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Intrinsic strain softening appears to be the main cause for the occurrence of plastic
P. H. M. Timmermans localization phenom_ena in defermation c_)f glassy polymers. '_I'his is supported by the
homogeneous plastic deformation behavior that is observed in polycarbonate samples
that have been mechanically pretreated to remove (saturate) the strain softening effect. In
this study, some experimental results are presented and a numerical analysis is performed
simulating the effect of mechanical conditioning by cyclic torsion on the subsequent
W. A. M. Brekelmans de_formati_on of polycarbonete. To facilitate the numerical analysi_s of the “mechanica_l
Eindhoven University of Technology, rejuvenation” effe(;t, a previously developed model, the “compreSS|bIe Leonov model,” is
Faculty of Mechanical Engineering, extended to describe the phenomenological aspects of the large strain me(_:hanlcal_ behav-
PO, Box 512 5600 MB Eindhoven ior of glassy polymers. The model covers common observable features, like strain rate,
" The Netherlands temperature and pressure dependent yield, and the subsequent strain softening and strain-
hardening phenomena. The model, as presented in this study, is purely “single mode”
(i.e., only one relaxation time is involved), and therefore it is not possible to capture the
nonlinear viscoelastic pre-yield behavior accurately. The attention is particularly focused
on the large strain phenomena. From the simulations it becomes clear that the precon-
ditioning treatment removes the intrinsic softening effect, which leads to a more stable
mode of deformatior{.S0094-428@0)01002-]
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1 Introduction of the different samples is exactly the same: the effect of physical

. . . ing has been removed and the material is rejuvenfa@di?.
The deforr_nanon behaV|_or .Of glassy polymers IS general&ae same effect can be achieved by heating the sample above the
strongly dominated by localization phenomena like necking, shegr

band formation, or crazing. This susceptibility to localization jg'ass transition temperature and cooling it rapldly fo the glassy
State(quenching. In some glassy polymers, as, for instance, PVC,

directly related to the intrinsic large strain behavior of glass) insic_softening completelv_disappears after this quenchin
polymers visualized in Fig. 1. These true stress-strain curves ﬁéH’ 9 pietely pp g 9
rom the rubbery into the glassy stdte3)].

be obtained in uniaxial extension using a video-controlled tensneAlthou h these experimental observations clearly connect the
test[1] or in uniaxial compressiof?2,3]. Typically, the yield stress . =~ .. 9 : P ) . y
. intrinsic softening effect to the physical aging process, the effect
depends on strain rate, temperature, and pregdréfhe post- . . ; )
cannot be rationalized completely in terms of an increase of free

yield behavior of glassy polymers is governed by two CharaCte\Fblume as a result of the imposed strain. The inability to explain

istic phenomendl,5]. Immediately after the yield point thgrue) . .~ ftening. | ; ith Ve dilatational
stress tends to decrease with increasing deformation, an effect { g{nsw softening In experiments with a negative dilatationa
; R . . ' strain(compressiohis probably the strongest argument. Xie et al.
is usually referred to as intrinsic strain softening. At large defof: .
%149 measured a decrease of the actual free volume in polycarbon-
'E& under compression by means of positron annihilation lifetime

rl%ectroscop;éPALS), whereas polycarbonate is known to display

intrinsic softening in compressiof8]. In PALS measurements

mations the softening effect is saturated and the true stress st
to rise again with increasing deformation. This strain hardeni
effect has been subject of a number of studies in the (@agt,

[3,6,7), and is generally interpreted as a rubber elastic contriby- . ;
tion by the molecular entanglement network. Hurlng compression tests on polymethylmethacrylate, however,

L R . . Hasan et al[15] observed an increase of the number of areas of
Although the ongin of the intrinsic softening effect is not Y€iocal free volume evolving to a steady value. Based upon these
completely clear, it seems tc.’ be closely re[ated to the physi servations they postulated a phenomenological law for the evo-
aging processgvolume relaxatiopthat occurs in the glassy state| ion of the densityD of these areas in a glassy polymer during

[8]. With physical aging the specific volume decreases leading itormation. During elastic deformatio, is constanithe mate-

. - . © JeREAY state does not changé®uring plastic deformatior) evolves
dence(age-shiff, and an increase of the yield strds§. The in- a saturation valu®.,, indicating a maximum amount of re-

crease of the yield stress seems to develop simultaneously . <ildns with elevated levels of free volume, which is independent of
the enthalpy overshoot that is observed around the glass transi 9fin rate or thermal history. Inclusion Bfin an originally non-

: , . fitfinsi i | resulted i ituti | that ex-
[9,10]. The effect of aging on the deformation behavior of %E;tr::dlcir?t?ﬁt]i?énsgtrggd;f{g;?ngg]ln a constitutive model that ex

glassy polymer is schematically represented in Fig. 2. During a9 |ntrinsic strain softening is an important factor in the initiation

ing, the yield stress Increases and the Intrinsic softe.nlng eﬁ%tstrain localization. As during softening the deformation is al-
appears. As a result of intrinsic softening the large strain behaV|8(Ned to proceed at a decreasing level of ttree stress, small

_ - o stress variations will inherently lead to large differences in the
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porate the phenomena of intrinsic strain softening and strain hard-
ening. The material characterization, including the determination
of the necessary parameters for the extended model, will be dis-
cussed. With the parameters for polycarbonate known, the model
is employed to simulate neck formation and to predict the defor-
mation behavior of a mechanically preconditioned sanfjoliesion
cycling) in a subsequent tensile or torsion test.

