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Abstract

The present research addresses the modeling of viscoelastic—viscoplastic behavior of poly-
mers with a theoretical expansion of Schapery’s nonlinear viscoelastic model by incorporat-
ing two components of irrecoverable processes, displaying material flow and viscoplastic
behavior (structure- and load-related irrecoverable process). The theory is accompanied
by an experimental and analytical framework for identifying model parameters. Intro-
duced multi-scale analysis allows evaluation of pure linear and nonlinear viscoelastic, as
well as viscoplastic behavior, enabling the study of their contribution to overall material
response. Model performance was examined with creep recovery tests on two versa-
tile and well-established thermoplastic polymers with different morphological structures:
amorphous ABS exhibiting notable flow and semi-crystalline POM, where flow may be
neglected. Results show extremely accurate predictions and exceptional agreement with
experimental data, as the error was found to be less than 5% ranging from infinitesimally
small to relatively high loading magnitudes (from 0.1 to 15 MPa of shear stress) at 70 °C
(maximum operating temperature). Notably, viscoplastic strains were detected even within
linear viscoelastic domain, suggesting that these effects are not related to yield phenomena
(associated with progressive/damaging mechanisms), but rather provide an explanation
for the material’s inability to fully recover. With its predictive capability and adaptability,
the model demonstrates to be a powerful tool for capturing realistic material responses not
only for the considered but also applicable to other molecular systems.

Keywords: polymers; linear viscoelastic behavior; nonlinear viscoelastic behavior;
viscoplastic behavior; Schapery’s nonlinear model

1. Introduction

Sustainability of polymers and polymer-based structures presents a major challenge
addressed by numerous initiatives and directives in the EU and worldwide, as their develop-
ment move towards complex geometries, extreme utilization, lower material consumption,
etc., [1,2]. Although the sustainability of such structures may be evaluated in several ways,
predicting their behavior in a virtual world offers several advantages (generally related
to time, cost, and energy efficiency) over real-time testing [3,4]. Currently, the considered
linear as well as nonlinear viscoelastic laws are deemed inadequate to provide accurate the-
oretical or numerical predictions [5,6]. While they are sufficient to deliver reliable material
response over a broad range of external excitations (up to high stress—strain states), they are
unable to determine residual deformations [7,8]. In numerous instances, their accumulation
leads to premature functional or structural failure, and consequently substantial reduction
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in the structure’s operational lifetime. Accordingly, it is of key importance to update the
existing laws and models with integration of components capable of evaluating those
permanent deformative mechanisms, which was the main focus of the presented research.

Currently available models are based on the theoretical framework of the phenomeno-
logical theory of viscoelasticity. The theory is founded on two main conditions, i.e., propor-
tionality and additivity between cause and response, formulating Boltzmann superposition,
which describes the linear viscoelastic response of polymers [9,10]. As soon as one of the
conditions collapses, the material exhibits nonlinear viscoelastic behavior [6,11]. Although
the transition from linear to nonlinear occurs gradually [12-14], an arbitrary value deter-
mines the linear viscoelastic limit (stress or strain) where the material property deviates
(from 3 to 5%) from the predicted linear one [15]. It primarily depends on selected material,
loading (extension, shear, etc.) [16,17] and environmental (temperature, moisture, etc.)
conditions, as well as other parameters (particles, concentration, etc.) [15,18,19].

For the subsequent nonlinear viscoelastic behavior, various models are available. In
contrast to semiempirical ones (power-law, single integra, etc.) [6], models founded and
emerged from linear viscoelastic theory provide insight into the underlying nonlinear
mechanisms through stress- or strain-related dependencies, such as Knauss-Emri [20] and
Schapery’s [21] nonlinear model. While the Knauss-Emri model describes nonlinear vis-
coelastic behavior through changes in free volume [22,23], Schapery’s model describes such
behavior through nonlinear parameters representing a third- or higher-order dependen-
cies of Gibbs free energy (potential energy for molecular reconfiguration) [21]. Although
both models offer accurate predictions of nonlinear viscoelastic response when material is
loaded, they are unable to evaluate residual stress—strain state upon releasing the load [7,8].
Besides analytical and experimental simplicity as well as apparent numerical integration,
the prevailing implementation of Schapery’s model is mainly related to its flexibility and
integrative ability to support numerous modifications and expansions, which are crucial
for the task at hand.

There are various forms of modifications and expansions of Schapery’s nonlin-
ear model evaluating types of loading types and inputs [21,24-27], environmental ef-
fects [28-30], aging effects [31], material anisotropy [32], and most importantly also
those, who cover irrecoverable processes, such as material flow [33] and viscoplastic
effects [7,8,34-39]. Models, covering material flow, portray irrecoverable deformation re-
sulting from inherent molecular structure designed for amorphous polymers under extreme
temperatures [33], while models, covering viscoplastic effect, demonstrate irrecoverable
deformation resulting from excessive loading conditions for all other polymer types [34-39].
A linearized formulation of viscoplastic behavior (progressive process) was first introduced
by R. A. Schapery [7,8]. However, various research works suggested exponential or other
formulations to portray damaging as well as diminishing viscoplastic processes [34-39].
Nevertheless, while models dealing with material flow lack viscoplastic contribution, the
models addressing viscoplastic behavior need integration of material flow.

