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Abstract: Fracture mechanics are of high interest for the engineering design and structural integrity
assessment of polymeric materials; however, regarding highly ductile polymers, many open questions
still remain in terms of fully understanding deformation and fracture behaviors. For example,
the influence of the constraint and specimen size on the fracture behavior of polymeric materials is
still not clear. In this study, a polymeric material with an elastic plastic deformation behavior (ABS,
acrylonitrile butadiene styrene) is investigated with regard to the influence of constraint and specimen
size. Different single-edge notched bending (SENB) specimen sizes with constant geometrical
ratios were tested. The material key curve was used to investigate differences in the constraint,
where changes for small and large specimen sizes were found. Based on a size-independent crack
resistance curve (J–R curve), two apparent initiation parameters (J0.2 and Jbl) were determined,
namely, the initiation parameter Jini (based on the crack propagation kinetics curve) and the initiation
parameter JI,lim (based on an ESIS TC 4 draft protocol). It was found that J0.2 and Jbl could be used as
crack initiation parameters whereby Jini and JI,lim are indicative of the onset of stable crack growth.

Keywords: material key curve; ABS; crack growth resistance; constraint; triaxiality; initiation parameter

1. Introduction

Structural component design requires detailed information about the fracture behavior
of a material in order to ensure the required safety. It is possible to predict the toughness
or even the service life of a component with the use of fracture mechanical approaches by
considering the influence of load, toughness, and inherent flaws in the material. In the
case of a linear elastic material behavior (linear elastic fracture mechanics—LEFM), a single
parameter is usually able to describe the fracture property (stress intensity factor, K, criti-
cal energy release rate, G, or crack tip opening displacement, CTOD) of a material; however,
common applications of polymers often exceed the area of LEFM and show a material be-
havior where elastic plastic fracture mechanics (EPFM) must be considered. A typical result
of EPFM is the so-called crack resistance curve (J–R curve, J-integral depending on the crack
advancement ∆a), which can be used to describe the fracture behavior of a material based
on crack initiation and crack growth parameters. When external loads exceed a certain
level, a crack starts to grow, which is typically expressed by the crack growth initiation
parameter. This parameter characterizes only the onset of crack growth but provides no
further information about the crack growth behavior of the material. The ability of the
material to withstand crack growth is commonly known as crack growth resistance and is
usually proportional to the shape and especially the slope of the J–R-curve [1].

In a fracture mechanical experiment on a plate with a defined crack, the stress state
can vary along the crack front. A high constraint (triaxiality) is typically present in the
middle of the plate (plane strain) and decreases close to the free surface (plane stress) [1].
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Analogously, thickness varies within a component and this can lead to changing constraint
levels, which can influence the fracture behavior [1–3]. As such, it is important to assess
the crack initiation and crack growth parameters for changing specimen sizes.

Generally, the crack depth, specimen thickness, geometry of the crack and the loading
situation can have a strong effect on the determined fracture parameters and refer to
“constraint effects”, as shown in the literature [4]. The crack initiation parameter is generally
found to not be highly sensitive to geometry changes for metals [4]. In contrast, the crack
growth parameter usually displays a size-dependent behavior and is also influenced by the
structural configurations [1,4]; however, the influence of specimen constraint on fracture
parameters has been scarcely investigated in the field of polymers. Frontini et al. [5]
studied the influences of different specimen configurations on the fracture parameters of
polypropylene and found a dependency of fracture parameters on the chosen specimen
thickness and width. Che et al. [6] proved the size-independent crack initiation behavior
of polyvinyl chloride above a threshold thickness value of 10 mm, while some differences
in crack growth were still visible. Previous research [7], dealing with the determination
of the elastic plastic fracture behavior of up-scaled specimen sizes (increasing specimen
size with identical geometrical ratios of width, thickness and initial crack lengths) of
acrylonitrile butadiene styrene (ABS), showed strong size dependence of the determined
fracture initiation parameters, while the first results indicated a size-independent crack
growth behavior. Based on these results, it appears that it is not yet possible to determine a
clear set of rules regarding constraint and corresponding fracture parameters of polymers
under the conditions of EPFM. Subsequently, the current work aims towards a deeper
understanding of aforementioned results obtained in [7] with regard to the influence of
constraint and specimen sizes.

To assess this up-scaling behavior of ABS, a testing procedure [8] from the ESIS TC4
(European Structural Integrity Society, Technical Committee 4 on polymers and polymer
composites) was used for the determination of a pseudo-crack initiation parameter, JI,lim,
and a parameter describing the crack growth process, ms. The applied testing procedure [8],
named the TC4 LS method hereafter, is based on load separation theory [9] and requires
only a few specimens for the evaluation of JI,lim and ms. The TC4 LS method was originally
proposed to strengthen the results of the commonly used multispecimen method [10],
and its applicability to various types of polymers was already investigated in a round robin
test under the direction of the ESIS TC 4 [11,12].

Especially for the crack initiation phase, represented by JI,lim,, a clear trend with
increasing specimen size was found. The observed size-dependent behavior of JI,lim was
not expected, since a crack initiation parameter should be independent of the specimen size
when all preconditions regarding specimen size are fulfilled (i.e., exceeding the minimum
thickness for thickness independent fracture parameter) [1,4,6]. Interestingly, the presented
J–R curve, determined via classical multispecimen approach [13], showed overlapping
results and no indication of size dependence. Subsequently, this raised the question
of whether the initiation values depend on the size of the specimen or if the applied
procedure was inherently flawed; however, open questions about the level of constraint of
the specimen size did not allow for a clear interpretation at that point.

Subsequently, the aim of the present study is to close this gap, by analyzing the effect
of the constraint on the crack initiation and crack propagation phase for this material
and specimen size in detail. As a starting point, the influence of specimen constraint is
examined by resorting to the so-called calibration function. A common way to determine
the calibration function is by the evaluation of the material key curve (normalized load,
PN, as a function of the normalized plastic displacement, upl/W) derived from the load
separation principle (as shown in [2]). Further, to examine constraint effects in the crack
growth phase, the stress states of specimens are deliberately changed by introducing
side grooves. Finally, the gained knowledge about the specimen constraint is used for a
clearer interpretation of the fracture process (i.e., crack initiation and crack growth) with a
changing specimen size.
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2. Theory and Calculation

The theoretical backgrounds for the methods used to evaluate constraint changes
with increasing specimen size are described in detail in the next chapter. Furthermore,
the applied procedure for the calculation of established crack initiation (Jbl, J0.2 and Jini)
and crack growth parameters (crack resistance curve, J–R curve) are given. These values
are also used to validate the results of JI,lim, calculated via the TC4 LS method from prior
work [7].

