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Abstract

The aim of this study is to address the limited number of numerical investigations on pure polypropylene block
copolymers (PPB) reported in the literature by developing a high — accuracy finite element approach based on the ANSYS
Three Network Model (TNM). This approach is intended to predict the short — term, time — dependent mechanical
behavior of PPB and to complement the extensive experimental studies previously reported. Within the scope of this
study, Multipurpose test specimens manufactured by injection molding from pure PPB material in accordance with the
ISO 3167 Type A standard were subjected to uniaxial tensile tests at low quasi — static strain rates (0.0003 s, 0.000725
s, and 0.00145 s) up to the stress plateau region. Subsequently, stress relaxation tests were performed with a holding
time of 600 s at the yield strain levels determined for each strain rate. The time — strain — stress data obtained from the
uniaxial tensile tests were utilized to calibrated PPB — specific ANSYS TNM parameters through the MCalibration
software. High correlations are observed between the simulation and experimental results for both uniaxial tensile and
stress relaxation tests, with this agreement quantitatively confirmed by coefficients of determination of R2 > 0.78. In
conclusion, the proposed ANSYS TNM — based modeling approach has demonstrated a high level of predictive accuracy
for the strain — rate — dependent mechanical behavior of semicrystalline polymers such as PPB, while also providing

significant gains in terms of time, cost, and labor efficiency in engineering design applications.
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Stress Relaxation.
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Diisiik Yar1 Statik Hizh Cekme Testleri ile Kalibre Edilmis ANSYS Uc¢ Ag Modeli
Kullanilarak Polipropilen Blok Kopolimer Malzemenin Kisa Vadeli Gerilme Gevseme
Davranmisinin Tahmini

Bu caligmanin amaci, literatiirde rapor edilen saf polipropilen blok kopolimerler (PPB) iizerine yapilan sayisal
calismalarin sinirli olmasini ele alarak, ANSYS Ug Ag Modeli (TNM) temelli yiiksek dogruluklu bir sonlu elemanlar
yaklagimi gelistirmektir. Bu yaklagim, PPB’nin kisa siireli, zaman bagimli mekanik davranigini tahmin etmeyi ve daha
once rapor edilmis kapsamli deneysel ¢aligmalari tamamlamayi amaglamaktadir. Calisma kapsaminda, 1SO 3167 Tip A
standardina uygun olarak saf PPB malzemeden enjeksiyon kaliplama ydntemiyle iiretilen ¢ok amagli numuneler, diigiik
sanki statik genleme hizlarinda (0.0003 s/, 0.000725 s~ ve 0.00145 s~/) gerilme plato bdlgesine kadar tek eksenli cekme
testlerine tabi tutulmustur. Ardindan, her bir sekil degistirme hizi i¢in belirlenen akma genleme seviyelerinde 600 s
bekleme siiresiyle gerilme gevsemesi testleri gergeklestirilmistir. Tek eksenli ¢ekme testlerinden elde edilen zaman —
genleme — gerilme verileri, MCalibration yazilimi aracihigiyla PPB’ye 6zgii ANSYS TNM parametrelerinin kalibre
edilmesinde kullanmilmustir. Tek eksenli ¢ekme ve gerilme gevsemesi testleri icin simulasyon ve deneysel sonuclar
arasinda yiiksek diizeyde korelasyonlar gozlenmis olup, bu uyum R2 > 0.78 olan regresyon uyum katsayilari ile nicel
olarak dogrulanmustir. Sonug olarak, onerilen ANSYS TNM tabanli modelleme yaklagimiyla PPB gibi yar1 kristalin
polimerlerin gerinim hiz1 bagimh mekanik davramsini yiiksek dogrulukla éngorebilme basarimi sergilenmistir ve ayni

zamanda miihendislik tasarim uygulamalarinda zaman, maliyet ve i§ giicli acisindan énemli kazanimlar saglanmstir.

Anahtar Kelimeler: Polipropilen Blok Kopolimer; ANSYS Three Network Model; Sonlu Elemanlar; Cekme Testi;

Gerilme Gevsemesi Testi.

