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1. Introduction 

The speedy development in the production of man-made fibres in the 
last 10 years made possible the manufacture of fibres with special properties 
in the field of various - chemically different - fibre groups. Fibres of new 
mechanical properties and morphology have been developed which were 
suitable to meet special demands of textile processing and end-uses. So were 
developed among others the so-called tufting "yarns" which really are thick 
continuous filaments texturized in a stuffing chamber. These filaments are 
being exclusively used for the manufacture of tufted carpets and floor 
coverings. 

In view of this exclusive e~d-use, mechanical properties of tufting 
filaments should be developed so that they present an optimal behaviour 
against the stresses of tufting techniques on the one hand and best perfor
mance in a finished product of floor covering, on the other. 

For the purpose of tufting "yarns" and filaments, polyamide and poly
propylene fibres, respectively, have been used in the first instance. Both 
show an excellent resistance to abrasion and are therefore well suited for the 
primary requirements for carpets. Polypropylene fibres might furthermore 
be applied satisfactorily for the manufacture of carpets because both in 
production and in use, less electrostatic charges develop than in other fibres. 
This, in addition to the fact that walking on the carpet does not generate 
electric sparks, has the advantage of better soil-resisting properties. 

Home experiences in developing the production techniques of poly
propylene fibres have considerably facilitated the development of the manu
facture of carpet-yarns on polypropylene basis. 

A drawback of polypropylene fibres in comparison with polyamides is 
their slower recovery after deformation. This, however, might suitably he 
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influenced - according to our experience - by choosing the right production 
parameters. The aim of our present investigations was to study the influence 
of some parameters of the fibre properties on the strength results, to determine 
the optimum parameters applied in the manufacture. A further target was 
to choose and develop the adequate methods of testing and evaluation. 

2. The experimental spinning and materials tested 

2.1 Spinning 

The fibres investigated were manufactured on the experimental poly
propylene spinning equipment of the Hungarian Viscose Factory. The material 
used was supplied by the Osterreichische Stickstoffwerke A.G., in form of 
Daplen 708/DA polypropylene, with a melting index of 17.2 at 230 QC. 

The polymer was melted in a Reifenhauser extruder type S 60, then 
the polymer melt was introduced through a heated tube to the spinnerets. 
The temperatures of the five heating zones of the extruder were: 

1st zone 160 QC 

2nd ~ ~ 180 QC 
3rd 240 QC 

4th 
" 

280 QC 

5th ,,-; 310 QC 

For better homogenizing the polymer melt, the pressure of the extruder 
was adjusted to 70 att. The temperature of the tube was 250 QC and that 
of the spinnerets 220 QC. 

The temperature of the last zone of the extruder was chosen in order 
to achieve good flowing conditions and to remove any crystalline knots from 
the polymer. 

Some further characteristics of the spinning: 

exit speed of the melt 
drawing out speed 
temperature of cooling air 

99 g/min 
270 m/min 

21 QC 

Fibres produced with the parameters mentioned were let to relax for 48 hours 
in order to arrive at an equilibrium of the initial crystallisation processes. 

2.2 Drawing and heat setting 

The polypropylene filaments have been processed before drawing on 
a Dobson & Barlow Crimposet type 983 drawing and texturizing equipment. 
In this machine filaments undergo a one-scale dra"wing process. Before entering 
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the drawing field, filaments are heated up in a first heating field (T1) to the 
temperature needed. After leaving the drawing field, filaments enter a second 
heating field (T2), where the filament cooled down during the drawing process 
will be plastified at a temperature ensuring a suitable bulkiness. The repeatedly 
heated filaments proceed into a crimper with stuffing chamber. After leaving 
the latter, filaments are straightened on guide-rollers then, to stabilize bulki
ness, are heat-set passing several times through heated pairs of rollers (Tj ). 

The extent of drawing for the various specimens and the temperatures applied 
are shown in Table 1. 

Table 1 

The extent of drawing the polypropylene filaments and temperatures applied at dra'~ing 
and heat-setting 

i I 
Drawing temperature \ Number of passages on the 

Extent of drawing Temperature of I heated surfaces 
1'\0. d I 

heat setting 
I 

I T, (cC) T, (DC) 
Tt (cC) 

I 1 I 2 I 3 

1 1:3 I 140 120 120 15 5 3 

2 1:3 
I 

140 120 135 14 5 8 

3 1:3.5 

I 

140 120 120 14 5 3 

4 1:3.5 140 120 135 14 5 8 

5 1:4 I 140 120 120 14 5 3 

6 1:4 140 120 135 
i 14 5 8 

7 1:3 HO 120 - 14 5 -
8 1:3.5 140 120 - 14 5 -

9 1:4 140 120 - 14 5 -
! I I , 

As shown in the Table, specimens No. 7, 8, 9 were made without heat
setting, specimens No.I, 3 and 5 were heat-set at a lower temperature and with 
fewer passages on the heated surfaces, while specimens No. 2, 4 and 6 were 
set at a higher temperature and with several passages on the heated surfaces. 
(By this one has tried - as far as possible - to enhance the temperature 
efficiency at heat-setting.) 

2.3 Some characteristics of the products 

The count of the filament cables produced for the experiments ranged 
from 460 to 480 tex, the number of capillars was 200. 

The melting point of the fibres of all specimens has been 165 QC. 
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3. Rheological measurements and their interpretation 

3.1 Isothermic rheological measurements 

3.1.1 Testing apparatus (Rheolometer) 

Rheological measurements were carried out in a Nfmdory's Rheolometer 
operated in the textile laboratory of the Development and Research Institute 
of the National Rubber Co. 