2.1. Constraint Effects in SENB Specimens

In the present study, two procedures are used to check the influence of constraint
differences in the tested specimen sizes. In the first, the level of constraint is analyzed
a posteriori via the material key curve construction for all the specimen sizes. As such,
the resulting crack growth initiation values can be compared to their corresponding stress
states. Additionally, the local stress states in specimens were deliberately altered a priori
by introducing side grooves in selected specimens to examine differences in the crack
growth phase.

2.1.1. Determination of Constraint Level in the Crack Initiation Phase via the Material
Key Curve

The estimated material key curve is independent of the specimen geometry as long as
the constraint is not modified. Therefore, the material key curve is a great tool to investigate
changes in the constraint level during crack initiation. For the correct application of the
material key curve, the load separation principle has to be verified beforehand, as presented
for several polymers in the literature [11,14–22]. The material key curve is based on the
load separation principle [9,23,24], in which the load, P, can be expressed as the product of
two independent functions for a defined geometry, material and constraint (in the plastic
region during a fracture test on a cracked specimen) [9]:

P = G
( a

W

)
H
(upl

W

)
(1)

where G is the geometry function, H the material deformation function, a the notch length,
W the specimen width, and upl the plastic displacement. The plastic displacement is given
by [9]:

upl = u − C
( a

W

)
P (2)

where C(a/W) is the elastic compliance of the tested specimens. The load separation
principle (as proposed in Equation (1)) is only valid for fracture tests on a cracked specimen
with a defined geometry, material and constraint as discussed in [9,24]. For single-edge
notched bending (SENB) specimens, beam-shaped specimens with a single edge notch
under a three-point bending load, the geometry function, G, are defined by the following
expression [24]:

G =
(

1 − a
W

)ηpl
(3)

The geometry-independent plastic calibration factor, ηpl, is given as two for SENB
specimens in the literature [24]; however, the parameter ηpl is only valid if the load can
be expressed in its separable form, like in Equation (1) [9,14]. This precondition can be
verified experimentally by the separability parameter, Sij, as follows [9,24]:

Sij =
P(ai)

P
(
aj
) ∣∣∣∣∣

upl

(4)

where a is the remaining ligament length of the tested blunt notched specimens and
P(ai) and P(aj) are the load values of blunt notched (bN) specimens with identical testing
configurations and materials but various crack length over width ratios, a0/W (represented
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as ai and aj in Equation (4)). Based on these assumptions the presented separability
parameter, Sij, can be simplified as follows [24]:

Sij =

G
( ai

W

)
H
(upl

W

)
G

(
aj

W

)
H
(upl

W

)
∣∣∣∣∣∣∣∣
upl

=
G

( ai

W

)
G

(
aj

W

)
∣∣∣∣∣∣∣∣
upl

(5)

where the material deformation function, H, is equal for the same material and ratio of
the geometry function, G, representing Sij. As mentioned above, Equation (5) can be used
to check the validity of the load separation parameter, which is expressed through the
parameter ηpl. The theory assumes that the geometry function G is constant for stationary
crack experiments. Therefore, the separability curve (Sij-upl curve, with Sij depending
on upl) of bN specimens with various a0/W ratios has to be determined for verification.
One bN specimen needs to be defined as reference specimen, for example the specimen with
the highest a0/W ratio (the highest a0/W value was 0.8 for our experiments). Afterwards,
the parameter Sij can be calculated with Equation (4) and the Sij-upl curve can be plotted
(Figure 1a). The bN specimens display an almost constant value after the initial phase for
all chosen a0/W ratios. In this plateau area of the Sij-upl curve, a fixed value of plastic
deformation, called upl*, is defined for the evaluation of ηpl (see Figure 1a). Subsequently,
the values of the separability parameter Sij at upl

* can be plotted over the used notch
length (in Figure 1b the ligament length over the width W − a0)/W of the tested bN
specimens). For the used reference specimen (as aforementioned and in accordance with
our experiments, in this example, a0/W is 0.8), a theoretical point is added, where Sij is
equal to zero. The parameter ηpl is evaluated as the slope of the curve shown in Figure 1b.
The slope displays a constant value when a separable form of the load exists for a set of
material, geometry and constraint. Hence, the validity of the load separation principle can
be assumed for the investigated specimens.
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After the validation of the load separation principle, it is possible to determine the
material key curve to examine constraint issues. The evaluation of the material key curve
is based on the geometry function, H, evaluated from Equations (1) and (3) [24]:

H
(upl

W

)
=

P

G
( a

W

) =
P(

1 − a
W

)2 (6)
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From Equation (6), the normalized load, PN, can be evaluated by normalizing the
geometry function, H, as follows [24]:

PN =
P

B W
(

1 − a
W

)2 (7)

The material key curve is defined as the normalized load PN plotted against upl/W
and it can provide information about changes in the constraint in front of the crack tip
(see [20]). In this work, the material key curve is evaluated via stationary crack experiments
on bN specimens, in which no crack growth was allowed. Previous studies showed good
agreement between sN-based and bN-based material key curves [20,22]. Hence, a compari-
son of sN and bN specimens from the same material, tested with the same configurations
and conditions can be used to determine differences in the specimen constraint.

Generally, the material key curve is depending on the material deformation behavior
and the geometrical constraint [20,23,24]. Previous research [20], dealing with the applica-
tion of the material key curves on polymers, proposed a simplified relationship between
PN, the constraint, L, the span length over width ratio, S/W, and the yield stress, σy [20]:

L =
PN S
σs W

(8)

The application of Equation (8) is ideally limited to elastic plastic materials and
assumes a fully yielded net section. In spite of this, based also on the results presented
in [20], the material key curves were used to gain information regarding the constraint
degree in the ABS specimens examined in the present paper.

2.1.2. Changing the Constraint Level in the Crack Growth Phase by Testing
Side-Grooved Specimens

To investigate constraint effects during actual crack growth, the testing of side-grooved
specimens is a rather simple possibility. Side grooves change the zone of low constraint
near the outer surface of a specimen and reduce the possibility of shear lip formation,
which leads to a higher constraint level. The testing of side-grooved specimens, with higher
constraint and stress within the specimen, can provide information about the sensitivity of
the fracture process to overall constraint changes during crack propagation.

