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A B S T R A C T   

High-density polyethylene is widely used in pressure pipe applications, but its necking and pre-cut effects are still 
poorly understood. Herein, we analyze the spatial distributions of the time courses of strains to highlight the 
strain field evolution to necking and the effect of pre-cutting on the strain field evolution in a high-density 
polyethylene material deformed under tension. Digital image correlation was used to measure the strain fields 
on two perpendicular surfaces of a specimen. Necking and its propagation in the tension direction dominate the 
failure behavior of an intact specimen. However, in the pre-cut specimen, crack propagation prevents neck 
propagation in the tension direction. Energy release outside the crack zone is observed as a decrease in strain at 
approximately the failure time. This leads to a macroscopic stress-strain curve that deviates from that of the 
intact specimen. These findings provide novel insights that are significant in the theoretical modelling and 
simulations of advanced polymeric materials and structures.   

1. Introduction 

High-density polyethylene (HDPE) pipes are widely used in civil 
infrastructure and environmental engineering projects, such as urban 
gas and water systems, because of their advantages of low masses and 
costs, high fracture toughnesses, and corrosion resistances [1]. Recog-
nizing the deformation and failure processes of HDPE materials is 
fundamental in modelling their constitutive behaviors and designing 
relevant structures. Thus, substantial studies have been performed to 
determine the evolution properties of their stress-strain responses, 
fracture toughnesses, and time-dependent behaviors. The failure 
mechanisms of HDPE materials, including necking, localized deforma-
tion and damage propagations, are complicated. However, studies 
regarding the heterogeneous, evolving properties of strains at certain 
spatial positions and their relationships with macroscopic responses are 
still lacking. 

The plastic instabilities of HDPE materials are key in evolving de-
formations that induce failures. Under uniaxial tension, necking is 
typically defined as an indicator of the plastic instability [2–5] of a 
polymeric material. Strain field measurements using digital image cor-
relation (DIC) [6] indicated that strains are significantly localized when 
the macroscopic strain exceeds the elastic limit and that deformation in 

a necked HDPE specimen is strongly anisotropic. After necking, defor-
mation is highly concentrated in the necking region, and the specimen 
exhibits two parts with different deformation patterns. Consequently, 
the macroscopic average quantities that define the constitutive behav-
iors of an HDPE specimen may not be used to describe the subsequent 
behaviors. Thus, understanding the changes in the spatial strain patterns 
corresponding to the necking transition is undoubtedly critical in iden-
tifying the failure mechanism of an HDPE material and predicting its 
behavior. 

After necking, the strain on the specimen varies with the axial po-
sition in the tension direction. Necking and its propagation dominate the 
behaviors of HDPE materials. Thus, traditional extensometry methods 
may not efficiently measure the strain rate in a specimen [7], yielding 
little useful data [8], because only the average strain over the gauge 
length is measured by tracking the relative positions of two points. 
Strain localization and necking are general challenges in the fields of 
experimental mechanics and materials engineering [9,10]. 
Three-dimensional DIC strain measurements may highlight the depen-
dence of necking on the strain rate [7], but the evolving properties of 
strain patterns that characterize necking propagation remain an enigma. 

DIC is widely used to monitor the deformations of brittle materials, 
such as rocks [11,12], and analyze the deformation evolution to 
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localization and its propagation properties until failure. The precision of 
DIC depends on the degree of correlation between the speckle patterns of 
the reference and target subsets of the deformed sample. A large dif-
ference in deformation between the reference and deformed images 
leads to a decorrelation or mismatch between the two images. In engi-
neering applications, this may be overcome by decreasing the time in-
terval between the two calculated images. A large deformation may then 
be tracked by acquiring a series of deformed images and performing 
step-by-step calculations at different stages of loading. These incre-
mental DIC methods have been used by numerous researchers [13–15] 
in analyzing large deformations. In terms of ductile materials, incre-
mental DIC was used to measure large deformations in rubber [16,17] 
and polymers [18]. Pan et al. [19] and Zhou et al. [20] proposed two 
methods of converting relatively large deformations to relatively small 
deformations using updated reference maps, enabling 3D DIC to yield 
accurate matching results even in the case of large deformations. 