The main characteristics of the apparatus are: 

clamping length realisable 
maximum change of force to he measured 
treatment temperature 
accuracy of measurement 

length 
force 

450 to 600 mm 
4000 p 

20 to 200 QC 

0.05 mm 
10 p 

In deformation tests, tension was applied by means of a hydraulic 
loading device, in order to prevent sudden shock-like s·winging motions. 

The apparatus is suitable for change of length measurements at constant 
loads and for change of load measurements at constant lengths. The program
ming of the apparatus is effected by hand (control of temperature in function 
of time, load, etc.). 

3.1.2. lVIeasuring method 

To deal with isothermic tests as to deformation as well as to force tests, 
temperature was previously adjusted (at : 2 cC along the length of the 
clamped yarn). Results on both types of measurements were read off at vari
ous intervals, such as 15, 30, 45, 60 sec., 2, 5, 10 and 30 min. 

3.1.2.1. Deformation tests: in these tests, filaments were clamped with a 
length of 500 mm and a pre-Ioad of 0.05 p!tex at the testing temperature. 
During loading, a constant tension of 1 p!tex was applied. The change of 
length was tested in loaded and unloaded state at the temperatures of 20, 60, 
80 and 100 QC. 

3.1.2.2. Force tests: tests were carried out with a constant clamped length 
of 500 mm, under a pre-tension of 0.05 p!tex. Testing temperatures: 60, 80, 
100 and 120 QC. 

3.2 Deformation tests 
3.2.1. Test results 

Figs 1 to 9 show the yield and recovery of deformation curves for the 
9 sorts of polypropylene filaments, in space co-ordinate system. On the three 
co-ordinates were plotted: the deformation (8%), the temperature (T QC) in 
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Fig. 1. Yielding and deformation recovery curves of specimens made with draft d = 3, without 
heat setting, at various testing temperatures 

function of time (t min.). On the t axis can therefore be read the isothermic 
changes, while on the T axis the isochronic ones. (The figures show also the 
shrinking zones.) 

As seen by the diagrams, the line of the yield (loading) zone is conven
tional, no detailed comments are needed. The recovery curves, however, are 
much more interesting in the unloading zone, they being a textile technological 
concept of decisive importance from the aspects of both processing and per
formance. 

This is why we shall only deal further on 'with the recovery from defor
mation. 

For an additional analysis, this conventional way of graphic presentation 
was completed by means of analyses described further on. 
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Fig. 2. Yielding and deformation recovery curves of specimens made ,\ith draft d = 3 and 
heat-set at Tf = 120 QC, at various testing temperatures 

3.2.2. Correlation between relative recovery and time factor 

If one replaces the above mentioned absolute deformation value (s) 
by another one representing relative recovery, giving essentially useful infor
mation on the behaviour of the filaments tested in the unloading zone, the 
correlation bet".-een relative recovery and time might be characterized as 
follows: 

First of all, in order to ensure unequivocal discussion the following symbols 
will be introduced: 

where }'ik 

lo/{ 

So/{-Si/{ 

1 + so/{ 

the relative recovery at time t = i and temperature T = k 
the length of the cable at the moment of unloading (t = 0) at 
temperature T = k 
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Tr=135°C 
d=3 

Fig. 3. Yielding and deformation recovery curves of specimens made with draft d = 3 and 
heat-set at Tj = 135 QC, at various testing temperatures 

lil( the same at time t = i 
cOk deformation at time t = 0 at a temperature T = k 
Cik the same at time t = i 

Fig. 10 shows the empirical relationship 

)'ik = f (lg t) 

for all the nine specimens. 
According to the diagram, the highest relative recovery is observed 

generally at 60 QC. This fact will still more strikingly be seen from the picture 
to be described later on. 

The relation between relative recovery and the logarithm of time can 
in many cases be regarded as linear. This is valid especially for the behaviour 
of materials made with a draft of d = 3 and d = 4 and of filaments with a 
draft of d = 3.5 at room temperature and, in some cases, at 100 QC. 
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Fig. 4. Yielding and deformation recovery curves of specimens made with draft d = 3.5 
without heat-setting, at various testing temperatures 
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Fig. 5. Yielding and deformation recovery curves of specimens made "ith draft d = 3.5 and 
heat-set at Tf = 120 °C, at various testing temperatures 



C 
(%] 

8 

7 

loading 
P=1p/tex unloading 

233 

Tr = 135°C 
d=3,5 

e zone 

Fig. 6. Yielding and deformation recovery curves of specimens made with draft d = 3.5 and 
heat-set at Tf 135 cC, at various testing temperatures 
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Fig. 8. Yielding and deformation recovery curves of specimens made with draft d = 4 and 
heat-set at Tj = 120 cC. at various testing temperatures 
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3.2.3. Correlation between relative recovery and temperature 

Fig. 11 shows diagrams representing the change of relative recovery 
in function of time at certain characteristic instants. On the diagrams changes 
of length at 15 sec, 1, 5, and 30 min were plotted. The following conclusions 
can be drawn therefrom: 

in most of the cases a decisive maximum can be seen at ahout 60 QC 
'with all specimens tested, as has been mentioned befote (exception: 
specimen with d = 4 drawn at TJ = 120 QC), 
in most of the cases, the form of the curves sho'ws a similar tendency 
for the various materials, which means that recovery properties of 
the different specimens will not considerably be modified in function 
of time. 

3.2.4. The effect of drau.Jing and heat-setting temperature on recovery performance 

Fig. 12 contains data plotted vs. time related to relative recovery at 
t = 30 min (}.iJJ to deformation after 30 min (CilJ and to deformation at the 
instant of unloading (co1J For each series of diagrams the heat-setting tem
perature 'was regarded as constant. 