2.2. Evaluation of Crack Initiation and Crack Growth Parameter

After the aforementioned examination of the constraint in different specimen sizes,
it was possible to further investigate and validate the determined fracture parameters.
This knowledge may be used to interpret the results of the previous study [7], where the
so-called pseudo initiation parameter JI,lim, based on the TC4 LS method [8], displayed de-
pendence with an increasing specimen size. Furthermore, to not only validate these results
with the examination of the level of constraint, but also to check for possible inherent flaws
in the new testing procedure, established crack initiation and propagation values are also
included in the study.

2.2.1. Determination of the J–R Curve

The most common method to determine fracture properties in an elastic plastic mate-
rial is the so-called multispecimen method. For this approach, several identical specimens
are tested with different crack advancement values. Subsequently, the energy necessary for
the amount of crack growth, usually expressed via the J-integral, is plotted as a function of
the produced crack advancement (∆a). In this work J–R curves were determined according
to the ESIS TC-4 method [10] for each examined specimen size. According to the ESIS TC-4
multispecimen method, valid data points are limited by two critical ∆a values (∆amin and
∆amax). The minimum ∆amin is fixed at 0.05 mm of crack advancement and the maximum
∆amax depends on the specimen size according to 0.1(W − a0). In the case of cracks with
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a length higher than 0.1(W − a0), the conducted measurements were corrected for high
amounts of crack growth following the proposed formula in [9]:

J = J0

[
1 − 0.75 η− 1

W − a0
∆a

]
(9)

J0 =
ηUc

B (W − a0)
(10)

where η is the geometry-dependent calibration factor and is 2 for SENB specimens, Uc is the
corrected area under the load displacement curve (corrected for the amount of indentation
according to [13]), B is the specimen thickness, W is the specimen width and a0 is the
initial crack length. As a precondition for a successful application of the multispecimen
procedure, the J–R curve data has to follow a simple power law routine [13]:

J = c ∆ab (11)

where c and b are fitting parameters (see Figure 2). It is possible to determine both initiation
and propagation values of the examined material by using this fitting curve.
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2.2.2. Determination of the Crack Initiation Parameters

Based on the calculated J–R curve, several fracture initiation parameters can be deter-
mined for a quantitative description of the investigated material; however, one of the most
important parameters evaluated from the J–R curve is the technical crack initiation value,
J0.2, at a crack advancement of 0.2 mm [13]. This crack advancement value was originally
chosen since it was large enough to experimentally characterize real crack growth and
small enough to be close to real initiation. The parameter J0.2 is widely accepted and used
for the characterization of crack initiation in polymers [7,11,14,25–27]. The second initiation
parameter used in this study is Jbl, defined as the intersection of the blunting line with the
J–R curve power law fit [13], where the blunting line is defined as follows:

J = 2 σy ∆a (12)

where σy is the yield stress of the investigated material. A schematic J–R curve with both
initiation parameters (J0.2 and Jbl) is shown in Figure 2.

A further crack initiation parameter used in this work is Jini, which is based on the
crack propagation kinetics where the produced crack length, ∆a, is plotted against the
testing time of the experiment, t (Figure 3) [27–29]. Typical crack propagation kinetics
curves exhibit three stages, where each stage represents a characteristic process in the crack
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growth mechanism during the process of a fracture. Stage I describes crack tip blunting and
crack initiation, stage II describes non-stationary stable crack growth and stage III describes
steady-state crack growth. The transition from stage I to stage II represents physical crack
initiation, which makes this method especially interesting for the present study [27–29].
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Figure 3. Crack propagation curve (crack length ∆a marked as dots) for evaluating physical crack
initiation with three characteristic stages: stage I (crack tip blunting), stage II (non-stationary stable
crack growth) and stage III (stable crack growth).

For the measured specimens in this study, no data points at a very low testing time
were available (stage I), hence, the initiation time had to be verified with a slightly modified
procedure (Figure 4a). The initiation time (tini) was determined as the intersection between
the linear data fit of stage III and the x-axis. Afterwards, the J-integral was calculated using
the area under the load displacement curve, U, up to the displacement at tini. The J-integral
was calculated according to the recommended formula from the ESIS TC-4 procedure [10]:

Jini =
η Uini

B (W − a0)
(13)

where η is the geometry-dependent calibration factor and is 2 for SENB specimens, Uini is
area under the load displacement curve up to tini (see Figure 4b) and corrected for the
amount of indentation according to [13], B is the specimen thickness, W is the specimen
width and a0 is the initial crack length.
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3. Materials and Methods

The material and specimen geometries used in this work were identical to the previous
study on the influence of size effects on fracture mechanical parameters [7]; however,
the experimental setup for the evaluation of constraint effects featured several differences,
which are described in detail in the following section.

3.1. Specimen Scale-Up

To analyse constraint effects with an increasing specimen scale, bN specimens of
different sizes were manufactured. In addition to the bN specimens, sN specimens were
made for the application of the multispecimen procedure in the same way as in the previous
work [7]. The tested specimen geometry was of the SENB form, as shown for a bN specimen
in Figure 5a, with a specimen up-scaling ratio of 10 (specimen width, W, from 5 mm to
50 mm as shown in Figure 5b). The chosen width to thickness ratio, W/B, as well as the
length to width ratio, L/W, were kept constant for all specimen sizes according to [13].
The initial crack length over width ratio, a0/W, was constant for the sN specimens (0.6).
Side grooves were added to three sN specimens where the sizes, W, were 10, 20, 30 and
40 mm in order to evaluate constraint differences. The manufactured side grooves had
equal depth and showed a combined thickness reduction of 20% of the thickness B. For the
bN specimens, the a0/W ratio varied from 0.3 to 0.8.
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3.2. Material

The investigated material was ABS, which was supplied as extruded plates that were
1200 mm in length, 500 mm in width and 50 mm in thickness (identical to the previous
study [7]). The high thickness of the plates was required to obtain a high up-scaling ratio
(specimens with width values from 5 to 50 mm) for the manufactured specimens. The ex-
truded plate is commercially available from Faigle Kunststoffe GmbH (Hard, Austria).
The examined ABS showed a Young’s modulus (E) of 2200 ± 36 MPa, a tensile yield stress
(σyt) of 28.5 ± 0.1 MPa and a compressive yield stress (σyc) of 47.4 ± 0.76 MPa (measured
on specimens from the core of the plate) [7].

