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VISKOPLASTISITE MODELLERIDE DENGE GERILMESi: GOZLEMLER
VE OVERSTRESS KONSEPTI ILE KULLANIMI

Necmi Dﬁsﬁncelil
L Makine Miihendisligi Boliimii, Aksaray Universitesi, AKSARAY

OZET

Bir¢ok malzeme modeli, "denge gerilmesi", "artik gerilmesi” ve "etkili gerilme" olarak da
adlandirilan 6zel bir durum degiskeni igerir. Uzun siireleri igeren malzeme davranist ¢éziim
icin kinematik sertlesme ve / veya Bauschinger etkisini modelleyebilen ¢ok kullanish bir
degiskendir. Denge gerilmesi 6lgiilebilir ve kontrol edilemez teorik bir degiskendir, ancak bu
degisken dolayli test ve model simiilasyonlarinin karsilastirilmasi ile ¢ikarilabilir. Denge
gerilimi kavramina dayanan viskoplastik modelin ¢alisma prensibi; gevseme testindeki
gerilme degisiminin yeterli bir siire sonra sabit bir degere ulagmasindan esinlenme
seklindedir. Denge gerilmesini deneysel olarak belirlemek icin, iki basit yontem vardir,
bunlardan biri konvansiyonel gevseme testi ve digeri ise, 0zel sik tekrarli yilikleme testleri
iceren daldirma testidir. Bu tip testler kullanilarak farkli denge gerilmesi belirleme tiirleri
sunulmustur, ancak bu ¢alismalarin sonuglari, higbir malzeme igin denge gerilme seviyelerini
tam olarak gdstermemistir.

Bu ¢alismada oda sicakligindan 100 °C’ye kadar sicakliklarda bosaltma egrisi tizerindeki
noktalarda PP’nin zamana bagl cevabi ile ilgili deneysel calismalar ortaya konulmustur.
Makalenin amaci; i) Cesitli maksimum gerilme seviyelerine kadar yiiklenen ve daha sonra
oda sicakligindan 100 °C'ye kadar genis sicaklik araliklarinda gesitli gerilme seviyelerinde
gevseme testine tabi tutulan PP numunelerin deneysel verileri rapor etmek. ii) deneysel
verileri kullanilarak denge gerilmesinin varligin1 gostermek.

ABSTRACT

Many of material models include a special state variable that is called “equilibrium stress”,
“back stress” and “effective stress” also. This is very useful variable which is able to model
kinematic hardening or/and Bauschinger effect for long time solution. Equilibrium stress
cannot be measured and controlled, but this variable can be deduced from transient test and
comparison of model simulation. Basis of the model based on equilibrium stress concept are
that change of stress in relaxation test will reach constant value after a sufficient time. To
experimentally determine equilibrium stress, there are two simple methods, one of this is
conventional relaxation test and another is dip test that include special cyclic loading tests.
Different types of attempting were presented using these tests, but the results of these studies
did not precisely show equilibrium stress levels for none of materials.

This paper focuses on the experimental investigation that is related to time dependent
response of PP after strain reversal in wide interval temperatures. The aim of the paper is; i) to
report experimental data in tensile relaxation test on PP specimens subjected to stretching up
to various maximum strains and subsequent retraction down to various strains in wide interval
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of temperatures ranging from room temperature to 100 °C ii) to demonstrate existence of
equilibrium stress using experimental data of PP.

Keywords: Equilibrium stress, relaxation, temperature effect, viscoplasticity, polypropylene.

1. Introduction

In the materials science and constitutive modeling effort, observation of relaxation behavior is
important, because stress evolution on elapsed time is used to determine characteristic
properties of a material. Unusual relaxation of polymeric materials has interesting properties
that give some clue about equilibrium stress of materials. In this study, extensive experimental
results are reported. Polypropylene (PP) specimens were imposed uniaxial tension loading in
the interval of temperature ranging from room temperature up to 100 °C. The main aim of the
study is to reveal mysteries of unusual relaxation of both polymers. In order to investigate
these materials behavior, relaxation test after strain reversal are performed at strain rate of 10
mm/min at various stress levels under various temperature. The following properties are
observed: strain amount after the reversal influences unusual relaxation behavior of the
polymers at all temperature and stress levels.