In Fig. 13 similar parameters are shown at various drafts. Thus, in 
Fig. 12 each vertical series of diagrams represents parameters of specimens 
without heat-setting, and heat-set at 120 QC and 135 QC temperature, re
spectively, 'with various drafts. On Fig. 13, however, each vertical group of 
diagrams shows the characteristics of specimens with drafts of 3, 3.5 and 4, 
at different heat-setting temperatures, and 'without heat-setting, respectively. 

Conclusions: 

relative recovery will not considerahly he influenced by heat-setting 
temperature or by dropping heat-setting; 
the values for ci/{ as well as for co/{ show a certain decreasing tendency 
at higher heat-setting temperatures; 
the maximum shrinkage and minimum deformation 'will generally 
be found, as already stated, at about 60 QC. 

The highest relative recovery up to about 80 QC will be at a draft of 
d = 3.5, while at 100 QC the maximum will always appear at a draft d = 4. 
Accordingly, the minimum of permanent deformation in 30 min. "will, up to 
80 QC, be observed at d = 3.5 or d = 4, beyond this temperature in every 

case at d = 4. 
In comparison to the influence of the change of draft, the effect of 

heat-setting temperature is negligible. This becomes clear from comparing the 
two pictures. 
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On the strength of the two concepts (viz. influence of the heat-setting 
temperature and of the draft) recovery performances of the tested nine filaments 
were evaluated under the test conditions. For the sake of analysis the following 
factors have been determined [3]: 

time factor of recovery 



ISFLUESCE OF SOJIE PARAJIETERS 239 

Aik 

*-
J.ik Aik 

1,0 1,0 7f=12O"C 1,0 

0,8 0,8 0,8 

0.6 

0. It 
T T 

20 40 60 20 40 60 80 [0C} 20 'to 60 80 [OC} 
£ik Eik 
l%] 

)l1( 7(= 120°C 
(%) 

6 6 Tr= 135°C 

I; " " 
2 2 

0 -~Q T 
20 20 20 ......... ~ 80 [OC] 

- - -d=3 
--d=3,5 

Eok '% 7f= 120 °C 
--- ----d = 4 

f%) 
7f = 135 °c t =1800" 

8 8 
,/ 

F 
6 6 p 6 / 

" / 
Lt I; I; A po __ .o 

2 2 
.. -

2 

0 T 0 T 0 T 

20 40 60 80 [%} 20 40 60 80 [DC) 20 40 60 80 fOC} 

p 
:::Ff-

p Tr =120 °C p Tr= 135°C 
Fp} po'. 

[p} 

~ 
[p} 

200 ~ 200 200 ~ r '0 er' " 100 ~ 100 
, 

rf' 
,If 100 

0 T 0 0'" T ,0 T 
" 

[ 

60 80 100 120 [OC] 60 80 100 120 fOCI 60 80 100 120 lOG 

Fig. 13. The change of the factors ;'ik, ciI •• cok and P in function of temperature at various drafts 

factor of heat stability 

recovery index 
A = I .I1 t i + I AT I 

where: 

BiO - deformation at the basic temperature (in our case 20 QC) at 

instant t = i 

4 Periodica Polytechnica ~I. XVI/3. 
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In connection with the three factors mentioned above, the following 
remarks should be made: 

from the viewpoint of recovery performance that product will be 
the better for which, at a given instant and temperature, the dimen
sion under load will be near~r to its initial dimensions, consid~ring 
also deformation at unloading; 
from the viewpoint of heat stability, that product will be better, 
which, at a given instant, will be less sensitive to temperature 
changes. 

Both factors represent a certain deformation which is characteristic 
of the product as dependent from time on the one hand and from temperature 
on the other. Attributing equal importance to both factors, then, and only 
then, can recovery index be applied. 

On the strength of the formulas given we should remark the follo'wing: 

as to the time factor of recovery: 

as COl; > 0, and At ~ 0 depending on Cik ~ 0, if Cif; -+ 0, /lt -. 0 
as to the factor of heat stability: 

if cik -+ cOk' then .. !'iT -+ 0 
as to the recovery index: if .tIt -+ 0 and AT -+ 0, then /1 -+ 0 

All this shows that when evaluatin6 the various specimens, from the 
aspect of recovery performance that sample will be the better 'which in its 
absolute value will be nearer to O. 

In Fig. 14 the values of the three factors have been plotted according 
to heat-setting temperatures so that each vertical group of diagrams contains 
the three factors as a function of temperature at various drafts. 

In Fig. 15 the changes of the three factors have been represented 
similarly at constant drafts according to the various heat-setting temperatures. 

From both diagrams our above mentioned statements can in their 
synthesis be proved. 

There is a rather close relationship bet·ween the recovery time factor 
and the factor of heat-stability. This also points to the fact that recovery 
performance of various products will in the first instance be determined by 
the change of testing temperature. The picture shows furthermore that 
deformation recovery of poly-propylene filaments will in every case be rather 
good at low temperature. 

As regards recovery time factor, the best specimens at lower temperatures 
(up to 60 QC) are the products drawn at d = 3 and d = 4, at temperatures 
between 60 QC and 100 QC are those made with a draft of d = 4. In connection 
of heat stability factor, similar conclusions may be drawn. This statement 
is in accordance with that arrived at previously as regards highest relative 
recovery at a draft of d = 3.5. 
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It should be pointed out that - as it was to be expected - with 
specimens without heat-setting the greatest absolute value of shrinkage was 
to be observed at the variety made with a maximum draft. In case the product" 
will be heat-set, the previous statement will be valid as regards draft of 
d = 3.5. 

