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A B S T R A C T   

The full-notch creep test (FNCT) is a common test method to evaluate the environmental stress cracking (ESC) 
behavior of high-density polyethylene (PE-HD), e.g. for container materials. The test procedure as specified in 
ISO 16770 provides a comparative measure of the resistance against ESC using the time to failure of PE-HD 
specimens under constant mechanical load in a well-defined liquid test environment. Since the craze-crack 
damage mechanism underlying the ESC phenomenon is associated with brittle failure, the occurrence of a 
predominantly brittle fracture surface is a prerequisite to consider an FNCT measurement as representative for 
ESC, i.e. a time to failure dominated by craze-crack propagation. 

The craze-crack propagation continuously reduces the effective residual cross-sectional area of the specimen 
during the test, which results in a corresponding increase of the effective mechanical stress. Thus, a transition to 
ductile shear deformation is inevitable at later stages of the test, leading usually to a pronounced central 
ligament. 

Therefore, an optical evaluation of FNCT fracture surfaces concerning their brittleness is essential. An 
enhanced imaging analysis of FNCT fracture surfaces enables a detailed assessment of craze-crack propagation 
during ESC. In this study, laser scanning microscopy (LSM) was employed to evaluate whether FNCT fracture 
surfaces are representative with respect to craze-crack propagation and ESC. Based on LSM height data, a 
phenomenological criterion is proposed to assess the validity of distinct FNCT measurements. This criterion is 
supposed to facilitate a quick evaluation of FNCT results in practical routine testing. Its applicability is verified 
on a sample basis for seven different commercial PE-HD container materials.   

1. Introduction 

The well-known damage mechanism environmental stress cracking 
(ESC) is essentially a failure due to slow crack growth (SCG) [1–5] 
strongly accelerated by presence of certain fluids. Both closely related 
phenomena, SCG and ESC, are considered major failure modes of 
high-density polyethylene (PE-HD) parts and components [6]. Gener
ally, PE-HD is used in several high-performance applications, predomi
nantly as materials for pipes but also for geosynthetic barriers as well as 
packaging material, i.e. for jerrycans, drums and intermediate bulk 
containers (IBC) [7]. Especially when these are used for storage and 
transport of various dangerous liquids, the resistance against ESC be
comes a highly safety relevant issue. Therefore, meaningful test pro
cedures addressing SCG and ESC phenomena and the resistance of PE 
materials against them are essential. In this work, the so-called Full 

Notch Creep Test (FNCT) is considered which is widely used (especially 
in Europe) to test PE-HD materials with respect to their resistance 
against environmental stress cracking (ESCR) [8,9]. 

Typically, a crack emerges due to a pre-existing defect in the polymer 
material and crack propagation occurs at stress levels well below the 
yield strength of the polymer [1,5]. The underlying craze-crack mech
anism can be used to identify SCG and ESC and distinguish them from 
other modes of failure because it leads to the intermediate formation of 
fibrils that leaves behind a characteristic fracture surface. This is actu
ally the starting point of this work, since the FNCT only represents ESC 
or SCG behavior if craze-crack propagation is the dominating damage 
mechanism leading to failure of the test specimen and determining the 
observed time to failure - the antagonistic mechanism is usually ductile 
shear deformation. This time to failure obtained under well-defined and 
standardized conditions in a certain liquid is then taken as a measure to 
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characterize the intrinsic resistance of PE-HD materials. On the other 
hand, the aggressiveness of different media can also be addressed. In 
both cases the dominance of the craze-crack mechanism has to be 
verified for every single test. 

For PE-HD, crack propagation due to SCG as well as ESC results from 
a craze-crack mechanism initiated at a local stress concentration, typi
cally due to a tiny defect or a scratch in the polymer material. First, 
microvoids are persistently developing in the zone of plastic deforma
tion at the forefront of the preformed crack tip. In the course of pro
gressing growth and opening of the crack, highly orientated polymer 
fibrils are formed from the material in between these voids, designated 
as crazes. Crack propagation occurs when the fibrils in the craze zone 
start to fail by either chain scission or disentanglement [2]. As the 
phenomenon takes place at a local stress peak at the crack tip, the overall 
mechanical stress may be quite low. At higher overall stresses, a tran
sition to shear deformation across the entire remaining cross-sectional 
area occurs. 