Stress

€ 2 Constitutive Modeling

2.1 The Compressible Leonov Model. For an arbitrary
material element of a loaded configuration the local actual defor-
mation with respect to a predefined reference state is determined
by the deformation gradient tensér (e.g., Hunter[20]). This
tensorF is multiplicatively decomposed into an elastic pegtand

Fig. 1 Schematic representation of the effect of strain rate on a plastic pa”Fp' according to:
the true stress-strain curve of a glassy polymer .
F=Fe¢ Fp Q)

Strain

The plastic contributiorF, indicates the deformatiofwith re-
spect to the reference statef the relaxed stress-free configura-
tion, which is defined as the state that would instantaneously be
recovered when the stress is suddenly removed from the element
considered. The decomposition in Ed) is not unique because
Aging rotational effects can be assignedRpas well as td-,. Unique-
ness is achieved by the extra requirement that the plastic defor-
mation occurs spin-freg21].

The Cauchy stress tenseor is elastically expressed in the left
Cauchy Green tensdd, associated with the tenséi, which is
defined by

Stress

Quenched
Be=Fo F¢ )

whereF denotes the conjugate & (which is equivalent to the
transpose of the matrix representation of the tensorthis equa-
tion it is presupposed that the elastic behavior is isotropic. In that
Fig. 2 Schematic representation of the effect of physical aging case the application of expressions of the type o(B,) guaran-

on the true stress-strain curve of a glassy polymer tees the conservation of objectivifif indeed the total spin and
consequently superimposed rigid body rotations are completely
attributed to the elastic part of the deformajion

. . . . To specify the dependence of the stress on the deformation, a
pensate for the geometrical softening during a tensile [#&3]. neo-Hookean relationship is chosgtg];
An extensive numerical study on the influence of strain softening '

and strain hardening on neck formation in plane strain extension o=K(Jo—1)I+GBY (3)
was performed by Wu and van der Gies$é6]. They showed o ] .
that intrinsic strain softening always leads to strain localizatio¥/here the superscript indicates the deviatoric part.

whereas in the absence of softening strain localization can b this equationK and G are the bulk modulus and the shear
suppressed if the amount of strain hardening is sufficient. ~ Modulus, respectively. The elastic volume change fat{os de-

There is also some experimental evidence concerning the inff{fléd by
ence of strain softening on neck formation. Cross and Haward _ _ [Aarr )
[13] used samples of quenched PVC that display no intrinsic soft- ~ Jo=detFe) = VdetBe) “)
ening and observed uniform deformation in a tensile test wherebige tensorB, denotes the isochoric fraction of the elastic left
slowly cooled samples necked. An alternative method to preveBauchy Green tensd, according to
inhomogeneous behavior in glassy polymers is based on the initial ~ s
elimination of intrinsic softening by raising the value of the soft- Be=Jc “"Be (5)

ening parameteD to its saturation valu®.. by application of Based on purely kinematical consideratioii®] the following

plastic deformation(mechanical preconditioning A good ex- jtferential equation can be derived to calculate the evolution of
ample of the effect of mechanical preconditioning is the alternateg .

bending of PVC samples by Bauwef&7], which suppressed °’

necking in a subsequ_ent te_nsil_e test. G'9dll] achieved the 'ée:(Dd_Dg),'éeJrge,(Dd_Dg) 6)

same effect after plastic cycling in simple shear on polycarbonate. i _ _ o

Recent experimental researfh8] also shows the effect of the The left-hand side of this equation represents(tigective Jau-

elimination of intrinsic softening by mechanical preconditioningmann derivative of the isochoric elastic left Cauchy Green tensor.

axisymmetrical samples were plastically cycled in torsion; tensilehe tensorD, denotes the plastic deformation rate tensor. The

tests on these rejuvenated samples resulted in homogeneousiftital condition necessary for the solution of the differential equa-

formations and allowed for the characterization of the strain hartion (6) reads:B,=1.

ening behavior of polycarbonate. To complete the constitutive description the plastic deformation
The present study addresses the influence of intrinsic straixte is expressed in the Cauchy stress by a generalized non-

softening on the macroscopic deformation behavior of axisyriNewtonian flow rule[22]