It should also he emphasized that at a temperature over 80 QC the 
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material gets quickly deformed, while at higher draft somewhat less quickly. 
Raising the heat-setting temperature improves to a certain extent the recovery 
perfor~ance in case it is concomitant to a higher draft. 

It should finally be noted that at 100 QC the absolutely best result in 
all the three factors was obtained ",ith products heat-set at a temperature 
of 135 QC and drawn at d = 4. 
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3.3. Force tests 

By the method described in section 1, the shrinking force has been 
determined in the mentioned temperature range of 60 to 120 QC. As shown 
in Figs 12-13 the shrinking force shows (in most of the cases) a maximum 
at 100 QC. It is to be surmised that over this temperature such structural 
changes take place in the material, which, in the end, lead to the complete 
disappearance of the shrinking force and to the rupture (melting) of the 
cable. 

The maximum value of the shrinking force - which can be put to about 
0.5 pjtex - does not sho·w any considerable change in function of the various 
products made with different parameters. There is, ho"wever, a very close 
correlation to be observed between the relative recovery and the shrinking 
force as - at the different heat-setting temperatures - the maximum shrink
ing force and the maximum of the relative recovery will be found at a draft 
of d = 3.5. 

It can be stated at the same time that v"hile for the recovery from 
deformation the extent of draft was the decisive factor, the value of the 
shrinking force will equally be influenced both by the extent of draft and by 
the heat-setting temperature. 

4. ·Modelling of the rheological processes and determination of the material 
constants 

For the demonstration and thorough analysis of the stress-strain 
mechanism in visco-elastic materials a considerable help is given by the 
rheological analogous models constructed by some of the researchers (KELVIN, 

NL-\.xWELL, VOIGT, KUKIN-SOLOVEV). The mathematical models attached to 
the rheological ones generally enable to establish numerical values of the 
material constants characterizing this mechanism. 

A better-kno·wn group of analogous models are the mechanical ones; 
these are built up by a combination of springs and values containing viscous 
liquids. Among the various members of the model springs are characterized 
by their elastic modulus (E) while the valves by the viscosity factor (Tj) of 
the liquids they contain. 

In the special literature, mention is made of electrical analogous models 
[8,9]. In these the springs of the mechanical analogous models are replaced 
by condensers, the valves containing viscous liquids by resistances, for 
analoguing the stress and deformation, the current intensity and the electric 
tension, respectively, are being used. According to this, e.g. the so-called 
momentaneous elastic elongation, symbolized in mechanical models by 
instantaneously elongating springs, will be analogued by a condenser; it is 
supposed that it takes up its charge at a time t = 0, which is physically 
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impossible (and excludes at the same time the actual technical realisation 
of the model). 

The rather contrarious requirements toward analogous models are: they 
should model the performance of polymers with a good approximation and, 
at the same time, they should not be too complicated, too complex. If a 
numerical interpretation of the test results is needed, then simplicity of the 
model is of outstanding importance. Namely it is well known that to even 

. relatively simple models complicated (mostly transcendent) equatious belong, 
of which even the approximate solution is rather tiresome. 

The well-known mechanical and electrical analogous models will only 
be used for calculations and to establish relationships between some material 
and rheological characteristics. The literature does not report on model 
constructions actually realised. 

To facilitate analytical and demonstrative work as to rheological tests 
of textiles, an electrical analogous model has been constructed at the Budapest 
Technical University [10, 11] which could technically be realised and was 
suitable for the following purposes: 

- to model the stress-strain mechanism of visco-elastic material under 
quasi-static conditions; 

- for the comparative analysis of the phenomena described by various 
analogous models and of actual test results, moreover to tryout new modelling 
possibilities beyond those already known; 

- for the analysis and for a quick numerical interpretation of the 
equations related to the models and to the relaxation and retardation per
formance of textiles; respectively after selecting (or establishing) a suitable 
model construction. 

We did not intend in the first instance to increase the number of rheol
ogical models by our research work, but wanted rather to establish an electrical 
analogous model enabling us to select a kind of construction best approxi
mating the actual test results. 

4.1. Description of the electrical analogous model 

We have chosen the follmdng electrical analogies as the basis of our 
model: 

Mechanical terms 

0" (tension) 
e (elongation) 

E ( elasticity modulus) 

11 (viscosity) 
t (time) 

electrical analogy 

I (current intensity) 
- U (tension) 

I I 

R (resistance) 

- C (capacity) 
t' (time) 
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A great advantage of the electrical analogies selected is that the electrical 
parameters of our construction describe certain relations of stress-strain and 
material constants in a similar way as the parameters of mechanical models 
do, which means that their mathematical models are identical (Figs 16, 17 
and 18). Moreover, the fact that in our model, as differing from the electrical 

I 
T 1 = cons! 

R 

Ur l=const 

Ur =1= I.R 
R 
b) 

1=0 

t' (time) 

Fig. 16. The mechanical (a) and electrical (b) analogizing of the momentaneous elastic elon
gation (er) 

Em= .Q.. t 
12 

a) 

J =const I 

i~----
1=0 

I 

t'(lime) 

Fig. 17. The mechanical (a) and electrical (b) analogizing of the permanent elongation (cm) 

utI
=""" I 1=0 

'" I 
I 

£ R C Uk 

Fig. lB. The mechanical (a) and electrical (b) analogizing of the retardated elastic elongation (ck) 
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analogy dealt with in trade-literature, the springs of mechanical models are 
represented by resistances, the valves by condensers, the technical possibility 
of their realisation is ensured, maintaining at the same time the correctness 
of the analogy. 