Failure of the microscopic fibrils in the course of craze-crack prop
agation results in a characteristic globally brittle fracture surface [1,10, 
11], which is especially to be distinguished from globally ductile frac
ture surfaces originating from shear deformation [12–15]. It should be 
noted that such a globally brittle fracture surface actually appears 
ductile when investigated on a sub-micrometer scale (e.g. with SEM). As 
the local stress in terms of a single fibril is quite high, the failure of in
dividual microscopic fibrils is ductile showing a typical tapered exten
sion. This results microscopically in a characteristic lawn-like surface 
structure [1,16,17] which nevertheless appears brittle on a macroscopic 
scale of about 100 μm. 

In practical tests for the assessment of PE-HD materials with regard 
to their ESC resistance, specimens and conditions have to be selected in a 
way that leads to such globally brittle fracture surfaces, indicating that 
craze-crack propagation was the dominating process determining the 
time-to failure in order to consider the test as representative for ESC. In 
this respect, the initial stress applied to a specimen is the crucial factor. 
The FNCT is performed under constant load on the specimen, i.e. under 
constant force representing the initial stress with respect to the initial 
cross-sectional area. In the course of the test, the progressing crack 
continuously reduces the effective residual cross-sectional area which 
implies that inevitably, the effective stress is increasing and at a certain 
point exceeds the threshold to overall ductile behavior. Accordingly, the 
very last stages of the test are always ductile in nature [12,18]. This 
usually results in the formation of a larger central ligament. Hence, the 
failure mechanism can never be assigned to craze-crack propagation 
exclusively, but it rather has to be ensured that this is the dominating 
mechanism determining the observed time to failure. 

Furthermore, the FNCT, as most other related test methods, includes 
the application of a well-defined notch in the specimen for crack initi
ation to focus on craze-crack propagation by ESC. This provoked crack 
initiation also reduces overall test durations to practically feasible 
timescales. A constant mechanical load impinged on the specimens re
sults in progressive crack growth during the test due to craze-crack 
propagation and finally leads to characteristic failure [5,10,19]. The 
time to failure tf obtained from the test under pre-defined conditions 
(specimen geometry, mechanical stress, temperature and test liquid) is 
taken as a relative measure of the resistance against ESC. 

The full-notch creep test (FNCT) is specified in ISO 16770 [19]. The 
standard quotes an aqueous solution of a neutral surfactant (e.g. Arkopal 
N100) as liquid environment for the test. The corresponding geometry of 
FNCT specimens ensures plane strain conditions as encountered in most 
practical applications [20]. The tensile load and test temperature are to 
be selected appropriately to obtain valid ESC conditions. The standard 
test procedure requires a simple optical check of the fracture surface to 
ensure brittle behavior and a microscopic measurement of notch depth 
and actual initial ligament area for calculation of the actual applied 
stress. However, the simple classification of FNCT fracture surfaces 
given in ISO 16770 based on an optical assessment by the naked eye is 

sometimes ambiguous, subjective and thus remains unsatisfactory. 
Based on earlier work on the FNCT concerning the transition from 

brittle to ductile behavior and a detailed analysis of fracture surfaces 
using laser scanning microscopy (LSM) [2,18], a first attempt for an 
objective criterion derived from measured quantitative height-profile 
data is presented. This may be used in practical tests for a reliable dif
ferentiation of brittle and ductile fracture surfaces to confirm the val
idity of single FNCT experiments with respect to ESC or SCG. 

An independent method for the differentiation between the two 
failure modes, craze-crack propagation (brittle) and shear deformation 
(ductile), is based on the results of a series of FNCT measurements with 
varying the nominal initial stress. Therein, two linear regions are 
observed in the obtained curve of actual initial stress σL vs. time to 
failure tf in a double-logarithmic plot, representing ductile failure at 
higher stresses and brittle behavior at lower stresses [19]. The depen
dence of the observed time to failure on the stress changes distinctly. 
Hence, FNCT experiments addressing ESC are to be performed at nom
inal stresses from the lower branch region. 

