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Abstract

The framework of the present research is the study of the effects of viscoelasticity on the yield behaviour of amorphous glassy polymers.
The research regards the shear yielding mechanism in an amorphous glassy polymer and the identification of a yield criterion, which takes
into account the effect of mechanical history on the yield point (defined as the onset of plastic strain), is set as its final goal. To this end,
constant strain-rate, creep and stress relaxation tests were carried out at room temperature under uniaxial compression conditions on a
styrene—acrylonitrile copolymer. The results obtained emphasise that yield onset cannot be identified by a critical value of the applied stress
or strain. Referring to models of the plastic deformation mechanism previously proposed in the literature, the anelastic strain, the
anelastically stored energy and the viscoelastic energy were suggested to reach a threshold value at the yield point. All three parameters
were evaluated at the yield threshold and showed fairly constant values irrespective of the mechanical history. Nevertheless, the data
dispersion and the simplicity of the analogical model used to estimate these quantities did not allow to identify which of them actually
controls the yield proces® 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction shear yielding and crazing, the sum/*®, between the
time-dependent part of the specific stored enew, and

Up to date, the shear yield threshold for polymeric the specific dissipated energy®ss
materials has been analysed mainly following two different  As for the second approach, following Oleinik et al. [2—5]
approaches. The first is a continuum mechanics approach inthe plastic deformation of an amorphous polymer in its
which the yield criteria applied generally to metals have glassy state consists of repeated local deformation
been adapted to polymeric materials taking into account processes. Local shear defects, (defined as plastic shear
their pressure sensitivity [1]. The second considers yielding transformations, PSTs) begin to nucleate at the early stages
from a molecular and structural point of view and in the of loading. Anincrease in material’s internal energy and the
present work the models proposed by Oleinik and co- formation of new PSTs with increasingly higher stored
workers [2-5] and Boyce and co-workers [6—8] will be energy take place as the macroscopic deformation increases.
considered. Some authors [1,9] have considered bothThe strain accumulated in the PSTs is frequently referred to
approaches. as the anelastic componert,, of the total straineror.

With regard to the first approach, the above-mentioned When the local deformation and the local energy linked to
yield criteria seem to provide a rather good description of PST reach high critical values, conformational rearrange-
the yield threshold as a function of the stress state, but thisments of short sequences of polymer chains occur in the
has been verified only in constant strain-rate tests. The effectcore of the defect or in its neighbourhood, transforming
of loading history, related to the polymers’ viscoelasticity, the PST into conformational excited coils (CEC). The
has not been studied widely. Some work has been done byCEC formation is a defect relaxation process that allows
Briller [10,11], who proposed an energy-related failure the relaxation of the local energy excess, but preserves the
theory that considers as a critical parameter, both for local deformation. The strain connected with the CEC is

frequently referred to as the plastic strain componept,
mpondmg author. Faxt 39-2-70638173. pf the overall strgipeTOT, anditis thermally recqvered only
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It has to be remarked that in the glassy state CEC and thusthe sample surfaces [7,8]. Specimens were machined from
plastic strain cannot form unless anelastic strain has beenplates compression moulded at?8tand 5 MPa.
accumulated through PST nucleation. Moreover, in constant  Before testing, the specimens were annealed in a vacuum
strain-rate tests, the anelastic strain continues to increaseoven for 4 h at 118 and then for 1 h at 12C. They were
also when the total strain is beyond the yield poiat, then cooled to 3@ in about 21 h and stored at®1for 24 h
will tend towards an asymptotic value, which is reached in a dry chamber. The treatment is performed in order to
when the rates of PST nucleation and of their conversion give the material a fixed microstructural state. Moreover,
into CEC equilibrate. this treatment controls the water absorbed by the material,