This paper focused on experimental investigation of the time-dependent behavior of
semicrystalline polymers (PP); observed in relaxation tests on specimens subjected to loading
and partial retraction. Relaxation tests at various high temperatures at various stress levels for
two polymers are performed on the unloading segment of the stress—strain. Under these tests
conditions, the relaxation stress can increase, decrease, or decrease then increase during the
test intervals.

1.1 Materials

To investigate these behavior, firstly, Isotactic polypropylene Moplen HP 400R (density
0.905 g/cm3, melt flow rate 25 g/10 min) was purchased from Basell Polyolefins
(Switzerland). Dumbbell specimens for tensile tests (ASTM standard D-638) with cross-
sectional area 10.2 mm x 4.2 mm were molded by using injection-molding machine Arburg
320C.

DSC (differential scanning calorimetry) measurements were performed by means of Mettler
Toledo DSC 823E apparatus. PP samples with mass of about 20 mg were scanned at the
heating rate 12 K/min under nitrogen flow. Melting peak of polypropylene corresponded to
the temperature Tm=161 °C. The specific enthalpy of melting Hm was calculated as 99 J/g,
which resulted in degree of crystallinity 47% (by using the specific enthalpy of melting 209
J/g for purely crystalline polypropylene [8]).

1.2 Mechanical Tests

Mechanical tests were conducted by means of universal testing machine Instron-5568
equipped with an electro-mechanical sensor for control of longitudinal strains in the active
zone of samples. Tensile force was measured by 5 kN load cell.

The experimental program included two series of tests performed at room and various high
temperatures. Each test was conducted on a virgin specimen.
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The first series involved six relaxation tests performed after tension up to a fixed maximum
elongation dmax and retraction down to various stresses omin. In each test, a specimen was
stretched with cross-head speed 10 mm/min (which corresponded to strain rate =2x10-3 1/s)
up to dmax = 9 mm (which corresponded to maximum strain £ma=0.09), and unloaded with the
same cross-head speed down to a required stress omin. Afterwards, the strain &€ was preserved
constant, and stress ¢ was monitored as a function of time t. Following the ASTM protocol E-
328 for short-term relaxation tests, duration of relaxation tests te = 20 min was chosen.
Experiments were carried out with minimum stresses under retraction omin = 1, 5, 10, 15, 20
and 25 MPa.

Next, relaxation tests after strain reversal were performed at 1 MPa at various high
temperatures. These series involved tensile tests with cross-head speed 10 mm/min and
maximum strain ema=0.15. Each test was conducted on least two virgin specimens. Test
temperatures are 23 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, 90 °C and 100 °C. In experiments at
high temperature, each specimen was per-heated in a thermal chamber required temperature
for at least half an hour, and then equilibrated in the testing machine for 10 minutes before
loading.

1.3 Results

The stress-strain curves and the change of stress as a function of time at room temperature are
given in Figs. 1 and 2 respectively.

Strain

Fig. 1. Stress versus strain for PP. Symbols: experimental data in cyclic tests with strain rate
2x107 1/s, maximum strain €max = 0.09, and various minimum stresses omin. MPa.

Observations from the Fig. 2 are that evolution of the relaxation curves are depend on the
amount of strain reversal, (Ae=emax- €). When amount of strain reversal is large, it continues to
increase with increasing time until it reaches an asymptotic value. If Ae is intermediate value,
stress at first increase up to a level and then decreases continuously with time until it
approaches a stable value asymptotically.

