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A B S T R A C T

Polyoxymethylene (POM) is a semi-crystalline thermoplastic renowned for its outstanding mechanical strength, 
wear resistance, and dimensional stability. This study examines the fracture mechanics and mechanical behavior 
of POM under large deformations using both experimental and numerical approaches. Tensile tests on notched 
and unnotched specimens reveal a transition from linear elasticity to nonlinear viscoelastic and plastic behavior, 
with failure mechanisms primarily governed by cavitation and fibrillation. Fracture toughness is assessed using 
the J-integral method, which demonstrates a strain rate-dependent response. Load-displacement curves show 
that higher strain rates lead to increased stress thresholds, followed by softening, an extended plateau, and 
subsequent hardening. Thermal analysis confirms POM’s high crystallinity (~40 %) and stability at elevated 
temperatures. Numerical simulations in ABAQUS validate the experimental findings, emphasizing the role of 
stress triaxiality in crack propagation and failure mechanisms. The results highlight POM’s ductile fracture 
behavior and provide valuable insights for optimizing its performance in structural and industrial applications. 
Future research should focus on refining predictive models that integrate plastic deformation and damage 
evolution to further enhance POM’s reliability under extreme conditions.

1. Introduction

Through various scholarly works, numerous ongoing questions have 
been raised regarding the accurate description of brittle material 
behavior. Among these, studies referenced in [1,2] have contributed 
significantly to this discourse. It is widely acknowledged that continuous 
damage theories are effective in predicting material degradation caused 
by deformation processes, as well as the initiation of macroscopic 
cracks. However, while these theories offer a scientific framework for 
understanding the deterioration of elastic structures, they sometimes fail 
to accurately depict the progression of cracks and the subsequent 
mechanisms that result in full fracture. The presence of critical defects 
defines the worst-case scenarios, which often serve as the determining 

factors in material failure. Failure risk computation can proceed just 
when needed. Understanding such critical conditions is essential for 
reliable and safe design, particularly in structural applications [3].

Several fracture analysis methods have garnered significant atten
tion in the research community. One such approach relies on continuum 
mechanics principles, which assume the presence of a prime flaw. This 
approach allows for the prognosis of how defects evolve under specific 
loading conditions and offers a detailed description of mechanical 
properties near the crack tip [4]. Alternatively, other descriptive ap
proaches aim to develop simplified numerical models that establish 
essential criteria for crack initiation [5]. The development of these 
standards, along with the associated parameters, can differ based on the 
degree of plastic deformation taking place in the substance. There are 
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several techniques and standards available for determining the linear 
elastic fracture mechanics factors for polymers under crack and plane 
strain conditions, as well as for low and moderate loading levels [6–10]. 
In a variety of mechanical applications including water, gas, and oil 
pipelines, rockets, turbojets, and even biomechanics such as blood ar
teries and thin tubes the use of cylindrical polymer structures has grown 
in popularity. Nevertheless, extremely harsh working conditions such as 
internal and external stresses are frequently applied to these structures. 
There is a potential for catastrophic collapse since these structures can 
deform significantly under the influence of stress, internal pressures, or 
temperature changes [11]. The molecular deformation mechanisms of 
semi-crystalline polymeric materials are well understood, yet it is 
challenging to ascertain their macroscopic impacts. The polymer is 
treated as a linear viscoelastic material under vibrational loading and as 
a linear elastic substance under static loading when subjected to very 
small deformations. It is distinguished by a non-linear viscoelastic 
behavior for larger deformations. The polymer may alternatively be 
regarded as a plastic or even a visco-plastic substance during these 
significant deformations [12]. To describe nonlinear deformation, many 
studies have used plasticity theory as a convenient framework [13–19]. 
Additional investigations [20–25] have shown that the integrity of the 
fractured specimen can be evaluated through experimental and nu
merical validation of fracture models. There is constant notification of 
mechanical fractures everywhere. All fracture modes are covered in the 
design processes of current structural codes. A key parameter in fracture 
analysis is the determination of a reduction factor that quantifies the loss 
of strength in the presence of a defect or notch a concept that is also 
relevant to polymeric materials such as POM. Considering the afore
mentioned challenges in fracture prediction and the need for reliable 
modeling of polymeric materials, this study focuses on the mechanical 
and fracture behavior of POM through combined experimental and 
numerical approaches. In this work, particular attention is given to the 
effects of strain rate, damage mechanisms, and fracture energy evalua
tion using the J-integral method. The proposed approach aims to 
establish a consistent framework for assessing the toughness and 
deformation behavior of POM under various loading conditions. We 
characterize the POM rupture using global approaches, specifically the J 
integral. Furthermore, the resistance force J-R can be constructed thanks 
to the parameter J. To find cracks or other flaws in POM, we need to 
follow a certain process. This study is essential for understanding the 
fracture mechanics and mechanical behavior of polyoxymethylene 
(POM) under large deformations, providing valuable insights into its 
strength, failure mechanisms, and strain rate sensitivity. The findings 
contribute to optimizing POM for industrial applications, including 
automotive components, aerospace structures, medical devices, and 
industrial machinery. By improving the material’s reliability and dura
bility, this research supports advancements in manufacturing, structural 
engineering, and high-performance polymer applications. Recent de
velopments in polymer and composite fracture mechanics have 
emphasized the interplay between strain rate, microstructural design, 
and energy dissipation. Wang et al. [26] analyzed the visco-hyperelastic 
response of isotropic liquid crystal elastomers, while Zhao et al. [27]
demonstrated the rate-dependent fracture behavior of polymeric com
posites under impact. Zhu et al. [28] introduced discrete assembled 
metamaterials with tunable plastic energy absorption, and Ji et al. [29]
designed biomimetic carbon fiber composites exhibiting superior impact 
tolerance through optimized Bouligand symmetry. Complementarily, 
Liu et al. [30] highlighted how microstructural gradients and nanoscale 
reinforcements govern local stress redistribution and energy dissipation 
during fracture in metallic–polymeric systems. Collectively, these 
studies reveal a consistent framework linking strain-rate effects, 
microstructural tailoring, and energy absorption concepts that underpin 
the present investigation of POM fracture and toughness behavior.