Hasan and Boyce [6,7] propose a slightly different approach which, although modest, may affect its mechanical
to the description of the plastic process, in which local shear properties [12].
transformation events, like the PST, are still considered. They The tests were carried out atZlon a INSTRON 1185
assume that, as strain increases, at a certain point the “matrix"equipped with a 100 kN load cell. During loading, sample
material available for the strain energy storage for the sheardeformation was measured by an extensometer fixed onto
transformation will be depleted. Additional energy can no the two compression plates.
longer be stored in the material by this mechanism. When The residual strain in the samples after unloading was
this happens, further energy is stored in the material by the obtained as the relative variation of their height,
creation of new defects (high local free volume sites, the so he — h
called “soft” sites), which corresponds to the plastic strain e = —2
formation. In the present work the energy stored through the ho
mechanism of shear transformations will be defined as Height measurements were carried out with a micro-
“anelastically stored energyWy). meter.

The aim of this paper is the study of yield onset  The true stressgy, was obtained from forcef, and

dependence on loading history in an amorphous glassystrain, e, measurements assuming a constant volume by
polymer. Mechanical tests have been performed underthe expression

different loading histories and the yield point determined
for each one. The results obtained clearly show that yield . — F (1-¢
onset cannot be determined simply by a critical value of Ao

stress or strain, since both depend on the loading history.\m1erer is the initial specimen’s cross-sectional area.

Therefore, the identification of a yield criterion through the  1,.oq different mechanical histories were applied to the
definition of a quantity, which, irrespective of the applied specimens:

loading history, has a critical value at yield onset, was
attempted. Referring to the above-quoted literature, the 1 onstant strain rate:
anelastic straing,, the anelastically stored energws, 2. constant load (creep);

and the viscoelastic energi'’®, were considered as possible 3. constant displacement (stress relaxation).
quantities critical at yield onset.

Since it is not possible to apply an instantaneous load or
displacement to a sample, constant loads for creep tests and
constant displacement for stress relaxation tests were
2 1. Material reached through a constant strain rate ramp at 0.5min

2. Experimental

Testing was performed on a styrene—acrylonitrile copoly- 2.3. Yield onset determination
mer having 33wt% acrylonitrile and weight average . . .
molecular weight of 80000, provided by ENICHEM. For any mechanical history, the _ove_raII strain can be
Its glass transition temperatut@, = 110°C) was deter- though'g of as the sum of three contrlbut'lons: an elastic, an
mined by means of differential scanning calorimetry (DSC) _anelgstlc and a plastic strain. By separating the overall strain
at 20C min™* heating rate. The secondary transition tempera- Into its components, the yield point, defined as the onset of
tures (T, = —30°C, T, = —125C) were determined from plastic strain, can be determined. The elastic straip,

the dynamic mechanical experiments performed at 1 Hz and_depends only on the momentary stress IeveI.and recovers
at a 20C min~* heating rate [12]. instantaneously after unloading. The anelastic straip,

evolves with time (even under constant load or deformation
2.2 Mechanical tests conditions) and recovers as a function of time after unload-
ing. The plastic strainey, sets in only after some loading
Uniaxial compression tests were performed on cylindrical time and is permanent [1,4,6].
samples having 10 mm diameter and 10 mm height [7]. In  If a series of identical specimens are loaded up to
order to minimise end-friction, sheets of polytetrafluoro- different levels and then unloaded, yield onset can be
ethylene were used between the compression plates andletermined (irrespective of the loading history) through a
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Fig. 1. Time-recovery of residual strain after unloading of samples initially Fig. 3. True stress—strain curves at different strain rates together with the

. . — i - : i i
deformed up toeror = 11% through a loading ramp &= 0.05 min relevante, Vs eror plots. The yield onsete(s, o§%) determination for

(Tgef = Trec = 21°C). Different symbols refer to different samples. ¢ =05 min~!is shown.

back extrapolation of the plastic strain versus total applied

strain plot to zero value o&p. This method, previously A thermal treatment may be applied to ensure the total
adopted in constant strain tests [1,9,13], has been adaptedecovery of the anelastic strain without altering the plastic
to the creep and stress relaxation experiments. strain. In order to determine the temperature and the