Strain

metric polycarbonate bars. To facilitate a numerical analysis, a d
constitutive model which was derived in a previous study, the =———— With 7= V3tr(c% o9 )
so-called compressible Leonov mod&B], is extended to incor- Po2n( Teg) a
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Gaussian chain statisti¢ieading to a neo-Hookean strain harden-
ing responseto experimental uniaxial stress-strain curves, and
concluded that some amorphous and most semicrystalline poly-
mers obeyed this formulation. The large amount of softening, ob-
'Y served in some glassy polymers, prevented the successful appli-
/ \ cation of the Gaussian model to these polymers. However, as
\
\

mentioned in the Introduction, it can be shown by means of me-
chanical preconditionin§18] that this approach is also valid for
polycarbonate. Gaussian statistics leads to a neo-Hookean relation
between stresses and strains. Generalization to three dimensions,
in the assumption that the network is incompressible, this neo-
Hookean relationship for the hardening stress tensan be writ-

ten as

Stress
R

—_HRd
Strain r=HB (12)
with H the strain hardening moduldassumed to be temperature
independent Contrary to Boyce et aJ21] the hardening stress is
not related to the plastic deformation but to the total deformation.
This adaptation is introduced because in the present approach both
elastic and plastic deformations are assumed to decrease the con-
The viscosityn depends on the equivalent streggaccording to  figurational entropy of the polymer.
an Eyring relationship19]: To complete the constitutive description the plastic deformation
rate is still expressed in the Cauchy stress tensor by a generalized

Fig. 3 Schematic representation of the response in uniaxial
extension from the Leonov model

Teql To

=Ary—— non-Newtonian flow rule
7 Ted = ATOg o T 7o) ®)
In this equationA is a time constant and, a characteristic D :L (13)
stress, respectively related to the activation enekgy and the P 27(7eq,D,p)
shear activation volum¥ according to 4,20 . ) .
91d4.20 where 7¢, D, andp are state variables to be defined in the fol-
AH| RT lowing.
A=AoeXQ Tl ToT ©) Particularly the driving stress tenssis relevant for the incor-

) ) _ poration of softening in the model. As suggested by Hasan et al.
with R the gas constant, a constant preexponential factor in-[15] a history variableD is specified, the softening parameter,
volving the fundamental vibration energy, ahdhe absolute tem- \yhich influences the viscosity. During plastic deformatiorD
perature. It is emphasized that Hg) implies that plastic defor- eyolves to a saturation levéd.., which is independent of the
mation occurs at constant volume: @x)=0 as tre=0. strain history. The result for; reads
ConsequentI)Dg in Eq. (6) may be replaced b, . For the same
reasonJ.=det(,) in Eq. (3) may be replaced by=det(). _ Teql To

The model derived above was referred to as the compressible ”(Teq’D'p)_Am(D’p)TosinHTeq/To)
Leonov model in the original paper by Tervoort et El9]. To
demonstrate the typical behavior of this compressible Leonahere the equivalent stresg, is redefined by
model, an application to uniaxial extension is performed. This
leads, for constant strain rate, to the response schematically visu- Teq= Vatr(sh &) (15)
alized in Fig. 3. The response of this Leonov model shows a
sudden transition from elastic-to-plastic behavior, which is vegnd with
similar to that of an elastic-perfectly plastic material with a rate-

(14)

dependent yield stress. _ Mp
An(D,p) Aex% 7 D (16)
2.2 Extension to Intrinsic Strain Softening and Strain
Hardening. This section describes the extension of the com- p=— tr(a)=— tr(s) (17)

pressible Leonov model to include both the intrinsic strain soften-

ing and the strain hardening effect. Complementary to the outlingherep is the pressurépositive in compression The parameter

in Section 2.1 the Cauchy stress tensois now redefined to be u is a pressure coefficient, related to the shear activation volume
composed of two distinguishable pafis a parallel assemblage V and the pressure activation volurfieaccording to

the driving stress tensa and the hardening stress tensorac-

cording to Q

== (18)
o=S+r (10) v

The expression for the driving stresss adopted from the com-  The evolution of the softening paramef®iis specified by 15]
pressible Leonov model described above, see(8q.

s=K(J—1)I+GBY (11) D=h

The expression for the hardening stresss obtained in the fol- i initially D=0:h is a material constant describing the relative
lowing. In studies on the deformation behavior of glassy pOIys?oftening rate and, is the equivalent plastic strain rate, accord-
mers, it is common practice to model the hardening behavior asa o P

generalized rubber elastic spring with finite extensibility, like the
so-called three-chain and eight-chain models of Arruda and Boyce
[3], or the full chain model of Wu and van der Gies$6h On the yp= m: Tea (20)

other hand, Haward7] applied network models employing nv2

1—

5|7 (19)
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3 Experimental 3.4 Torsion. Torsion experiments were performed on a test-