2. Material and methods

2.1. Experimental procedures

Tensile tests were carried out on both notched and unnotched Pol
yoxymethylene (POM) specimens to evaluate their mechanical and 
fracture behavior under different loading conditions. The unnotched 
tensile specimens were prepared according to ASTM D638 [31] Type I 
standard, with an overall length of 165 mm, a gauge length of 50 mm, a 
width of 13 mm, and a thickness of 3 mm. The notched specimens were 
designed following the ASTM D5045 [32] standard, having a single-edge 
notch with a notch root radius of 2 mm and a total length of 60 mm. The 
specimens were machined from extruded POM plates using a CNC 
milling process, followed by fine polishing to remove any surface ir
regularities and reduce machining-induced stress concentrations. All 
tests were conducted at room temperature (23 ± 2 ◦C) using a universal 
testing machine equipped with an extensometer to measure the axial 
strain accurately. The crosshead speeds corresponded to nominal strain 
rates of 10⁻³ s⁻¹ , 10⁻² s⁻¹ , and 10⁻¹ s⁻¹ to investigate the influence of 
strain rate on the mechanical response. At least three tests were per
formed for each condition to ensure repeatability. The load–displace
ment curves were recorded continuously, and the true stress–strain 
curves were derived for numerical modeling. Fracture surfaces were 
examined using an optical microscope to identify the dominant failure 
mechanisms (cavitation and fibrillation) [33].