Since the elastic straiig), recovers during unloading, the duration of such a treatment, different specimens were
residual straing, after unloading is made of the anelastic deformed, as above, at 0.05 minup to 11% strain and,
componente,, and, if the material has yielded, of the plas- after unloading, each sample was annealed for 24 h at a
tic componentg,. The anelastic strain recovers with time temperature T, (Tger = 21 =T, < Ty = 110°C). Fig. 2
and, therefore, the residual strain decreases with timeshows the residual strairg,es as a function ofT, The
towards an asymptotic value. This value is equal to zero presence of a plateau in the temperature range from 30 to
or to €, depending on whether yielding has occurred or 70°C can be noticed. The residual strain plateau value is
not. In order to obtairy and correctly apply the extrapola- comparable to the asymptotic value obtained in the time—
tion method, the anelastic strain component must always bedeformation—recovery at 2C (Fig. 1).
totally recovered. Fig. 1 shows the residual strain as a Referring to these results and to the literature [13], in the
function of time after unloading in samples previously present work a thermal treatment of 24 h at’®0Owas
deformed up to 11% strain at a constant strain rate of adopted to totally recover the anelastic component of
0.05 min *. The decrease of..s with time is therefore due  deformation.
to the anelastic strain recovery and the asymptotic value is
the plastic component. It is to be observed that, although 2 4. peformation components determination
most of the anelastic strain in the unloaded sample is
recovered in a short time, the exact time necessary to After the yield onset determination, it is possible to obtain
reach the asymptotic value is not easily determined. the values of the three components of the total strain,

€101 = € T €an + €, At @any time during a test according

12— to the following equations:
Y A R N T S, S
S ] el = E an = €TOT — €el — €pl = €TOT E €pl
vé initial strain level (e ) 1 un un
“ 8 v ] @)
‘3 ; ] : . . . .
£ 6 plateau strain level 1 in which e, is experimentally measureds is the true
E A o R \ ] applied stress anl,, is the unrelaxed modulus, that is the
B ST~ f-o- - I material’s modulus measured at very low temperature or
g 5 o  Te=110T]
© ] Table 1
0 ) ) ) ) ] Strain, stress and time to reach yield onset in constant strain rate tests
20 40 60 80 100 120 . ot ot ot
Temperature, T (QC) € (min™) €csr (%) ocer (MPa) tesr (S)
. . . ) . 0.00 7.5 99t 1 984+ 6
Fig. 2. Residual strains after 24 h as a function of annealing temperature () ;5 8.0 107+ 5 100+ 10
(Ty. Before annealing, the samples were deformed ugtg=11% 0.5 8.5 113+ 7 11+ 1

through a loading ramp at 0.05 mihand then unloaded.
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Fig. 4. Stress levels and strain range applied in creep and stress relaxation_. lasti . ¢ . f . ¢ les loaded
tests, reached through a loading rampéat 0.5 min~. The yield onset Fig. 5. Plastic strain as a function of creep tirg{j for samples loaded up

(€5 oS™) in the constant strain rate test at 0.5 miifis also shown to different levels of the initial true streget = 92, 99 and 108 MPa).

high frequency. In this work a value of 6.1 GPa obtained in of the creep time for each of the three stress levels. It can be
Ref. [12] from dynamic-mechanical measurement at 1 Hz observed that a 10% variation of the applied load shifts
and —15C0C was used. substantially the yield process on the time scale but, since
data scattering is quite large, an extrapolation to obtain a
creep time for zero plastic strain is difficult. Plastic strain
was thus plotted as a function of total straigy (Fig. 6) and

the total strain value at yield onset obtained by extrapolation
to e, = 0. Results are shown in Table 2. Within the experi-

Three different strain rates have been examitee- mental error yield strain is independent of the applied stress.
. - - Using an average value of yield straiie,= 7.8%, a
0.005 0.05 and 0.5 min?). The yield onset was determined, 9 crit 9 Y ereep >

at each strain-rate, as follows. A series of identical samplesy!e'd t|m_e (tereep. defined as the time _requwed to reach the

were deformed up to different strain levels and heat treatedy".eld pomt. frpm t.he end of the Igadlng ramp, was deter-

after unloading as described above. Fig. 3 shows the stress-Mined. This time is also reported in Table 2, for each of the

strain curves together with plastic strain versus applied applled stress levels. (_Zregp t‘?StS show that _stress IS not

strain plots obtained. By extrapolating the plastic stain to cr|t|(_:al at the onset of yielding, in agreement with constant
_ : : Lot _crit strain-rate tests results.