) ) ) ing machine consisting of an adjustable rigid support and a rotat-
~ 3.1 Materials and Sample Preparation. The material used ing clamp. The sample is installed in the machine in a way that
in this study was polycarbonate, purchased as extrudedt0d$ initial axial forces in the sample are avoided. In the testing device
mm in diameter from Eriks BV (Alkmaar, The NetherlandsAd-  the length of the sample is fixed during deformation and torque
ditional to the mechanical parameté¢sand G, the values of the and axial load on the sample are measured during deformation by
densityp, the thermal conductivitk, the thermal expansion coef- two independent load cells in the support. To determine the rota-
ficient «, the specific heat, and the glass-transition temperaturgijon, the angular displacement of the clamp is monitored. As a
Ty are given in Table 1. _ _ reference, an axial line was drawn on the specimen, and it ap-

The material properties, with the exception@f, G, andK, peared that the torsion was restricted to the gauge section of the
were provided by the supplier and are in good agreement wig@mple. During the torsion of polycarbonate initially narrow cir-
values reported in literatur23—-26. T, was determined by dy- cumferential shear bands were observed that broadened with on-
namic mechanical thermal analysBMTA) and G andK were  going rotation, a phenomenon that has also been reported by Wu
determined from the Young's modulésand the Poisson’s rati®  and Turnef27]. In order to obtain isothermal conditions, the ro-
measured in the initial stages of a tensile {@€]. The thermal tation speed was limited to 360 degrees per minute resulting in a
material parameters will be used to perform a thermomechanigidminal shear rate of 0.56 1] at the outer surface of the bar.
analysis in the subsequent sections. _ “In the case of the mechanical pretreatm@ejuvenation, the

For the uniaxial extension and torsion experiments, the spegirsion experiments were performed by twisting polycarbonate
mens were designed as dog-bone shaped axisymmetric bars, ggscimens to and fro over 720 degrees. After reversing the direc-
picted in Fig. 4a). For the uniaxial compression experimentsgion of the twist, the rotation rate was the same as during loading.
cylindrical test specimens were used, the geometry shown in Figeating of the rejuvenated samples above the glass transition tem-
4(b). perature did not induce any residual motion, from which it was

3.2 Uniaxial Extension. Uniaxial tensile tests were per- concluded that the specimens rejuvenated in this way regain isot-

formed on a FRANK 81656 tensile tester at strain rates varyifgPY- After mechanical conditioning, the rejuvenated samples
from 10°% to 10 2[s 1] and at temperatures of 22, 32, and 4 ere allowed to relax unconstrained for 3 hrs. Subsequently, they
[°C] (295, 305, and 318K], respectively. The true stress at the were subjected to either uniaxial extension or torsion.

yield point, required for the determination of the yield parameters,

was determined by assuming incompressibility in the viscoelastic

area, which introduces a small erf@pprox. 2 percentcompared 4 Material Characterization

to a compressible approach. Neck formation and propagation was

recorded by means of a video camera. From the images, the elord.1 Yield Parameters. The yield (or Eyring parameters
gation factor in the neck is calculated from the diameter reducti@an be determined by measuring the true stress at the yield point
in combination with the assumption of incompressibility. At theluring tension and compression experiments as a function of
end of the test, the neck diameter was measured with the speciratrain rate at different temperaturg8,29. The strategy is based
still in the load frame as an assessment of the video images. on the application of the incompressible non-Newtonian viscous

L . o . flow rule, Eq.(13), which can be reformulated in axial direction
3.3 Uniaxial Compression. Uniaxial compression tests (Fig. 4@)) by

were performed at room temperature at strain rates in the range

from 10" to 10 ?[s "], also on a FRANK 81656 tensile tester. Npzz 1

A high performance lubricanHasco Z260 between the sample —= g](szz_ Srr) (21)
and the polished stainless-steel shaft of the compression device
could not prevent the samples from barreling at compressivéth \, ,, the axial plastic elongation factor and with, ands,,
strains of approximately 0.28]. Since this phenomenon occurredthe axial and radial components of the driving stress tessor
at compressive strains beyond the yield point, it does not affecetspectively. The expression for the viscosity, Ef), can then
the measured value of the true stress at the yield point. To avdid replaced by:

Ap,zz

influence on the determination of the softening and hardening pa-
rameters, data measured at compressive strains beyond-0.20 |S2= S
are omitted. (5, PO T)= Ao V3
Rl —mp . |Szz_srr|
exg——+D/| sin R
Table 1 Material properties of polycarbonate at room 7o 7o (22)
temperature
” G K = To facilitate a straightforward analysis of the yield data, the fol-
P a Cc i H i .
kgm3 WmiKY [KY [Jkg Ky [MPal [MPa [°cg] lowing considerations are made:

1200 021 6510 © 1200 860 4000 150 « At the yield point, the contribution of hardgning is negligible,
and therefore the components of the driving stress are equal
to the components of the Cauchy stress.