In addition to necking, crack propagation is another key mechanism 
that leads to the failures of HDPE materials and is crucial in the pack-
aging and transportation of dangerous goods. Practical polymeric 
structures, such as pipelines and pressure vessels, inevitably contain 
microcracks within their bodies. Understanding the deformation be-
haviors of pre-cut polymers is essential in evaluating their safeties and 
designs and predicting their lifetimes. The presence of a crack may 
induce brittle fracture in an HDPE pipe, leading to fatal consequences. 
There is still no standardized method of evaluating crack propagation in 
polymeric materials. Cracks within polymers drastically change the 
behaviors of deformations, and the importance of understanding the 
damage evolution in polymers has been highlighted in numerous studies 
[21–23]. Damage in polymers has also been studied experimentally [21, 
22,24–28], and the results of glassy polymers [21] highlight the effect of 
volumetric strain on plastic deformation and the contribution of damage 
to plastic instability. 

A displacement-controlled study of a notched specimen is a general 
method of determining fracture toughness [29,30]. Tension tests of 
single- or double-edged notched specimens [31,32] are widely used to 
investigate the effects of cracks on polymer performance. The experi-
mental [33] and numerical [34] results suggest the rate dependences of 
the fracture processes of polymers. Understanding deformation evolving 
to failure due to crack propagation in HDPE is key in exploring methods 
of overcoming the limitations induced by pre-cracks. 

Thus, necking and crack propagation, which are the two key factors 

that dominate the failures of HDPE materials, may be applied to deter-
mine the difference in the failure mechanisms of intact and pre-cracked 
polymer specimens. To date, numerous studies have been conducted 
regarding the differences in the macroscopic stress-strain curves induced 
by pre-notches. Substantial efforts have focused on enhancing fracture 
toughness and decreasing (or eliminating) brittle failure. However, to 
the best of our knowledge, the changes in the deformation fields that 
lead to the difference in the average behaviors of intact and pre-cut 
HDPE specimens are still far from understood. 

This study focuses on elucidating the differences between the 
changes in the strain fields and the failures of intact and pre-cut HDPE 
specimens. A full-field strain analysis was performed using DIC to 
simultaneously measure the strain fields at two perpendicular surfaces. 
This enabled a simultaneous study of the changes in the strain fields at 
both surfaces, with the pre-cut propagating and opening. Comparing the 
changes in the strain fields during necking and crack propagation should 
highlight the differences in their patterns and mechanisms. 

2. Materials 

The evaluated specimens were prepared using an HDPE-PE100 pipe, 
which was produced by Hongyue Plastic Group in Qinhuangdao, China. 
The outer diameter and wall thickness of the pipe were 110 and 10 mm, 
respectively. The specimens were cut directly along the axial direction of 
the pipe, according to the GB/T 8804.3–2003 standard [35], as shown in 
Fig. 1. 

The preparation processes of the intact and pre-cut specimens are 
shown in Fig. 2. To compare the tension behaviors of HDPE materials 
with and without a pre-cut, two types of specimens, i.e.. pre-cut and 
intact (non-cut) specimens, were evaluated. A cut with a respective 
width and depth of 0.23 and 1 mm was manually cut in the middle of the 
outer wall to yield a pre-cut specimen. The blade, which protruded by 1 
mm above the base, was tightly fixed with the edge upward on the base. 
This instrument was then used to cut the specimens. Thus, the depths 
and widths of the pre-cuts could be controlled and repeated. The pre-cut 
thickness was approximately 1/10 of the entire thickness. 

3. Experimental methods 

As shown in Fig. 3, an Instron 5982 electromechanical universal 
testing machine (Instron, Norwood, MA, USA) was used in the uniaxial 

Fig. 1. Geometry and dimensions of a pre-cut high-density polyethylene specimen. (a) Front surface and an enlarged part of the side surface (the units of the numbers 
are millimeters), and a (b) typical image of a specimen with the artificial speckle pattern. 
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tensile studies and the maximum load measured using the load cell was 
100 kN. The accuracy of the tension sensor was 0.0001 N, the specimen 
was uniaxially stressed at a rate of 3 mm/min, and the acquisition 

frequency was 100 Hz. 
The surface parallel to the cut front edge is denoted the front surface, 

and the surface perpendicular to the cut front edge is denoted the side 

Fig. 2. Schematic diagram of the preparation of the intact and pre-cut high-density polyethylene (HDPE) specimens. (a) The pipe is cut into several long strips in the 
axial direction, (b) an intact sample is obtained using a numerically controlled machine tool, and (c) a pre-cut specimen is prepared using a custom-built cut-
ting apparatus. 