1'-1 [-', 

I 2 ! 
· I !Qj3 i1 I . 
· I ! 5 4_j 
I . 
· I I 
L'-lltT.J 

121 

Fig. 19. Connection skitch showing the operation in principle of the electrical model-construc
tion 

According to the chosen electrical analogies, e.g. the characteristic 
equation of the "yield" phenomenon described by the so-called four-para
meter mechanical model composed by elements of Max"well and Kelvin under 
conditions (a = const, e = f(t)): 

e - ~...L a . t+~[I-e-~: .tJ 
- El I 1]1 E z 

(1) 

,,·ill be modified as follows: 

I I I [ _ l/R, . t'] 
U = l/Rl + --c; . t' + I/R2 1- e C, = 

(2) 
I 'I ---

[ 
t' ] = I . RI + --c; . t T I . Rz 1- e C,R, • 

The principles of operation of our model-construction are shown by 
the schematic diagram in Fig. 19 (representing the electrical analogy of the 
so-called four-parameter mechanical model). 

In this figure, the model with the required characteristics is represented 
by resistances 2 and 5 put into the shielding cup 1 and by condensers 3 and 4. 
The model which can arbitrarily be established is inserted between points 12 
and 13. The temporal change of the potential of point 13 will be registered 
by the voltmeter 6. The "static" operation of the model for the reproduction 
of yield and recovery curves will be as follows: 
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a) If switch 7 is turned into position 8, direct current 11 will start the 
charging process of the model. (In a mechanical sense this corresponds to the 
so-called loading section as described by Eqs (1) and (2).) The temporal change 
of the tension will be registered in this and in the follo",ing cycles by volt
meter 6. 

20 

Fig. 20. Blocking sketch of the electrical model-construction 

b) If switch 7 is turned into position 9, the process of charging will be 
interrupted. (In a mechanical sense this corresponds to the so-called unloading 
section.) 

c) If s'witch 7 turned into position 10, the discharge begins (the discharge 
of the condensers of the model) to establish initial stage. (This cycle has 
naturally no mechanical analogy.) 

The connection diagram in Fig. 19 is only to sho".- the principles of 
operation. The electrical representation of the processes "loading and un
loading" by means of this method - called "static" by us - is practically 
difficult. By the periodic repetition of the phenomenon, however, an easy 
registration may be ensured and, in addition, in this case there arises a 
possibility to apply easily realisable model elements. 

Fig. 20 contains a block-sketch of our electrical analogous model. The 
device is built up by decades of resistance 2 and 5, of condenser decades 3 
and 4 into a so-called four-parameter model * and will undergo periodically 
and repeatedly the follo'wing actions: 

charge (from direct current 11) 
intermission of the charging process 
discharge of the condensers. 

* The model described should be regarded as an example. 
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The potential of point 13 of the model will be registered by 6 cathode-ray 
direct-current oscilloscopes. (The quick repetitions ensure a "still".) An electron
ic control device ensures the periodical operation. (Control is carried out by 
a multivibrator synchronised with the sweep circuit of the oscilloscope.) 

4.2. The process oJ plotting a Jour-parameter analogous curve 

Thus, by means of the model-construction, the yield and deformation 
recovery cun-es of textiles can - under almost arbitrary conditions and 
types of model - be reproduced (and simulated). This ensures also an easy 
and quick method for the analysis of these curves; from the yield and defor
mation recovery curves plotted by usual measuring methods, our device will 
in a short time determine the material constants connected with the rheological 
model applied, besides to permit a rapid approximate solution of equations 
- generally transcendent ones. For this purpose it is only necessary to plot 
to a right scale an "analogous curve" covering the measuring curve - after 
assembling the required model from the condenser and resistance decades -
and to read the corresponding parameters, material constants, on the setting 
organs of the device. 

Fig. 21 shows the practical way to trace the analogous curve - and 
at the same time to determine the material constant - when applying a 
four-parameter model. 

The steps of the procedure are: 
- the curve (J = const., 8 = J(t) will be traced arbitrarily (Fig. 21a) 

on a tracing paper to a scale ,,,-hich permits to show on the screen of the 
oscilloscope and then the drawing should be put on the screen of the oscillo
scope taking good care that the corresponding axes should cover each other; 

- the series connected resistance decade - symbolizing the momen
taneous elastic elongation - will be switched on and the required drop of 
voltage will be set by changing the resistance (Fig. 21b), thus one obtains 
the numerical value characteristic of the momentaneous elastic elongation; 

- the series connected condenser decade - symbolizing the per
manent elongation will be switched on and the value of the capacity so 
adjusted that the line of condenser charge vs. time is parallel to the tangent 
of the curve at its end point (Fig. 21c), thus one obtains the numerical 
value characteristic of the permanent elongation; 

- the resistance and condenser decades connected in parallel sym
bolizing the retarded elastic elongation will be switched on and the value of 
the capacity and resistance necessary of covering the curve (Fig. 21c), thus 
the numerical value of the two parameters characteristic for the retarded 
elongation will be obtained. (In course of forming the analogous curve, essen
tially the parameters of Eqs (1) and (2) have been determined.) 
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In accordance to the above-mentioned principles the yield section 
(loading cycle) of the empirical curve (Fig. 21a) has been analysed. The 
deformation recovery section (unloading cycle) should be electrically formed 
and analysed, respectively, in a separate operation but adhering to the above 
principle. The material constants determined by means of these t·wo sections 

[~ 6=61 •••••••• ~ ............ I 
(/ , ... , ............. ,. 

