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The article presents the results of the experimental research of inverse stress relaxation (IR) and viscoelastic
recovery (VR) that take place in acetate and polyester multifilament yarns in dependance on the mechanical pre-history.
The above-mentioned time-effects are investigated in two different — stress relaxation (R-) and creep (C-) testing cycles.

The fact that inverse stress relaxation process takes place in C- test cycle, i.e. after previous sustaining the specimen
at constant load is experimentally confirmed. It is shown that viscoelastic recovery is the slower process than the inverse
stress relaxation. At identical elongations of the yarns at the end of loading period the inverse relaxation and viscoelastic
recovery processes go on similarly regardless of the character of testing cycle.
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INTRODUCTION

Strength and deformability of textile yarns are
important only mechanical properties determining the
behaviour of yarns in woven or knitted fabrics making-up
as well as the behaviour of a fabric in end-use. The
behaviour of textile materials as of any polymeric bodies is
mostly viscoelastic. The response of a material to the
specific mechanical action depends not only on the action
itself but also on the former actions undergone, i.e., it
depends on mechanical pre-history of material [1, 2]. This
implies that time-dependence of the response of any textile
material opposing the applied forces, should be taken into
account [1 —6]. Viscoelastic properties can serve as an
index of greatly various purposes, e.g. for comparative
evaluation of materials or as a criterion at the control of the
specific process.

Experimental investigation of viscoelastic properties in
textile fibres and yarns is commonly based on the results of
tensile tests that can be related to two main groups of
testing cycles, taking into consideration the conditions of
mechanical action on the material and the parameters
measured.

The tests at constant elongation g (Fig. 1,a) are
related to the first group. In these tests stress relaxation (R)
as well as inverse stress relaxation (IR) (smooth lines) or
viscoelastic recovery (VR) in length of a specimen (dotted
lines) can be observed.

The tests at constant force or load F. (Fig. 1, b) are
related to the second group. In this case a creep (C) as well
as viscoelastic creep recovery (CR) (dotted lines) or
inverse stress relaxation (IR) (smooth lines) can be
observed in the tests.

Numerous works are done revealing the features of
creep, recovery and stress relaxation in textiles: the
publications [3, 7 — 13] can serve as the proper examples.
The phenomenon of inverse stress relaxation was first
mentioned in 1946 by Stein, Halsey and Eyring [14], i. e.
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substantially later than the above mentioned phenomena.
Inverse relaxation is often met with under practical
conditions [15—17], so its study is a matter of great
interest. Despite of the fact that the studies of the inverse
relaxation became more intensive during last decades
[16 -22], knowledge on the regularities of the
phenomenon are obviously insufficient. Except for
theoretical model proposed in [21], up to now there are no
experimental data on the inverse relaxation manifesting in
the testing cycle of the second group (Fig. 1, b).
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Fig. 1. The testing cycles: a — test at constant elongation; b — test
at constant force



In some publications the attempts have been made to
predict the development of one viscoelastic aftereffect by
the data on the another one [1, 7, 23 —25]. Presumptively
positive results could be obtained predicting the inverse
relaxation by viscoelastic recovery, for the both
phenomena start to develop at the absolutely identical
mechanical pre-history (points F, in Fig. 1, a and b). Such
prediction would be especially useful because the inverse
relaxation test implicates much more problems than the
comparatively simple recovery test [17].

The aim of this study is to investigate experimentally
the character of both inverse relaxation and viscoelastic
recovery in different textile yarns at identical mechanical
pre-history. A special consideration is paid to the inverse
relaxation development following the creep in the yarns
because there are no any experimental data on the effect in
the yarn being undergone by constant force.

EXPERIMENTAL

Two different types of multifilament yarns were taken
for the experimental investigation: acetate (CA) 16.6 tex
and polyester (PES) 15.6 tex. All specimens were pre-
conditioned, then conditioned and tested in the
atmospheres according to ISO 139. The experiments were
provided on Zwick/Z005 universal testing machine. To
ensure the setting of testing cycle parameters with as
possible higher accuracy the gauge length was taken
700 mm, i.e., larger than it is customary used in yarn
testing. Each specimen was pretensioned to 2.4 mN/tex
before the testing.

The testing cycle at constant elongation R- (for
symbols used below in Fig. 1, @) consisting of four phases
was provided in two different regimes (R-IR and R-VR).
The first three phases were identical for both regimes:

1) constant rate (v,) extension up to the strain ¢,

2) sustaining at g up to the time ¢* = (¢ —¢,) = 6, while
stress relaxation (R) was going on and measured,
constant rate (v,) retraction down to pretension (F,,).
The fourth phase was different for the particular
regime. For the regime R-IR the specimen was sustained at
strain ¢, corresponding to F,, and the inverse relaxation
(IR) was going on and measured in time t** = (¢t —¢,) . For
the regime R-VR, in the last fourth phase viscoelastic
recovery VR, i.e the decrease in specimen strain ¢ was
going on and measured in time #** = (#—¢,) at constant
pretension F,.