XX. Ulusal Mekanik Kongresi 462



Dusiinceli’,

* 408
@
=
=
¥

Hrsan
Fhigy “*‘*m:mt
44 HE R R
* +***********iiii:ii*iiitﬁﬁﬁ*‘***‘*ﬂ'ﬁtwﬁwkﬁﬁwﬂ'ﬁﬁ
***********+*******+**ii

=
iE
3t
i
3
#3
P
po
3
it
43+
3
3
Pt
3
St
5t
e
Fx
it

&© j69300000000U000000000
000000000000OQGQQQQQQQQQQQQQQQQ BOGL OG0, BEPOOOOLORLOBHOFOLLTIT O T
1 {4 ?O & ¢

—
o
(o
R :

telelolelelelelolslolelslolelolol0]
@ Ooo 00000OO0000000000000OOOOOOOO0OOOo000000OODOOOOOOOOO000000000000000000000
b : .
o : :
= g : : : A
w

ﬂvgﬂVﬁvﬁﬁvvvﬁﬂﬁvﬂvﬁvﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂvﬂvﬁvﬂﬁﬂﬁﬂﬁﬂﬁvﬂﬁﬁvvvvvvvpvvvvvgggggggﬁgqgﬁgvvvggvgvgvgv
Ed H

¥

ABALY
- AAAA

iy

a i I | i 1
1 am 400 &0 &0 1000 1200

Time (s)

Fig. 2. Stress versus relaxation time for PP. Symbols: experimental data in relaxation tests on
specimens subjected to tension up to maximum gmax = 0.09 and subsequent unloading down to
various minimum stresses cmin MPa.

Stress-strain curves of PP at various temperatures are given in Fig. 3. As can be seen in Fig. 3,
stress-strain curves are nonlinear and stress monotonically decreases with increasing
temperature maximum stress at 15% strain decreases approximately by 3 times, from 25.8
MPa at room temperature to 21 MPa at 40, 18.2 MPa at 50, 15,6 MPa at 60, 12.8 MPa at 70,
11.3 MPa at 80, 10.2 MPa at 90, and 9 MPa at 100 °C. Residual strain after unloading is
practically same for all temperatures and this value is close to 0.06 and independent of
temperature.
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Fig. 3. Stress versus strain for PP. Symbols: experimental data in cyclic tests with strain rate
2x107 1/s, maximum strain €max = 0.15, minimum stresses omin= 1 MPa. and various
temperature levels.

Experimental results in relaxation tests at 1 MPa at various temperatures are shown in Fig. 4.
Strain reversal was very large level in these cases, for evolution of relaxation behavior at high
temperature can be observed. For all temperatures, tensile stress monotonically increases with
elapsed time. Especially, when temperatures are bigger than 40 °C, stress level reaches
asymptotic values and then it seems to be practically constant.

Stress (MPa)

TIITI;!.I:S:I

Fig. 4. Stress versus relaxation time for PP. Symbols: experimental data in relaxation tests on
specimens subjected to tension up to maximum gnax = 0.15 and subsequent unloading down to
minimum stresses omin = 1 MPa at various temperature levels.

2.Modeling

Many models use the “equilibrium stress”, also sometimes known as “the back stress”, in
characterizing the response of both polymeric and non-polymeric materials [1-4]. Several
researchers attempted to determine characteristics of the equilibrium stress. Their assumption
is that there exist loading conditions under which the relaxation processes stop so the load
may be held at constant strain indefinitely, and which the material response would normally
tend toward this equilibrium [5-7].

In the literature, there are two types of experimental to determine equilibrium stress. The first
method is similar to our test on PP that the specimen is partially unloaded and then waited for
zero stress rate at constant strain level. The second method is dip test that include cyclically
loading, firstly, specimen is load and then rapidly is unload, and then stress is fixed while
observation of strain. On the other hand, there is modified version of dip test that is conducted
using deformation history. The method is called rapid load-unload test also [8-10].

Fig. 2 and 4 show that at constant strain the stress either decrease or increases toward the
equilibrium response, depending on which side of the equilibrium response the process starts
from, and then indefinitely stays there. But these tests take very long time to reach
equilibrium stress.
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Viscoplasticity theory based on overstress (VBO) model was developed by Krempl based on
the observations of the behaviour of metals and alloys at high temperatures [11]. [12 and 13]
observed that the mechanical behaviour of the solid polymer at room temperature has a
number of similarities with the mechanical behaviour of metallic materials. In order to model
the mechanical behaviour of solid polymers, [14] developed the viscoplasticity theory based
on overstress for polymers (VBOP) by modifying the VBO model.