Hence, the aim of the presented research was to extend Schapery’s nonlinear viscoelas-
tic model by introducing two components of irrecoverable deformation, displaying material
flow (structure-related irrecoverable process) and viscoplastic behavior (load-related ir-
recoverable process). Moreover, the modification of Schapery’s model was accompanied
by an experimental and analytical framework for model evaluation. Such formulation
would enable predictions of nonlinear Viscoelastic—Viscoplastic behavior for all types of
polymers, covering various permanent deformative mechanisms from nonlinear material
flow to diminishing and damaging viscoplastic phenomena.
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2. Theoretical Part
2.1. Nonlinear Viscoelastic—Viscoplastic Behavior of Polymers

Within this section, Schapery’s nonlinear viscoelastic model is addressed along with ex-
pansions portraying irrecoverable deformations, namely, flow and viscoplastic component.
Such behavior may be formulated in many forms, concerning various types and modes of
loading [21,25]; however, shear creep behavior (change in geometry) is considered, as its
nature coincides with theoretical definitions and experimental evaluations of irrecoverable
effects [33,40]. According to R. A. Schapery, the generalized nonlinear viscoelastic response
in shear, i.e., the time-dependent shear strain—(¢) for an arbitrary external load, i.e., shear
stress—T, is expressed as [21]:

t d
Telt) = ol +31 | 8100 —9') 2 ap 0

and Do
= m foraT/< 0,
¥ =) = f§ afry

where 1 represents the internal or reduced time, p is an integral time variable, ]y instanta-

()

neous shear creep compliance portraying the elastic response of the material, AJ(f) transient
shear creep compliance depicting the linear viscoelastic response of the material, and g;(T)
with a.(T) stress-dependent nonlinear parameters or nonlinear contributors to the linear
viscoelastic response reflecting the third or higher order dependencies of the Gibbs free
energy (potential energy for molecular reconfiguration) [7,8,21]. The above parameters may
be understood as: nonlinear contribution to instantaneous response—gy, nonlinear con-
tribution to creep deformation—g;, nonlinear contribution to creep acceleration—a., and
nonlinear contribution to recovery deformation—g». For linear viscoelastic response, the
nonlinear parameters remain 1 and the given formulation is reduced to a well-established
linear form.

The first irrecoverable expansion considers material flow describing progressive ir-
reversible deformation even at infinitesimal external loads. Material flow is relevant for
non-crosslinked molecular structures, such as thermoplastics (amorphous or semicrys-
talline), also known as the rheodictic class of polymers [9,33,40]. While amorphous polymers
exhibit serious flow in the operating time-temperature scale, the flow of semi-crystalline
polymers may be neglected until the material melts, as crystalline structure disables
any relative movement of molecules. Irrecoverable material flow in the form of shear
strain—{ow (f) may be expressed as:

t
r)/ﬂow(t) = 4’ﬂ0w/(; T(t)dt/ 3)

where ¢g,,, represents the flow term.

The second irrecoverable expansion considers viscoplastic behavior. Instead of the
linear formulation as initially suggested by R. A. Schapery [7,8], various research works sug-
gest using an exponential formulation to account for all viscoplastic processes (diminishing,
progressive, damaging). To provide a comprehensive view of these processes, two models
are considered. Perzyna’s model accommodates yield criterion, where parameters should
be determined with a separate set of tests, i.e., tensile tests [34-37]. The model formulates
viscoplastic strain rate—eéyp (or in shear 7,,,) as:

evp = %m = q>vp<r<f)>§,fij = ¢vp< (Ufy>>§(f7 @)
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and f as a potential energy function using the Armstrong—Frederick model [36]:
f=0—o0 :£<1—e_kSVP), (5)
YTk

where C = /3 “¢yvp presents viscoplastic flow term (for shear), n the process rate parameter,
oy yield stress, (I'(f)) McCauly bracket (0 when f < 0, and (f/0y)" when f > 0), and
¢, k as kinematic hardening parameters of f. On the other hand, Zappas and Crissman
model does not accommodate the yield phenomenon; however, its parameters may be
determined from creep recovery tests, the same tests as for the identification of nonlinear
parameters [38,39]. In this case, viscoplastic strain—eyyp, (or in shear ‘yp) is formulated as:

cup(t) = Jzren() = o [ TV} ©

where C = /3 “¢vp presents viscoplastic flow term (for shear), n the process rate parameter,
and N stress scaling parameter. The parameter n portrays the nature of the viscoplastic
process, which was in the later works of R. A. Schapery considered as 1 [7,8]. When
n = 1, material exhibits progressive or flow-like behavior, the formulation merges with
Equation (3) forming some sort of nonlinear flow (similar to the one in [33]), which occurs
at extreme environmental and loading conditions. Furthermore, the proposed formulation
enables modeling also other viscoplastic processes observed in nature, such as diminishing
viscoplastic processes that do not culminate in failure, where n < 1, as well as damaging
viscoplastic processes where n > 1 that results in material rapture.

Both aforementioned models provide accurate predictions of viscoplastic deformations;
however, their application primarily depends on the nature of material behavior, i.e.,
related to its structure (cross-linked vs. non-crosslinked) and whether it exhibits yield
phenomena. While Perzyna’s model is suitable for cross-linked and composite materials
with distanced yield phenomena, Zapass and Crissman’s model is appropriate for non-
crosslinked materials where viscoplastic deformations may occur before yield, which will
be considered in the present study.

The combined response of the material in the form of total shear strain—y;oq1(#),
consists of (linear and) nonlinear viscoelastic component in combination with one or both
plastic components portraying irrecoverable effect, such as material flow and viscoplastic
deformation, plainly expressed as:

Yotal (£) = Ynve(t) + {’Yﬂow(t) + 'YVP(t)}pf )
or extended to:
t N dd(g,7) t N,
Ytotal () = g0JoT + 81/0 AJ(p—v )7@ dp + 4>f10w/0 T(p)dp + C{/o 7(p) dp} (8)

Additionally, it has to be emphasized when addressing a complete constitutive de-
scription of material response that introduced irrecoverable components are present only
in shear (change in geometry), and should be absent in bulk (change in volume), as they
would lead to a singularity problem.

2.2. Reduction to Creep Recovery Data (Two-Step Loading Equation)

In the following section, o1 () will be reduced to the creep and recovery part of shear
strain, i.e., yc(t) and .(t), respectively, since those formulations enable identification of
parameters within (linear and) nonlinear viscoelastic component, as well as in irrecoverable
flow and viscoplastic components, Figure 1.
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Figure 1. Schematic representation of the complete creep recovery response of the material consisting of
(linear and) nonlinear viscoelastic components, as well as irrecoverable flow and viscoplastic components.