2.2. Numerical simulation

The numerical analysis was performed using ABAQUS 2013 finite 
element software [34] to simulate the experimental tensile tests and to 
analyze the local stress and strain distribution around the notch. The 
POM material was modeled as an elastic–plastic solid with isotropic 
hardening, assuming constant volume during large deformations, a 
common assumption for polymers exhibiting significant flexibility [35]. 
The constitutive behavior was implemented using an elastic–plastic 
model with isotropic hardening, where the true stress–strain data ob
tained from experiments were used as input. The material parameters 
were as follows: Elastic modulus E = 2.9 GPa, Poisson’s ratio ν = 0.35, 
and yield stress σ = 65 MPa. The specimen geometry corresponded to 
the experimental configuration, modeled as a flat notched tensile bar to 
replicate the uniaxial stress state, as proposed by Bridgman [35] and 
further developed by Hill [36] for describing triaxial stress effects in 
notched specimens. The model used 3D eight-node brick elements 
(C3D8R) with reduced integration. A refined mesh was applied around 
the notch region to ensure accurate stress and strain prediction. Sym
metric boundary conditions were imposed along the specimen’s mid
plane to reduce computational cost and exploit geometric symmetry 
[37]. One end of the specimen was fully constrained, while the other was 
subjected to a uniform axial displacement to simulate tensile loading. 
Both geometric and material nonlinearities were considered in the 
analysis. A plane-stress distribution was observed near the specimen 
surface, consistent with findings from previous studies [38]. The J-in
tegral was calculated along multiple contours around the crack front to 
evaluate the energy release rate and fracture toughness. Numerical re
sults were compared with the experimental data to validate the model’s 
accuracy. A schematic of the examination swab geometry is shown in 
Fig. 1a, with a comprehensive stress divide plot in Fig. 1b to precisely 
characterize the stress distribution in a plane stress state [38] and 
around the notch.

Assuming that our material behaves as a perfect elastic-plastic, Nu
merical emulation were performed on a swab subjected to stretchy 
loading (Fig. 2) to investigate the mechanical attitude of polymers under 
significant distortion. The majority of polymer materials do not fit this 
premise due to their large deformations. Many authors [37–45] have 
supported the utilize of that model type to determine rupture strength 
founded on the incremental J integral and indoor power intensity.
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The load evolution in uniaxial traction as a function of POM 
displacement is shown in Fig. 3. These tests are conducted under various 
real strain rates and at a temperature of 23◦C. We can see from the figure 
that the load F increases with the strain speed. Beyond this threshold, we 
observe a less pronounced softening that is followed by a lengthy 
plateau that culminates in the start of hardening. The energy parameter 
J is the first global method we suggest using to describe the fracture of 
our material. Rice [46,47] developed concept of the contour integral J, 
is an energy-based. It represents the rate of mechanical energy release at 
each point under static loading, as indicated by its local value Fig. 4. 

J = lim
∫

Γ

(

Wn1 − σij
∂ui

∂x
nj

)

dΓ (2) 

W =

∫ εij

0
σijdεij (3) 

Where Γ is an extremely small contour in the normal plane to the crack 
front and nj is the normal unit vector at the contour Γ, W is the defor
mation energy density, σij is the component of the nominal stress tensor, 
up is the vector displacement, and X1 is the local cartesian coordinate 
system at locations on the crack front.

The load evolution in uniaxial traction as a function of POM 
displacement is shown in Fig. 3. These tests are conducted under various 
real strain rates and at a temperature of 23◦C. We can see from the figure 
that the load F increases with the strain speed. Beyond this threshold, we 
observe a less pronounced softening that is followed by a lengthy 
plateau that culminates in the start of hardening. The energy parameter 
J is the first global method we suggest using to describe the fracture of 
our material Rice [46] developed concept of the contour integral J, is an 
energy-based. It represents the rate of mechanical energy release at each 
point under static loading, as indicated by its local value Fig. 4. 

Jpl = −
1
B

dUpl

da
(4) 

Where B represents the thickness of the specimen, a is the length of the 
crack, and Upl is the plastic potential energy.