In this study, as the experiment is uniaxial tension test, one-dimensional equations of VBOP
model used. The flow law for small strain, incompressibility and isotropy is given by;

f=g =L 4 p28
RE T

1)

where E is Young's modulus, and F is the viscosity function. The superposed dot represents
the material time derivative. The difference between the Cauchy and the equilibrium stress is

"the overstress". I’ :|a— g| IS the overstress invariant. It can be seen that evolving of the

overtress in Fig. 5.
The evolution of the equilibrium stress is as follows;
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the y represent the positive shape function. The Shape function is influential on the transition

from the quasi-linear region to the fully inelastic flow region. It controls the modelling of the
neck region, as well as the modelling of the unloading curve. It is defined for polymeric
materials as follows [15].

C,—v,
expics‘g‘” )

_ 9
v, = Cl(l-'_ C4(m (3)

where C,,C,,C,,C, are the material parameters. Relation between Cauchy stress and

equilibrium stress are given in Fig. 5.
Kinematic stress adjusts the tangent module at the maximum strain of interest. It also enables
the modelling of the Bauschinger effect.

V=g, +

(ol g ()
I +|g|
where E, = tE and E, is the tangent modulus. The isotropic stress (A) is used for the
1-—t
E

modelling of the hardening and softening behaviour. It was taken as a constant value in this
study. The positively increasing form of the nonlinear viscosity function is;

F m
F= B(Bj ®)
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B is the universal constant, m is the material constant, and D is the drag stress. In order to
model the nonlinear features of the unloading curve of polymeric materials, The R parameter

—kh'
is added to the elastic part of Eg. 1 [16 and 17]. It is defined as R :1—{%] , Where t

and n are the material parameters.
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Fig. 5. "Overstress" model's Cauchy-Equilibrium-Kinematic Stress Relation.

The model predictions were calculated using these determined material parameters. The
following simulations were carried out to investigate the modeling capability of VBOP for 20
min relaxation at five different stress levels (20 MPa, 15 MPa, 10 MPa, 5 MPa and 1 MPa) on

unloading path.

Stress-strain curves of PP under uniaxial tensile loading up to 9%, afterwards unloading down
to 20, 15, 10, 5, and 1 MPa respectively, with strain rate of 2x10 s * and model predictions
are given in Fig. 6. Each stress-strain curves include 20-min relaxation experiments at all
stress levels. Model prediction and the experimental results are compatible with each other.
Especially unloading curves are captured quite well for 0.006 and 0.009 strains; however,
there is a little bit deviation at 0.0027 strains.

XX. Ulusal Mekanik Kongresi 466



Dusiinceli’,

30 T T T T T

Stress (MPa)

0.02 0.04 0.06 0.08 0.1
Strain

Fig. 6. Stress versus strain. Specimens are subjected to tensile loading to maximum strain
ema= 9% and subsequent unloading to various minimum stresses at 2 s, over a 20 min.
relaxation test.

VBOP model relaxation predictions for loading up to 0.009 strain and unloading down to five
different stress levels (20 MPa, 15 MPa, 10 MPa, 5 MPa and 1 MPa) are given in Fig. 7.
Mixed relaxation is observed at 20 and 15 MPa. In these stress level, there are a little bit
deviation between VBOP model prediction and experimental data for long time, but evolution
of prediction and experimental data have same characteristics. If the stress level is below 15
MPa, the material shows inverse relaxation. Good agreement between the inverse relaxation
of PP and predictions of the model are observed.

Stress (MPa)
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10 10 10 10
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Fig.7. Stress versus logarithmic relaxation time. Specimens are subjected to tensile loading to
maximum strain ema= 9% and subsequent unloading to various minimum stresses at 2x10°° s°
! over a 20 min. relaxation test.