Fig. 3. (a) Image of the experimental setup with stress measurement and digital image correlation systems, and a (b) schematic diagram of an evaluated specimen.  

Fig. 4. Engineering stress-strain curves of the intact and pre-cut specimens: (a) entire stress-strain curves of both specimens, (b) five stages of an intact specimen, and 
(c) magnification of the two curves to show the details of evolution to failure (of the pre-cut specimen) and neck propagation. 
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surface. The images were captured at frequencies of 5 and 10 Hz with 
two 2048 × 2048-pixel cameras respectively positioned in front of the 
two surfaces of the specimen. Artificial speckle patterns were applied to 
the two surfaces of the specimens (Fig. 1(b)) by spraying with white 
matte paint, and DIC was used to match the subsets of the two captured 
images with the speckle patterns. The subsets of deformed images were 
numerically correlated with the reference subset to determine the full- 
field surface displacements using the correlation software PMLAB 
developed by the University of Science and Technology of China (Hefei, 
China). The subset and step size are two key parameters in the corre-
lation analysis. The subset size is the size of the image window tracked 
by the correlation algorithm in terms of motion and deformation. The 
solution provides the displacement components at the center of each 
subset. The step size is the distance between the centers of the two 
nearest subsets. In these studies, the subset and step sizes were 29 and 4 
pixels, respectively. The displacement fields were determined using the 
positional differences between the centers of the reference and target 
subsets with a resolution of ~0.01 pixels and ~50 microstrains. 

4. Results 

4.1. Stress-strain evolution 

Three experiments were performed using each type of specimen, 
yielding repeatable results. Fig. 4(a) shows three stress-strain curves 
obtained via the studies (one for each specimen type) under uniaxial 
tension. The stress-strain evolution in an intact HDPE specimen exhibits 
five typical stages (Fig. 4(b)). The first stage (I) is characterized by linear 
elastic behavior. This stage is dominated by the elastic behavior of 
HDPE, with a homogeneous strain distribution. This is followed by a 
nonlinear stage (II) until the peak stress point. This stage reveals the 
degradation of the stiffness due to internal damage, and thus, the effects 
of the damage are clear. The third stage (III) is characterized by stress 
softening, which primarily results in damage propagation. The fourth 
stage (IV) commences when the stress reaches the minimum and then 
increases slowly. This stage is dominated by viscous behavior and 
necking propagation. The final stage (V) manifests with fast strain 
hardening owing to the rapid increase in stress. Strain hardening is 
mainly caused by induced anisotropy due to molecular chain reor-
ientation. The fracture strength of the intact specimen is higher than its 
yield strength, which is generally defined as the first peak force point. 
The intact specimen, with a good toughness, may be extended to a very 
large length, e.g., the longitudinal engineering strain reaches ~12.68, 
but the specimen does not fracture. The respective tensile strengths of 
the intact and pre-cut specimens are 18.07 ± 0.04 and 17.99 ± 0.14 
MPa, respectively. The mode I fracture toughness of the pre-cut spec-
imen is ~1.13 ± 0.01 MPa m1/2. 

The pre-cut specimen completely fractures when it is extended to a 
longitudinal engineering strain of ~0.94. Compared to that of the intact 
specimen, the small pre-cut significantly changes the tension behavior of 
HDPE. In the early phase, until point b4, the pre-cut specimen displays a 
similar stress-strain curve to that of the intact specimen (until point a4), 
as shown in Fig. 4(c). After point b4, the stress-strain curve of the pre-cut 
specimen reveals rapid softening, which deviates from the trend of the 
intact specimen after point a4. 

The entire stress-strain evolution of the pre-cut specimen may be 
divided into six stages (Fig. 4(c)). The first and second stages are similar 
to those of the intact specimen and characterized by a linear elastic 
behavior and nonlinear evolution up to point b1 and the peak stress 
point b3, respectively. The specimen then enters a stress-softening phase 
characterized by three transitions. The third stage ranges from the peak 
stress point b3 (transition to stress softening) to b4. The specimen sub-
sequently transitions to the fourth stage with rapid softening from point 
b4 to b6. At point b6, the softening rate reaches the minimum and the 
stress-strain curve enters the fifth stage. After point b7, the specimen 
reaches the failure (sixth) stage, where the softening rate is very sharp, 

leading to the complete failure of the specimen. 