Upl represents the plastic potential energy, A denotes the crack 
length, and B is the specimen’s thickness. Begley and Landes [48]
demonstrated the empirical evaluation of the J integral using the 
load-displacement curve, showing its applicability for a rigid down an 
applied load F or imposed displacement Δ. This method requires the use 
of multiple specimens. The results of a fracture test, measured using the 
J integral, include the critical value near the onset of crack evolution and 
the crack resistance (J-R) curve. As illustrated in Fig. 5, the resistance to 
crack extension at the crack tip under plane strain conditions corre
sponds to the high value of J, known as the plane strain crack toughness 
JIc [49]. However, in the present study, a stable critical value JIc could 
not be determined under the given testing conditions. This limitation is 
primarily related to the deformation and fracture mechanisms of POM. 
Because POM is a semi-crystalline polymer with viscoelastic–plastic 
behavior, it does not exhibit a well-defined steady-state crack propa
gation region under the current loading conditions. The material tends 
to undergo unstable crack growth shortly after initiation, driven by the 
rapid release of stored elastic energy. As a result, the J–R curve does not 
reach a plateau, preventing a reliable estimation of the critical value JIc. 
This behavior has been reported for several semi-crystalline polymers, 
where the fracture process zone evolves quickly, and the 
time-dependent relaxation limits the establishment of stable crack 
growth. Therefore, only comparative or method-dependent J values can 
be used to assess the fracture toughness of POM under these conditions. 
To achieve a valid JIc determination, additional experiments under 
slower strain rates or elevated temperatures are recommended, as these 
conditions promote more stable crack growth and reduce the influence 
of viscoelastic effects.

The fracture energy is ultimately characterized by the region under 
the fload-displacement curve. However, the literature claims that the 
elongation and crack length findings produced by these techniques are 
extremely brief. As a result, their application in polymers is still some
what restricted. Using the following relation, Begley et al. [48] sug
gested an additional technique to calculate the J parameter for each type 
of specimen based on the measurement of the initial crack length and the 
wasted energy: 

Fig. 1. Schematic representation of the notched specimen and stress components near the notch root. (a) Geometry of the specimen, (b) Local stress distribution.
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J =
ηU

B(W − a)
(5) 

Where η is a parameter defined by Rice et al. [50], and Clarke and 
Landes [51].

Begley et al. [48] expressed the J parameter in the case of 
elastic-plastic materials as an additive form of two components. An 
elastic energy (Jel) and a plastic energy (Jpl) in the following form: 

J = Jel + Jpl 

where 

Jel =
ηelUel

B(W − a)
and Jpl =

ηplUpl

B(W − a)
(6) 

where ηel and ηpl are the elastic and plastic proportionality Factors 
influenced by the geometry of the taking and Uel and Upl are the elastic 
and plastic potential energies. It is possible to calculate the elastic 

component Jel directly from the stress intensity factor K because it is 
equal to the energy release rate G. To determine the two proportionality 
factors, ηel and ηpl, another approach has been suggested. We focus only 
on the method used by Sharobeam and Landes [49] to calculate the 
plastic factor (ηpl). This approach is grounded in the theory of charge 
isolation.

To accomplish so, Bridgman [49] proposed a link between 
displacement and load for a broken specimen. This relationship is given 
by the following equation: 

θ = F
M
b2 (7) 

Where θ is the rotation brought on by the presence of the fracture, b is 
the length of the uncracked ligament, and M is the bending moment.

Fig. 2. Geometry and finite element model of the notched specimen used in the tensile tests.
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3. Results and discussion

In a nitrogen environment, Differential Scanning Calorimetry (DSC) 
is used to measure the degree of crystallinity (Xc) of POM. The Perkin- 
Elmer DSC Diamond device is used to do the DSC measurement at a 
heating rate of 10 ◦C/min. To determine the degree of crystallinity (Xc), 
the following formula is used: 

Xc =
ΔH
ΔH0

(8) 

The enthalpy of fusion measured during the DSC analysis is denoted 
as ΔH, while the enthalpy of fusion for fully crystalline POM is repre
sented by ΔH₀. The melting point (Tₘ) was also determined using the 
DSC technique and corresponds to the peak’s maximum value. The 
thermograms for the three positions are presented in Fig. 6. Based on the 
calculations, the degree of crystallinity (Xc) of POM is approximately 
40 %.

During the DSC analysis, we observed that this method provides 
essential thermal properties, including melting temperature, crystalli
zation temperature, and crystallization rate. According to the reference 
documents, fracture toughness evaluations were performed using a 
loading rate equivalent to W/10. To characterize the key features of the 

polymer fracture model and validate the calculation technique 
employed for toughness assessment, we first analyze the progression of 
load-displacement curves. These plots, derived from calculations, 
correspond to samples with different crack size ratios (a/W), as illus
trated in Fig. 7.