3. Conclusions

A comprehensive study is reported on isotactic polypropylene in uniaxial tensile test with
2x107 1/s strain rate, tensile relaxation test with various stresses on unloading segments at
room temperature. In this study, it is observed that unusual relaxation behaviour is affected by
the difference between the maximum strain level and the current strain level. As the strain
increment increases, the relaxation behaviour changes from simple relaxation behaviour to
inverse relaxation behaviour. Additionally, Unusual relaxation behavior of PP under uniaxial
tensile loading at various temperatures is experimentally investigated. Following observations
are concluded: Unusual relaxation behavior not only depends on strain amount after strain
reversal but also on temperature.

The modified VBOP is applied to predict unusual creep/relaxation behavior of polymer at
various stresses. In addition, multiple creep behavior of polypropylene at various stress levels
at room temperature is predicted using the modified VBOP model. Comparisons between the
VBOP model prediction and experimental data of polypropylene reveal that the VBOP model
has good capability to predict unusual relaxation behaviour of polyproplyene.

KAYNAKLAR

[1] Krempl, E., 1987, “Models of Viscoplasticity Some Comments on Equilibrium
(Back) Stress and Drag Stress,” Acta Mech., 69, pp.25-42.

[2] Chaboche, J.L., 1989, “Constitutive-Equations for Cyclic Plasticity and Cyclic
Viscoplasticity,” Int. J. Plasticity, 5, pp.247-302.

[3] Miller, A.K., 1976, “An Inelastic Constitutive Model for Monotonic, Cyclic and
Creep Deformation: Parts I and II,” J. Eng. Mater. -T ASME, 98, pp. 97-112.

[4] Bodner, S.R., and Partom, Y., 1975, “Constitutive Equations for Elastic- Viscoplastic
Strain Hardening Materials,” J. Appl. Mech.-T ASME, 42, 1975, pp. 385-389.

[5] Negahban, M., Goel, A., Delabrre, P., Feng, R., and Dimick, A., 2006,
“Experimentally Evaluating the Equilibrium Stres in Shear of Glassy Polycarbonate,” J. Eng.
Mater. -T ASME, 128, pp. 537-542.

[6] Goel, A., Strabala, K., Negahban, M., and R. Feng, R., 2010, “Experimentally
Evaluating Equilibrium Stress in Uniaxial Tests” Exp. Mech., 50, 709-716.

[7] Sehitoglu, H., 1989, “Changes in State Variables at Elevated Temperatures,” J. Eng.
Mater. -T ASME, 111, 192-203.

[8] Drozdov, A.D., 2010, “Effect of Temperature on The Viscoelastic and Viscoplastic
Behavior of Polypropylene” Mech. Time-Depend. Mat., 14, pp.411-434.

[9] Krempl, E., 2001, “The Relaxation Behavior and Modeling,” Int. J. Plasticity, 17,
pp.1419-1436.

[10]  Neu, R.W., Scott, D.T., and Woodmansee, M.W., 2000, “Measurement and Modeling
of Back Stress at Intermediate to High Homologous Temperatures,” Int. J. Plasticity, 16, 283-
301

XX. Ulusal Mekanik Kongresi 468



Dusiinceli’,

[11]  Krempl E. In Unified Constitutive Laws of Plastic Deformation. Krausz, AS., Krausz,
K., Academic Press: San Diego, 1996, p 281.

[12]  Krempl E, Bordonaro C.M., 1995, Polym. Eng. Sci., 35, pp.310-316.

[13] Kitagawa M, Mori T, Matsutani T., 1989, J. Polym. Sci. B: Polym. Phys., 27, pp. 85—
95.

[14] Krempl E, Ho K. Time Dependent and Nonlinear Effects In Polymers and
Composites, Schapery R, and Sun C, eds., American Society for Testing and Materials
Special Technical Publication, Philadelpia, USA, 2000, Vol.1357, 118-137.

[15] Ho K, Krempl E., 2002, Int. J. Plasticity, 18, pp. 851-871.

[16] Krempl E. Creep and Damage In Materials And Structures, Altenbach H, Skrzypek
JJ, eds., Cism Courses And Lectures, Udine, Italy, 1999.

[17]  Colak O.U, Dusunceli N., 2006, ASME J. Eng. Mater. Technol., 128, 572-578.

469 XX. Ulusal Mekanik Kongresi