While the derivation of both viscoplastic components to creep recovery reduction is
apparent, the thorough derivation of the nonlinear viscoelastic equation to creep recovery
reduction may be found elsewhere [21]. Hance, the creep part of Equation (8) yields:

Ll ot
Ye(t) = |g0Jo+8182) Ji(1 — e ™% )| T+ ppowtt + Ct"T"N. )
i=1
whereas the recovery part of Equation (8) yields:
m — tg \ _ t-h N
T(t) =82 ) )i (1 ¢ M)e 5T+ ProwtaT + CHIT™. (10)
i=1

Please note that the transient shear creep compliance—AJ(t) portraying the linear
viscoelastic response of the material, was expressed in the form of a Prony series as:

AJ(t) =Yy h(l - eAti), (11)

where J; and A; represent the magnitude and time pairs of the so-called retardation time
spectra J;(A;), respectively, portraying the contribution of the i segment (molecular group)
to overall viscoelastic response [38]. Moreover, 7,(t) may be further modified by intro-
ducing new time-independent but stress-dependent nonlinear retardation time spectra

as [27]:

ta

A= (1 —e M)gzl (12)

yielding:

t—ta

m
Z Aief M
i=1

where determination of A;(A;) is essential to overcome certain ambiguities during parame-
ter identification in the nonlinear viscoelastic domain.

Te(t) = T+ ProwtaT + CHT™, (13)
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2.3. Methodology for Determination of Nonlinear Viscoelastic—Viscoplastic Model Parameters

Throughout this section, the methodology to identify nonlinear Viscoelastic-Viscoplastic
model parameters is explained. The presented methodology consists of 3 major steps. In the
first step, the methodology analyzes linear viscoelastic behavior by determining J;(A;) from
recovery data, while Jy from the first point of creep data. In order to determine ¢y, creep tests
should be performed, and the term should be extracted from the master curve. During the
second step, the methodology analyzes nonlinear viscoelastic behavior, where the nonlinear
parameters ¢, and a; were determined from recovery data, whereas gy were obtained from
the fist and g; from the last point of the creep data. The last step of the methodology analyzes
viscoplastic behavior from residual viscoplastic strains determined from the recovery part at
tunload, Where only n was determined from creep.

Experimental and analytical methodology considers a sufficiently long recovery or
unloading period, i.e., tynioad = 10 X t1paq [33,41], during which (linear and) nonlinear
viscoelastic material response settles, enabling accurate determination of residual strains
from irrecoverable processes. Furthermore, since the real loading/unloading process is
rate-dependent, t{, and t] represent times at which theoretical and experimental creep
and recovery strains converge (see Figure 1). During creep the load was applied in 0.1 s,
hence t;, was taken at 1 s (10x of the loading process), while during recovery, the load
was released in 1 s to mitigate the ringing effect, t, was determined at 10 s (10x of the
unloading process). Consequently, the evaluations during recovery consider the timeframe
between t, and fynload, While during creep, between t, and t,, assuming that irrecoverable
processes have a negligible effect at .

2.3.1. Linear Viscoelastic Behavior

Methodology starts by evaluating the linear viscoelastic behavior of a material as
nonlinear parameters remain equal to 1. In order to avoid an instantaneous response, which
is difficult to measure, the recovery part is considered first. With the aim of analyzing
the pure linear viscoelastic response by eliminating an irrecoverable effect, differential
values of the recovery data and model from Equation (10) were used, as shown in the
following expression:

exp exp o _la _ tta m _ ta _ funload —fa
Y () =7 (funload) = Zh(l—e Az‘)e i —Z]i<1—e Af)e Nt (14)
i=1 i=1

where the magnitude and time pairs of the retardation time spectra J;(A;) can be approxi-
mated from Equation (14) by using any established least square optimization algorithms
(Levenberg-Marquardt, trust region reflective, etc.) or any existing algorithms for spectral
analysis (widowing, edge preserving, etc.) [42—44]. The number and positions of A; should
follow recommendations from [9].

Finally, a good approximation of ]y can be obtained from the first point of creep data
at t{), by accounting the linear viscoelastic part while assuming a negligible contribution
of any irrecoverable effects. Such assumptions are valid, since their contribution to Jj
usually ranges from 10 to 10~%1/MPa which is a thousand times smaller, simplifying
Equation (9) into:

ve " (to) =

Jo+ ) i(1—e Ag)]f (15)
-1

If a material exhibits notable flow, ¢y, should be identified from separate exper-
iments, suggesting creep or relaxation tests either in the time or frequency domain at
elevated temperatures coupled with a time—-temperature superposition, for which a de-
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tailed explanation of experimental and analytical methodology can be found in various
literature [1,9,40].

2.3.2. Nonlinear Viscoelastic Behavior

As suggested by R. A. Schapery, to avoid instantaneous contribution, which is difficult
to identify, the methodology for evaluating nonlinear viscoelastic behavior of material
should be initiated from recovery [21]. Similarly as before, a pure nonlinear viscoelastic
response by eliminating irrecoverable effect can be determined from differential values of
recovery data and model from Equation (13) as shown in the following expression:

ex ex o _ tta m _ ‘tunload—fa
Yr p(t) —Ur p(tunload) = Z Aje M — ZAie A T. (16)
i=1 i=1

where the magnitude and time pairs of the nonlinear retardation time spectra A;(A;) can
be approximated from Equation (16) applying any previously mentioned minimization
procedure. Using the same idea, 2 can be approximated from Equation (10):

Zri A; m — L _ tta m __ta_ _ ‘lunload—fa
'fop(t) - 'fop(tunload) = { =1 Z Jilfl—¢ *=ti)e A — Z Jill—e ot e Ai T. 17)
i=1 i=1

my (1) f

where g is derived from the sum of Equation (12) and can be calculated as soon as the a
is known.

Since nonlinear viscoelastic, flow and viscoplastic mechanisms concurrently enroll
during creep, nonlinear parameters gp and g; can be determined at the points where
the magnitude of irrecoverable processes is either known or can be neglected. A good
approximation of gy can be obtained from the first point of creep data at t{, by accounting
nonlinear viscoelastic part while considering same assumptions as before, simplifying
Equation (9) to:

exp [,/ gOIOT - ¢ﬂowtaT - ')’Vp(tﬂ) s - i/\.