1. Introduction

Polypropylene (PP) is a thermoplastic polymer belonging to the polyolefin family and characterized by a
semicrystalline structure[1]. It is widely utilized across numerous application areas, including packaging, automotive,
construction, aerospace, and biomedical industries [2], [3]. Owing to its low cost, lightweight nature, ease of
processability, high chemical resistance, and adequate mechanical performance, PP is considered one of the most widely
preferred thermoplastic materials in engineering applications [3].

Polypropylene block copolymer (PPB) exhibits favorable impact resistance, ductility, and energy absorption
capacity [4-6]. PPB and its derived materials are considered suitable candidates for engineering applications requiring
high impact resistance, as a result of these characteristics.

Accurate material characterization and identification of material properties are essential for engineering design,
as they directly define the applicable service conditions and performance limits [7]. In this context, a systematic
investigation of the mechanical behavior of PPB provides a rational and effective engineering approach for evaluating its
suitability in engineering design applications.

The through experimental evaluation under various loading and testing conditions. In this regard,
standardized mechanical tests such as tensile, compressive, flexural, creep, impact, and stress relaxation tests are widely
employed to assess their performance [8].

The mechanical behavior of PP materials is strongly influenced by factors such as stress level, strain level, and

temperature [9-11]. In particular, strain rate is widely recognized as a dominant parameter governing the mechanical
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response of polymeric materials [12], [13]. Consequently, the accurate representation of strain — rate — sensitive behavior
is essential for the robust modeling and engineering design of PP — based materials.

The tensile test, which is one of the fundamental methods employed in investigating the mechanical behavior
of materials, enables the reliable determination of key mechanical properties such as elastic modulus, yield stress,
elongation capability, and fracture strength, and is therefore one of the most widely adopted techniques in the literature
[14]. The tensile behavior of plastic materials is commonly evaluated in accordance with the TS EN ISO 527 — 2 standard
[14], [15]. During tensile testing, load and displacement data are recorded as a function of time, from which stress — strain
relationships are subsequently calculated. Within the scope of this study, injection — molded specimens manufactured
from PPB were prepared as TS EN 1SO 3167 Type A multipurpose test specimens and experimentally tested [15].

Stress relaxation testing is one of the characteristic experimental methods used to investigate the mechanical
behavior of materials and represents a fundamental technique for characterizing the time — dependent mechanical response
of viscoelastic materials. In this test, the specimen is brought to a prescribed constant strain (&) at a constant temperature
(T), and the resulting force, and hence the stress o(t), which decreases over time, is recorded while the strain is maintained
constant [16]. This behavior is associated with the molecular rearrangement of polymer chains and the time — dependent
dissipation of energy arising from internal friction.

Extensive studies have investigated stress relaxation behavior of isotactic polypropylene (iPP), combining
experimental and numerical approaches. In one such study, short-term relaxation tests were conducted for 20 minutes
(1200 s) in accordance with ASTM E-328, using specimens prepared according to ASTM D — 638. The time — dependent
mechanical response was subsequently analyzed numerically using a Viscoplasticity Based on Overstress (VBO)
constitutive model. [17], [18]. In another study, the mechanical behavior of iPP under cyclic loading was investigated
both experimentally and numerically. Within the study, stress relaxation tests were conducted in accordance with the
ASTM E-328 protocol, with a duration of 1200 s. [19].

It has been widely reported in the literature that the strain rate employed in tensile testing plays a crucial role in
determining the mechanical properties of thermoplastic materials, particularly polypropylene (PP). According to these
studies, variations in strain rate can significantly alter the observed stress — strain response, highlighting the importance
of accurately controlling and reporting strain — rate conditions in experimental investigations. Polymeric materials, and
PP in particular, exhibit pronounced strain — rate sensitivity, which must be properly accounted for in constitutive
modeling and engineering design applications [12], [20-22]. Moreover, not all strain rate regimes are appropriate for
every experimental method or testing apparatus; consequently, the literature generally prescribes defined strain rate
boundaries. Figure 1 illustrates these boundaries, the associated test modalities, suitable testing equipment, and the regions
in which inertial effects become significant [12].

