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Viscoelastic properties of acetate and polyester multifilament yarns in the compound loading cycle are theoretically and 
experimentally studied and the features of inverse stress relaxation (IR) after the blockage of viscoelastic recovery of the 
yarns are revealed in the study. Modelling method of the processes at the referred loading cycle is proposed on the basis 
of generalized Maxwell model. Analysing the behaviour of the model possessing different relaxation time spectra it was 
found that the longer is free recovery of the model until its blockage the less is the resulting recovery power of the 
model. The duration of recovery is more sensitive to the changes in the amount of the resulting IR in the model 
possessing more short relaxation times. To prove the theoretical findings the experimental investigation was provided 
with acetate (16.6 tex) and polyester (15.6 tex) multifilament yarns analysing their behavior in the same loading cycle. 
The experiments confirmed basic theoretical findings. Some differences in the reaction of acetate and polyester yarn to 
the blockage of their viscoelastic recovery are shown. 
Keywords: inverse relaxation, recovery, acetate, polyester, Maxwell model. 

 
INTRODUCTION∗ 

One of distinct features of textiles, leather, plastics and 
other polymer materials is a well-marked viscoelasticity, 
manifesting in a high time-dependency of their mechanical 
behaviour. Study of materials viscoelastic behaviour is a 
subject of great importance from viewpoint of the theory of 
viscoelasticity originated from the material structure as 
well as from viewpoint of the material processing or its 
usage according to the specific purpose [1, 2]. To provide 
information about the viscoelastic behaviour of a 
polymeric material various experimental techniques have 
been used, among which stress relaxation, creep, and 
viscoelastic recovery after preceding sustaining at constant 
strain or at constant load are continually in common use 
[1, 3 – 11]. During last decades the inverse stress 
relaxation (IR) is also in the focus of attention for 
researchers [12 – 18]. 

In manufacturing or processing the viscoelastic 
recovery (VR) of textile products is often blocked to take 
the product a shape or size coinciding with the specified 
mould (tube, drum, beam etc.). When actions of similar 
nature are applied, the internal stresses arise in the product, 
indicating that the inverse stress relaxation process is 
taking place in the product [19, 14]. In this study we 
sought to reveal how the inverse relaxation manifesting in 
such compound loading cycle of textile yarns depended on 
both the time over which the yarn was sustained extended 
unto unloading and the time of the yarn recovery before it 
was blocked at specified strain. 

LOADING CYCLE AND MODELLING 
The analysed compound cycle of yarn loading 

consisted of five phases (Fig. 1): a) constant rate (νt) 
extension over the time 0 – tt up to strain limit εt; 
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b) sustaining at εt = const over the time interval θt while 
measuring stress relaxation (R) in the specimen; 
c) constant rate (νa) retraction down to minimum load Fa 
(e. g. to pretension or zero) corresponding to strain εa at 
time ta ; d) viscoelastic recovery (VR) of unloaded 
specimen at Fa = const over the time interval ti – ta;  
e) blocking of the recovery at given strain ε′a 
corresponding to time ti and sustaining onward at strain ε′a 
while measuring inverse stress relaxation (IR) in the 
specimen. 
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Fig. 1. The outline of compound loading cycle 

Theoretical study of stress development in such cycle 
of loading is provided analysing the behaviour of 
generalized Maxwell model consisting of a discrete 
number of Maxwell units (i = 1, 2, ..., n) and of a single 
spring in parallel (Fig. 2). D0, Di are elasticity constants of 
the model springs, and ηi are viscosity constants of the 
dashpots. Relaxation times τi = ηi / Di  of the Maxwell units 
were settled to differ between themselves by one order of 
magnitude, i. e. the model to possess regular discrete 
relaxation time spectrum [20, 21]. Since it was foreseen to 
analyse the yarn viscoelastic behavior over the large period 
of time, the number of Maxwell units in the model was 
taken as n = 5 [21]. It has been formerly shown [20, 21] 
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that short relaxation times prevail over the long ones in the 
spectra of various textile yarns. Therefore, to analyze the 
model behavior we chose two idealized forms of the model 
spectrum – “peak” and “wedge” – that are typified by 
corresponding features. The constants of the model for 
both two forms of spectrum are presented in [22, 23]. 
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Fig. 2. The generalized Maxwell model 