6=0 

a) t' 

[[:. 6=6; 

.......................... 
.. .... 

b) 

[~ 

~ t~ 
. 

c) t' d) t' 

t' 

Fig. 21. The sections of forming the electrical analogous curve 

Fig. 22. Electrical analogous curve 

of the curve are different. (These differences between the material constants 
- as is generally known - give an information on the previous history 
of the visco-elastic material tested.) 

Fig. 22 shows the picture of the oscilloscope screen of our device. (By 
means of a four-parameter model the yield and deformation curves of poly
ethylene wire "were demonstrated on the screen. The picture shows the appear
ance and good visibility of the curves.) 
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4.3. Results of the analyses carried out by the model construction 

By means of our model construction - at four-parameter analogy 
retardation curves of our specimens traced under isothermic conditions, at 
various testing temperatures were analysed (Figs 1 to 9), viz. the material 
constants characterizing the retardation behaviour were determined. The 
yield section in course of loading and the recovery from deformation during 
unloading have been analysed separately; the material constants determining 
the two sections, depending upon the pre-treatment, especially that of heat
treatment, being different. (According to our findings, the viscosity factors 
have, in the first instance, shown a marked difference, thus they pointed 
more to a "heat-history".) 

The results of our analyses have been collected in Tables 2, 3, and 4. 
The values of the material constants belonging to the yield and deformation 
recovery curves traced at a test temperature of 22 QC were also shown in a 
diagram; it was at this temperature that the material constants have shown 
the most considerable change. Figs 23 and 24 show material constants 
vs. function of draft (d), and vs. heat-setting temperature (Tf ), respec
tively. 

Based on the data comprised in the Tables, the following conclusions 
can be drawn, concerning the effect of testing temperature, draft and heat
setting temperature: 

The effect of testing temperature (T) on the material constants can well 
be observed in each case and it is, as to the trend of the change and its order 
of magnitude, unequivocal. Increasing the testing temperature from the 
lowest value (22 QC) to the uppermost one (100 QC) the material constants 
have undergone changes as follows: 

The elasticity factor El characterizing the momentaneous elastic defor
mation decreased both in the loading and in the unloading section to its 

1/4-1/5. 
The decrease of the elasticity factor E2 characterizing the retarded 

elastic deformation and of the viscosity factor 1)2 varied between 1/4 to 1/30 
of their value and the change is always greater in the loading section. The 
decrease will be checked to a greater extent by the increase of draft and to 
a lesser extent by the heat-setting temperature. 

The material constant of the permanent deformation, the viscosity 
factorlh shows a decrease of 1/2 to 1/60 of its value, which is generally greater 
in the unloading section. The change will be checked by the higher draft 
and higher heat-setting temperature. 

The processing draft (d) also affects the material constants, according 
to a marked tendency. When the draft increased, the values of El and 1)1 

have generally shown - both in the loading and in the unloading section -



Table 2 

Four-parameter Ulodel ullalyHis of retardation phenomena observed at variollH temperatures. Specimen characteristics: d = 3, Tf = vuriahlc 

I. 0 u d j n g lJ n I () n .1 in g: 

Sp(!einwll I 'i'eHting 1--
["I' -I F;,[ -"E;l lkl"He~l r'!~~1 [ 1,1' -I [ kl 7], r !~I'~:':.l 7],r~!'-~~l chur(H~1 (~rit;t i(~ teml',,,ntnre I El~- E -- 1':, __ J~,_ 

'I' [QC] mu:! _ (~Jll:.! 7]1 (!m2 7] . em.! J t:tn1.l. (!In.! (~In" . ern- . 

>< 104 X 10' X 10' ,; 10' >; 10' X l(l' X HI' X 10' 

. "-"--- -------

22 1.50 11,.50 19.6 1.6 1.55 tj,.H 11..7 2.6 

60 0.73 OA7 1,.1 0.2 0.39 0.76 32A 0.3 
d=3 

BO 0.36 0.26 lA 0.1 o.:n OA7 0.7 0.2 

lOO O.2tl, 0.16 0.9 O.l o.:n OAB 0.3 0.2 
-------~ .. -.- ---- ----_."- -- ---------_. - --"------ --

22 1.27 5.00 2.0 2.6 lAB :1.75 B.7 1.9 

(/ = 3 60 0.75 0.71 2.5 0.2 OAB 0.90 11.1 OA 

T
f 

= 120 QC BO 0.32 0.19 2.1 n.l 0.31 OAO 0.5 0.2 

lOO 0.30 0.17 J,O 0.1 O.:W 0.5:1 (U 0.3 
----_._-_._-- ------ -"----- -----.-----~ 

22 1.33 5.H H.B 1.6 1.64- 3.00 1.5 1.6 

d= 3 60 0.75 0.B5 2A 0.3 n.5l 0.62 --5.2 0.2 

'1j= 135 QC BO 0.32 0.22 2.0 0.1 0.27 OA6 0.7 (U 

lOO O.:lO n.IB lA O.l 0.25 0.50 OA 0.2 

.... 
~ 

t:1 
~ 
~ 
M 
0 
'1 

'" 0 

~ 
'1:t 
;,. 