In addition to the strain rate, accurately defining the applicable strain range is a critical research parameter for
polymeric materials. In stress — strain curves obtained from tensile tests of semi — crystalline thermoplastic materials, five
distinct characteristic regions can be identified. These regions are: linear elastic and linear — viscoelastic, nonlinear —
viscoelastic, strain softening, plateau stress, and strain hardening. Depending on the experimental conditions, it may not
always be possible to observe all of these regions. Figure 2 illustrates a typical stress — strain curve obtained from the
tensile testing of a semi — crystalline thermoplastic material, along with its characteristic regions. [23].

Short — term stress relaxation tests are particularly important for understanding the short — term viscoelastic
response of materials under service conditions in engineering applications. Based on the data obtained from these short —
term relaxation tests, long — term stress relaxation behavior can be predicted using the time — stress — temperature

superposition principle [24].
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Figure 1. Strain rate ranges, test types, equipment, and inertial effect regions [12]

Material models represent a widely adopted approach in the literature for predicting the mechanical behavior of
materials. These models are typically calibrated using a limited set of experimental data, enabling reliable predictions
under conditions that have not been directly tested. Consequently, this approach offers substantial advantages in terms of

time, labor, and cost efficiency [28-30].
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Figure 2. Stress — strain curve and characteristic regions of a semi — crystalline thermoplastic material [23]

In the literature, a wide range of material models has been developed, ranging from basic linear viscoelastic
models such as Maxwell, Kelvin — Voigt, and Standard Linear Solid (SLS) to advanced nonlinear viscoplastic models,
including the Three Network Model (TNM) and the Three Network Viscoelastic Model (TNV). The determination of an
appropriate material model is influenced by several technical factors, including the material class, the finite element
analysis software adopted, the targeted mechanical response, the strain regime under consideration, and other relevant
criteria [27-33].

Multi — network models have been extensively utilized in the literature for the prediction of material behavior
[30], [34-36]. Among these models, TNM stands out as an effective approach for representing the complex mechanical
behavior of polymer — based materials, accounting for both elastic and time — dependent deformation components [35],

[36]. The model provides a robust representation of the material’s mechanical response, capturing the effects of key
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environmental and mechanical factors, including strain rate dependence and temperature variations [34], [35], [37].
Moreover, the integration of the TNM within commercial finite element method (FEM) software, particularly through its
implementation in ANSY'S, facilitates its widespread adoption in engineering applications [38]. Due to these advantages,

the present study adopts the ANSYS Three Network Model (ANSYS TNM).
A B c

Figure 3 Schematic illustration of the Three — Network Model (TNM) [39]

A schematic illustration of the TNM is shown in Figure 3, highlighting the arrangement of springs, dashpots,
and networks that constitute the model. In TNM, total stress is the sum of three parallel networks: A and B capture
elastic-viscoplastic behavior, while C represents strain-stiffening at large deformations [39].

The TNM formulation commences with the definition of deformation gradients, wherein the total deformation
gradient, F??!, encompasses both the thermal expansion component, F!, and the mechanical deformation component, F
[40].

Farpl = FtR )
Ft=[1+a(@ -6yl 2)

In Eq. (2), « denotes the coefficient of thermal expansion, 8 is the current temperature, and &y represents the
reference temperature [40].

Each network experienced the same deformation, as Networks A, B, and C are configured in parallel [40].
F=F,=Fy=F, ®)

For Networks A and B, the mechanical deformation gradient is multiplicatively decomposed into elastic F,fand
viscoplastic F¥ components, with n referring to either network, as expressed in Eq. (4) [40].