At the yield point, the plastic strain rate is equal to the nomi-
nal strain rate:?, applied.
‘ 125 104 * At the yield point the value of the softening parameler
45 8 13 equals 0.
z 23 (radius) ﬂ * The argument of the hyperbolic sine in the viscosity function
T_c, 7‘ _E_ is large, and therefore the hyperbolic sine may be approxi-
mated by an exponential function.
@ (b) e During uniaxial tension and compression, the pressure is

given byp=—1/30,.
Fig. 4 Geometry of axisymmetrical specimens for (a) uniaxial ] . ) ) ) )
extension and torsion experiments and  (b) uniaxial compres- The incorporation of these considerations into the non-Newtonian

sion experiments. Dimensions in ~ [mm]. flow rule leads to
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0.1 compression, T =295 [K]: A
tension, T =295 [K}: ©
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Fig. 5 Yield stress over absolute temperature lo /T as a

Fig. 6 True stress o, versus A2,—\}} during a tensile test at
£=2.2-10"%[s7!] of a polycarbonate tensile bar, precondi-
tioned in torsion

function of strain rate  £€,,. The solid lines are a best fit using a
single set of yielding parameters for each polymer.

Table 2 Yield parameters for polycarbonate

quently supports the neo-Hookean approach and directly reflects

AH the value of the hardening modulud:=29[ MPa].

Ay \% Q

[s] [m®mol™1] [m®mol™] [kJ mol]
361025 3.4.10°3 24104 290 4.3 Strain Softening Parameters. The softening param-
eters of polycarbonate are provisionally determined from a
uniaxial compression experiment. As was mentioned before, the
uniaxial compression experiments showed barreling of the speci-
men at compressive strains over (-2 and therefore the data at
larger compressive strains were omitted. The values of the soften-
ing parameters were determined by a fitting procedure on the post
yield behavior of a compression test at a rate of (8 ']:h
=20(0-] andD..=2g-] (see Fig. 7a)). To facilitate the com-
with a=sign(o,,). This expression suggests that plot§@f,|/T  parison with the experimental data, the predictions by the Leonov
against the logarithm of the strain rate for a series of temperaturasdel were shifted along the strain axis in order to overlap the
should give a set of parallel lines. The result for polycarbonate jsedicted and the measured yield points. The actual comparison
shown in Fig. 5, where the measured valuetogf|/T of both the between the experimental data and the prediction using the com-
uniaxial tension as the uniaxial compression tests are plottpressible Leonov model is shown in FigbY. The simulation was
against the logarithm d&?|. The solid lines represent the best fiperformed using the yield and hardening parameters obtained in
of the experimental results using a single set of the yield parafie previous sections and the softening parameters mentioned
etersA,, V, Q, andAH, and seem to represent the actual yiel@bove. Note the difference between the strains at yield in Fig.
behavior well over the entire range of strain rates experimentalfyb). Since the single mode compressible Leonov model displays
covered. It should be noted however, that the yield paramet&iastic(rate independehnibehavior up to the yield point, it is not
should be used with care outside the experimentally covered able to describe thémultirelaxation timg viscoelastic behavior
gion, as it has been shown in experiments by Bauwens-Crowsplayed by the material.
et al.[29] that the yield stress of polycarbonate tends to have aThere are several possibilities to correct for this deficiency. One
more substantial strain rate and temperature dependence at idhe extension of the Leonov model to a spectrum of relaxation
temperatures and high strain rates than observed at high tempéraes (multimodg as was suggested by Tervoort et[@0]. An-
tures and low strain rates. This is related to secondary glaggher possibility was demonstrated by Hasan and B¢gdgwho
transitions and implies that actually more than one Eyring flogonsidered a distribution of activation energies. As the use of
process should be taken into account. For the range of strain regéber of these extensions would dramatically increase the compu-
considered in the present work a single flow process seemstagon time for the finite element analysis in the next sections the
suffice. deficiency at low strain levels will not be addressed.

The values of the yield parameters obtained from the fit are
given in Table 2. The values are in good agreement with values
reported by Bauwens-Crowet et 829] and Duckett et al[28]

|Uzz| -

1
S AN V3
T  v3v+aQ

6

) AH
In[Aol&2)1+ Z—In (23)

. . . (b)
4.2 Hardening Parameter. As mentioned before in the In- 100 @ 100

troduction, the hardening parametdris, in the present study,
determined from a uniaxial tensile test on a rejuvenated polycag * & =
bonate sample. To rejuvenate the material, axisymmetric samplZ =}
¢
|

were subjected to a 720 deg to and fro fixed-end torsion treatmerg [
After this mechanical pretreatment the intrinsic strain softenin
behavior has disappeargdaturategl with the astonishing result
that the polycarbonate bars deform homogeneousithout neck- . , , 0 . .
ing) in a subsequent tensile test. Figure 6 shows the result of sur oo 005 010 o1s 000 0% o [_]‘“0 015
an experiment, where,, is plotted as a function of the strain = [ “
measuré\?z—)\zzl. This strain measure is, in "’_1 unlfaXI_aI tens@ Fig. 7 Determination of the softening parameters in polycar-
compressiontest, the component of the deviatoric isochoric lefhonate at a compressive strain rate of 10 ~2[s~1] at room tem-
Cauchy Green deformation tend®t in the load directior€,. The perature. (a) fitting the post-yield softening behavior; (b) simu-
constant slope of the tensile curve at large strain levels consation using the compressible Leonov model.
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5 Numerical Simulations 60 e ——————