" ... 
"" ~ 
~ 
tJi 

1'0 
(,,)I ,-



Table 3 

[<'our-parameter lIIodel analysis of retardation phenolllena ohserved at various temperatures. Specimen "harae\.el'istics: tl cc= :1.5, 'If = variahle 

L () It tl j n g 11 tl I () n dill p; 

Spl'f'illlell I T"Hlill~ I r Iq, 1 r k l
'\ [ k

p
·H1·"l '), l ~~:H:'~'] E\ [~.~:!:, 1 lI', , ~,p.l ' 1 [_kp.,:",] 7., ~,p'H""l I'hUI'Uf'lt'rinlil: IpllItH'I'nllll"O F···· E;: . e;~~i 'rh --;:111 2 'l'1"CI ~I ('HI:! ('m" (~nlH 7 ('Ill" }H ('m 2 

){ 1 o~ X 104 X 10' X 10' ;< !(P 10' :< 10' X !()1 

22 ] .5B 1t.,7/L IW.5 1.7 lA,tJ. 5.:10 32A 1.8 

60 U),1. 0.90 3.6 0.2 OA] O.B5 - 1.7 {U 
d __ 0 :1.5 

HO 0.39 0.31 1.S 0.1 0.32 0 .. )//. 0.9 0.2 

lOO O.:\? 0.22 lA 0.1 (U.I 0.5 L 0.6 0.2 
--.... -----. ---- ~ ... -~----. -._- -~~------- ._-- -_._---------

22 l.15 11..86 :12,4 0.9 1.27 3.:I/J. :12A 1.B 

tl :1.5 60 O.7B 1.% :U 0.1 0,1.7 o.n ~2.0 0.3 

'1j ] 20°(; HO 0.56 OAS 2.0 0.3 OAO OA7 2:1.2 0.2 

lOO (1.:\2 O.2:~ 2.6 0.1 0.% 0.66 O.S 0.2 
-------~--.----

22 1.07 :US 29A 2.1 I.S3 2.00 2(U O.B 

d ,LS 60 0.60 1.25 11.6 0.2 OA2 0.72 l.S 0.3 

T
f 

•. ~ 1:15 °C HO O.GO OA7 2.1 (J.l (J.3G OA7 2.1.5 0.2 

lOO o.:n O.2/j. 2.7 0.1 (U3 0.60 O.G 0.:1 

~ 
(). 
l\J 

~ 
~ c. 
~ 
"<! 

" ~ 



Tublc 4 

ITonrwparan)ctcr llH)(lcl analysis of retardation phenolllcna ohservecl at various l.f~ln[H~J'atnr(~s. SpeeiJnen (~haraetel'ist.ies: ([ = 11, .. 'If = variahlc 

J, 0 n din g I~~------ lJlllondin~ 

Sp(~l'iHleJl I T",'ing I I kp
] H,I ,~:,I:" 1 7 I kp.,,,,,-, [J'p.",,, ] 

I 
r k!'] I kp , I kp.,,,,,1 

dHlI'Uf't t'riHI ill tt'mfw,'ntnre "'["P'"~I RI ~ - . '17~ (:I~l- :l-'. 1': I . ~.~~;-:t . H, --- '111 --~:n-li·-T lOCI .(·m2 11 ('m:! J c'nl:: h. ('ml: 

>< 1{)4 X 10 1 ~< HP >: 107 ;< In' '< HI' x 107 "( 10' 

22 l.SH S.OS 16.2 2.7 Ul;!, :US H.7 1,9 

60 
cl C~ 1[, 

0.91[, 0.611 5A 0.3 O.SH 0.97 :12A OA 

HO OAS OA2 5A 0.2 0.38 0.68 2.2 0.:1 

]00 0.32 OAS 1.H 0.2 0.'1.1- 0.'1.9 0.9 0.2 
---~--.------~- .-------- ---~--- ---------- ------- --._--._----_ .. _--------

22 J .'1,3 3.'1,2 21,.H 1.1 1.77 3.68 7.9 1.6 

tl o_~ ,I, 60 0.72 UO 5.8 0.'1. O.SH 1.28 16.'1. 0.3 

T 120 DC 80 OA:! O.6H 5.5 0.2 O.:!9 0.72 10.H 0.2 
.I 

100 (US OAO 2.0 0.1 0.30 0.;'7 1.2 0.2 
~~.---~-.. - --~--~-----. .-~-------. .._._----

22 1.2:1 3.75 60.0 0.7 JAil 2.31 :!2A 1.2 

cl 1[, 60 0.H2 0.95 6.9 0.2 OA4 O.9S -2.2 0.3 

'1/,1:15°C HO OA5 0.112 1,.6 (U O.:-l9 0.73 --12.S (U 

100 O.:!9 0.711 3.7 O.l 0.37 0.6:1 2:1.2 0.2 

.... 
~ 

~ 
<; 
~ :.-
R 
0 
":I 
tn 
0 
'-' 
[;j 

~ 
::tl 
:... 
'-' 
[;j 

~ 
tn 

I...:> '_H 
W 



254 

10" 
kp 
cm2 

fO? 

kpsec 
Cfii2 _---" 

40 

3 30 

o--------~ 
A , , , , , , , , , , , , , , , , , , 

2 
~' "', 

20 ri' " 
''8 

10 

40 

3 30 

2 20 

10 

()oo 

0---._. _.-0- ._. _.-0 

3 3,5 

,Pt. ...... 
I ......... 

I " , " 
" "'''0 

, , , , , 
I 

, , , , , 
I , 

~.-. 

-0 

__ .---0 

3,5 

kp kpsec , 

cm
2 

cm
2 

'" " " ,/ 
4 40 

3 30 

2 20 ." 
"" 

....... " "O-.,c---, , , , 
, ••• p 

,. 

t:. 
10--------~~------~o 

0---.-.-.0-- .. _. 