E, = E°E; 4)

The total Cauchy stress is expressed as Eqg. (5) [40].
0= 04+ 0p+o0c ®)

The Cauchy stress in Networks A and B follows the eight-chain representation, while Network C is defined
analogously [40].
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For Networks A and B, where n denotes either network, J¢ = det[E¢], bS = (J¢) 2/3EE(ES)T is the Cauchy —

Green tensor, ¢ = \/tr[bg’]/3 is the effective chain stretch, p, is the initial shear modulus, & is a temperature —
dependent material constant, k is the bulk modulus, 6 and 8, are the current and reference temperatures, A, is the

locking stretch representing maximum chain extension, and £~ is the inverse Langevin function [40].
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For Network C, J = det[F], b* = (J)~2/3F(F)" is the Cauchy—Green tensor, 1, = \/tr[b*]/3 is the effective
chain stretch, and y, is its initial shear modulus [40]. 11 and I, denote the first and second invariants of b”, respectively. g
is the relative contribution of I, [41].

In Network B, the shear modulus evolves from its initial value ug; toward its final value ug: in response to

viscoplastic flow, as described by the following equation [40].

tig = =B (i — var] va (8)

where, v, denotes the effective flow rate of Network A, f is material — dependent evolution constant, ug; and
ugy are the initial and final shear modulus of Network B, respectively [40].

The effective deviatoric flow rate is defined by a reptation — based relation [40].

Mn ne

o =T (ermoem) @) ©
Here, n refers to Networks A and B. The constant y, [s*] introduced for dimensional consistency, R(x) denotes the ramp
function, and p(n) represents the hydrostatic pressure. The term t,, corresponds to the Frobenius norm of the deviatoric
part of g, , while £,, defines the flow resistance of network n, indicating the shear stress level at which plastic flow
becomes dominant. The material parameters a, m, and n; serve distinct roles: my is the stress exponent governing strain —
rate sensitivity in the power — law formulation, n is the temperature exponent, and a characterizes the pressure dependence
of the flow behavior [40].

While experimental investigations of polypropylene block copolymers (PPB) are extensive [10], numerical
research on their mechanical behavior remains limited. In particular, the application of viscoplastic constitutive models
calibrated with low — rate uniaxial tensile tests to predict short — term stress relaxation via ANSYS — based finite element
analysis approach is largely unexplored, and this study addresses this gap by developing and validating a predictive

approach for the time — dependent mechanical response of pure PPB.

2. Materials and Methods
2.1 Materials
The polypropylene block copolymer (PPB) granular pure material used in this study was supplied by Borealis
AJS under the trade name BorECOTM BEC5015. Table 1 presents the mechanical and physical properties of the material
as specified by the manufacturer, in accordance with the relevant 1ISO standards [10].

Table 1. Physical and Mechanical Properties of BorECO™ BEC5015

Density[kg/m?] MFR [g/10 mins] Young's Modulus  Tensile Strength  Elongation at Yield
(230°C/2.16 kag) [MPa] [MPa] [96]
900 0.3 1500 30 10

2.2 Multi — Purpose Test Specimen Preparation

The injection moulding machine (Engel Victory 330/50 Tech) with a screw diameter of 35 mm and a length — to
— diameter ratio (L/D) of 30 was used to produce multi — purpose test specimens from pure PPB materials. The injection
molding process was performed in accordance with TS EN ISO 294 — 1, using an injection pressure of 130 bar, a holding
pressure of 80 bar, and a holding time of 15 s, resulting in a total cycle time of 60 s, which included a 40 s cooling period
and a 5 s mold opening time. The process was carried out under controlled parameters, including barrel temperatures of
210°C, 220°C, 230°C, and 235°C from the feed section to the nozzle, a melt temperature of 235°C, and a mold cooling

temperature of 30°C.
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A high — precision process chiller equipped with a temperature control unit (Frigel Microgel Duo) was employed
to maintain the mold temperature constant at the set value for each multi — purpose test specimen. Type A specimens
were produced by direct injection molding using an A — type 1SO mold designed in accordance with TS EN ISO 294 — 1,
featuring a T — distributor and two cavities, and manufactured from S235JR steel (material number: 1.0038). The resulting
test specimens had dimensions of 216 mm x 10 mm x 4 mm, in compliance with TS EN 1SO 3167. The dimensions of
the injection — molded specimens are shown in Figure 4 [10]. The multipurpose test specimens were produced in

accordance with the TS EN 1SO 527 — 2 standard to evaluate the tensile behavior of plastic materials.
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Figure 4. Multi — purpose test specimen dimensions according to TS EN 1SO 3167 Type A

2.3 Uniaxial Tensile Test

Uniaxial tensile tests of Type A multipurpose specimens were performed using a 5 KN universal testing machine
(Instron 4411) equipped with a static axial clip — on extensometer (Instron 2630 — 111) and computer — controlled
Bluehill®2 software, as well as a 10 kN universal testing machine (Shimadzu AGS — X 10) in combination with
Trapezium X software.