Some orientation in this respect is given by Qian et al. who state that 
predominantly ductile failure results as soon as the external stress be
comes much higher than about one-half of the yield strength of the PE- 
HD material [15]. At that point, the brittle-ductile transition from the 
craze-crack to the shear deformation mechanism occurs. Therefore, the 
application of stresses lower than half of the yield strength is recom
mended. In another practical approach, a minimum of 30% of the 
fracture surface to be brittle is simply suggested as empirical criterion 
for considering an FNCT experiment as valid [21]. 

This somewhat unsatisfactory situation makes an objective 
measurement-based criterion for the differentiation between predomi
nantly brittle and predominantly ductile failure most welcome. 

It was found in our previous work that the characteristic features of 
FNCT fracture surfaces, which may be considered for this differentia
tion, vary distinctly for different PE-HD materials [18] and therefore, a 
corresponding criterion might not be derived straightforward. 

Our approach comprises the investigation of seven PE-HD materials - 
typically used for containers for storage and transport of dangerous 
goods - using the FNCT with a detailed fracture surface analysis based on 
micrographs and height data obtained by laser scanning microscopy 
(LSM). The three-dimensional representations of the fracture surfaces 
shown in this study are consistent with images in our previous publi
cations [2,18] with respect to height color-coding and resolution. The 
LSM provides height profile data of FNCT fracture surfaces with a res
olution in the sub micrometer region which not only enables their 
depiction as three-dimensional images but also a quantitative analysis 

Table 1 
Investigated PE-HD types; density and melt flow rate data were obtained from 
data sheets of the respective producers.  

PE-HD type density/g cm− 3 Melt flow rate (MFR)/g 10min− 1 

PE-HD 1 0.945a 6.0c 

PE-HD 2 0.949a 7.0c 

PE-HD 3 0.949b 7.0c 

PE-HD 4 0.949a 7.0c 

PE-HD 5 0.945b 6.2d 

PE-HD 6 0.950a 22.0c; 0.25e 

PE-HD 7 0.959b 0.35e 

Note: The determination of the melt flow rate (MFR) in accordance with the test 
conditions in 3 and 4 is similar. Therefore, the corresponding MFR values are 
directly comparable. Furthermore, MFR values of PE-HD 6 were quoted for both 
test conditions given in 3 and 5 to enable a direct comparison to the MFR values 
of PE-HD 1 to 5 and of PE-HD 7. Accordingly, the MFR values of PE-HD 6 and 7 
are in the same range and distinctly higher than the values of PE-HD 1 to 5. 

a Density determined according to ISO 1183. 
b Density determined according to ASTM D 1505. 
c MFR determined according to ISO 1133 at 190 ◦C/21.6 kg. 
d MFR determined according to ASTM D 1238 at 190 ◦C/21.6 kg. 
e MFR determined according to ASTM D 1238 at 190 ◦C/2.16 kg. 
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concerning distinct fracture surface features on different length-scales. 
This technique is combined with the systematic variation of the 

initial stress for the FNCT which allows the unambiguous identification 
of brittle and ductile behavior (discussed above). 

2. Materials and test liquid 

2.1. PE-HD types 

A total of 7 typical PE resins (PE-HD types) commercially available 
and practically relevant in the field of container applications were 
selected for this study (Table 1). 

The investigated PE-HD types cover a broad range of high- 
performance container applications from small blow molding products 
such as bottles and consumer goods (PE-HD 6 and 7) to packaging of 
dangerous goods in intermediate bulk containers (IBC), heating oil tanks 
(HOT) and agricultural containers (PE-HD 1 to 5). Taking additional 
account of their stabilizer packages, they are supposed to exhibit not 
only good ESC resistance but also good processability and long-term 
durability. The PE-HD resins were kindly provided by several interna
tionally active PE-HD manufacturers. 