Special method of gradually alternating retraction rate 
[24] is applied to express viscoelastic recovery of the 
model at constant tension Fa over time interval (ti – ta). The 
referred time interval is discretized into a set of sequential 
time points **

jt  ...),3,2,1( =j  beginning from 01.0** =jt , 
step 0.125 of time logarithm. Within every interval 
between yhe successive time points **

jt  the model is 
retracted at the rate to get the specified value of Fa at the 
end of the interval (the value Fa = 0 has been taken in the 
present study). According to Boltzmann superposition 
principle, at any time point **

st  (when j = s) the tension 
Fs = Fa can be expressed by the sum of two components: 
Fs = FIRs – FVRs. (1) 

The component FIRs is a tension of the model 
developing due to inverse stress relaxation going on at 
εa = const : 
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where n is a number of Maxwell units in the model (in our 
case n = 5), and 
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FVRs is a compensatory tension component: 
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At every successive time point **
st  the value of strain 

εs decreases to get Fs = Fa = const (eq. 1). So, the process 
of viscoelastic recovery can be displayed as function of εs 
versus time **

st . When viscoelastic recovery of the model is 
blocked at specified strain εs = ε′a corresponding to the 
time point )(**

ais tttt −−=′ , the value of sC  (6) becomes 
steady, and, consequently, tension of the model begins to 
increase with time. 

Since the modelling is provided a priori to the 
experiments, it is no need to specify measuring units of the 
model constants likewise the parameters of the 
deformation cycle and all calculated results. All these 
values are regarded as being expressed in conventional 
coherent measuring units. Herein the parameters of loading 
cycle were as follows: the extension and retraction rates 
vt = va = 100, the upper strain limit εt = 10, and the tension 
at the end of retraction Fa = 0; the time of model sustention 
in extended state before retraction (θt) was varied. 

Stress increase (F – Fa) curves of the model after 
different sustaining time θt for the “peak” and “wedge” 
spectres are presented in Fig. 3. It is seen that the character 
of stress increase during IR process is highly dependent on 
the sustention time θt and also on the type of relaxation 
time spectrum of the model. However, it can be definitely 
stated that the longer is free recovery of the model until its 
blockage at strain ε′a = const, the less is the resulting 
recovery power (i. e., the amount of IR) of the model. The 
“peak” spectrum of the model is characterized by greater 
contribution of short relaxation times, so the amount of 
inverse relaxation in it is more affected by the time of free 
recovery of the model and is less than in the model 
possessing “wedge” spectrum. For the same reason the 
unloading time interval (ta – tθ) of the model with “peak” 
spectrum is less influenced by the model’s sustention time 
θt , and this results in more smooth drop of IR amount with 
increase of recovery time (ti – ta), especially at short 
sustention time, say, θt = 10 (Fig. 4, a). For the model with 
“wedge” spectrum even short-time recovery results in 
substantial drop of the IR amount (Fig. 4, b) and the 
character of this drop is more influenced by the sustention 
time θt .  

EXPERIMENTAL 
Two different types of multifilament yarns: acetate 

(CA, 16.6 tex) and polyester (PES, 15.6 tex) were tested in 
the above referred compound loading cycle. The tests were 
provided on Zwick/Z005 universal testing machine 
operated by the programme testXpert® at the gauge length 
of 700 mm. In all tests the rate of extension (vt) was 
525 mm/min (1.25 %/s) and it was equal to the rate of 
retraction (va). The pretension was 2.4 mN/tex and it was 
equal to the level of tension on the specimen during its 
viscoelastic recovery over the time interval (ti – ta). The 
upper extension limits were: εt = 9.1 % of initial length for 
CA yarn, and εt = 10 % for PES yarn. The sustention time 
θt was varied: 10 s, 100 s and 1000 s. 
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Fig. 3. Inverse stress relaxation (IR) in the model possessing different relaxation time spectra (a – “peak”, b – “wedge”) over time t** 
after the blockage of recovery (VR) at different strains ε′a : primary extension εt = 10; sustention time θt = 10 (––––), and 
θt = 1000 (-  - - -); strains εa : for “peak” spectrum – 7.69 at θt = 10, 8.01 at θt = 100, and 8.18 at θt = 1000; for “wedge” spectrum 
–  6.29 at θt = 10, 7.58 at θt = 100, and 8.16 at θt = 1000; strain ε′a : 1 – (ε′a = εa); 2 – 6.1; 3 – 4.2; 4 – 2.2 
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Fig. 4. Dependence of maximum amount of IR grown up in the model after the blockage of VR on the amount of recovery developed 
over the period of time (ti – ta):  – θt = 10;  – θt = 100;  – θt = 1000; a – “peak” spectrum, b – “wedge” spectrum  