The multi — purpose test specimens were mounted in the grips of the testing machine along their principal
longitudinal axes, with the injection gate region held by the fixed jaw. This configuration ensured that the loading
direction during the tensile tests coincided with the injection molding filling direction of the specimens, thereby inducing
tensile stresses parallel to the principal longitudinal axis of the specimens, as defined by the L — T orientation in 1SO
13586.

Tensile testing of the multi — purpose test specimens was performed in accordance with TS EN ISO 3167. The
nominal strain rate ¢ (s), was determined from the ratio of the constant crosshead velocity, v (mm/s), to the initial gauge
length (L = 115 mm), according to € = v / L. For the precise evaluation of the Young’s modulus, a clip — on static axial
extensometer with a gauge length of L, = 50 mm was employed, and a tensile speed of 1 mm/min (0.0003 s %) was applied.
To characterize other mechanical properties, quasi — static tensile tests were conducted at crosshead velocities of 2, 5, and
10 mm/min, corresponding to nominal strain rates of 0.0003 s, 0.000725 s* and 0.00145 s~* . All tests were carried out
up to the plateau stress region. The resulting data enable a comprehensive assessment of the viscoelastic response and
strain rate — dependent deformation mechanisms inherent to the PPB material.

All tensile tests were conducted under controlled environmental conditions at 23°C + 1°C and 50% + 10%
relative humidity. For each mean experimental value, a minimum of five specimens was tested. The mean values
corresponding to each strain rate were determined through statistical evaluation of the experimental data using
Chauvenet’s criterion.

The time — strain — stress data obtained from the uniaxial tensile tests were imported into MCalibration software
for the calibration of the ANSYS TNM. As a result of the calibration process, the material model for the PPB material

was successfully calibrated using the uniaxial tensile data, and the corresponding model parameters were determined.
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2.4 Stress Relaxation Test

Stress relaxation experiments were conducted on the multi — purpose specimens to provide a more
comprehensive evaluation of the time — dependent mechanical response of the material. These experiments were
performed at the same strain rates used in the uniaxial tensile tests and at the corresponding yield strains of 0.088, 0.087,
and 0.086 mm/mm, with a hold period of 600 seconds for each strain rate. Although short-term stress-relaxation tests of
1200 seconds are well documented for semi — crystalline polymers [17-19], studies have shown that even shorter tests of
around 600 seconds can reliably capture early-stage relaxation [42] .

A significant portion of the stress relaxation response of PPB materials occurs within the first 600 seconds
following the loading phase. Consequently, this duration provides a sufficient characteristic timescale to capture the
fundamental viscoelastic behavior of PPB, in agreement with the shortened protocols reported for semi — crystalline
polymers in the literature.

The stress — time data obtained from the relaxation tests were not utilized for model calibration but were instead
employed as validation experiments to assess the predictive accuracy of the finite element simulations performed using
the ANSYS TNM.

2.5 Numerical Modelling

The calibrated ANSYS TNM parameters for the pure PPB material were incorporated into the material library
of the finite element analysis software. A three — dimensional finite element model, constructed based on the geometry
of the experimental specimens, was assigned the calibrated ANSYS TNM material definition and imported into the
numerical analysis environment.

Mesh sensivity analizi The mesh was generated with an approximate characteristic element size of 2 mm,
comprising a total of 16,750 nodes and 3,078 elements; this resolution was selected to provide an optimal balance between
simulation accuracy and computational efficiency. The geometry was discretized using 20 — node quadratic hexahedral
elements (SOLID186). The mesh consisted of three elements across the 4 mm thickness.