4.2. Changes in shape associated with necking and fracture 

Figs. 5 and 6 show the changes in the geometries of both types of 
specimens, which confirm the changes in the strain fields in terms of 
neck propagation in the intact specimen and the crack zone in the pre- 
cut specimen. Necking does not localize in a particular region but 
propagates along the length. As shown in Fig. 7(a), the cross-sections of 
the gauge length of an intact specimen are narrowed until almost 
identical. In contrast, crack propagation and necking occur in the pre- 
cut specimen, but crack propagation dominates the deformation 
behavior. The change in the geometry of the front surface of the pre-cut 
specimen (Figs. 6 and 7(b)) reveals that necking only localizes in the 
crack zone. 

The transverse width of the intact specimen gradually decreases and 
the longitudinal length is extended. Necking is also observed in the pre- 
cut specimen during tension, but the length of the neck is small, and 
finally, fracture occurs. The width of the front surface of the pre-cut 
specimen (Figs. 6 and 7(b)) narrows because of necking, but finally, 
the width partially recovers, indicating a transition from necking to 
dilation. Tearing and propagation of the pre-cut are clearly observed on 
the side surface of the specimen (Fig. 6). 

The intact specimen exhibits clear necking during stretching. It un-
dergoes steady necking expansion after local necking until the cross- 
section becomes thin over the entire length of the gauge, and the 
cross-section contraction is ~60%. 

4.3. Changes in the strain contours 

Notably, in the final phase of tension, the speckle pattern on the 
surfaces of an intact specimen changes significantly because the spec-
imen is stretched so strongly that the deformation may not be calculated 
using DIC. Thus, only the strain fields up to point a8 (Fig. 4(c)) were 
calculated. In comparison, the entire deformation of the pre-cut spec-
imen is smaller, and the speckle pattern is not destroyed by the defor-
mation. The deformation fields over the entire evaluation of the pre-cut 
specimen were calculated using DIC. 

The horizontal and longitudinal strain contours of the front and side 
surfaces of the pre-cut specimen are shown in Fig. 8. For comparison, 
Fig. 9 shows the horizontal and longitudinal strain contours of the intact 
specimen. In the early phase, the intact and pre-cut specimens (as shown 
by the strain contours at points b1 and a1) exhibit almost homogeneous 
strain distributions with random, weak spatial fluctuations. 

For the pre-cut specimen, at the peak stress point (b3), the effect of 
the pre-cut becomes clear, as shown by the strain accumulation around 
the cut-tip. However, the cut-tip deformation field does not extend to the 
entire cross-section. The evolution of the stress-strain curve is similar to 
that of the intact specimen. 

After point b4, the cut-tip deformation field extends to the entire 
cross-section and thus dominates the cross-sectional deformation 
behavior, which leads to faster softening. Consequently, the stress-strain 
curve of the pre-cut specimen begins to deviate from that of the intact 
specimen. After point a4, the deformation behaviors of the intact spec-
imen is dominated by necking. The propagation of the necking field 
dominates the deformation evolution of the phase from a4 to a7. 

4.4. Time-course distributions of the strains and strain rates associated 
with necking and fracture 

4.4.1. Time-course distributions of the strains and strain rates 
corresponding to the softening transitions 

Figs. 10–12 show the time courses of the strains at different positions 
along the stretch directions on the front and side surfaces of the intact 
and pre-cut specimens. In the early phase, the strains at all spatial po-
sitions of both specimens increase linearly with time, as shown by the 
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constant strain rates (Fig. 13). The strains then increase nonlinearly, but 
the strains and strain rates remain almost homogeneous, with little 
difference, up to the peak stress points (Fig. 12). With the softening of 
the specimens, the spatial distributions of the strains and strain rates 
become heterogeneous. The strain rates display various accelerations at 
different spatial positions. Increases in the strains in several areas (e.g., 
position 1 on the intact specimen shown in Fig. 10 and positions 4 and 5 
on the pre-cut specimen shown in Fig. 11(a)) become sharper than those 
in other areas and these strains exhibit rapid accelerations, although the 

strain rates at all positions still consistently accelerate. The longitudinal 
strain on the side surface of the intact specimen is similar to that on the 
front surface (Fig. 10(b)) and the longitudinal strain increases rapidly at 
positions 2 and 3 on the side surface of the pre-cut specimen (Fig. 11(b)). 