Yo (to) = [8oJo+ , &) Jill—e "™ ||t (18
e ) {ngzinl1 Ji(1 — et/ acki) ) @ ;

where g7 is derived from Equation (9) at t,, which can be calculated once g is available.

Be aware that viscoplastic residuals are known from the recovery and will be thoroughly

examined in continuation.

2.3.3. Viscoplastic Behavior

The methodology to analyze the viscoplastic behavior of the material begins with
identification of residual viscoplastic strains—’yvp(ta) from Equation (10), determined
as a difference between recovery data and model at t,100q (the time at which material
viscoelastic response settles), yielding:

tunload —fa

m _ _t _
’)/Vp(ta) = 'fop(tunload) — &2 [2 ]i (1 —e i ) e A ‘| T (PflowtaT (19)
i=1

The analysis is performed for each applied T and values correspond to viscoplastic
model at ¢, as:
Yp(ta) = CtT"™N (20)



Polymers 2025, 17, 3095

8 of 22

Viscoplastic parameters can be identified by using logarithmic trick on Equation (20)
which linearizes exponential function in the following expression:

log Yvp(ta) = nNlog T + log Ct}, (21)

where product n1-N represents the slope, while logarithmic value of K = Ct} is the intersec-
tion of given linear function. Average value of n can be approximated from viscoplastic
strain—yp (t) using Equation (9) determined as a difference between the creep data for
each 7, yielding:

Yop(t) =7 P (t) —

m . K
goIo+g1gzZ]i<1—e ”TA"HT—‘#’ﬂowa:{tn} N (22)
i=1 al)cC

Once n is identified, the parameter N can be calculated from the slope, and the
parameter C from the intersection of Equation (21), respectively.

3. Experimental Part
3.1. Materials and Sample Preparation

The study of nonlinear viscoelastic-viscoplastic behavior was conducted on two ver-
satile and well-established thermoplastic polymers with different morphological structures:
amorphous acrylonitrile butadiene styrene—ABS (P3H-AT, Elix polymers, La Canonja,
Spain) and semi-crystalline polyoxymethylene—POM (Hostaform 27021, Celanese, Irving,
TX, USA). The selection of the materials was predominantly based on the different behav-
iors that those structures portray. Due to the nature of chemical bonds (non-crosslinked
system) they are both considered as rheodictic class of polymers (exhibiting irrecoverable
deformations); however, their morphological differences (disordered vs. ordered chain
structure) enable flow at substantially different time-temperature scales. While amor-
phous ABS exhibits profound flow within the considered temperature range, the flow of
semi-crystalline POM may be neglected until its melting.

Samples of the investigated materials were prepared using a three-step manufacturing
procedure: drying, melt mixing and injection molding. In the first step, granules were dried
in a laboratory oven (SP105C, Kambi¢ d.o.0., Semic¢, Slovenia) to remove diffused moisture
and therefore avoid bubbling during mixing and molding procedures. During the second
step, granules were mixed in a mini twin-screw extruder (MC15HT, Xplore Instruments BV,
Sittard, The Netherlands) to remove trapped air and to obtain homogeneous melt. Within
the third step, melt was transported to a mini-injection molding machine (IM12, Xplore
Instruments BV, Sittard, The Netherlands) to prepare cylindrically shaped samples with
diameter of d = 3 mm and length of I = 50 mm. In the process the injection pressures were
selected to enable outgassing while minimizing residual thermo-mechanical stresses after
the molding process. The conditions during the three-step manufacturing procedure of the
samples are summarized in Table 1.

3.2. Thermal Conditioning and Evaluation of Thermodynamic Equilibrium

Thermal conditioning eliminates (or at least substantially reduces) residual thermome-
chanical stresses that persist within the samples after pressure/shear-intensive manufactur-
ing processes. If it is not properly mitigated or thermodynamic equilibrium is not reached,
they lead to a physical aging process (a change in physical properties over time without
any external excitation) resulting in significant errors when evaluating time-dependent
behavior of polymers [3,45]. To analyze the thermal conditioning and corresponding ther-
modynamic state of the prepared samples, the (TC-TD) procedure was divided into three



Polymers 2025, 17, 3095

9 of 22

steps [33,46]: (i.) determination of a glass transition temperature, (ii.) thermal conditioning,
and iii) evaluation of thermodynamic equilibrium.

Table 1. Summary of processing conditions during three-step manufacturing procedure of amorphous
ABS and semi-crystalline POM samples.

Process Process ABS POM
. Drying time 4h 4h
D
tyme Drying temperature 100 °C 100 °C
Mixing time 5 min 5 min
Mixing temperature 240 °C 210°C
Melt mixing Screw speed (co-rotating) 50 rpm 50 rpm
Barrel temperature 240 °C 210°C
Mold temperature 70°C 105 °C
Iniection moldin Injection pressure 3 MPa 5 MPa
) & Injection time 10s 10s
Holding pressure 6 MPa 8 MPa
Holding time 10s 10s

Within the first step, thermal analysis was performed on investigated materials to
determine the glass transition temperature, Ty, a temperature where relaxation or stress
release processes accelerate. Measurements were carried out on differential scanning
calorimeter, DSC (Q2500, TA Instruments, USA), in a temperature range from 0 °C to
250 °C for amorphous ABS, and from —90 °C to 250 °C for semi-crystalline POM. All
tests were performed according to the standard ISO 11,357 [47] with heating and cooling
rates of 10 °C/min under a nitrogen atmosphere to prevent material oxidation. During the
second step, the samples of the selected materials under investigation were conditioned
in a laboratory oven (SP105C, Kambi¢, Slovenia) enclosed in a glass chamber under a
nitrogen atmosphere and conditioned at the temperature of Teon ~ 100 °C (for amorphous
ABS); Teon also corresponds to an onset value of Ty preserving the geometry of ABS sam-
ples throughout the conditioning process. Samples were conditioned for teon 15 ~ 1.5 A,
tcon3 = 3 h, and teone ~ 6 h, and then slowly cooled to room temperature with a cool-
ing rate of Teon &~ 0.1 °C/min to mitigate any aging effects. In the third step, dynamic
thermomechanical analysis, DTMA, was performed on the samples of studied materials
to evaluate thermodynamic equilibrium by observing changes in viscoelastic properties
(storage G" and loss G” moduli) resulting from the above-mentioned conditioning proce-
dures. Measurements were carried out on advanced modular rheological system (MCR702,
Anton Paar, Austria) coupled with a CTD180 temperature chamber and using solid circular
fixtures or SCF sensors. All tests were performed according to standard ISO 6721 [48] in a
shear mode of loading applying stress of 1 MPa (within linear viscoelastic domain) at a
frequency of 1 Hz, in a temperature range from 0 °C to 110 °C for amorphous ABS, and
from 0 °C to 100 °C for semi-crystalline POM, with a heating rate of 3 °C/min. The DTMA
results present the average value of three repetitions (each on fresh sample), and the error
corresponds to maximum deviation from the average value.