 
RESULTS AND DISCUSSION 

Experimental IR curves of CA and PES yarns obtained 
in the referred deformation cycle at different sustaining 
times (θt) are presented in Fig. 5 and Fig. 6 
correspondingly. It is seen that for both yarns the recovery 
power, i. e., the amount of IR, substantially decreases with 
increase of the time (ti – ta) of free viscoelastic recovery 
until its blockage. The influence of sustention time θt at 
primary extension up to εt is different: the amount of IR in 
acetate yarn decreases with increase of sustention time (see 
Fig. 5, curves 2, 3, 4, and 6) while the amount of IR in PES 
yarn is approximately the same at different sustention 
times. It is interesting to notice that the initial slope of IR 
curves of acetate yarn with respect to time axis (in 
logarithmic scale) can be as a first approximation 
evaluated being steady for different strain blockage levels 
ε′a and different sustention times θt. This feature is not 
tenable for PES yarns: initial slopes of curves are steeper at 
higher levels of strain ε′a and at longer sustention times. 

In Fig. 7 the dependencies of the amount of IR in the 
yarns at blocked strain ε′a on the corresponding amounts of 
free recovery are presented. The dependencies can be 
regarded as approximately linear with the slope being 
nearly invariant with respect to sustention time θt . The 
dependencies are qualitatively similar to the corresponding 
theoretical (Fig. 4) dependencies. So, obviously it is 
possible to predict qualitatively the features of inverse 
relaxation after the blockage of viscoelastic recovery by 
the proposed modelling method. The discrepancies 
between corresponding experimental and theoretical 
dependencies can be first of all explained by the different 
stresses taken as reference values in the dependencies. In 
experiments it was no possibility in all cases to observe 
inverse relaxation until the yarn stress reached its 
maximum value. For this reason yarn stresses at 
t** = 1000 s were taken as reference values in the 
dependencies. Since with decrease of strain level ε′a the 
maximum points on IR curves move along time t** axis, at  



 243

0
2
4
6
8

10
12
14
16

0,1 1 10 100 1000 10000
Time (t **), s

St
re

ss
 (F

-F
a
), 

m
N

/te
x

7
6

8

54

0
2
4
6
8

10
12
14
16
18

0,1 1 10 100 1000 10000
Time (t **), s

St
re

ss
 (F

-F
a
), 

m
N

/te
x

1

2 3

4

6

a b 

Fig. 5. Inverse relaxation (IR) in CA yarn over time t** after the blockage of recovery (VR) at different strains ε/
a: primary extension 

εt = 9.1 %; sustention time θt = 10 s (a),  θt = 100 s (b, ––––), and θt = 1000 s (b, - - - -); strain ε/
a, %: 1 – 8.00; 2 – 7.80; 3 – 7.50; 

4 – 6.90; 5 – 6.70; 6 – 6.30; 7 – 6.00; 8 – 5.40 
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Fig. 6. Inverse relaxation (IR) in PES yarn over time t** after the blockage of recovery (VR) at different strains ε/
a: primary extension 

εt = 10.0 %; sustention times θt = 100 s (––––), and θt = 1000 s (- - - -); strains ε/
a, %: 1 – 1.00; 2 – 0.60; 3 – 0.30 

0

4

8

12

16

20

24

0 0,5 1 1,5 2
Strain (ε a - ε /

a ), %

St
re

ss
 (F

10
00

-F
a

), 
m

N
/te

x

0
2
4
6
8

10
12
14

0 0,5 1 1,5 2
Strain (ε a - ε /

a ), %

(F
10

00
-F

a
), 

m
N

/te
x

a b 

Fig. 7 Dependence of amount of IR in the yarns grown up the time t**= 1000 s after the blockage of VR on the amount of recovery 
developed over the period of time (ti – ta):  – θt = 10 s,  – θt = 100 s,  – θt = 1000 s; a – CA yarn, b – PES yarn 
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the lowest levels of strain ε′a yarn stresses are still far away 
from their maximum values, and these points see                                                                                      
m to be the main ones disturbing the linear dependencies 
shown in Fig. 7. 

CONCLUSIONS 
The features of inverse stress relaxation (IR) after the 

blockage of viscoelastic recovery of textile yarns are 
revealed in the study. Modelling method of the processes 
at the compound loading cycle is proposed on the basis of 
generalized Maxwell model. Analysing the behaviour of 
the model possessing different relaxation time spectra it 
was found that the longer is free recovery of the model 
until its blockage the less is the resulting recovery power 
of the model.  The duration of recovery is more sensitive to 
the changes in the amount of the resulting IR in the model 
possessing more short relaxation times. The experiments 
provided on acetate and polyester multifilament yarns 
confirmed basic theoretical findings. Some differences in 
the reaction of acetate and polyester yarn to the blockage 
of their viscoelastic recovery are shown. 
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