To replicate the experimental conditions of the uniaxial tensile tests, all degrees of freedom of the nodes on the
fixed — grip side were fully constrained, while the nodes corresponding to the movable — grip side were assigned time —
dependent displacement boundary conditions equivalent to the applied tensile rate. These boundary conditions and
loading configurations were established to enable direct comparison between the simulated stress and displacement fields
and those obtained from the experimental tests. In ANSY'S platform, boundary condition nodes are defined using named
selections and worksheet — based methods.

The simulations of the stress relaxation tests employed the same specimen geometry, mesh configuration, and
calibrated ANSYS TNM material parameters as used for the tensile tests. The boundary conditions and loading protocols
were configured analogously to those in the uniaxial tensile tests: one grip was fully constrained while the other was
displaced until the prescribed strain level was reached. Upon attaining the target strain, the movable grip was held
stationary, allowing the stress to decay over time. Subsequently, the movable grip was returned to its initial position to
simulate the unloading process. In this manner, the stress relaxation tests were simulated using the existing FEM model
framework under conditions consistent with the experimental setup. Figure 5 schematically illustrates the boundary

conditions and loading scenarios applied in the finite element simulations of both the tensile and stress relaxation tests.
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Figure 5. Schematic representation of boundary conditions for tensile and relaxation test simulations

The accuracy of the ANSYS TNM was evaluated by comparing the simulation results of uniaxial tensile and
stress relaxation tests with the corresponding experimental data for the PPB material. Although the ANSYS TNM was
calibrated exclusively using the tensile test data, it was found to predict the short — term stress relaxation behavior with a
high degree of accuracy.

The coefficient of determination (R?) was employed to evaluate the correlation between the experimental and
FEM results. As the FEM dataset contained fewer points, the experimental data were reduced accordingly, and R2 was

computed in MATLAB according to Equation (10) [11] to assess the agreement between the simulation and experimental
measurements.

N )
RZ — 1 _ Zl;l(jil yflt)z (10)
S (-yrit)

3. Results and Discussion
The stress — strain curves obtained from uniaxial tensile tests performed at different quasi — static strain rates are
presented in Figure 6. An increase in strain rate led to an increase in the yield stress, accompanied by a decrease in the
yield strain. Furthermore, increasing the strain rate caused the nonlinear viscoelastic region of the stress—strain curve to

shift toward lower strains, i.e., toward the linear viscoelastic region, accompanied by an increase in the slope of the curve.

35,0 ]
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] Yield Strain %8.6 —0.0003 s
30,0 E Yield Strain %8.7 0.000725 s
27‘5 E Yield Strain %8.8 0.00145 s-'
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o
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Figure 6. Stress — strain curves of PPB specimens from uniaxial tensile tests at various strain rates
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The time — strain — stress data obtained from the uniaxial tensile tests were imported into the MCalibration
software to calibrate the ANSYS TNM material model parameters for the PPB material. The calibrated parameter values
are presented in Table 2.

In this study, material model parameters were carefully selected and calibrated based on available experimental
data. Temperature related parameters and compression loading related parameters (9= 0, « =0, n = 0, a = 0) and the
multiaxial parameter (q = 0) were set to zero, and large-deformation parameters (1) were constrained, as the study focused
solely on isothermal, uniaxial tensile behavior and small or moderate deformations.

Table 2. Optimized ANSYS TNM material model parameters for the PPB material

Description Symbol Unit Value
Shear modulus of network A LA MPa 298.60
Temperature factor 0 K 0.00
Locking stretch AL - 5.20
Bulk modulus K MPa 1567.40
Flow resistance of network A Ty MPa 17.68
Pressure dependence of flow a - 0.00
Stress exponent of network A Ma - 4.33
Temperature exponent n - 0.00
Initial shear modulus of network B UBi MPa 252.65
Final shear modulus of network B Bt MPa 68.42
Evolution rate of uB b - 21.68
Flow resistance of Network B Tp MPa 28.44
Stress exponent of Network B Mg - 14.78
Shear modulus of Network C Uc MPa 2.68
Thermal expansion reference temperature 6o K 295.15
Relative contribution of second invariant q - 0.00