The results of the complete TC-TD procedure for amorphous ABS samples are shown
in Figure 2. From thermal analysis (DSC thermograms), the glass transition tempera-
ture was determined to be Tg ~ 103.7 °C with the onset value of Tg,onset ~ 100.2 °C,
Figure 2a. Samples were then conditioned as portrayed by recorded temperature profiles,
Figure 2b. The DTMA results show profound differences in viscoelastic properties as
well as T between nonconditioned and conditioned samples. During the manufacturing
of amorphous ABS samples, molecules “froze” upon solidification significantly below
Tg. Therefore, nonconditioned samples in comparison to the conditioned ones exhibited
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Figure 2. (a) Thermal analysis of amorphous ABS, (b) recorded temperature profiles during thermal
conditioning of the samples, and (c) DTMA analysis of nonconditioned and conditioned samples.

Figure 3 shows the results of complete TC-TD procedure for semi-crystalline POM
samples. From thermal analysis (DSC thermograms), glass transition was determined
at temperature of Ty ~ —76.3 °C, Figure 3a. Samples were conditioned after heating as
portrayed by the recorded temperature profiles, Figure 3b. The DTMA results show minor
differences in viscoelastic moduli between the nonconditioned and conditioned sample. In
this case, during the manufacturing of semi-crystalline POM samples, the molecules “froze”
upon solidification significantly above Tg. Hence, nonconditioned samples in comparison
to the conditioned ones exhibit marginal differences in free volume as identified from
minor changes in viscoelastic moduli, indicating some thermomechanical stresses still
remained within the samples, Figure 3c. However, negligible changes in viscoelastic prop-
erties (within experimental error) were observed for all conditioning procedures, indicating
complete elimination of residual stresses within the samples, and achievement of thermo-
dynamic equilibrium. As portrayed above, several thermal conditioning procedures allow
the samples of investigated materials to achieve a thermodynamic equilibrium. However,
to minimize the risk of aging effects, t.on ¢ Was selected for further characterization of the
nonlinear viscoelastic—viscoplastic behavior of the polymers studied.
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Figure 3. (a) Thermal analysis of semi-crystalline POM, (b) recorded temperature profiles during thermal
conditioning of the samples, and (c) DTMA analysis of nonconditioned and conditioned samples.

3.3. Creep Recovery Tests for Nonlinear Viscoelastic—Viscoplastic Analysis

For nonlinear viscoelastic—viscoplastic analysis, creep recovery tests were carried out
on an advanced modular rheological system (MCR702, Anton Paar, Graz, Austria) coupled
with a CTD180 temperature chamber and a SCF sensor geometry. Measurements were
performed at constant temperature of Texp = 70 °C (maximum operating temperature)
in shear stress mode of loading by applying shear stresses (i) T = 0.1, 1 and 2.5 MPa to
determine the parameters in linear viscoelastic domain; and (ii) T = 5, 7.5, 10, 12.5, 15 MPa
(~70% strength, calculated from UTS data) to determine the parameters in nonlinear vis-
coelastic domain. During the creep phase, the samples were loaded for 1800 s (0.5 h), while
during the recovery phase they were unloaded for 18,000 s (5 h), which was sufficiently
long to obtain the complete recovery, i.e., 10x longer than the creep phase as reported in
several studies [33,41]. Please note that the same experimental conditions were applied on
the samples of both investigated materials, i.e., amorphous ABS and semi-crystalline POM.

Moreover, due to the inherent rheodictic nature of amorphous ABS, a flow of the
material was determined from long-term behavior portrayed by material function. In
this particular case, creep measurements were performed in a shear mode of loading by
applying 7 of 1 MPa (within linear viscoelastic domain) for 1000 s in a temperature range
from 30 to 100 °C (with a step of 10 °C bellow 80 °C and a step of 5 °C above 80 °C).
With the use of time-temperature superposition tTs principle, isothermal segments of shear
creep compliance were then shifted (horizontal and vertical shift) in order to construct
master curve or material function at the reference temperature of T;of = 70 °C (the same
temperature as used in creep recovery tests) representing the behavior of the material
through a longer period of time.

The results of creep recovery tests and creep tests present the average value of three
repetitions (each on fresh sample), and the error corresponds to maximum deviation from
the average value.

4. Results and Discussion
4.1. Linear Viscoelastic Behavior of Polymers

In this section, linear viscoelastic behavior of investigated materials is addressed. Mul-
tiscale analysis was performed (following methodology discussed in Section 2.3) to identify
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linear viscoelastic model parameters, consisting of elastic component as instantaneous
shear creep compliance—Jy, viscoelastic component or shear retardation time spectra J;(A;)
for semi-crystalline POM, and additionally flow component as the material flow or flow
term ¢y oy, for amorphous ABS.