3.3. Specimen Preparation

The specimen preparation was made via cutting and milling. The blunt notch was
introduced as a key hole notch with a size-dependent notch tip radius Rtip as listed in
Table 1. As discussed in the previous work, material property variations between the
edge and the centre of the thick plates were detected, which were caused by variations
in the manufacturing conditions. To guarantee similar testing material behavior close to
the round tip of all bN specimen geometries, a fixed thickness position of the plate was
chosen as reference. This reference position is defined as half of the thickness of the plate
(“Wp/2”) as shown in Figure 6a.
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Table 1. Detailed information on the experimental setup and the crack tip radius of the bN specimen
for all specimen sizes examined.

Specimen Width
W (mm)

Span Length
S (mm)

Roller Radius
(mm)

Load Cell
Capacity (kN)

Crack Tip Radius
of bN Specimen

(Rtip, mm)

5 20 1 1 0.5
10 40 3 10 1
20 80 3 10 2
30 120 5 10 3
40 160 5 10 4
50 200 10 10 5
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3.4. Testing Procedures

Three-point bending tests on bN and sN specimens were conducted to characterize
constraint issues in the fracture mechanical behavior of ABS. All mechanical tests were
performed on a Zwick Universal Testing System (Zwick GmbH & Co. KG, Ulm, Germany),
model Z010 or Z250 (see Figure 6b) with different load cells listed in Table 1. The mea-
surements were taken in standardized conditions (23 ◦C air temperature, 50% relative
humidity) with a constant loading rate of 1 mm/min. Detailed parameters concerning the
experimental setup for the tested geometries are listed in Table 1.

All mechanical fracture results (J-integral values) were corrected for the amount
of indentation during the experiment. For this, the testing setup was changed to an
indentation configuration and unnotched specimens were used to evaluate the indentation
curve. Afterwards, this curve was subtracted from the measured load–displacement
curves of the fracture mechanical specimens. Details concerning the indentation setup and
procedure are given in [13].

4. Results and Discussion
4.1. Evaluation of Specimen Constraint

The evaluation of the constraint is helpful to understand the influence of the specimen
size and the up-scaling behavior of fracture mechanical parameters. In the present study,
the material key curve was used to identify changes in the specimen constraint influencing
the crack initiation process. Therefore, the applicability of the load separation principle was
verified beforehand since it is a precondition for the evaluation of the material key curve.

4.1.1. Applicability of Load Separation Principle

Consequently, bN specimens with varying notch length (a0/W) were tested with
varying displacement, which did not lead to crack growth initiation. The load–displacement
curves of tested bN specimens are presented in Figure 7 for the smallest (W is 5 mm,
Figure 7a) and the largest (W is 50 mm, Figure 7b) specimen sizes.



Materials 2021, 14, 1945 10 of 23

Materials 2021, 14, x FOR PEER REVIEW 10 of 24 
 

 

humidity) with a constant loading rate of 1 mm/min. Detailed parameters concerning the 
experimental setup for the tested geometries are listed in Table 1.  

Table 1. Detailed information on the experimental setup and the crack tip radius of the bN specimen for all specimen sizes 
examined. 

Specimen Width 
W (mm) 

Span Length 
S (mm) 

Roller Radius (mm) Load Cell Capacity 
(kN) 

Crack Tip Radius of 
bN Specimen  

(Rtip, mm) 
5 20 1 1 0.5 

10 40 3 10 1 
20 80 3 10 2 
30 120 5 10 3 
40 160 5 10 4 
50 200 10 10 5 

All mechanical fracture results (J-integral values) were corrected for the amount of 
indentation during the experiment. For this, the testing setup was changed to an indenta-
tion configuration and unnotched specimens were used to evaluate the indentation curve. 
Afterwards, this curve was subtracted from the measured load–displacement curves of 
the fracture mechanical specimens. Details concerning the indentation setup and proce-
dure are given in [13]. 

4. Results and Discussion 
4.1. Evaluation of Specimen Constraint 

The evaluation of the constraint is helpful to understand the influence of the speci-
men size and the up-scaling behavior of fracture mechanical parameters. In the present 
study, the material key curve was used to identify changes in the specimen constraint 
influencing the crack initiation process. Therefore, the applicability of the load separation 
principle was verified beforehand since it is a precondition for the evaluation of the ma-
terial key curve. 

4.1.1. Applicability of Load Separation Principle 
Consequently, bN specimens with varying notch length (a0/W) were tested with var-

ying displacement, which did not lead to crack growth initiation. The load–displacement 
curves of tested bN specimens are presented in Figure 7 for the smallest (W is 5 mm, Fig-
ure 7a) and the largest (W is 50 mm, Figure 7b) specimen sizes.  

    
(a) (b) 

Figure 7. Decreasing load–displacement curves with increasing ratios of notch length over width a0/W for two tested bN 
ABS specimen sizes where W is 5 mm (a) and 50 mm (b). 

Figure 7. Decreasing load–displacement curves with increasing ratios of notch length over width a0/W for two tested bN
ABS specimen sizes where W is 5 mm (a) and 50 mm (b).

For all geometries investigated, the measured forces increased with lower a0/W ratios.
Furthermore, the measured load level was higher for a larger specimen size, as shown
in Figure 7 for the specimens with W is 5 mm (a) and W is 50 mm (b). No crack growth
was identified during the testing of the bN specimens, which allows the assumption of
stationary cracks. This precondition is especially important for a correct verification of
the load separation property, which was performed by the evaluation of the parameter
ηpl as described in the theoretical part. The separability parameter, Sij, calculated from bN
specimens with varying notch length over width ratio, a0/W, was calculated and plotted
as a function of the plastic displacement, upl, in Figure 8. As discussed in the experimental
part, for the used reference specimen (a0/W is 0.8), a theoretical point was added where Sij
is equal to zero.
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The Sij-upl curves were evaluated for all investigated specimen geometries (W values
of 5 to 50 mm). Nearly all curves met the precondition of stationary cracks, as discussed
in [14]. In the stationary crack experiments, the curves displayed a constant Sij value (at high
amounts of plastic displacement upl) after the initial phase. For the first part of the Sij-upl
curves in Figure 8, low upl values represent the initial phase of the experiment, in which
the parameter ηpl was not defined. Hence, this phase was not of importance for validity;
however, not all tested specimens displayed a stationary crack behavior. Specimens with the
smallest notch length of 0.4 showed no clear plateau after the initial phase for the smallest
two specimen sizes (W is 5 mm, Figure 8a and W is 10 mm, Figure 8b). This indicates that
the crack growth in these two bN specimens was not completely prevented. Consequently,
optical analyses were conducted to examine possible signs of crack initiation or crack
growth close to the round notch tip of the bN specimen; however, no signs of crack growth
were found in these two specimens. Therefore, they were included in the determination of
ηpl. The Sij values used for the evaluation of the parameter ηpl are indicated in every plot in
Figure 8 through the vertical line at upl*. For all tested specimen geometries, the parameter
ηpl, determined as the slope of the plot shown in Figure 1b, was evaluated with its statistical
coefficient R2 and is summarized in Table 2.