€p = 0, stress and strain at the yield poit (", €“™) were

determined. In Table &°™", €™ and time to yield ") are

reported. It can be observed that: (i) for all strain rates, yield

onset occurs beyond the maximum stress; (ii) the stress A series of identical samples were loaded up to different

values at the yield point depends on the strain rate; (i) strain levels (5.0, 6.0, 7.0, 7.4 and 8.0%) applied through a
strain at yield does not vary significantly with the strain

3. Results

3.1. Constant strain rate tests

3.3. Stress relaxation tests

rate. From these results it can be deduced that stress is not 25 . . . . . 5

critical at yield. O~ 108 MPa
= r— 99 MP .

3.2. Creep tests s 20 a— 99 MPa L’
= -0~ 92 MPa L

A series of identical samples were loaded up to a fixed level 2 15

of load through a constant strain-rate ramp at 0.5 thafter ‘s .

which the load was maintained constant for different creep f 10}

times (102 < tereep < 10°s). The specimens were then &

unloaded and thermally treated to recover the anelastic & s

component of deformation. Three different load levels at the

end of the loading ramp, corresponding to true stresses of 92,

99 and 108 MPa, were considered. The ramp was always 04 510 s
arrested before reaching the maximum stress in the relevant
constant strain-rate test performed at the same rate as the

loading ramp (Fig. 4). Fig. 6. Plastic strain as a function of total straérd;) for the same samples
In Fig. 5 the plastic deformation is reported as a function as in Fig. 5.

20 25 30 35
Total strain, & (%)
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Table 2 4. Discussion
Strain at yield onset and time to reach the yield point from the end of the

loading ramp in creep tests A schematic description of the mechanical tests

o(MPa) €< (%) (S performed and the relevant observations made on the
results is:
92+1 8.0 4+ 1)x 10*
99+3 7.3 2+ 1)x 10° Test Applied loading At yield onset
108+ 3 8.2 (4+ 1)x 10°

Constant strain rate (csr) € = 0.005 0.05 ¢St = f(¢)
crit __

and 0.5 min* € ~ const — applied
stress is not critical

constant strain rate ramp at 0.5 minthe stress was then Creep after loading ramp oqee= 9299 €y~ const—

allowed to relax for different times(l <t <7X at 0.5 min* and 108 MPa  applied stress is not
10® min). After unloading, the specimens were thermally critical

treated pefore measuring the plastic strain. Eyen thou.ghstlress relaxation after  €g =50,6.0, oSt =f(e) — applied
the applied strains were always below the yield strain loadingrampat0.5mit 7.0, and 7.4% stress and overall strain
(8.5%) determined in the constant strain-rate test performed are not critical

at the same rate as the loading ramp (Fig. 4), plastic defor-

mation set in, indicating that the overall strain levelisnota  The constant strain rate experiments clearly show that

threshold for yielding. stress is not the parameter that reaches a critical value at
In Fig. 7 the plastic strain values are shown as a function yield onset. This result is confirmed by creep and stress

of the relaxation timet,.,, for the different applied strains,  re|axation experiments. From the latter, it is also possible

eror. The data points available for the strain level of 8% tg state that strain too is not critical at yield onset.

were Considered not SufﬁCient for further elaboration. An Therefore’ as mentioned in the introduction, the fo”ow_

empirical fit of the data relevant to the strain levels of 5.0, jng three quantities were considered as potential parameters