4.4.2. Time-course distributions of the strains and strain rates 
corresponding to the onset strain of necking in the intact specimen 

With the development of heterogeneous deformation fields, the time 
courses of the strains (Fig. 13(a)) and strain rates (Fig. 13(b)) at different 

Fig. 5. Images of the changes in the geometry of an intact specimen: the (a) front and (b) side view.  

Fig. 6. Images of the changes in the geometry of a pre-cut specimens: the (a) front and (b) side view.  

Fig. 7. Images of the changes in the geometries of (a) intact and (b) pre-cut specimens.  
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positions in the stretch direction in an intact specimen display three 
typical evolving properties after point a4 in the stress-time curve. 
Following the earlier linear evolution with time, (i) the strain rate 
continues to increase, and then decelerates (curve 1 shown in Fig. 13 
(b)); (ii) the strain rate increases, then decreases, and then accelerates 
(curves 2 and 3 shown in Fig. 13(b)); and (iii) the strain rates transitions 
from acceleration to deceleration until a stable, constant strain state is 
reached (curves 4 and 5 shown in Fig. 13(b)). Necking nucleates at 
positions where the strains rate is rapid and the strain rate accelerates 
monotonically, as indicated by curve 1 shown in Fig. 13(b). In contrast, 
at other positions, the strain rate transitions from acceleration to 
deceleration, as shown in Fig. 13(b) (curves 2 and 3). As a result, the 
strains are localized in the neck zone. This suggests a method of defining 
the onset engineering strain of necking based on the time course dis-
tribution of the strain characterized by the accelerations of the strain 
rates in the neck region but decelerations of the rates at other positions. 

4.4.3. Neck propagation in the intact specimen 
With the development of stretching, the strain rates in zones (curves 

2 and 3 shown in Fig. 13) adjacent to the initiation position of necking 
increase following decreases with the initiation of necking. These zones 
participate in the neck zone, and thus, necking propagates. With neck 
propagation, the strain rates of the positions in the neck zone decrease, 
as revealed in the curves shown in Fig. 13 for position 1. However, the 
strain rates at several positions outside the necking zone, which decel-
erate with neck propagation, display the third transitions from decel-
eration to acceleration. These positions participate in the necking zone, 
and thus, the length of the necking zone increases. During neck propa-
gation, the strain rates at positions far from the necking zone are 
generally stable with little increase in their strains (curves 4 and 5 shown 

in Fig. 13(a)). Their strain rates decrease to almost zero, as revealed by 
curves 4 and 5 shown in Fig. 13(b), and thus, the stress increases slowly 
with an almost flat component. 

4.4.4. Necking and crack propagation in the pre-cut specimen 
In the pre-cut specimen, after the peak stress point, the high longi-

tudinal strain was mainly localized in the zone surrounding the pre-cut 
(Fig. 11). The strains at positions outside the crack zone began to 
decrease, which indicated that these regions were unloaded and released 
elastic deformation energy. This also resulted in rapid accelerations of 
the strain rates in the crack zone. Softening observed in the strain-time 
curve became sharp and rapid. Energy release from positions outside the 
crack zone led to the deviation of the stress-strain curve from that of the 
intact specimen. 

The strains of positions on the same horizontal line in an intact 
specimen exhibit similar time courses and small differences in strain 
magnitudes (Fig. 14). However, the time points at which the strains 
begin to decrease in the pre-cut specimen differ at various positions on 
the same horizontal line on the front surface (Fig. 15(a)). On the side 
surface, the strain magnitudes and time points at which the strains begin 
to decrease display even larger differences (Fig. 15(b)) along the hori-
zontal because of the pre-cut effects. Farther from the cracked surface, 
transitions occur later, and the magnitudes of the longitudinal strains 
are smaller. 

5. Discussion 

5.1. Onset strain point of necking and its propagation 

Recognizing load and deformation responses is central to describing 

Fig. 8. Strain contours of the two perpendicular surfaces of a pre-cut specimen. (a, c) Front and (b, d) side views of the (a, b) horizontal and (c, d) longitudinal strain.  
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and predicting the mechanical behaviors of polymeric materials. 
Therefore, numerous studies [8,36] have focused on measuring the 
macroscopic true stress-strain curves to reveal the true behaviors of the 

necking zone and volumetric strain and understand the macroscopic 
behaviors of HDPE materials. Our findings revealed the time-course 
distributions of strain and strain rate at different spatial positions that 

Fig. 9. Strain contours of the two perpendicular surfaces of an intact specimen. (a, c) Front and (b, d) side views of the (a, b) horizontal and (c, d) longitudinal strain.  