Table 2. Values of ηpl with the corresponding statistical coefficient R2 for all tested specimen
geometries (W is 5, 10, 20, 30, 40 and 50 mm).

Specimen Width W Parameter ηpl R2

[mm] - -
5 1.98 0.999
10 2.03 0.999
20 2.03 0.999
30 2.01 0.999
40 1.94 0.999
50 1.94 0.999

For all investigated specimen geometries, the value of the parameter ηpl was close to
2 with good statistical correlation described via the parameter R2 (Table 2). The estimated
values were close to the theoretical value for this geometry (ηpl is 2 for SENB). Hence,
the load separation validity was determined for all geometries examined in the present and
previous works [7]. This first investigation of ηpl strengthens the previously determined
results for the TC4 LS method regarding dealing with the specimen size effect [7]. Subse-
quently, the constraint issues for the up-scaled ABS specimens were evaluated. This was
done by applying the material key curve method to the results of this section.
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4.1.2. Determination of Specimen Constraint during Crack Initiation via Material
Key Curve

The material key curves with varying bN specimen sizes (W of 5 to 50 mm) but similar
notch lengths (a0/W ratio) were compared and are shown in Figure 9 (increasing a0/W
ratio from Figure 9a–e). As discussed in the theory section, the normalized load PN can be
directly related to changes in the constraint as long as the testing conditions are constant
(yield stress of the material, σy, and span length over width ratio, S/W) [20]. Therefore,
special attention was given to changes within the testing conditions. Small changes in σy
related to the slightly different strain rates (see [7]) could be reasonably assumed to play
a secondary role and were disregarded. Furthermore, the S/W ratio was kept constant.
Hence, PN can be used as an index for the constraint in front of the crack tip.
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The direct relationship between the material key curve and the level of constraint
raised by the notch was only demonstrated for an ideally elastic plastic material, for which
the material key curve was a horizontal line. In a real case, for a ductile polymer, the mate-
rial key curve increases with increasing upl/W value and if the displacement of the final
point of the loading curve is sufficiently high then a plateau can be achieved. Even though
it was not possible to determine a perfectly horizontal plateau region for the specimens
examined within this work, a clearly different trend was presented by the material key
curves of various sizes. In the present paper, the determined material key curves, at a given
a0/W, flattened after the initial phase toward a plateau level. Therefore, the presented
curves in Figure 9 can be seen as representative for the present constraint state.

The comparison of the different specimen sizes at a fixed a0/W ratio displays some
deviations in the observed PN values (Figure 9). Especially, with an increasing a0/W
ratio, the material key curves of the smallest (W is 5 mm) and the largest specimen size
(W is 50 mm) differed significantly. For specimens with the lowest a0/W ratio of 0.4
(Figure 9a), the observed material key curves showed low deviation between different
specimen sizes. Hence, all ABS specimen sizes with an a0/W ratio of 0.4 displayed similar
constraint situations in front of the notch tip. With an increasing notch length (a0/W ratio),
trend changes and differences in the constraint values with increasing specimen sizes were
observed, as shown in Figure 9b–d (a0/W ratio of 0.5, 0.6 and 0.7); however, for example,
samples with W values of 10 to 40 mm and a a0/W ratio of 0.6 (Figure 9c), which is also the
recommended a0/W ratio for the multispecimen procedure, showed similar material key
curves, which indicates a similar crack tip constraint. The highest deviation in the values
of PN were observed for the largest specimen size (W of 50 mm). For the highest a0/W
ratio of 0.8 (Figure 9e), higher deviation was observed but the trend was the same for the
other configurations. These differences in the material key curves and subsequent stress
states can be related to changes in the observed fracture initiation parameters. Hence, it is
of high interest to evaluate these differences and consider geometry changes for accurate
component design. To summarize this, the PN values at a fixed ratio of upl/W were
evaluated (shown in Figure 10). For this, a upl/W value of 0.04 was used since it was the
highest level of upl/W for which PN data were available for all the specimen sizes and
a0/W ratios.
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Two trends can be noticed in the material key curves and the compared PN values in
Figure 10, namely, the influence of the a0/W ratio for each investigated specimen size and
the influence of the specimen size on PN values at a fixed a0/W ratio.

Starting with the influence of varying notch length (a0/W ratio), the smallest specimen
size (W is 5 mm) displayed the highest deviations in the calculated PN values with an
increasing a0/W ratio. As discussed in the previous section, the largest specimen size



Materials 2021, 14, 1945 14 of 23

showed high differences in the obtained PN values with a changing a0/W ratio. In contrast,
the obtained PN values for specimen sizes from W is 10 mm to 40 mm displayed no
significant influence with a varying a0/W ratio (PN values around 9 MPa were calculated
for all notch lengths). By taking a closer look on the second influencing parameter shown
in Figure 10, with a constant a0/W ratio and increasing specimen size, higher deviations
in the obtained PN values for higher a0/W ratios could be observed. For the lowest
a0/W ratio of 0.4, small differences in the obtained PN values (8.5 and 9.5 MPa) were
observed. In comparison, the highest a0/W ratio of 0.8 resulted in PN values between 5.5
and 10.25 MPa; however, specimens with the highest a0/W ratio could also be influenced
by the small remaining ligament length, which can influence the full development of the
plastic zone in front of the crack tip.

The discussed constraint information is of great interest since size-dependent fracture
behaviors were observed for up-scaled ABS specimens in a recently published work [7].
The previous study on sN ABS specimens was carried out at a fixed a0/W ratio of 0.6.
It is obvious from Figures 9c and 10 that almost no differences in the material key curve
could be observed for specimen sizes between 10 to 40 mm for a fixed a0/W ratio; however,
the material key curves for the small (W of 5 mm) and large (W of 50 mm) specimen size
show significant differences. This supports the assumption of a changing constraint close
to the crack tip for different specimen sizes. Since all specimen sizes from W is 10 to 40 mm
displayed similar constraint states, it is of high interest to examine if the crack growth
phase of these specimen sizes also exhibits a similar constraint state.