6.0, 7.0 and 7.4% was performed using logarithmic reaching a critical value at the yield point:

functions. These functions were utilised to obtain, by

extrapolation toe, = 0, the yield time (relaxation time at 1. anelastic straine,, according to Oleinik and co-work-

yield, t<}"). From this time the stress at yield onsefy|', was ers’ description of the plastic process;

determined. Table 3 reports the obtained yield stress and2. anelastically stored strain energds, following Boyce

yield time values. Presumably the yield time for the strain  and co-workers’ approach;

7.4% is affected by a large experimental error, due to the 3. viscoelastic energyW'® = W¢ + WSS in relation to

scarce experimental data at this strain level. In Fig. 8 yield  Briller results.

time is plotted versus the applied strain. The strain value at

yield onset obtained in the constant strain-rate test at the Up to yield the anelastic strain component can be directly

same rate as the loading ramp should correspond to a zeraletermined from the relevant experimental applied stress

value of the yield time. This strain value (8.5%) is also and overall strain, using Eq. (1) widy =0

reported in Fig. 8 and it appears consistent with the relaxa- ot
tion tests results. €an = €10T ™ €l = €T0T © E - ©
As for the two energies considered, they were estimated
35 referring to the simple analogic Zener model (Fig. 9), which
3 o= 30% - ] may, in a first approximation, describe the behaviour of a
= F —o - 6.0% b ] viscoelastic material before plastic deformation sets in.
E—; 25F _a700 £ ] The spring having elastic consté&f describes the pure
;i > E o 740 2 /./" = ] elastic behaviour of the material and the parallel system,
3 S . Fe . 3 made of a spring having elastic constéitand a dashpot
f 15 F —a- 8.0% - . :_,.f' 3 having viscosityn 4, is considered to describe the material's
2 ] 3 A/,/' N E anelastic behaviour. The energy stored in Eiespring is
A : N %?)8 ] therefore the anelastically stored eneky:
05 PEARA ] 2
o b . .. _psgo—mTo ] WE = 3 eaF1 = 3 (eror — €)’Er = %(ETOT_ %) Eq
1 10 100 1000 10*
Relaxation time, t (min) ©)
The viscoelastic energW*® is given by the simple

Fig. 7. Plastic strain as a function of relaxation timg)(for samples
deformed up to different strain levelg&ror = 5.0, 6.0, 7.0, 7.4 and
8.0%). Lines are logarithmic interpolation through all points. W'E = Wrot — Wg 4

equation:
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Table 3
Stress at yield onset and time to reach the yield point from the end of the
loading ramp in stress relaxation tests Eo
€ (%) ol (MPa) tfal (s)
E1 n1
5.0+0.1 85+ 2 350
6.0+ 0.4 82+ 3 180
7.0£0.3 80+ 1 60 c
7.4+0.1 69+ 1 130
Fig. 9. Zener model.

in which Wiy is the deformation work: estimate, through the Egs. (3) and (6), the mod&ushich

P turned out to be 1.49 GPa. This value is comparable with the
Wror = J o7 de ©) material's modulus measured by means of dynamic

0 mechanical experiments [12] after the activationyond
andWj is the elastically stored energy in the sprifg B relaxations.

2 Since this result is in agreement with Refs. [4,5] where it
WE = 1ot (6) is suggested that the molecular relaxations related to the

2 By formation of PST, which precedes the yield process, are
For Eo, the value of the unrelaxed modulus (6.1 GPa) was correlated tof andy motions, in the following the value

used [12]. of 1.49 GPa was used for the modulks

As for the modulusE;, whose value is related to the Table 4 reports, for each of the applied loading histories,
relaxation process involved in the plastic strain, the the values at yield onset of the anelastic strain together with
material’s rubbery plateau modulyg; = 1.26 MPa [14]) the anelastically stored energy and the viscoelastic energy.
was at first considered, since the thermal recovery of plastic It €an be observed that in the stress relaxation tests, the
strain takes place above the glass transition temperatureYalues obtained for each of the three parameters are system-
Using these values foE, and E; and the experimental atically lower than those obtained in the other tests. This is
value of the applied stress, by combining Egs. (3) and (6), probably due to the empirical method adopted for yield

the total stored energg + We) was calculated at yield ~ ONSet extrapolation. . .
onset (e;o7 = 8.5%) for the constant strain rate test at ~ Notwithstanding the scattering of the data obtained, an