3 3,5 
loading 

L. KDCZY <I al. 

104 
kp 
cm2 

3 

2 

10 

0-- .. _ .. ---00--- .. --0 

3 

10" 10? 
kp kpsec 
cm2 cm2 

3,5 

0--'-_.--00-. __ 

3 3,5 I; 

101, ID? [1 

kp kpsec ---£2 

cm2 Cii12 ------- 'TJ.1 

I; 40 
._.- 712 

Tr= 135°0 

3 

2 20 
o 

.s o 

10 ,',,',,, 

~.-. 
3 3,5 I; 

unloading 

Fig. 23. Material constants determined by means of four-parameter modelling in function 
of the draft. at various heat-setting temperatures (tests made at 22 QC) 
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an Increase to a lesser degree, those of E2 rather decreased. At d = 3.5 an 
optimum could generally be observed for 171 and several ones for E2 andl]2. 

The effect of the heat-setting temperatllre (Tf ) could, however, be evaluated 
in a less unequivocal way. It can be surmised that the dispersion of the 
measurement results (thus the error of the mean value) and the irregularity 
of processing have in many cases blurred the lesser effect of the heat-setting 
temperature. At the heginning of heat-setting and at the increase of the setting 
temperature, respectively, the values of the material constants have either 
decreased to a lesser extent, or did not show an unequivocal change. (In some 
cases - especially for 171 - the temperature 120 QC seemed to he the optimum.) 

Our findings connected with the change of the value of the material 
constants show a good agreement with the results of the analysis given in 
Chapter 3. 

It should finally he remarked thatlh has proved the most mohile among 
the material constants and has shown the highest variations, it seems therefore 
to he the most suitahle for detecting irregularities in the processing [12]. 

5. The structure of the fihres tested 

In order to follow up the effect of t]1f~ altered processing parameters 
(d, Tj ), furthermore to explain the differing mechanical characteristics of 
the specimens, 'we investigated - and still do it- the inncr fihre-structure. 
Some conclusions of our research work in progress will he discussed now. 

2,0 

o Tr=120°c 

x Tr = 135°C 

1,0 L......-___ ~ ___ ~ ___ -'--_ 

1:3 1:3,5 1:4 
drawing ratio 

Fig. 25. The change in birefringence of specimens in function of draft at various heat-setting 
temperatures 

The measurements of the hirefringence of the fibres have yielded the 
expected results. Specimens made with a higher draft have shown a higher 
hirefringence (Fig. 25). The ohvious explanation is furnished hy the higher 
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d=3; Jf( d=3,5,5,( d=4; 5f. 

d =3,5; Tr = 120°C 

d =3; Tr=135°C 

Fig. 26. X-ray diagrams of the specimens 

orientation of the molecular structure of fibres manufactured with a higher 
draft. 

In the crystallinity of fibres without heat-treatment and those treated 
at various temperatures no deviations were found between the limits of the 
measuring accuracy. The crystallinity of the fibres amounted to 64 2%. 

X-ray photos have also been made of the specimens (Fig. 26). The 
evaluation of the X-ray photos in the first approach has not shown so great 
difference between the 9 specimens that would explain the difference of the 

5* 
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mechanical characteristics of the various specimens. (We should like to 
remark, howeyer, that the X-ray diagram of the sample with the charac
terIstIcs d = 4, Tj = 135 QC also shows the outstanding properties 
found at this specimen.) 

Summarizing the results of our structural tests carried out hitherto, 
one might suppose that one probable cause of the differences observed in 
the mechanical properties should be sought in the varying orientation of the 
amorphous parts. Authors wish to revert to the problem after a more thorough 
investigation of the inner structure. 

6. Conclusions 

In our investigations a correlation was sought after between the manu
facturing parameters and some of the rheological and structural characteristics· 
The basic target furthermore was to establish a satisfactory test method. 
The basic properties of our tests were as follows: 

The range of stress employed at our investigations "was rather low, 
not more than 2-3 % of the fibre strength. This range was chosen because 
it is near to the extent of stress occurring in practice. (However we had to take 
granted the greater dispersion of the test results.) 

J n course of the investigation of the retardation curves we analysed 
first of all the section of the recovery from deformation. This section is in 
close relation to the end-use value, while the formation of the mechanism 
of the deformation is more of a theoretical concept. 

In our work we tried in the first instance to establish relations of ten

dencies. 
Although we did not go very deep in our structural analysis - they 

still are being carried on - we made several assessments of practical value. 
Among these we should like to draw attention to the following ones: 

The decisive factor from the point of view of the rheological properties 
and in the first instance, of the deformation recovery, will be the draft applied 
in the manufacturing process of the fibre. The heat-setting temperature is 
of a secondary importance, often almost imperceptible. (The role of the 
heat-setting is especially blurred at higher testing temperatures.) 

It is to be noted that in the draft range tested several important 
material characteristics, such as deformation recovery, shrinking force etc., 
have shown optimal values at d = 3.5 and higher drafts. 

The highest relative recoyery can be observed at a temperature of 
60 QC. At the same time the temperature around 60 QC might be regarded 
as the elasticity limit of the specimens tested, viz. up to this temperature 
the fibres still, retain their elastic properties. 
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The material constants - and at the same time the rheological characteris
tics - are very sensitive to the change of testing and processing conditions; 
especially mobile are the viscosity factors 1). The changes of the parameters 
of the inner structure are of a lower order of magnitude. 

The cause of the inner structure's changes accompanying the modification 
of the parameters tested is presumably the difference in the orientation of 

the amorphous part. 

Summary 

Investigating the effect of manufacturing parameters on the rheological characteristics 
of polypropylene fibres it was found that the decisive factor is the draft in processing, while 
the heat-setting temperature plays but a secondary - often almost imperceptible - role. 
It is to be noted furthermore that in the investigated range of draft it is d = 3.5 where several 
important material characteristics - such as deformation recovery, shrinking force, etc. 
sho\'.' an optimal value. Xew testing instruments and methods have been applied. 
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