4.2. Crack Growth Resistance Curve
4.2.1. Crack Growth Resistance Curve from the Multispecimen Procedure

In the previous study on size-dependent fracture parameters [7], it was not possible
to precisely discuss the shape of the combined J–R curve due to a limited number of data
points available at low values of ∆a. This was due to the experimental setup of the load
separation method, where high ∆a values are required. Subsequently, more data points at
lower ∆a values were generated for the combined crack growth resistance curve in this
work. Figure 11 shows the combined J–R curve of all specimen sizes (W is 5 to 50 mm) with
these additional data points. The resulting crack growth resistance curve from Figure 11,
including the additional test data, still displays one uniform curve.
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The J–R curve presented in Figure 11 displays one overlapping curve for all investi-
gated specimen sizes of ABS; however, by taking a closer look on the curve shape of each
evaluated J–R curve, it is no longer possible to describe the combined J–R curve (all data
points of the investigated specimen sizes) via a power law fit (according to Equation (11)).
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Especially, for the smallest and largest specimens examined, a slightly deviating frac-
ture behavior was observed, which was quantified via the application of a power law fit.
The resulting fitting parameters c and b of each specimen size (listed in Table 3) show the
expected deviations for the smallest (W is 5 mm) and largest specimen sizes (W is 50 mm),
which is particularly noticeable in the case of the variation of parameter c. All examined
specimen sizes in between (W of 10 to 40 mm) showed similar fitting parameters. Hence,
a size-independent crack growth behavior could be assumed, where all examined specimen
sizes (W of 10 to 40 mm) exhibited the same fracture resistance against crack growth.

Table 3. Power law fitting parameter (c and b according to Equation (11)) of the J–R curve with the corresponding statistical
coefficient, R2, and initiation toughness value, J0.2, for increasing specimen sizes (W of 5, 10, 20, 30, 40 and 50 mm) of ABS
specimens as determined following the ESIS TC 4 multispecimen method.

Specimen Width
(W, mm)

Parameter c
(Power Law Fit,

kJ/(m2mmb))

Parameter b
(Power Law Fit,

kJ/(m2mmb))
R2

Crack Initiation
(J0.2, Apparent,

kJ/m2)

Crack Initiation
(Jbl, Apparent,

kJ/m2)

5 8.7 0.41 0.718 4.5 2.4
10 10.4 0.45 0.972 5.0 2.7
20 11.3 0.45 0.978 5.5 3.0
30 11.9 0.47 0.969 5.6 3.0
40 12.3 0.41 0.984 6.3 4.2
50 14.6 0.29 0.936 9.1 8.4

The specimen up-scaling method used in the present and previous studies [7], where all
geometry parameters (B, L, a0) are dependent on the specimen width W, is rarely found in
scientific work. This makes the comparison of the crack resistance curves determined here
with results from literature challenging; however, evaluating plane stress and strain states
with variations of the specimen thickness, B, at a constant specimen width, W, has been
detailed in the literature [6,30]. The variation of specimen thickness is one of the most
common procedures to investigate the influence of specimen size. With an increasing B,
thickness-independent material constants can be determined (transition from plane stress
to plane strain state). In contrast to this, the specimen width, W, usually has almost no in-
fluence on J–R curves as long as boundary conditions are not modified [30]. The presented
simultaneous up-scaling procedure in this study, where B increases with an increasing
W (fixed geometry ratio as in the present study), can also enable the calculation of the
size-independent fracture parameters as shown in Figure 11.

To increase the knowledge about the examined specimen sizes with similar fracture
resistance curves (from W is 10 to 40 mm), the constraint situation was changed in the
crack growth phase. Side-grooved specimens were tested for specimen sizes ranging from
W is 10 to 40 mm and compared to the J–R curves presented in Figure 11. Side grooves
change the zone of low constraint near the outer surface of a specimen and reduce the
possibility of shear lip formation, which leads to a higher constraint level. The testing of
side-grooved specimens with higher constraint and stress within the specimen can provide
information about the sensitivity of the fracture process to the overall constraint changes
during crack propagation.

4.2.2. Determination of Specimen Constraint during Crack Propagation via Testing of
Side-Grooved Specimens

By the application of side grooves, constraint close to the edge changed and the
constraint increased. Hence, it should be possible to confirm changes in the crack growth
behavior by comparing the results of these specimens with the established J–R curves.
Therefore, three side-grooved specimens of each specimen size (W of 10, 20, 30 and 40 mm)
were tested according to the ESIS TC-4 multispecimen method [10]. The results from the
side-grooved specimens were compared to the J–R curves of the previous study [7] and are
shown in in Figure 12.
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The determined J–R curves in Figure 12 displayed no difference between specimens
with and without side grooves, in contrary to the specimens with different sizes. The ob-
served behavior denotes that the changing constraint in side-grooved specimens did not
lead to a significant difference in the crack growth behavior. Similar behavior was also
reported in a previous study on polypropylene specimens [5], where several specimen
sizes with and without side grooves were compared. The results indicate that (for W of 10
to 40 mm) even if the constraint is artificially changed in the specimen, the crack growth
behavior (at least as described by the J–R curve) does not change and a size-independent
fracture behavior can be assumed.

4.3. Fracture Initiation Parameters
4.3.1. Initiation Toughness Parameter Determined from the J–R Curve

The initiation values of J0.2 for an increasing specimen size with the corresponding
statistical coefficient R2 of the fitted J–R curve, determined according to the ESIS TC 4
multispecimen method, are listed in Table 3. For the evaluation of J0.2 values, the J–R curve
of every specimen size examined was fitted (with the recommended power law according
to Equation (11) [13]) and afterwards the J-integral was determined at 0.2-mm of crack
growth. Hence, the evaluated J0.2 values were strongly dependent on the successful fitting
of the J–R curve. Therefore, the statistical coefficient R2 of every fitted J–R curve is also
listed in Table 3. Based on the significant differences in the shape of the J–R curve from
the largest specimen size (W is 50 mm), its initiation parameters are highly questionable.
The observed J0.2 values range from 4.5 kJ/m2 (for the smallest specimen, W is 5 mm) to
9.1 kJ/m2 (for the largest specimen, W is 50 mm). For the specimen sizes of 10 to 40 mm,
the observed initiation parameters displayed nearly constant values with only a slight
increase from 5.0 kJ/m2 to 6.3 kJ/m2; however, the smallest and largest specimen sizes
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displayed significant differences from the calculated initiation value. The resulting R2 of
the fitting procedure displayed a low value for the smallest specimen size (W is 5 mm) due
to the experimental difficulty of testing very small specimens (manufacturing accuracy,
testing equipment, determination of the crack advancement using a light microscope).
Hence, the determined crack initiation value, J0.2, for the smallest specimen size is also
questionable. All other specimen sizes displayed R2 values from 0.936 to 0.984, which
indicates that all data points could be fitted well with the applied power law.