2.2. Test liquid 

The liquid used for all tests in this study is based on the standard 
FNCT procedure for common PE-HD types described in ISO 16770. A 2 
wt% aqueous solution of a neutral-type 4-nonylphenoxy-(ethyleneoxy)- 
ethanol with an average molecular weight of 680 g/mol, Arkopal N 100, 
was used. Arkopal N 100 was kindly provided by Clariant GmbH, 
Frankfurt/Main, Germany. To ensure comparable results, the solution 
was aged for 14 days at the test temperature of 50 ◦C as also specified in 
ISO 16770. 

Sorption measurements confirmed that the mass uptake by the 
specimens is negligible (see Supplementary data, Fig. S1). 

2.3. Sample preparation 

Specimens for FNCT and subsequent LSM analysis were cut accord
ing to type C in ISO 16770 with dimensions of (90 × 6 x 6) mm3 (Fig. 1) 
from sheets of 6 mm thickness. The latter were prepared in a heated 
press under conditions according to ISO 293 [22] and ISO 17855 [23], i. 
e. for 5 min at a press temperature of 180 ◦C and a pressure of 10 MPa. 
The cooling rate was about 15 K/min and sheets were removed below 
40 ◦C. In an additional step, they were subsequently annealed for 3 h at 
100 ◦C. FNCT specimens were circumferentially notched (depth = 1 
mm) using a semiautomatic notching device, which meets the re
quirements of ISO 16770 [19], ISO 13274 [24] and ISO 11542 [25]. 

3. Experimental 

3.1. FNCT procedure 

An advanced FNCT device of IPT (Institut für Prüftechnik Gerätebau, 

Todtenweis, Germany) was employed to obtain FNCT results as well as 
to produce samples for further LSM analysis (section 3.2). In addition to 
the time to failure tf, this FNCT device continuously records the time- 
dependent elongation of specimens. Each specimen is clamped for 
testing in a separate stainless-steel cylinder containing the continuously 
stirred and temperature-controlled test liquid. A constant force is 
applied (Fig. 1) and maintained by a stepping motor combined with a 
stress gauge. A heating plate under each individual test cylinder sets the 
test temperature. A more detailed description of the FNCT device can be 
found in Ref. [18,26]. 

The standard procedure according to ISO 16770 comprises a condi
tioning of clamped specimens in the temperature-controlled test fluid for 
10 h prior to applying the nominal load. The test temperature and the 
nominal initial mechanical stress σn are defined to be 50 ◦C and 9 MPa, 
respectively, for typical PE-HD container materials. These test parame
ters are supposed to provide conditions that lead to brittle fracture of 
most PE-HD types. 

However, nominal initial stress values were varied in this study to 
deliberately produce predominantly brittle as well as ductile FNCT 
fracture surfaces. Especially, the PE-HD type dependent development of 
distinct fracture surface features such as typical central ligaments were 
assessed with respect to an evaluative criterion. 

Furthermore, the actual notch depth and the actual initial residual 
cross-sectional area (ligament area AL after notching) were determined 
precisely after each FNCT by light microscopy (LM) in order to calculate 
the actual initial stress σL for each specimen (Eq. (1)): 

σL =
F
AL

(1) 

Accordingly, every analyzed fracture surface can be assigned to the 
initial stress value the regarded specimen was actually tested with. 

In this study, FNCT experiments were performed at 50 ◦C in a 2 wt% 
aqueous solution of Arkopal N 100 (according to the standard conditions 
given in ISO 16770). To ensure a reproducible starting point of the 
measurement, the application of a moderate pre-load is inevitable. It is 
applied smoothly with a rate of 1 N/s just before the measurement. The 
continuous recording of the elongation starts immediately after reaching 
the pre-load, which is typically in the range of 30 N. The force used for 
the measurement is in the range of 150 N for the selected specimen 

Fig. 1. Schematic representation of the FNCT specimen geometry (ℓ = 90 mm, 
w = b = 6 mm) according to specimen C in ISO 16770 [19]. 

Fig. 2. FNCT tf tested at 50 ◦C in a 2 wt% aqueous solution of Arkopal N 100 
over a large range of actual initial stresses σL (in accordance with ISO 
16770 [19]). 
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geometry. 
First, the time-to failure for the nominal load of 9 MPa was deter

mined by a series of five individual measurements with load levels 
varying around the nominal value of 9 MPa (usually 8.25, 8.75, 9.0, 
9.25, and 9.75 MPa). The determination of the nominal time to failure 
tf* is then performed by interpolation to the exact nominal stress value 
using a linear regression in a double-logarithmic plot of individual 
values tf vs. the actual stress σL. 