Fig. 10. Time courses of the longitudinal strains at typical areas of intact specimens: (a) front and (b) side view.  

Fig. 11. Time courses of the longitudinal strains at typical areas of pre-cut specimens: (a) front and (b) side view.  
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characterized the deformation mechanisms in various phases. The re-
sults highlighted the mechanisms of strain field evolution mechanisms 
corresponding to typical transitions in the macroscopic stress-time 

curve. These mechanisms are fundamental in constructing an analyt-
ical model that describes the behavior of HDPE. 

Necking and its propagation are fundamental phenomenon that 

Fig. 12. Magnifications of the early phases of Figs. (a) 10(a) and (b) 11(a).  

Fig. 13. Front view of an intact specimen (a) Longitudinal strains and stress as functions of time. (b) Stress and rates of the longitudinal strains as functions of time.  

Fig. 14. Time courses of the longitudinal strains in typical areas of an intact specimens: (a) front and (b) side views.  

Fig. 15. Time courses of the longitudinal strains in typical areas of a pre-cut specimen: (a) front and (b) side views.  
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occur in polymeric materials. The onset strain point of necking (or strain 
localization) is generally defined as the (first) peak force point of the 
load-displacement curve [21,37–41], according to the Considère con-
dition. Our results suggest a novel method of defining the onset strain 
time of necking and its position, in addition to propagation, based on the 
spatiotemporal evolving properties of the strains and strain rates. The 
increases in the local strain rates at all positions accelerate, and no clear 
strain localizations are observed at the peak force points of the evaluated 
HDPE specimens. The initiation of necking characterized by the faster 
increases in the local strain rates in the necked region. In contrast, the 
strain rates in the regions without necking decelerate. Therefore, our 
findings suggest a method of predicting necking and its propagation, 
thus providing a method of evaluating safety by monitoring 
deformations. 

Understanding necking and its propagation is critical in developing 
an analytical model that describes the behaviors of HDPE and their 
simulations. Numerous theoretical models [42–44] have been suggested 
to describe constitutive behaviors considering the necking phenomenon. 
Microscopic observations indicate that the mechanism of neck propa-
gation (or cold drawing) involves the molecular chains oriented in the 
tension direction [37,45]. During drawing, the material in the necked 
region is subjected to a large true stress due to the significant reduction 
in the cross-sectional area [41]. Strain hardening in the neck zone 
controls neck propagation [36,42–44,46,47], and the neck regions of 
polymeric materials propagate when local strengthening in the neck 
zones due to molecular orientation may compensate for the effects of the 
decreased cross-sections [37]. Our studies revealed the spatial de-
velopments in the time courses of the strains and strain rates with the 
onset strain of necking and neck propagation. This provided a 
medium-scale observation between the scale of the molecular chains and 
that of the macroscopic load-displacement responses. Our findings 
revealed the mechanism of spatial strain field evolution during necking 
and neck propagation. 

Several areas participated in the neck region, leading to neck prop-
agation. The changes in the strain rates of these areas underwent two 
transitions: (1) from acceleration to deceleration because of the onset of 
necking, and (2) from deceleration to acceleration and then these areas 
underwent necking. These evolving properties are the foundation of 
mechanical modelling to describe and simulate necking and its 
propagation. 

5.2. Localization and competition between necking and the pre-cut effects 

Generally, necking and damage are considered as combined phe-
nomena that lead to strain localization when an HDPE material is under 
a tension load. A key mechanism of necking (strain localization) is its 
initiation at the initial defect or weakened point within a solid HDPE 
material [6,7]. Our results showed that macroscopic cracks diminish 
neck propagation. This is a significant phenomenon in describing the 
behaviors of HDPE because it provides a basis to construct a novel model 
by considering damage-induced and viscoelastic effects on stress-strain 
behaviors. 