The computation software is the source of these curves. For every 
fracture length taken into consideration, we see comparable changes in 
the load as a function of displacement, namely a reduction in stiffness 
and an increase in maximum loads as the crack length increases. 
Increasing the fracture size from a/W = 0.15 to a/W = 0.25 affected the 
highest force that could be achieved. Additionally, it had an impact on 
the sample’s total displacement following the maximum load (related to 
the spread of ductile tearing).

For a given displacement or critical load, the strain energy release 
rate per unit thickness is commonly used to assess the toughness of a 
material. The challenge, therefore, lies in determining this energy using 
the Begley-Landes method [48] with multiple samples. This fracture 
energy corresponds to the area under the load-plastic displacement 
curve, as illustrated in Fig. 8.

The graphical representation in Fig. 9 illustrates the variation of 
plastic energy relative to sample thickness (Upl/B) as a function of crack 

Fig. 3. Load–displacement curves of POM specimens tested at room tempera
ture (23 ± 2 ◦C) under different nominal strain rates.

Fig. 4. Schematic representation of the integration contour used for the J-in
tegral calculation.

Fig. 5. Schematic of the ductile tearing process.

Fig. 6. Differential Scanning Calorimetry (DSC) thermogram of the 
POM specimen.
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length. At first glance, the energy progression appears linear for 
different comparable plastic displacement values. However, our analysis 
reveals that both the applied displacement and the initial crack length 
influence the plastic energy. This dependency enables the calculation of 
the resulting slope, which corresponds to the crack propagation rate. 
Furthermore, the introduction of the separation parameter (ηₚₗ) as a 
function of the ratio (b/W) is depicted in Fig. 10a, where similar trends 
are observed for the three evaluated crack lengths. As previously dis
cussed, to determine the plastic shape factor (ηₚₗ), a logarithmic inte
gration was performed between the separation parameter (Sᵢⱼ) and the 
ratio (b/W). These evolutions are shown in Fig. 10b, where the plastic 
shape factor (ηₚₗ) corresponds to the slope of each linear fit. In addition, 
the stress triaxiality parameter (η) was quantitatively evaluated to better 
understand its influence on the deformation and fracture mechanisms of 
POM. This parameter is defined as η = σₘ / σeq, where σₘ represents the 
hydrostatic stress and σeq is the equivalent von Mises stress. ABAQUS 
simulation results revealed that η increases significantly near the notch 
root, reaching values between 0.6 and 0.9 depending on the applied 
strain rate and notch radius. This increase in triaxiality enhances hy
drostatic tension, promoting void nucleation and accelerating cavitation 
processes. Conversely, regions with lower η values exhibited more ho
mogeneous plastic flow and delayed crack initiation. The observed 
correlation between triaxiality gradients and fracture morphology con
firms that local stress states govern the transition from plastic defor
mation to ductile tearing in POM. These findings establish a direct link 
between stress triaxiality, plastic energy dissipation, and the onset of 
fracture under tensile loading.

With all this information, we can finally plot the evolution of the J- 
integral with the different methods mentioned previously and with the 
numerically obtained values. As previously mentioned, the standard 
provides several techniques for determining the J-integral based on the 
load-displacement curve. Fig. 11 presents the evolution of the load and 
the corresponding J-integral values for each crack length. These values 
were obtained using the two methods proposed in this study, as well as 
the calculation software, as a function of plastic displacement. Fig. 12
shows the results obtained for JM with all the different fracture lengths 
using three different integration strategies. It appears that the fracture 
length has little effect on the utility of JM when looking at each method 
independently. However, we see that the values produced by each 
method vary greatly. Therefore, even if JM is affected by the geometry 
and test type (and therefore by the loading circumstances), we conclude 
that it is not an intrinsic property of the material.

The observed differences in J-integral values obtained using various 
computational approaches can be explained by the viscoelastic–plastic 

Fig. 7. Load–displacement curves for POM specimens with different normal
ized crack lengths.