Furthermore, the initiation parameter Jbl was evaluated (listed in Table 3) as the
intersection of the blunting line with the fit of each J–R curve. Therefore, the yield stress
σy was used (28.5 MPa), which was investigated in the previous study [7]. Jbl displayed
fracture initiation values from 2.4 kJ/m2 (W is 5 mm) to 4.2 kJ/m2 (W is 40 mm) which
were significantly lower than the evaluated values for J0.2; however, both initiation values
displayed a similar trend. Based on the multispecimen procedure [13], the lowest initiation
value has to be taken as the initiation toughness parameter, which in this case is the blunting
value Jbl; however, Jbl depends on the successful fitting of the J–R curve, as discussed for
J0.2. Both initiation parameters (J0.2 and Jbl) refer to a region of the J–R curve that is quite far
from the experimental data points used for its construction, especially for larger specimen
sizes. Hence, they have to be interpreted as apparent values. Furthermore, the fitting
regions (∆a range) differed for the examined specimen sizes. In consideration of this, it can
be reasonably assumed that the values of the initiation parameter (J0.2 and Jbl) could be
influenced by computational effects, especially for the highest size examined (W of 50 mm).
Further methods for the characterization of initiation parameters were conducted in order
to improve the understanding of the present crack initiation behavior.

4.3.2. Initiation Toughness Parameter Jini

The calculation of the crack propagation kinetics curve, where ∆a is plotted against the
testing time, t, is an additional method for the investigation of entire fracture processes. It is
possible to evaluate the parameter Jini based on the crack propagation kinetics curve which
represents crack initiation. Therefore, the crack initiation time, tini, is required beforehand.
The determined crack propagation kinetics curve with its fitting curve and the estimated
initiation times, tini, are shown in Figure 13 for the ABS specimens with different sizes.
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Figure 13. Determination of the crack initiation time, tini, via the crack propagation kinetics curve (produced crack length
∆a (black dots) depending on the testing time, t) for all investigated specimen sizes of ABS (W of 5 (a), 10 (b), 20 (c), 30 (d),
40 (e) and 50 mm (f)).

The limited data points at low testing times, representing the blunting process (stage
I) and crack initiation (stage II), led to a slightly modified experimental procedure for the
determination of tini. The initiation time was estimated as the intersection of the linear fit of
the available data points from stage III (representing crack growth) with the x-axis (details
in the experimental section). The initiation time, tini, increased with increasing specimen
sizes and for all specimen sizes, with the exception of W = 5 mm, and displayed good R2

values for the applied linear fit as shown in Figure 13. In the case of the smallest specimen
size (W of 5 mm), R2 showed a very low value of 0.55 (Figure 13a). Subsequently, the value
of tini for W = 5 mm should be considered carefully. For the other investigated geometries
(W of 10 mm to 50 mm), a good application of a linear fit was possible. Additionally,
the crack growth speed in stage III was determined and the increase was found to be small
over the whole scaling range (increase from 0.4 to 1.5 mm/min from the smallest to the
largest specimen size).

For a better comparison to the other crack initiation parameters, Jini (J-integral at the
initiation time tini) was calculated and is presented in Figure 14 for the up-scaled specimens
of ABS. The physical crack initiation (J-integral at initiation time tini) increased with an
increasing specimen size (from 0.8 kJ/m2 for W is 5 mm to 9.5 kJ/m2 for W is 50 mm) and
displayed low standard deviation for all measured specimen sizes. In comparison with
the evaluated J0.2 values (Table 3), the calculated Jini values were smaller and exhibited
a strongly size-dependent behavior. Size-dependent initiation toughness values were
also found in literature [5], where methods from LEFM (stress intensity factor “KQ

”,
“Kmax”) were used to describe the elastic part of the J–R curve. Similar to results in this
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study, the linear elastic fracture parameters (“KQ
”, “Kmax”) increased with increasing

specimen size.
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Figure 14. Growing initiation toughness value Jini (J-integral at the initiation time tini) for increasing
specimen sizes (W is 5, 10, 20, 30, 40 and 50 mm) of ABS.

4.3.3. Comparison of Crack Initiation Parameters

In the present study, additional tests on up-scaled sN ABS specimens were performed
to increase the completeness of the J–R curve data from the previous study [7]. In this
previous work, the characterized J–R curve displayed size-independency, whereby the
initiation parameter (JI,lim from the ESIS TC 4 draft protocol [8]) exhibited a strongly size-
dependent behavior. A size-independent crack resistance curve for specimen sizes of 10
to 40 mm was confirmed by the additional data points measured following the ESIS TC 4
procedure; however, the calculated apparent initiation toughness parameters J0.2 and Jbl
(based on the ESIS TC 4 multispecimen procedure) and Jini (based on the crack propagation
curve and tini) displayed different fracture initiation behavior for the examined specimen
sizes (size-dependent crack initiation parameter). For the sake of comparison, all calculated
initiation toughness parameters (J0.2, Jbl, Jini and JI,lim) are shown in Figure 15.
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Figure 15. Comparison of initiation toughness parameters J0.2 (multispecimen procedure), Jbl (multi-
specimen procedure) Jini (based on the initiation time tini) and JI,limi (ESIS TC 4 draft protocol) for
increasing specimen sizes of 5, 10, 20, 30, 40 and 50 mm (adapted from [7]).