The calibrated parameter values for the PPB material, as provided in Table 2, were implemented into the finite
element analysis software. Subsequently, finite element simulations of the uniaxial tensile tests were performed. Figure
7 presents a comparison between the stress — strain curves obtained from the experimental uniaxial tensile tests and those

predicted by the numerical simulations.
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Figure 7. Experimental and FEM stress — strain curves of PPB material at various strain rates
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The experimental stress — strain data obtained from uniaxial tensile tests conducted at strain rates of 0.0003 s,
0.000725 s, and 0.00145 s~" were compared with the stress—strain curves derived from finite element — based simulations
using the method of least squares. The resulting coefficients of determination (R?) were 0.9177, 0.9380, and 0.9218,
respectively. These R2 values indicate that the ANSYS TNM material model accurately captures the mechanical behavior
of PPB under uniaxial tensile loading.

Figure 8 presents the stress relaxation test conducted on a uniaxial tensile setup, showing (a) the strain — stress
curves and (b) the stress — time curves. In the experiments performed at three different quasi — static strain rates, a decrease
in stress over time was observed when the specimen was held at a constant strain. This stress reduction reflects the

characteristic behavior of stress relaxation.
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Figure 8. Stress relaxation test: (2) stress — strain curves, (b) stress — time curves

Figure 9 presents a comparison of the stress — time curves obtained from stress relaxation experiments and
numerical simulations conducted at different strain rates (a) 0.0003 s/, (b) 0.000725 s/, and (c) 0.00145 s~ and under
varying initial relaxation stresses. Correlation between the experimental measurements and the finite element simulation
results was assessed using the method of least squares. The coefficients of determination (R?) were found to be 0.9801,

0.7842, and 0.9603 for quasi-static strain rates progressively increasing from low to high. tj and o; are demonstrated

e
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Figure 9. Experimental and finite element stress — time curves of PPB material from stress relaxation tests (a) 0.0003
s, (b) 0.000725 s, and (c) 0.00145 s~/
Although the stress relaxation experiments were not included in the calibration process, the stress — time curves obtained from finite element
— based stress relaxation simulations show a high level of agreement with the experimental data. The coefficients of determination (R2) exceed 0.7842,
indicating that the ANSYS TNM model calibrated for PPB reliably captures the stress relaxation behavior.

4. Conclusion

In this study, the mechanical behavior of pure polypropylene block copolymer (PPB) under low quasi — static
strain rates was systematically investigated using a combination of experimental methods and finite element — based
numerical simulations. The time — strain — stress data obtained from uniaxial tensile tests at different strain rates were
successfully employed, via the MCalibration software, to calibrate ANSYS TNM parameters specific to the pure PPB
material.

The mechanical behavior of pure PPB under tensile loading was compared across all examined strain rates using
experimental data and tensile test simulations performed in a finite element — based framework. The resulting coefficients
of determination (R2 > 0.91) demonstrate that the model effectively captures the nonlinear, rate — dependent viscoelastic
behavior characteristic of semi — crystalline polymers.

Finite element — based simulations of stress relaxation tests, conducted using ANSYS TNM parameters
calibrated from time — strain — stress data obtained in tensile tests of pure PPB, were compared with stress relaxation
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experiments that were not included in the calibration process. The stress — time curves from both experimental and
numerical studies exhibited high coefficients of determination (R? > 0.7842), demonstrating that the simulations
accurately reproduce the experimental data.

The results indicate that the mechanical behavior of the material can be reliably predicted using a limited set of
experimental data, offering significant advantages in terms of time, cost, and labor for engineering applications.
Furthermore, this study contributes to the literature on numerical modeling of the short — term relaxation and rate —
dependent tensile behavior of rate — sensitive pure PPB. Overall, the findings demonstrate that ANSYS TNM is an

effective tool for predicting the mechanical performance of PPB and similar semi — crystalline polymer materials.
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