5.1 Uniaxial Extension of Untreated Polycarbonate. For
the analysis an axisymmetric specimen, as used in the experiments 50
(Fig. 4), is considered. In the center of the bar, a Cartesian coor-
dinate system is defined, in whichrefers to the axial direction

[MPa]

andr to the radial direction. Because of symmetry of the material = 40 7]
geometry and loading conditions, in Fig. 8 only one quarter of the %’

longitudinal cross-section is considered upzte 0.5 L (initial 0k |
geometry. At the end face on this position the displacements in

direction are prescribedconstant velocity In the simulations,

nearz=0, a geometric imperfection is introduced to initiate neck- ) Y E U S R
ing. This imperfection is cosine shaped, defined by 103 10 1073 10-2 10!

Ri=Rg O0=z={R, (24)

1 Tz
1——(1—§)cos(— ) ) ) )
2 {Ro Fig. 10 Comparison of simulated and experimental values of

. ‘ . . . . the nominal stress during neck propagation at room tempera-
with R; the outer radius of the imperfectioR, the outer radius of ture as a function of the nominal strain rate using different val-

the gauge section of the perfect barthe measure of the imper- ues of D, . The lines are fitted through the results of the simu-

fection, é=(2R;(z=0)—Ry)/Ry, and{ controls the length of the |4tigns.

imperfection. In the present calculatiogs-0.9925 and,=0.85

which is equivalent to an area reduction of 1.5 percerz=a0.

The nominal or engineering stress is defined:lgy/(wR%), where

F, is the applied tensile force. O————1 7 T
The result of a numerical simulation at a nominal strain rate in

the gauge section of 7.50 3[s 1] is given in Fig. 9. The nomi-

nal stress and the elongation factor in the neck are depicted as a

function of the nominal strain, together with the deformed meshes & |

at different stages of the deformation. The nominal stress is de- Z 40}~

fined as the tensile force divided by the original cross-sectional <3

area and the draw ratio in the nex is calculated by division of ° TIK] | sim. | exp.

the original cross-sectional area of the bar by the actual cross- 30 §3§ . 8 -
sectional area in the middle of the specimen. During the simula- 312 | e A

tion, the specimen initially deforms homogeneously, both in the

elastic region and in the first part of the viscoplastic region 20 1'0'_4 : 1'0'4 —_— 1'0'_2 0

(a—b). At some stage, the deformation localizes and a neck is

formed (b—d), which propagates along the specimen as deforma-
e

tion continues §—e). The neck propagation takes place und

approximately steady-state conditions. The steady-state value

N,_
s

s
LY
=
g
s
g

I+ : [

| ilo

Fig. 8 Definition of the geometry of the longitudinal cross-
section of the axisymmetrical tensile bar
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Fig. 9 Simulated tensile response of polycarbonate in terms

of the nominal stress o2, and the draw ratio in the neck Ay
versus the nominal strain &2, at a nominal strain rate  £%,=7.5
-1073[s™1]. The deformed meshes at different stages of the
simulation (a-e) are also shown.
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g0, s

II-:' 11 Simulated and experimental values of the nominal
sﬁgss during neck propagation versus nominal strain rate at
different temperatures using D.,=36. The lines are fitted
through the results of the simulations.

the nominal stress during propagation of the neck proved to be
independent of the geometry of the initial imperfection. The level
of the draw ratio, on the other hand, was slightly influenced. The
simulated levels of the nominal stress during neck propagation are
compared to experimental data taken at room temperature in Fig.
10. Using the parameter set determined in the previous section, it
proved impossible to predict the right stress let@e Fig. 10,
D..=28[-]). If it is assumed that the constitutive model is ad-
equate, the quantification of the parameter set is indicated as the
source of this discrepancy. Apparently, the friction between the
compression platens and the sample also influenced the results of
the compression test at low strain levels. To improve the descrip-
tion of the material behavior, the value of the softening parameter
D.. was varied(see Fig. 1D A good description of the experi-
mental data was obtained with a value®f=3€¢-]. To check

this value, the simulations were repeated at temperatures of 305
and 312[K] and compared to the experimental values of the
nominal stress level during neck propagation at these tempera-
tures. As can be observed in Fig. 11, the value=36] -] yields

a reasonable description for all temperatures. This value was
therefore adopted for the numerical simulations in the next
sections.