In contrast to that, the extended series of stress-variation data points 
with significantly higher or lower initial stress were obtained by single 
FNCT measurements. All data points were used to obtain the double- 
logarithmic plot of tf vs. σL (see Fig. 2) which allows the identification 
of the transition between brittle and ductile behavior for all PE-HD types 
under investigation. At the same time, the specimens (after failure) 
provided the fracture surfaces for the subsequent analysis. 

3.2. Fracture surface analysis by light microscopy (LM) and laser 
scanning microscopy (LSM) 

Light microscopy (LM) (AxioCam ICc 3 on a Stemi 2000-C micro
scope, Carl Zeiss AG, Oberkochen, Germany) was only performed to 
determine the initial residual cross-sectional area of each individual 
specimen to subsequently calculate the actual initial stress applied σL 
during FNCT measurements (cf. section 3.1). 

A more detailed fracture surface analysis especially concerning 
distinct surface features was achieved by laser scanning microscopy 
(LSM) using a VK-X 100 of Keyence GmbH, Neu-Isenburg (Germany), 
which is equipped with a semiconductor laser (wavelength of 658 nm). 
Besides detailed height information of the investigated fracture surfaces, 
the LSM procedure provides a high-contrast achromatic (65536 gray 
shades) laser picture. Laser scans were performed with a window of 
(2048 × 1536) pixels and a height resolution of 5 nm. To cover the larger 
height range of practical relevance, multiple scans were performed with 
a height-increment of 12 μm, respectively. From these LSM height in
formation, expressive three-dimensional images of FNCT fracture sur
faces were obtained. 

For alignment reasons (the notch plane of the specimen defines the 
zero height level) and to apply appropriate consistent scaling of the height 
information (z-axis), 3D-data of the fracture surfaces were transferred to 
the graphing and data analysis software Origin (OriginLab Corporation, 
Northampton, MA, USA). An average height value was calculated for each 
fracture surface, which is based on height values of 500 by 100 data points 
measured in the circumferential notch area and set as height value 
defining the zero level. After zero-level shifting of all data points (sub
tracting the average height value, respectively), pixel-based data were 
transformed to metric data and gridded using the Renka-Cline interpola
tion method [27] (as implemented in Origin). Subsequently, data was 
plotted as a color-coded 3D surface image. Height data in these plots are 
represented with reference to a z-axis up to 3 mm. The color coding of the 
height data was applied in the range of -0.10 mm to +0.18 mm which 
allows for a detailed identification of smaller surface features. Height 
values > 0.18 mm are uniformly colored in brown, those < - 0.1 mm in 
black. This scheme was also used for the LSM fracture surfaces previously 
presented in Ref. [2,18]. 

4. Results and discussion 

The change of fracture characteristics of FNCT specimens investi
gated with respect to ESC, i.e. the balance of brittle and ductile fracture, 
with increased stress or temperature is well known [18]. These changes 
become visible most prominently on the fracture surface which, in turn, 
can be used to identify the respective proportions and to evaluate the 
significance of results with regard to ESC resistance [2,10,11,18,19]. Up 
to now, this is done by the naked eye. Taking into account that features 
of fracture surfaces of different types of PE-HD also differ in their 
distinctiveness [18], the approach presented is based on quantitative 

height data considering features on different length scales. Data were 
obtained from LSM analysis of fracture surfaces applying a systematic 
variation of the initial stress in FNCT experiments performed in an 
aqueous Arkopal N 100 solution at 50 ◦C. 

4.1. Brittle-ductile transition from typical stress/time-to- failure plot 

First, the nominal time to failure (50 ◦C, 9.00 MPa) was determined 
for all PE-HD materials under investigation based on the five-point- 
interpolation described above. Then, the linear regions of brittle and 
ductile behavior at 50 ◦C as well as the transition between the two were 
identified by an extended series of stress-variation. Results are shown in 
Fig. 2 and summarized in Table 2. The approximate transition point 
given in Table 2 should be regarded as the estimated center of the ex
pected transition region. 