The testing cycle at constant force (for symbols used
below look at Fig. 1, b) was also provided in two regimes
(C-IR and C-CR). The first three phases were identical for
both regimes:

3)

a) constant rate (v,) extension up to the force F,
corresponding to the strain ¢,

b) sustaining at force F. up to the time t* =(t—1¢t)=0,,
while creep (C) was going on and measured,

¢) constant rate (v,) retraction down to pretension (F,).

For the regime C-IR the fourth phase was identical to
that of the regime R-IR, while for the regime C-CR the
fourth phase was identical to that of the regime R-VR.

In all tests the rate of extension (v,) was 525 mm/min
(1.25%/5s) and it was equal to the rate of retraction (v,).
The limits of extension (g, F,) during the first phases of
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the regimes, and the sustaining times (6,) during the second
phases were varied. The inverse relaxation (IR) and the
viscoelastic recovery (VR, CR) were mainly measured
during the time #** = 1000 s. In some cases the measuring
time was prolonged up to £** = 10000 s.

To examine the characters of both IR and CR
processes running in the C- testing cycle as distinct from
the corresponding IR and VR processes running in the R-
testing cycle the tests were provided in two different
modes:

Mode I: The level of force F, in C- testing cycle is
equal to the corresponding level of force Fj in R- testing
cycle.

Mode II: The level of strain ¢, in R- testing cycle is
equal to the corresponding level of strain ¢, in C- testing
cycle.

RESULTS AND DISCUSSIONS

Stress relaxation curves of CA and PES yarns are
shown in Fig.2. Stress relaxation process is very
distinctive in CA yarn, where the obvious yield point is
observed in its stress-strain curve. With increase of the set
extension level (g) the values of stress increase as well.
However, when the extension level of CA yarn is in the
yield zone (g, =5 + 9.1 %), from time #* =~ 300 s the values
of stress are lower than at elongation & =1 %. This
anomalous behaviour of acetate yarn was formerly noticed
by Meredith [10], who explained it as a kind of adiabatic
sudden stretch. In our case, the extension rate is not so high
to rise the temperature of the specimen. It is possible that
the above-mentioned anomaly of the behaviour is related
to complex entropy changes in stretched yarn. Extending
the CA yarn over the yield point, the relaxation curves
become almost parallel. The yield zone is not characteristic
for PES yarn so as extension level increases, relaxation is
going on at higher stresses throughout the whole
observation time 6,.

Creep curves of the yarns at constant forces in the C-
test cycle are presented in Fig. 3. With increase of the force
(F,), elongations of the yarns during creep process increase
as well. Creep of CA yarns is especially intense at yield
zone and over it, while in PES yarn — at the zone where the
slope of its stress-strain curve markedly grows up through
the most structure change, i.e. when g, > 5 %.

Due to characteristic yield zone in stress-strain curve
of CA yarn the data obtained in R- and C- cycles when
testing in mode I are unlikely comparable. It is seen in
Fig. 2, a that in R- test cycle at #* =~ (300 = 1000) s stresses
of CA yarn during relaxation process narrowly differ
between themselves while the relaxation is going on at
completely different elongations &,.

Stress development (IR) curves of the yarns in both
test cycles of mode I (the values of F,, mN/tex for CA/PES
yarn are: 59.7/284.9 at 6,=1s, 46.4/257.4 at 6,=10s,
36.5/220.8 at 6,=100s, 28.3/199.7 at 6,=1000s) are
shown in Figure 4, a and 5, a. In R- test cycle of CA yarn
the amount of stress increase is slightly dependent on the
sustaining time before the retraction. Due to superposition
of inverse relaxation and ordinary stress relaxation
processes, the distinct maximum in the curves is observed.
With increase of the sustaining time 6, the inverse
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Stress relaxation curves of the yarns. a— CA yarn; &: 1-1%, 2—-5%, 3-9.1 %, 4—22.1 % (mode II); b—PES yarn;

&:1-1%, 2—-5%, 3-10%, 4—14.4%, 5—-32.1 % (mode II)
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Fig. 3. Creep curves of the yarns. a— CA yarn; F,, mN/tex: 1 —28.3,2—-37.4,3-68.3,4—71.5; b—PES yarn ; F,., mN/tex: 1 —27.0,

