design.20 The effect of variables were evaluated at 
five levels selected on the basis of our previous 

The drawing in second zone was carried out 
to the maximum possible draw ratio. The total draw 
ratio for all set of samples was in the range of 7 X to 
8 X. The general form of quadratic equation is 

where X subscripts correspond to the numbers given 
above for independent variables and y denotes the 
measured response variables. Center point and unit 
value for the five predictor variables is given in Table 
111. To test the estimated regression equation for 
the goodness to fit, the F-test was employed and the 
coefficient of determination and standard error of 
estimates were also determined. The second-order 
polynomial derived from the experimental data was 
converted into a canonical equation to get the sta- 
tionary points (Table IV ) . Contour diagrams were 
plotted to study the effect of variables on the mea- 
sured responses. All the analyses were done with the 
help of an ICL 2960 computer. 
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