Fig. 8. Comparison between total and plastic load–displacement curves for 
POM specimens with different normalized crack lengths: a/W = 0.15, 0.20, 
and 0.25.
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nature of POM and its sensitivity to strain rate. Since POM is a semi- 
crystalline polymer, its deformation involves multiple energy dissipa
tion mechanisms, including molecular chain uncoiling, localized 

cavitation, and micro-void growth. These processes alter the local 
stress–strain distribution near the crack tip and consequently affect the 
evaluated J values. In methods that assume purely elastic–plastic 
behavior, the energy release rate tends to be underestimated because the 
time-dependent viscoelastic contribution is neglected. Conversely, ap
proaches incorporating nonlinear viscoelastic effects predict higher J 
values due to additional energy absorption. Therefore, the J-integral 
obtained under these conditions is method-dependent and cannot be 
regarded as an intrinsic material property, which aligns with previous 
findings for other engineering polymers under similar conditions. In 

Fig. 9. Variation of normalized plastic energy Upl/B as a function of the 
normalized crack length (a/W) for POM specimens.

Fig. 10. The evolution of the separation parameter Sij and its logarithmic 
transformation (lnSij) as a function of the ratio (b/W).

Fig. 11. Comparison of load and J-integral evolution as a function of plastic 
displacement for different normalized crack lengths: a/W = 0.15, 0.20, 
and 0.25.
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particular, when comparing the Begley–Landes formulation, the charge- 
separation approach, and the ABAQUS numerical simulation 
(Figs. 11–12), a consistent trend is observed. The Begley–Landes 
method, based on a purely elastic–plastic assumption, yields lower J 
values, whereas the charge-separation and ABAQUS methods—which 
incorporate nonlinear viscoelastic effects—produce higher J estimates. 
This consistency across experimental and numerical analyses reinforces 
that JM is not an intrinsic material constant but a response parameter 
influenced by strain rate, plastic dissipation, and viscoelastic energy 
storage. Consequently, a rigorous fracture toughness assessment of semi- 
crystalline polymers such as POM must integrate both time-dependent 
and plastic energy contributions to capture the true material resis
tance. Fig. 13; illustrates the elastic correction factor as a function of all 
considered fracture lengths. For each technique applied independently, 
the evolution of this factor appears to follow a linear trend. However, it 
was observed that the values of ηel are influenced by the crack length, 
indicating a dependency on specimen geometry and loading conditions. 
Fig. 14; illustrates the evolution of the energy-displacement curve ob
tained numerically, depicting the crack progression in a specimen with a 
width of B= 10 mm. The curves exhibit a consistently increasing trend. 
Notably, for a displacement increase of approximately 1 mm, a reduc
tion in the gap between the curves ranging from 0.01 to 0.2 is observed. 
Additionally, the energy evolution with displacement follows a similar 

pattern for all considered crack lengths, characterized by a decrease in 
stiffness and maximum loads as the crack length increases.

4. Conclusions

This study aimed to characterize and analyze the mechanical 
behaviour of polyoxymethylene (POM) under various mechanical con
ditions, including plastic energy variation, stress triaxiality effects, and 
fracture modelling factors that remain relatively unexplored for this 
semi-crystalline material under large deformations. Numerical ap
proaches were employed to investigate POM’s deformation, fracture 

Fig. 12. The variation of the mean J-integral value (Jₘ) with normalized crack 
length (a/W) and ABAQUS numerical methods.

Fig. 13. The evolution of the elastic proportionality factor (ηₑₗ) as a function of 
the normalized crack length (a/W).

Fig. 14. Evolution of total energy (Uₜₒₜ), plastic energy (Uₚₗ), and the energy 
ratio (Uₚₗ/Uₜₒₜ) as a function of displacement for different normalized crack 
lengths (a/W = 0.15, 0.20, 0.25).
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mechanisms, and damage evolution. The results revealed significant 
macroscopic transformations under different stress triaxialities, with 
high ductility and pronounced plastic energy variations. Cavitation was 
identified as the primary damage mechanism. To further examine stress 
triaxiality effects, tensile tests on notched specimens were conducted, 
allowing for an assessment of ductile fracture criteria. The findings 
demonstrated a strong correlation between numerical and experimental 
data, particularly in stress-plastic energy relationships and load- 
displacement responses of fractured specimens. Additionally, the J-in
tegral approach was validated for global fracture analysis, though JIC 
values could not be directly determined due to the absence of crack 
initiation in the tested geometry.
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