First, we have evaluated linear viscoelastic behavior and model parameters for amor-
phous ABS. Since the material at 70 °C does not exhibit serious flow, the evaluation from
recovery data may lead to significant overestimation, which can incorporate other, al-
though small viscoplastic effects. Hence, the flow component was determined from the
results of creep tests. Resulting isothermal segments of shear creep compliance J(f) were
shifted according to tTs principle in order to construct a master curve (material function)
at the reference temperature of 70 °C, Figure 4. It is important to note that horizontal—
log at and vertical log by shifts were employed, where by is defined as reduced variable
of Jreda(t) = J(t)/br, following its physical interpretation given by J. D. Ferry in [40]. As a
result, ¢go, may be determined, either from the slope of the constructed master curve (rep-
resented by the segment measured at the highest temperature where the material exhibits
a profound flow) or from modeling of such behavior (by spectral analysis utilizing least
squares optimization algorithm) as articulated in the work of N. W. Tschoegl [9]. Anyhow,
both approaches were used and provided a similar value of ¢4, = 9.38 x 107° 1/ MPas,
with negligible differences between the two, i.e., < 1%.
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Figure 4. Segments and master curve of shear creep compliance for amorphous ABS, including
horizontal and vertical shifts, as well as shear retardation time spectra.

Elastic and viscoelastic components of linear viscoelastic model for amorphous ABS
were determined from the results of creep recovery tests performed at 70 °C, Figure 5.
For convenience, shear strain (¢) at 5 MPa is also displayed to demonstrate nonlinear
viscoelastic behavior, Figure 5a. Such behavior may be observed as a collapse of propor-
tionality and additivity between the load and response, the two main conditions based
on which linear viscoelastic theory is postulated [9,10], portrayed by the change in J(t)
during creep, Figure 5b. Based on the results, the shear stress limit of linear viscoelasticity
was determined to be 1 ,yg = 2.5 MPa. To avoid instantaneous response as it is difficult
to measure [21,33], viscoelastic component portrayed by J;(Ai) was determined through
spectral analysis using least squares optimization algorithm over differential values of
7v(t) during the recovery process. This procedure determines pure viscoelastic response by
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eliminating (as well as identifying) flow and viscoplastic residual strains. Furthermore, the
average value was determined as (J;) (A;) by considering all loading conditions in linear
domain, Figure 5c.
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Figure 5. (a) Shear strain during creep recovery test, (b) shear creep compliance, (c) instantaneous
shear creep compliance (elastic component), and (d) shear retardation spectra (viscoelastic component)
in linear viscoelastic domain for amorphous ABS.

Please note that the number and positions of the retardation times A; were predeter-
mined using recommendations from [9]. Finaly, good approximation of elastic component
given as Jy was determined from the first point of measured data while extracting viscoelas-
tic part at that time (1 s), and assuming insignificant contribution of irrecoverable processes
(flow and viscoplastic). The average value was determined as (Jo) = 1.28 x 1073 1/MPa
by considering all loading conditions in the linear viscoelastic domain, Figure 5d.

Now, we will analyze the linear viscoelastic behavior and model parameters for
semi-crystalline POM, Figure 6. Since the flow of this material may be neglected within
considered time—temperature scale, elastic and viscoelastic components were determined
from the results of creep recovery tests performed at 70 °C, Figure 6a. For convenience,
7(t) at 5 MPa is also displayed to illustrate nonlinear viscoelastic behavior. By observing
the change in J(t) during creep, the limit was determined to be 1;.yg = 2.5 MPa with the
collapse of proportionality and additivity, Figure 6b. Furthermore, the average value of
viscoelastic component was evaluated as (J;)(A;), and ultimately, the average value of
instantaneous response was identified as (Jo) = 1.94 x 1073 1/ MPa by considering all
loading conditions in the linear viscoelastic domain, Figure 6c,d, respectively.

4.2. Nonlinear Viscoelastic Behavior of Polymers

Within this section, the nonlinear viscoelastic behavior of the studied materials is
discussed. Multi-scale analysis was carried out (following methodology discussed in
Section 2.3) to determine Schapery’s nonlinear viscoelastic model parameter. Those pa-
rameters provide information on nonlinear (stress-dependent) contributions to linear vis-
coelastic responses by reflecting third- and higher-order dependencies of Gibb’s free energy
(potential energy for molecular reconfiguration) [21]; namely, nonlinear contribution to
instantaneous response gp, nonlinear contribution to creep deformation g;, nonlinear con-
tribution to creep acceleration a4, and nonlinear contribution to recovery deformation

g2 [33].
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Figure 6. (a) Shear strain during creep recovery test, (b) shear creep compliance, (c) instantaneous
shear creep compliance (elastic component), and (d) shear retardation spectra (viscoelastic component)
in linear viscoelastic domain for semi-crystalline POM.

We started by examining nonlinear viscoelastic behavior and model parameters for
amorphous ABS, Figure 7. Those parameters were identified from the results of creep recov-
ery tests performed at 70 °C, Figure 7a. For convenience, shear strain () at 2.5 MPa is also
shown to indicate the limit of linear viscoelastic behavior. The collapse of proportionality
and additivity may be observed by the changes in shear creep compliance—](t) for each
applied shear stress T, portraying consistent nonlinear viscoelastic behavior throughout
the considered loading conditions, Figure 7b [6,11,21]. Similarly as in the linear domain, to
avoid instantaneous contribution, which is difficult to measure, a and g, were determined
first from the recovery part of the data [21,33]. Both parameters were determined for each
applied load using least squares optimization algorithm over differential values of 7 (t)
during recovery. This procedure enables the determination of pure nonlinear viscoelastic re-
sponse by eliminating (as well as identifying) flow and viscoplastic residual strains. Finally,
good approximates of g1 and gg were determined from 7 (¢) during creep using similar
minimization methods. Since nonlinear viscoelastic, flow and viscoplastic mechanisms
simultaneously occur during creep, both parameters were determined at points where
the magnitude of irrecoverable processes (flow and viscoplastic) is either known or can
be neglected.

Therefore, parameter g1 was determined at the end of creep process, i.e., 1800 s where
residual strains were identified from the recovery, while gg was determined from as the
start of creep process, i.e., 1 s, assuming insignificant contribution of irrecoverable effects.
Results show various dependencies of Schapery’s nonlinear parameters with 7, i.e., go(7)—
linear, g1(7)—linear, a.(7)—constant, and g(7)—quadratic, Figure 7c. As reported in
various research works they depend on polymer, temperature, type of loading, etc. [24-30].
Most surprising is the decrease in g1 (7) although a-(7) remains 1, which was historically
predicted by R.A. Schapery [21] for a special class of polymers, presumably related to the
concurrent flow and viscoplastic processes during creep. Nevertheless, the product g1
which drives the magnitude of creep process was found to be increasing with increasing 7.