For all PE-HD types examined in this study, a typical curve of actual 
initial stress σL vs. failure time tf is obtained (Fig. 2). All curves exhibit a 
distinct ‘knee’ (kink), which represents the transition region from pre
dominantly brittle to ductile fracture behavior. 

From the curves of σL vs. tf as well as from the data of tf* related to σn 
= 9.00 MPa, two different groups of PE-HD types can be recognized: 
group A comprises the PE-HD types 1 to 5, which exhibit higher tf* (Tab. 
2) and the curves in Fig. 2 are located at higher σL and tf. The PE-HD 
types 6 and 7, which form group B, show rather low tf*. These differ
ences might have been expected since the PE-HD types in group A are 
designed and used for high-performance applications such as IBC man
ufactured by blow-molding, whereas group B comprises PE-HD types 
also suitable for injection molding (section 2.1). This is indicated by the 
distinctly different melt flow rates (MFR, see Table 1) which correspond 

Table 2 
Data of typical failure times tf* corresponding to the nominal initial stress σn of 
9.00 MPa and transition regions from brittle to ductile fracture behavior.  

PE-HD type tf* related to σn = 9.00 MPa 
/h 

brittle/ductile transition point 
/MPa 

PE-HD 1 56.6 13.1 
PE-HD 2 52.8 14.9 
PE-HD 3 42.1 14.7 
PE-HD 4 40.9 14.1 
PE-HD 5 158.4 14.3 
PE-HD 6 6.7 13.2 
PE-HD 7 8.0 12.5  

Fig. 3. Time-dependent elongation curves representing the progressing damage 
of PE-HD 1 for various initial stresses. 
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to the application/processing properties but are also related to those 
fundamental molecular characteristics which affect the ESC resistance. 

The transition regions from predominantly brittle to ductile fracture 
behavior for all PE-HD types are generally in a range from approx. 12.5 
MPa to approx. 14.9 MPa, with group A around 14.5 MPa (PE-HD1 being 
at about 13.1 MPa) and group B around 13 MPa, again reflecting the 
characteristics mentioned above. 

The FNCT device employed in this study enables monitoring of the 
effective elongation of the specimen which allows to follow the time- 
dependent course of the FNCT experiment (section 3.1). The effect of 
the applied stress on the time-dependent behavior and consequently, on 
shear deformation vs. crack propagation can be seen in Fig. 3, in which 
the time-dependent elongation of the FNCT specimens (PE-HD 1) is 
depicted. As indicated exemplary for the 9 MPa (initial stress) curve, the 
almost linear section (II) of the elongation curve represents the major 
part of crack propagation, whereas section (I) is assigned to immediate 
orientational and relaxational processes as well as initial craze forma
tion, and section (III) clearly corresponds to ductile shear deformation 
and final failure (break) [18]. 

In the stress-range above 12 MPa, section (II) indicating crack 
propagation no longer dominates the overall time to failure but quickly 
vanishes completely (see also Fig. S2 in the Supplementary data). This is 
in agreement with the location of the transition region in Fig. 2. 
Furthermore, the ductile behavior above 12 MPa also results in signifi
cantly higher elongation values corresponding to the formation of a 
massive central ligament. 

4.2. Criterion of brittleness B in FNCT 

Inspired by the usual distinction between brittle and ductile fracture 
surfaces to assess the validity of an FNCT (according to Ref. [19]), a 
criterion of brittleness B is proposed that is based on results obtained 
from LSM fracture surface analysis. As detailed in this section, surface 
roughness parameters, heights of distinct surface features and pro
portions of surface areas are therefor considered. 

Two parameters are supposed to be decisive for the assessment of an 
FNCT fracture surface in terms of brittleness: (1) the overall height of the 
highest surface peak (typically the central ligament) and (2) its area. 
Simply put, a fracture surface will be denoted as ductile, if (1) or (2) or 

both adopt high values. 
The peak area is defined as the surface fraction Aa which is higher 

than the overall surface roughness Ra, which is obtained by considering 
the entire fracture surface AL. 