5.2 The Mechanical Pretreatment: Mechanical Rejuvena-
tion. The geometry of the axisymmetric polycarbonate samples
that were preconditioned by one cycle of fixed-end torsion was
shown in Fig. 4. The cylindrical surface of the bar is traction free,
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and it is assumed that axial displacements are negligible. The 45
twist ¢(t), dependent on the timeand defined per unit length of
the bar, is applied at a low, constant, angular velogityConse-
quently, temperature effects have not been taken into account anc
the simulations were performed under isothermal conditions. The
applied twiste(t) leads to a torqudi(t), and an axial forcé&(t)
resulting from the axially constrained ends.

To simulate the mechanical rejuvenation treatment a dedicated &
finite difference scheme was developed, assuming the relevani
stress and strain quantities to be only a function of the radius and
the loading timghomogeneous deformation over the length of the
ban. The axisymmetric specimens were subjected to one full
cycle of large strain torsion. First, the specimen was deformed up
to a maximum twist (defined per unit lengbh of ¢
=0.25[rad mn Y], which was applied at a constant angular ve-
lQC'ty equal to_‘P: 9.1:10* [rads ‘mm %]' After this, the direc- Fig. 13 Distribution of the relevant components of the Cauchy
tion of the twist was reversed, deforming the sample to a smaltess tensor over the (dimensionless ) radius at stage C and
negative twist value. Upon unloading of the sample, the cylindrihe residual stress distribution after mechanical precondition-
cal outer surface of the specimen approximately regains its initialy at stage F in Fig. 12 (a)
state, which was verified during the experiments by monitoring a
reference line on the sample.

Figure 12a) shows the variation of the torqud as a function
of the applied twiste during the applied process history. Patl
ABC corresponds to the loading stage of the rejuvenation expe,
ment and shows clearly the effect of intrinsic softening as t
torque decreases after the yield paiB) has been reached. After

. ,l .
g:ggssq:egﬁl t‘gs'sgt?;iﬁbﬁ:rt dgr??nd njs'zts]i;he_rthogqugéfs\’:é 'R,; iS{Iesidual stresses in the experiments performed, the samples were
9 9 . 4fl8wed to relax unconstrained for a period of +QL0* [ ] before

stage is represented by path CDE. The elastic unloading is sho . . 5
by path EF. During this stage the cylindrical surface of the spe(%ﬁlj sequent mechanical experiments were performed, thus allow

men regains its original geometry ng the residual stress levels to decrease.
. Co . Therefore, residual stresses will not be taken into account in
D E?:rrethg(?j)irﬁgﬁgzrtlheiggtdrzﬁgtrl?g OII_\t,heissct’rf]t:n;g?ug?:)aur?;tegimulations of tension and torsion tests on rejuvenated samples.
. I as.a Only the distribution of the softening parameReiover the radius
radlgs) at stages C and F In Fig. @. It IS clear that after the after the rejuvenation, depicted by stage F in FiglbL2will be
loading p_ath ABC the softening parame&nn the outer layer of used to characterize the “state” of the rejuvenated material
the specimen has almost reached its saturation lev8l.of 36. )
After the return twist, path CDEF, the softening parameter reache
its saturation level over 0<4r/R,<1 indicating that the intrinsic

15

[MPa]

0

—15

—30

0 0.2

/R[]

specimen. Although these residual stresses may effect the subse-
uent deformation behavior of the rejuvenated sample through the
fress dependence of the viscodiyg. (14)), the elevated levels

a4, only influence a small part of the specimépprox. 10
percent of the volume In order to minimize the influence of

%.3 Fixed-End Torsion of Rejuvenated Polycarbonate.

softening effect has been removed over approximately 84 perc

of the specimen volume.

The effect of this rejuvenation on a subsequent twist is sho
in Fig. 12a), path FGH, where it is clear thdfa) the onset of
yield begins at a considerably smaller torque than for the origin

material andb) no intrinsic softening is observed.

The distribution of the stress components over (tfiemension-
less radius at stage C and of the residual stress components atfi

él’lpte fixed-end torsion simulations on rejuvenated samples were
realized with a constant twist rate of @ *[rads *mm!] at

WRom temperature to a maximum twist of J#ad mm 1. The

simulations were performed employing the same method as in the

gievious section, whereas the profile of the softening fabtor
epicted in Fig. 1@) at stage F, was taken as the initial situation.

It should be noted that the residual stresses were not taken into
ount.

n Fig. 14(a) the variation of torque as a function of the twist

end of the rejuvenation by fixed-end torsion at stage F are show
in Fig. 13. Itis clear that at the end of the mechanical pretreatméﬁ
the residual stress level of most components is negligible, wher

the componentr, has a relatively high value in the core of the

twist levels, ¢<0.05[rad mm~

tgiven for both the simulation and the experiment. Both compare
Il, which is a support for the values @.=36-] and H
9[ MPa] determined previously. The small deviations at lower
1, are attributed to viscoelastic

effects, which, as already stated bef¢88] are not adequately

addressed in the single mode compressible Leonov model.