0.5 min~* and resulted to be-1 kJ/kg. This value is quite ~ attémpt to evaluate if one of these parameters is critical at
different from the total stored energy value of 5.3 kJ/kg Yi€ld onset was performed, examining their constancy
determined by Oleinik [15] at a similar strain (10%) in a irrespective of the loading history. To this purpose, the
deformation calorimetry test performed at similar strain rate Mean value, Xy, of each of the three parameters was
(0.1 min~Y). In this test the total stored energy is evaluated evaluated considering all the loading histories. They are
as the difference between the deformation work and the heat'€Ported in Table 4 together with their coefficient of variation,

(corresponding to the dissipated energy) directly measuredV- Moreover, the differencedX, between the parameter's
during the experiment. value determined in a single loading history and its mean

Oleinik’s value of total stored energy was then used to Valué, Xy, was calculated. The ratio betweaiX and Xy, is
shown in Fig. 10 for all the parameters and for each of the

B applied loading histories. The figure qualitatively shows that
~ 350 F 0
£ E 100 1
=) 300 £ [ constant .o
= E strain rate %SN‘ESS relaxatlon% creep
;200 | —~ [ i\ | ]
£ . o S .
E 150 | P S 8 o . ___]
o g o G o ey s 24 8
S 100 E e
- :
50 | SN S0F * w'
- ~
O E R R S S R c WVE
4 5 6 7 8 9 L 1 1 1 L 1 1 TR \A 8‘811
Total strain, €ror (%) -100 5005 0.05 0.5 5 6 7 75 92 99 108
¢ (min’") €ror (%) o, (MPa)

Fig. 8. Yield time(tfgi‘) as a function of the applied straiatpy) in stress

relaxation tests. The full point is the yield onset in 0.5 nirconstant Fig. 10. Deviation ofV§, W' ande,, from their mean value for all loading
strain-rate test (see text). histories.
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Table 4
Anelastic strain component;) anelastically stored energyV;) and viscoelastic energy\("®) at yield onset for each of the performed loading histories,
together with their mean valueX{) and coefficients of variation{)

Test Test condition €an (%) Wi (kJ/kg) WY (kJ/kg)
Constant strain rate € =0.005 min ! 59+0.1 2.6x0.1 5.2+ 0.1
é=005min ! 6.3+x0.1 3.0+ 0.1 6.0+ 0.2
¢=05min?! 6.6+ 0.3 3.3+0.1 7.0+ 0.1
Creep or =92 MPa 6.4+ 0.1 3.0+ 0.1 4.9+ 0.1
o1 =99 MPa 6.3+ 0.1 2.9+ 0.1 5.3+ 0.1
or = 108 MPa 6.1+ 0.1 2.8+ 0.1 5.6+ 0.1
Stress relaxation eror = 5.0% 3.9+ 05 1.1+0.1 3.4+ 0.1
eror = 6.0% 49+05 1.8+0.3 4+ 1
eror = 7.0% 5.5+0.3 2.3+ 0.3 5.2+ 04
eror = 7.4% 6.3+ 0.1 3.0+ 0.1 6.1+ 0.1
Mean value X, 5.8 2.6 5.3
Coefficient of variationyV (%) 15 25 20

the anelastic strain seems to deviate less from its mean valuénis contribution to this work through scientific support and

than the other two quantities. The result is confirmed by the useful discussions. Constructive discussions and data

values of the coefficients of variation. exchange with Prof. E.F. Oleinik during his stay in our
laboratory are also acknowledged. The authors are also

5 Conclusions grateful to Dr L. Castellani, Enichem of Mantova, Italy.
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