From an earlier investigation comparing two PE-HD materials with 
distinctly different MFR, it is known that the overall structure and the 
height of local features of the fracture surface can differ significantly 
[18], i.e. some PE-HD types tend to form high central ligaments, while 
others inherently show rather flat fracture surfaces. Therefore, the 
starting point of this approach is the consideration of the height of the 
highest peak (typically the central ligament) and the variation of the 
average height of the entire fracture surface determined as surface 
roughness Ra, both relative to the zero-level defined by the notch-plane 
of the specimen. Ra is determined according to Eq. (2) and Eq. (3) 
considering the arithmetic average of the height profile <Z> of the 
entire fracture surface [28]: 

Ra =
1

MN
∑M

m=1

∑N

n=1
|Z(xm, yn) − 〈Z〉| (2)  

with 

〈Z〉 =
1

MN
∑M

m=1

∑N

n=1
Z(xm, yn) (3)  

and Z(xm, yn): height value of a pixel on the fracture surface and 〈Z〉: 
mean of height values of all pixels on the fracture surface. 

It is now possible to define the area of the central ligament Aa 
(Fig. 4e) as the area which is higher than the roughness Ra of the entire 
fracture surface area (Fig. 4c–e). This allows the determination of the 
proportion of the area of the central ligament Aa - which represents a 
ductile fraction in any case - in relation to the entire fracture surface AL. 

Considering the limiting cases derived from the fracture surfaces 
obtained in this study, it becomes obvious that the area Aa is not suffi
cient for a reliable differentiation of the overall failure mechanism be
tween brittle craze-crack growth and ductile shear deformation. The 
height of the central ligament has to be taken into account as well. The 
highest peak on a particular fracture surface (height profile) under 
investigation is denoted Rp, whereas the highest peak among all fracture 

Fig. 4. Schematic depiction of parameters used in the criterion of brittleness B, a) exemplary profile line with R p, Rmax and 〈Z〉, b) exemplary profile line with Ra and 
〈Z〉, c), d), e) exemplary depictions of an actual fracture surface (ductile) with Rp, Ra, AL and Aa. 
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surfaces in a stress dependent FNCT series (in a certain test fluid), i.e. the 
highest possible peak, is denoted Rmax. 

Hence, the criterion of brittleness, denoted B, comprises the two 
parameters: 

Rp
Rmax 

and Aa
AL 

, 
Rp: maximum height of fracture surface (profile). 
Rmax: maximum height of all fracture surfaces in a stress-dependent 

FNCT series of the distinct PE-HD type-test fluid system. 
AL: actual initial cross-sectional area after notching (section 3.1). 
Aa: area on the fracture surface overtopping Ra (number of pixels 

having height value Z > Ra, Fig. 4 c-e). 
To follow this approach, the highest possible peak value character

istic for a specific combination of PE-HD type and test fluid should be 
obtained from a stress-dependent FNCT series first. 

An FNCT fracture surface is considered predominantly brittle and 
thus valid for evaluation in terms of craze-crack propagation, if char
acteristic surface features (e.g. the central ligament) are small and the 
surface roughness is low. This is represented by Rp

Rmax 
< 0.5 and Aa

AL 
> 0.5. 

Accordingly, the criterion of brittleness B, based on empirical fracture 
surface data, is defined as (Eq. (4)): 

B=
1
2

[
Rp

Rmax
+

(

1 −
Aa

AL

)]

(4)  

with B < 0.5 characterizing a brittle, valid and B > 0.5 indicating a 
ductile, invalid fracture surface. Thus, both terms are weighed equally as 
an obvious first assumption. 