2-99.6, 3—-199.7, 4-242.5, 5-319.6

relaxation process becomes slower and less affected by the
stress relaxation process. Therefore, the maximum in the
curves moves towards longer time of observation (*%*).
After 6,=1000 s the maximum is moved so considerably
that it could not be reached even till observation time
t*¥*=10000s. The IR process is more slow as the
sustaining time is increased. In C- test cycle the maximum
in IR curves moves towards time ¢#** axis in dependence
on the sustaining time 6, in the similar way as in the R-
cycle. Nevertheless, the increase in stress (IR) is
approximately four times lower than in R- test cycle. In the
tests by mode I the values of strain & in R- cycle is 9.1 %,
i.e. above the yield point, while all values of strain & in C-
cycle at constant force are below the yield point
(6=20%atf,=1s,5=15%at6,=10s, =12% at
6,=100s, &=1.0% at §,=1000 s). So, the increase in
stress depends more on the sustaining time than on the
yarn elongation: the increase in stress at time 8, = 1000 s is
the highest despite the amount of strain (&) before the
retraction is the lowest (g = 1.0 %). It is supposed that this
fact is associated with more pronounced orientation of
polymer chains during creep if compared to that during
relaxation at constant elongation.

For the PES yarn the maximum in the stress
development (IR) curves is beyond the observation time,
but the tendency of its movement towards longer time of
observation (¢**) can be distinguished. The character of
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stress increase dependence on test regime is analogous to
that of CA yarn. However, for PES yarn the difference in
the values of strains when testing in the different cycles is
not so distinct as for CA yarn: in R- cycle &=14.4 %,
while in C- cycle at 0,=1s &=122%, at 6,=10s
&=11.8%, at ,=100s g=11.4%, and at 8,=1000 s
&=11.3%. Therefore, inverse relaxation is quite
comparable in its amount when testing in the different
cycles.

The results obviously showed that the presupposition
of the inverse stress relaxation process as taking place in
C- test cycle, i.e. after previous sustaining the specimen at
constant load is proven out. The effect must be also
credibly characteristic for any for any viscoelastic
polymeric material.

The viscoelastic recovery (VR, CR) of the yarns in
mode I depends on the test regime similarly to the IR
process (Fig.4,b and Fig.5,a). Due to the reasons
discussed above creep recovery values of the yarns in the
C- testing cycle are lower than in R- testing cycle:
approximately ten times lower for CA yarn and
approximately 1.5 times lower for PES yarn.

Much more comparable results are obtained in R- and
C- test cycles, when testing in mode II, i.e. when identical
elongations values at time instant 7yare maintained in both
test cycles (Fig. 5,5 and Fig. 6). The values of strain
& =¢&p, % for CA/PES yarn are the following: 9.4/15.1 at
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6,=1s, 13.1/17.6 at §,=10s, 19.7/25.7 at 6,= 100 s, and
22.1/32.6 at 6,=1000s. It is seen that when the same
strain value is held on before the retraction the amount of
stress increase and of viscoelastic contraction in R- and C-
cycles are similar and that with increase of sustaining time
before the retraction the processes go on slower similarly
to mode I.

As a result, it is obviously seen that at identical
elongations of the yarns at the end of loading period the
inverse relaxation and viscoelastic recovery processes go
on similarly regardless of the character of testing cycle.

CONCLUSIONS

The inverse stress relaxation process is proven out as
taking place in the yarns in C- test cycle, i.e. after previous
sustaining the specimen at constant load. The effect must
be also credibly characteristic for textile fabrics and for
any polymeric material.

Viscoelastic recovery is the slower process than the
inverse stress relaxation.

The time during which the yarns are undergone by
specified constant elongation or constant load is the most
effective factor influencing the amount and character of
both inverse relaxation and viscoelastic recovery in the
yarns.

At identical elongations of the yarns at the end of
loading period the inverse relaxation and viscoelastic
recovery processes go on similarly regardless of the
character of testing cycle.

REFERENCES

1. Leaderman, H. Elastic and Creep Properties of Filamentous
Materials and other High Polymers. 2™ print. Washington:
The Textile Foundation, 1944.

2.  Meredith, R. The Mechanical Properties of Textile Fibres.
Amsterdam: North-Holland Publ. Co, 1959.

3. Nachane, R. P., Sundaram, V. Analysis or Relaxation
Phenomena in Textile Fibres Part I: Stress Relaxation The
Journal of The Textile Institute 86 (1) 1995: pp. 10— 19.

4.  Manich, A. M., Ussman, M. H., Barella, A. Viscoelastic
Behavior of Polypropylene Fibers Textile Research
Journal 69 (5) 1999: pp. 325 — 330.