The initiation value J0.2 displayed the highest values for small specimen sizes as
compared to the other assessed initiation parameters. For the specimen sizes of 10 to
40 mm, J0.2 displayed only a slight increase and indicated a plateau where the smallest
(W is 5 mm) and the largest (W is 50 mm) specimen sizes displayed some differences.
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The observed fracture initiation behavior of J0.2 is explained by the observed constraint
differences for the smallest and largest specimen sizes and a simply computational effect
arising with the chosen fitting range. Jbl showed a similar trend as J0.2 (Figure 15); however,
it showed the lowest fracture initiation values and therefore a representative initiation
toughness value according to the multispecimen procedure [13]. For both parameters (J0.2
and Jbl), no standard deviation was added in this plot since these values were determined
by the intersection of the J–R fitting curve. It has to be noted that Jbl is not only influenced
by the computational effect of the fitting range, but there is also the additional dependency
on the evaluated σy. Since small changes in σy are assumed to play a secondary role [7],
the influence on the initiation value can also be negligible; however, for a successful
evaluation of an initiation value this aspect has to be kept in mind.

The calculated Jini values (based on the initiation time tini) depicted a continuously
increasing initiation value with an increasing specimen size and the values were in the
same range as the observed JI,lim data from the previous research [7]. The standard devi-
ations for the Jini values were small in comparison to the determined values of JI,lim [7].
These deviations between the initiation values, which were based on the multispecimen
method (J0.2 and Jbl) and the other two initiation parameters (Jini and JI,lim), give rise to the
assumption that these parameters mark two different stages during the fracture process.
The estimated apparent values from the J–R curve (J0.2 and Jbl) represent crack initiation,
whereby Jini and JI,lim mark the beginning of stable crack growth. It is difficult to define
crack initiation for ductile polymers since it is a continuous process from blunting to crack
advancement [19]; however, in this work, crack initiation was defined as the early starting
point of a progressive process of crack propagation. Typically, cracks started to grow at
the notch tip from the inner region of a specimen. Furthermore, the stable crack growth
phase is related to a fully developed crack front along the whole thickness and a constant
crack propagation rate. This was not experimentally checked within this work and is a
topic for future work. The assumption that J0.2 and Jbl represent crack initiation and Jini
and JI,lim mark the beginning of stable crack growth was based on the differences in the
used experimental approach of the presented parameters. As discussed in the previous
section, Jini was calculated by the intersection between the linear data fit of stage III (area
of stable crack growth) and the x-axis. Hence, the influence of the blunting phase is not
represented in the estimation of Jini, which strengthens the hypothesis that Jini marks the
point of stable crack growth instead of crack initiation. The parameter JI,lim was suggested
as a parameter for indicating stable crack growth, since a fixed value in the normalized
load separation curve is defined as JI,lim in the ESIS TC 4 procedure [8]. This fixed value
is defined after the blunting phase and at the beginning of stable crack growth. A slight
overestimation of the crack initiation by the parameter JI,lim and the optical analysis of the
fracture initiation has already been discussed in the literature [19].

Generally, fracture initiation and the point of stable crack growth must not be at
the same level during a fracture experiment, which is also shown in Figure 15. For small
specimen sizes, crack initiation (marked by Jbl) and the point of stable crack growth (marked
by Jini or JI,lim) nearly occurred at the same J-value; however, for increasing specimen sizes
the crack initiation values were significantly lower compared to the point of stable crack
growth. This can be explained by the increasing specimen thickness and the particular
nature of crack initiation, which is typically a progressive process characterized by a slow
development over the whole crack front [19]. Based on these new findings, the parameter
J0.2 was above the limit value of stable crack growth for small specimen sizes and below
for large specimen sizes. Therefore, it is suggested to adapt the fixed initiation value J0.2 to
a more geometry-dependent value to take changing specimen sizes into account.

5. Conclusions

It is necessary to acquire detailed knowledge of the up-scaling relationships of fracture
parameters (crack initiation and crack growth) and the constraint (crack tip triaxiality)
to design complex components. In the case of polymers, the influence of scaling the
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specimen size on the elastic plastic fracture parameter has scarcely been investigated.
Basic relationships like the influence of increasing specimen size or changing ligament
length have already been discussed [5,6]; however, the present work gives insight into the
dependency of the constraint and fracture behavior on the specimen size (SENB specimens
with a maximum up-scaling ratio of 10) of ABS.

Changing constraint levels in the crack initiation and crack growth phase were eval-
uated by the application of the material key curve method for the smallest (W is 5 mm)
and the largest (W is 50 mm) specimen sizes; however, all investigated specimen sizes in
between (W from 10 to 40 mm) displayed a similar constraint for the crack initiation and
crack propagation. With regard to the crack propagation behavior, it was found that the
introduction of side grooves and a subsequent change in the overall stress state showed no
influence on the results when compared to the J–R curves of non-grooved specimens.

The resulting J–R curves showed one overlapping curve for all tested specimen sizes of
ABS; however, for the smallest and the largest specimen sizes, some changes in the fitting
parameters were detected, which supports the results of changing constraint levels for these
two specimen sizes. The changing constraint state for small and large specimens is also
represented in the apparent initiation parameters based on the J–R curve (J0.2 and Jbl).

Furthermore, the influence of the specimen size on the fracture initiation was investi-
gated. Therefore, four parameters were analyzed and compared in detail:

• J0.2 (apparent), which is based on the technological evaluation of the J–R curve [13]
and displayed slowly increasing initiation values for specimens with W values of 10
to 40 mm.

• Jbl (apparent), which is also based on the technological evaluation of the J–R curve [13]
and displayed the lowest initiation values and a similar behavior to J0.2.

• Jini, which is based on the initiation time, tini, and displayed increasing crack initia-
tion values with increasing specimen size where small deviations were detected for
changing constraint states.

• JI,lim, which is based on the ESIS TC4 LS method and displayed similar results as Jini,
thus supporting the size-dependent fracture initiation behavior (initiation parameters
increase with increasing specimen size).

The contrary behavior of the four initiation parameters can be explained by a closer
look into the evaluation and the experimental approach, where J0.2 and Jbl are more
technological parameters describing the crack initiation. Jini and JI,lim were based here on
the physical crack initiation and mark the point of stable crack growth. In spite of the
apparent characteristics attributed to J0.2 and Jbl, the results of the investigation suggest
the use of the initiation parameters J0.2 and Jbl for material ranking and comparison due
to the low differences in the resulting values with different geometries. On the contrary,
the parameters Jini and JI,lim are of high interest regarding evaluating points of stable
crack growth.

In the future, further investigations of changing constraint state for small and large
specimens are planned. Furthermore, the experimental results found here will be compared
with numerical simulations to gain more information about the stress state and constraint
close to the crack tip. In addition, the crack growth process has to be examined in detail
and compared with the two types of initiation parameters found in this study.
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