40 T T T T
30 s
(b)
— 7 800 T T T
2 Z sk , 4 6 simu!alior}f S
= =) / s 600 b experiment; ~---- /]
o | ¢ £ 3
/ B Z o 400 V.
0 1 I I 1 = 3 f ///
0o 01 02 03 04 0 02 04 06 08 I 2 simulation: 200 -
o [rad mm~'] 7'/Ra 1 1 experiment: ----- - ~ /’/
0 ] ! ] 0 T ] )
Fig. 12 Results of simulations of the mechanical precondi- 0 01 02 03 04 01 02 03 04
tioning by torsion at an applied twist rate ¢=9.1 @ [radmm™'] ¢ [radmm™]

-107*[rad s “*mm™1] at room temperature. (&) Torque versus
twist per unit length and  (b) distribution of the softening pa-

rameter D over the (dimensionless ) radius at stages C and F in
(a.
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sus twist per unit length and
sus twist per unit length for rejuvenated polycarbonate

Fig. 14 Simulated and experimental curves of

(a) torque ver-
(b) compressive normal force ver-
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Figure 14b) shows a comparison of the experimental and nuvhich at small values ak2,—\,,* may be attributed to inaccura-
merical results of the normal force versus the twiswhich is a cies in the calculated value @ after rejuvenation by torsion.
more critical assessment of the constitutive model. It is clear thather causes for the differences between simulated and experi-
there are strong deviations between simulation and experimefiental results may be viscoelastic effects, where the mechanical
Again it should be emphasized that the viscoelastic behavior getreatment might still influence the deformation behavior
low twist levels is not accurately described by the single modfirough a memory effect. As mentioned before, the single mode
compressible Leonov model. Also, at higher twist levels theodel used here will not capture these effects adequately.
model is not able to capture these secondary effects accuratelyrigure 15 also includes the deformed meshes at different stages
although the description improves and the deviations argf the deformation, which confirms the absence of necking, de-
strangely enough, observed to be constant with a value of approggite the presence of the imperfection. In contrast to the findings
mately 100[N] for 0.2<¢=<0.4. of Lu and Ravi-Chanddi32], this result strongly suggests that, in

o ) ) polycarbonate, strain softening is the main reason for localization
5.4 Uniaxial Extension of Rejuvenated Polycarbonate. phenomena.

For the simulation of uniaxial extension of a rejuvenated sample
of polycarbonate, again the finite element method is employed. In
the finite element model, the distribution of the softening parame -~ usion
eterD over the radius, depicted in Fig. 2 at stage F is specified
as the initial condition. The distribution has been restricted to the In this study an extension of the compressible Leonov model
gauge section of the specimen, since torsional deformations wees been presented, that captures the typical characteristics of the
only observed in this part. In the experiment and in the numericpbst-yield behavior of glassy polymers: intrinsic strain softening
simulation, the deformation rate imposed at the free end of thed strain hardening. Regarding the experimental assessment of
specimen corresponded with a nominal strain rate in the gautpe parameters needed for the model, it was found that the post-
section of 2.2510 3[s !]. To possibly trigger necking, exactly yield behavior during a compression test was too strongly influ-
the same imperfection was used as in the tensile simulations of gteced by barreling.
untreated samples. For the present problem it was found that onlyMechanical rejuvenation by cyclic fixed-end torsion has been
meshes composed of ten elements or more in radial direction gmulated, and the results have been used as initial conditions for
cilitated an accurate description of the initial distribution ®f numerical simulations of fixed-end torsion and uniaxial extension
over the radius. Since during these experiments deformatiopfsrejuvenated polycarbonate. Comparison of these simulations
were observed over the entire sample length, the mesh is equaih the experiments shows that although the post-yield behavior
distributed over the specimen. is described correctly by the compressible Leonov model, the de-
Figure 15 shows the simulated and experimental true strgss formation behavior at small strains is not captured. This is espe-
versus\2,—\,;} for the mechanically rejuvenated polycarbonatéially observed when comparing the axial forces during fixed-end
tensile bar at a nominal strain rate of 2.2673[s 1]. Small torsion on rejuvenated samples. Although at higher strain levels
deviations between simulations and experiment can be obser/ii§re appeared to be a qualitative agreement, the behavior at low
strain levels deviated strongly. It can therefore be concluded that
the single mode compressible Leonov model is not valid with
respect to second order effects during strain hardening.

250 T T T On the other hand, the compressible Leonov model, extended
with intrinsic strain softening and strain hardening, seems to be
200 C able to predict the transition from inhomogenedunscking to
homogeneous deformation as a result of a mechanical pretreat-
TIS0F . ment. It is therefore concluded that the intrinsic strain softening
s effect is the main cause for localization phenomena in
Si00 1 polycarbonate.
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