Next, we will evaluate nonlinear viscoelastic behavior and model parameters for
semi-crystalline POM, Figure 8. The parameters were identified from the results of creep
recovery tests performed at 70 °C, Figure 8a. For convenience, shear strain—(t) at
2.5 MPa is also displayed to indicate limit of linear viscoelastic behavior. The material
exhibited consistent nonlinear viscoelastic behavior over T range observed by the changes
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in J(t), Figure 8b. Similarly as before, nonlinear parameters were determined for each
T using least squares optimization algorithm. First a; and g, were determined from
() during recovery, avoiding the difficulties related to measurements of instantaneous
contribution. Good approximates of g1 and gy were determined from 7y (¢) during creep,
under the same assumption as previously discussed. The results show different stress-
dependent parameters, i.e., go(7)—linear, g1 (7)—quadratic, a.(7)—constant, and g»(7)—
linear, as earlier observed in amorphous ABS, originating from morphological differences,
thermodynamic state in relation to the glass transition, etc., Figure 8c. Furthermore, g1 (7)
also decreases although a(7) remain 1, apparently related to the concurrent viscoplastic
process occurring during creep; however, the decrease is ~ 27% smaller compared to
amorphous ABS, since semi-crystalline POM does not exhibit flow within the considered
time—temperature scale. Similarly as before, g1(7) decreases although a.(7) remains 1,
presumably related to the concurrent viscoplastic processes during creep; however, the
product g1 g2 which drives the magnitude of creep process was found to be increasing with
increasing T.
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Figure 7. (a) Shear strain during creep recovery test, (b) shear creep compliance, (¢) Schapery’s
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parameters in nonlinear viscoelastic domain for semi-crystalline POM.
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4.3. Viscoplastic Behavior of Polymers

Throughout this section, the viscoplastic behavior of the investigated polymers will be
examined. Analysis was conducted (following methodology discussed in Section 2.3) to
evaluate viscoplastic model parameters, including viscoplastic flow term—C, stress scaling
parameter—N, and process rate parameter—n [38,39]. Since the measurements were con-
ducted in shear, which represents a natural loading condition for identifying irrecoverable
processes (flow and viscoplastic), we were able to identify viscoplastic residual strains
even within linear viscoelastic domain. Those viscoplastic strains, which presence was
generally neglected as the magnitudes were practically insignificant [21], are not associated
with yield phenomena (associated with progressive/damaging mechanisms) as commonly
referred to in the literature, but rather explain the material’s inability to fully recover.

Anyway, viscoplastic parameters were identified from the results of creep recovery
tests performed at 70 °C in linear and nonlinear viscoelastic domain. From recovery part of
the data, a residual viscoplastic strain yyp (ta) was identified (for amorphous ABS the effect
of flow was extracted), Figure 9.
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Figure 9. Comparison between experimental data and viscoplastic model for viscoplastic residuals as
well as viscoplastic strain during creep on (a) amorphous ABS, and (b) semi-crystalline POM.

Apparently, vvp(ta) exponentially increases with shear stress 7, which in double-
logarithmic scale/values, such dependency, translates into linear form, where n-N product
presents the slope and logarithmic value of Ct]] intersection. Similar behavior was observed
with viscoplastic strain rates [51,52], while other research works show the same behavior
with increasing ¢,, where the slope determines the parameter n; however, additional set
of experiments were needed [38,39]. In our case, the average value of n was determined
for each loading condition using least square optimization procedure over yp(t) during
creep. While N was then trivially calculated from the slope, the C was calculated from the
intersection. Such a procedure allows identification of model parameters with single set of
experiments. Anyway, the results show excellent agreement with the viscoplastic model
with experimental data throughout the complete T range over 'yvp.r(ta) and time over
Yvp(t) (shown on example for 10 MPa, Figure 9). It should be noted that 0.1 MPa (marked
as a red dot in Figure 9) was not considered in the viscoplastic analysis, presumably due to
limiting measuring capabilities of the device.

4.4. Evaluation of Nonlinear Viscoelastic—Viscoplastic Model in Linear and Nonlinear Domain

In the following section, the nonlinear viscoelastic—viscoplastic model performance
of the studied polymers will be evaluated by comparing the predicted values of shear
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strain 7y (f) with those obtained from the creep recovery tests. For the convenience of such
analysis, the model parameters for both considered materials are given in Table 2.

Table 2. Nonlinear viscoelastic-viscoplastic model parameters for amorphous ABS and semi-

crystalline POM.
Amorphous ABS
Jo, [1/ MPa] $riow, [1/ MPa-s] log A, [s] log Ji, [1/MPa]
1.28 x 1073 9.37 x 107° —0.5 -7
0 —6.04
0.5 —4.99
Linear 1 —4.72
viscoelastic 1.5 —4.71
behavior 2 —4.59
2.5 —4.46
3 —4.33
3.5 —4.15
4 —4.04
45 —3.56
T, [MPa] 80, [/] g1, /] 82, (/] ax, [/]
0.1 1 1 1 1
1 1 1 1 1
Nonlinear 25 1 1 1 1
viscoelastic 5 1.04 091 1.09 1
behavior 7.5 1.07 0.88 1.14 1
10 1.14 0.79 1.25 1
12.5 1.17 0.75 1.33 1
15 1.20 0.7 1.46 1
Viscoplastic C,[1/MPa-s| N, [/] n,[/]
behavior 3.17 x 1077 7.26 0.33
Semi-crystalline POM
Jo, [1/MPa] Pfiow, [1/ MPa-s) log A, [s] log Ji, [1/MPa]
1.94 x 1073 / —-0.5 —6.99
0 —4.09
0.5 —3.89
Linear 1 =3.77
viscoelastic 1.5 —3.69
behavior 2 —-3.67
2.5 —-3.70
3 -3.79
3.5 —3.82
4 -3.79
4.5 —3.61
7, [MPa 80, [/] 81, [/] 82, (/] ax, [/]
0.1 1 1 1 1
1 1 1 1 1
Nonlinear 25 1 1 1 1
viscoelastic 5 1.05 0.97 112 1
behavior 7.5 113 0.95 118 1
10 1.25 0.95 1.32 1
12.5 1.35 0.95 1.39 1
15 1.40 095 1.48 1
Viscoplastic C,[1/MPa-s] N, [/] n, [/]