In the pre-cut specimen, necking and crack propagation were 
observed when it was stressed. The competition between necking and 
pre-cut propagation determines the deformation behaviors and failures 
of HDPE materials. The strains decreased (recovered) in parts outside 
the crack zone with crack propagation, which could be attributed to two 
factors: (1) the pre-crack largely decreased the cross-section at the 
necking zone and (2) the complicated deformation fields surrounding 
the crack tip (Fig. 8) severely influenced the orientations of the molec-
ular chains in the necking (strain localization) zone, which limited the 
strain hardness in this zone. Consequently, the strengthening rate in a 
the load-bearing capacity of the necking zone could not compensate for 
its decrease owing to reduction in the cross-section. The second factor 
was the intrinsic cause of diminishing neck propagation in the intact 
specimen, because the fracture mode is independent of ligament length 

[48]. In contrast, necking in an intact specimen did not induce 
unloading of outside zones (Fig. 9) although their strain rates deceler-
ated (Fig. 13), such that necking increased with elongation. Conse-
quently, these results highlight a method of defining a crack zone based 
on strain evolutions and thus suggests a possible method of predicting 
failure. 

Decreases in deformation (recoveries) were observed in the hori-
zontal and vertical components of the strains in the pre-cut specimen. 
The recoveries of the horizontal strains indicated transitions from 
compact to expansion in these zones. This limited neck propagation 
along the length of the pre-cut specimen. 

6. Conclusions 

The spatial distributions of the time courses of the strains and strain 
rates revealed the spatiotemporal strain field evolution, which induced 
necks and fractures in HDPE materials under tension. These findings 
highlight in the changes in the strain field patterns of evolution in intact 
and pre-cut specimens under tension and the effects of pre-cutting.  

(1) These two types of specimens exhibited heterogeneous evolution 
patterns in terms of their time courses of strains and strain rates at 
different spatial positions. In the intact specimen, following the 
earlier linear evolutions with time, three types of strain rate 
evolutions were observed at different positions: (i) in the nucle-
ation zone of necking, the strain rates transitioned to acceleration 
and finally to deceleration until failure; (ii) in the propagation 
zone of necking, the strain rate initially transitioned to acceler-
ation and then deceleration because of necking in the nucleation 
zone, followed by acceleration and participation in the necking 
zone; and (iii) at zones far from the necking zone, the strain rates 
transitioned to acceleration and then deceleration until stabili-
zation at a constant strain state.  

(2) In the pre-cut specimen, after the earlier linear stage and the 
subsequent accelerations of the strain evolutions, two types of 
strain patterns were observed in the fracture and outside zones, 
respectively: (i) in the fracture zone, the strain rates continuously 
accelerated until failure; and (ii) in the outside zones, the strains 
decreased after reaching maxima. Thus, these positions released 
their stored deformation energies.  

(3) Energy release from positions outside the crack zone caused the 
macroscopic stress-strain curve of the pre-cut specimen to deviate 
from that of an intact specimen. Necking and its propagation in 
the tension direction dominated the failure behavior of the intact 
specimen. However, the failure of the pre-cut specimen was 
dominated by crack propagation, which prevented neck 
propagation.  

(4) Before the stress reached its (first) peak point, the surface strains 
of both specimens displayed almost homogeneously spatial dis-
tributions, and the strains at all positions exhibited linear time 
courses. Subsequently, the time courses of the strains at all po-
sitions exhibited acceleration.  

(5) The onset strain of necking may be defined as the faster increase 
in the strain rate at the necking nucleation zone. In contrast, the 
strain rates or their accelerations at other positions decrease. 
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[2] R. Séguéla, On the natural draw ratio of semi-crystalline polymers: review of the 
mechanical, physical and molecular aspects, Macromol. Mater. Eng. 292 (3) (2007) 
235–244. 

[3] S. Humbert, O. Lame, G. Vigier, Polyethylene yielding behaviour: what is behind 
the correlation between yield stress and crystallinity? Polymer 50 (15) (2009) 
3755–3761. 

[4] B. Xiong, O. Lame, C. Jean-Marc, Y. Men, G. Vigier, Critical stress and thermal 
activation of crystal plasticity in polyethylene: influence of crystal microstructure 
and chain topology, Polymer 118 (2017) 192–200. 

[5] Y. Men, Critical strains determine the tensile deformation mechanism in 
semicrystalline polymers, Macromolecules 53 (21) (2020) 9155–9157. 

[6] H. Guo, R.G. Rinaldi, M. Broudin, S. Tayakout, O. Lame, Anisotropic deformation 
and failure behaviors of the necked HDPE materials induced by oligo-cyclic 
loading, Polymer 234 (2021), 124232. 
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