5. Menard, K. P. Dynamic Mechanical Analysis: A Practical
Introduction. CRC Press LLC, 1999.

6. Wu, X., Wang, F.,, Wang,S. Properties of Wool/PET
Composite Yarns Textile Research Journal 73 (4)
2003: pp. 305 —309.

7. Abbott, N. J. Extension and Relaxation of Nylon Filaments
Textile Research Journal 21 (4) 1951: pp. 227 — 234.

8. Guthrie, J. C., Wibberley, J. The Effect of Time on the
Elastic Recovery of Fibres Journal of the Textile Institute
56 (3) 1965: pp. 97— 103.

9. Gupta, V. B., Gopal Krishnan, Y. Creep and Recovery
Behaviour of Oriented Nylon 6 Filaments  Indian Journal
of Textile Research 1 (3) 1976: pp. 95— 98.

Meredith, R. Relaxation of Stress in Stretched Cellulose
Fibres  Journal of the Textile Institute 45 (6)  1954:
pp. T438 — T461.

10.

72

11.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Stalevich, A. M., Tiranov, V. G., Meshchaninov, Yu. N.,
Vol’f, L. A. Analytical Description of the Process of Stress
Relaxation in Synthetic Yarn  Technology of the Textile
Industry U.S.S.R  Manchester, The Textile Institute 5
1970: pp. 23 —24.

. Vang, X., Yu, L. Y. The Stress Relaxation of Wool at High

Straining Rate  Journal of the Textile Institute
1995: pp. 498 — 503.

86 (3)

. Inoue, M., Niwa, M. Tensile and Tensile Stress Relaxation

Properties of Wool/Cotton Plied Yarns  Textile Research

Journal 67 (5) 1997: pp. 378 —385.
Stein, R., Halsey, G., Eyring, H. Mechanical Properties of

Textile. IV. Textile Research Journal 16 (2)  1946:
pp- 53 — 60.
Vitkauskas, A., Matukonis, A. Phenomenological

Presentation of the Inverse Stress Relaxation of a Yarn
Under a Tension Load  Technology of the Textile Industry
US.S.R  Manchester, The Textile Institute 4 1968:
pp- 19 -21.

Vangheluwe, L., Kiekens, P. Simulation of Procedures to
Avoid Set Marks in Weaving Caused by Relaxation Textile
Research Journal 67 (1) 1997: pp. 34 —39.

Vitkauskas, A. Viscoelastic Properties of Textile Yarns.
Research Problems  Fibres & Textiles in Eastern Europe
6 (1) 1998: pp.36—38.

Manich, A. M., de Castellar, M. D. Elastic Recovery and
Inverse Relaxation of Polyester Staple Fiber Rotor Spun
Yarns Textile Research Journal 62 (4) 1992:
pp. 196 — 199.

Vangheluwe, L. Relaxation and Inverse Relaxation of
Yarns After Dynamic Loading. Textile Research Journal,
vol. 63, No. 9, 1993: pp. 552-556.

Nachane, R. P., Sundaram, V. Analysis or Relaxation
Phenomena in Textile Fibres Part II: Inverse Relaxation
The Journal of the Textile Institute 86 (1) 1995: pp. 20 — 32.

Vitkauskas, A. Simulation of Inverse Stress Relaxation
Following a Creep in Textile Materials Materials Science
(Medziagotyra) 4 (2) 1998: pp. 78 — 80.

Kothari, V. K., Rajkhowa, R., Gupta, V.B. Stress
Relaxation and Inverse Stress Relaxation in Silk Fibers
Journal of Applied Polymer Science 82 2001:
pp- 1147 — 1154.

MilaSius, V. Investigation of the Stress Relaxation and the
Inverse Stress Relaxation of the Chemical Yarns and the
Woven Fabric when the Relaxation Processes are Not Linear
Behaviour Tekhnologija tekstil’noi promyshlennosti
(Technology of the Textile Industry U.S.S.R.) 4  1974:
pp. 19 — 20 (in Russian).

Yamaguchi, T., Kitagawa, T., Yanagawa, T., Kimura, H.
Relationship Between Stress Relaxation and Tensile
Recovery of Filament Yarns Journal of the Textile
Machinery Society of Japan 27 (2) 1981: pp. 43 —49.

Vitkauskas, A. Inverse Relaxation and Delayed Elastic
Recovery of Textile Yarns: Resemblant or Disparate?
Textiles and The Information Society Papers Presented at
The 78" World Conference of The Textile Institute (May 23—
26, 1997, Thessaloniki, Greece), vol. 111, pp. 469 — 474.



	Inverse Stress Relaxation and Viscoelastic Recovery of Multi
	Received 31 August 2004; accepted 23 January 2005
	INTRODUCTION(
	EXPERIMENTAL

	RESULTS AND DISCUSSIONS
	CONCLUSIONS
	REFERENCES