behavior 241 x 107 6.59 0.33
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In the first step we will analyze nonlinear viscoelastic—viscoplastic model performance
for amorphous ABS, Figure 10. There are various parameters to evaluate such performance,
among them, normalized root mean square error NRMSE (in %) more comprehensively
quantify the goodness of the fit, which summarizes model accuracy and its predictive
capability [53]. Evaluation procedure was carried out for all loading conditions in linear
and nonlinear viscoelastic domain as showcased by Figure 10a—c. Since amorphous ABS
exhibits notable flow in considered time-temperature scale, the related component governs
the irrecoverable deformation in linear domain, while viscoplastic one governs those in
nonlinear domain (the impact of flow diminishes). Anyway, the results indicate excellent
agreement between the proposed model and the experimental data as NRMSE was deter-
mined < 5% for each applied shear stress 7, supporting the methodology and introduced
expansions of irrecoverable components, i.e., flow and viscoplastic, to Schapery’s nonlinear
viscoelastic model, Figure 10d. Additionally, Figure 10 also includes relative experimental
and analytical error . An abrupt increase in J occurs during the loading/unloading process,
as the samples undergo sudden geometrical change resulting from the application/release
of 7. Furthermore, ablation tests portray the significance of introduced flow and viscoplas-
tic components into nonlinear VE model as the error profoundly increases ranging from
~ 17 to ~ 110% over applied 7, if one of them is excluded from the evaluation.
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Figure 10. Showcasing nonlinear VE-VP model performance on creep recovery data with residuals at
(a) 1 MPa (linear domain), (b) 10 MPa (nonlinear domain), and (c) 15 MPa (nonlinear domain), along
with its overall accuracy portrayed by (d) normalized root mean square error for amorphous ABS.

Similarly as before, we examined the nonlinear viscoelastic-viscoplastic model perfor-
mance also for semi-crystalline POM, Figure 11. Analysis was performed for all loading
conditions in the linear and nonlinear viscoelastic domains as showcased by Figure 11a to
11c (relative experimental and analytical errors are also included).
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Figure 11. Showcasing nonlinear VE-VP model performance on creep recovery data with resid-
uals at (a) 1 MPa (linear domain), (b) 10 MPa (nonlinear domain), and (c) 15 MPa (nonlinear
domain), along with its overall accuracy portrayed by (d) normalized root mean square error for

semi-crystalline POM.

Since semi-crystalline POM does not exhibit flow in the observed time-temperature
scale, the irrecoverable deformations are solely governed by the viscoplastic component
in the linear and nonlinear domains. The results show excellent agreement between the
proposed model and the experimental data with NRMSE < 5% for each 7, confirming
the introduced expansions to Schapery’s nonlinear model. Furthermore, ablation tests
were performed to illustrate the importance of introduced viscoplastic components in to
nonlinear VE model, since the error profoundly increases ranging from ~ 74 to ~ 10% over
applied 7, if it is excluded from analysis.

Based on the obtained results, the nonlinear viscoelastic-viscoplastic model allows
the prediction of time-dependent behavior with exceptional accuracy, regardless of the
morphological nature and property of the material. Therefore, the proposed analytical and
experimental methodology can also be applied to all other types of systems, regardless
of their structure (e.g., crosslinked polymers: thermosets and elastomers), with proper
identification of the components and corresponding parameters.

5. Summary and Conclusions

One of the major concerns for using polymers is their sustainability, as general trends
lean towards lower material consumption, efficient processing and extreme utilization.
Although the sustainability of such polymer-based structures may be evaluated in several
ways, simulating their behavior in a virtual world offers several advantages over real-time
testing. To predict such behavior, linear and nonlinear viscoelastic laws are considered;
however, both approaches are insufficient to provide accurate theoretical or numerical
solutions as they are unable to determine residual strains. Regardless of their origin, their
accumulation leads to premature failure of the material or structure.
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Within the present research, Schapery’s nonlinear viscoelastic model was extended by
introducing two components of irrecoverable deformation, displaying material flow (struc-
ture related irrecoverable process) and viscoplastic behavior (load related irrecoverable
process), accompanied by an analytical and experimental methodology for model evalua-
tion. The investigation was carried out on two versatile and well-established thermoplastic
polymers with different morphological structures, i.e., amorphous ABS exhibiting notable
flow and semi-crystalline POM, for which flow can be neglected within the considered
time—temperature scale. With the use of an advanced modular rheological system, creep
and creep recovery tests were conducted in linear and nonlinear domain at temperatures of
70 °C (max. operating temperature) in which materials display both irrecoverable processes.
Introducing multi-scale analysis allows parameter identification and evaluation of pure
linear and nonlinear viscoelastic, as well as viscoplastic behavior enabling the study of
their contribution to overall material response. The evaluation results show extremely ac-
curate predictions as well as exceptional agreement with experimental data displayed with
NRMSE < 5% for both studied materials, ranging from infinitesimally small to relatively
high magnitudes of loading (from 0.1 to 15 MPa of shear stress). Furthermore, the proce-
dure allows the identification of irrecoverable effects even within the linear viscoelastic
domain. Hence viscoplastic strains are not associated with yield phenomena (associated
with progressive/damaging mechanisms) as often assumed in the literature but rather
provide an explanation of the material’s inability to return to its original state.

The proposed experimental and theoretical framework was primarily developed to
improve the sustainability and safety of polymers and polymer-based systems under
realistic conditions; however, with the appropriate identification of material structures,
behavioral components and parameters, it can be a powerful tool to simulate the behavior
of other molecular systems, from synthetic to the ones found in nature.
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TD Thermo-dynamic state
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DTMA  Dynamic Thermo-Mechanical Analysis
VE Viscoelastic
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