The edge case of B = 0.5 only occurs for FNCT specimens without 

Fig. 5. Series of fracture surfaces obtained by LSM for PE-HD 1 (50 ◦C in Arkopal) at increasing initial stress together with the respective parameters B, Ra/mm, Rp/ 
mm and Aa/AL.. 
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crack propagation, since the parameters Rp
Rmax 

and Aa
AL 

would have to adopt 
the same values. This would only be possible when Rp equals Rmax and 
the entire surface area is concurrently higher than Ra. In such a case, 
there would be no crack propagation and the fracture surface would 
consequently be non-evaluable. Moreover, Rp

Rmax 
and Aa

AL 
influence each 

other, since Rp is included in Ra. Therefore, they are self-regulating and 
contradictions resulting from their individual consideration are pre
vented. Furthermore, differences in the characteristic fracture surface 
appearances between different PE-HD types are accounted for: either an 
increased overall height (Rp) or a high surface roughness (Ra, Aa) pre
dominantly contributes to the determination of B (Eq. (4)). 

It is expected that for stress- or temperature-dependent experiments, 
a transition region rather than a transition point between brittle and 
ductile fracture behavior (see Fig. 2) may be determined using the cri
terion B. As a first estimation of the uncertainty of this approach, the 
deviation between the two fracture surfaces for one specimen is 
considered. A comparison was performed for five specimens with a 
brittle fracture surface (cf. Fig. S3 in the Supplementary data). In the 
calculation of B, the surface roughness and the ligament height have the 
main influence and from the pythagorean addition of their uncertainties, 
the uncertainty for the criterion is estimated as 10%. Based on empirical 
experience and the analysis of uncertainties and their propagation, the 
range of 0.45 < B < 0.55 is considered as transition region. Fracture 
surfaces leading to B values within this range must be regarded with due 
care since they might be part of this brittle/ductile transition region. 

All results obtained within the framework of this study are mapped in 

a plot Rp
Rmax 

vs. 
(

1 − Aa
AL

)

(Fig. S4 in the Supporting Information), also 

showing the threshold and transition region of B. Moreover, this plot 
demonstrates that just one of the two terms included in B would not be 
sufficient for the intended distinction between brittle and ductile frac
ture behavior. 

It has to be noted, that in the unlikely case of a non-uniform fracture 
of an FNCT specimen with respect to the ligament lengths on both 
fracture sides, i.e. if the features (e.g. the central ligament) differ 
significantly between both fracture parts, the fracture side with the more 
pronounced fracture features (higher values of Rp and Ra) should be 
considered within the calculation of B. With this consideration of the 
more ductile fracture side, a questionable fracture surface is rather 
rejected. 

The development of B with increasing initial stress is illustrated 
exemplary for PE-HD 1 in Fig. 5. 

To show the agreement of the results with respect to the distinction 
of brittle and ductile fracture behavior, the correlation of the criterion of 
brittleness B and the actual stress applied vs. time to failure obtained 
from the classic analysis (cf. Fig. 2) is depicted in Fig. 6 exemplary for 
PE-HD 1. 

The fracture surfaces of specimens assigned to the lower branch in 
the actual stress vs. time to failure graph result in B values lower than 0.5 
indicating brittle fracture behavior (blue dots in Fig. 6). Accordingly, the 
specimens represented by red dots in Fig. 6 showed ductile fracture 
behavior, which is revealed by B > 0.5. Their time to failure values 
furthermore range in the upper branch in the actual stress vs. time to 
failure curve, which also corresponds to ductile fracture behavior. 

In Figs. 7 and 8, fracture surfaces of different PE-HD types are 
compared for B values within the brittle region (i.e. valid FNCT with 
dominating craze-crack propagation), the transition region and the 
ductile region (with dominating shear deformation, not evaluable with 
regard to SCG or ESC). Fracture surfaces of the region of brittle/ductile 
transition are obtained from FNCT experiments within the respective 
region identified by the plots of the actual initial stress σL vs. the cor
responding failure time tf (Fig. 2). 

In this study, LSM data and an analysis procedure employing Origin 
software (section 3.2) were used subsequent to extensive FNCT experi
ments to obtain B values. Fundamentally, a variety of methods arbi
trarily selected and easy to perform may be applied to calculate B, as 
long as the required parameters (Rp, Ra, Rmax) are obtained in acceptable 
accuracy. The determination of Rmax basically requires the performance 
of an entire stress-dependent FNCT series of a distinct system of PE-HD 
type and test fluid. Since the maximum height of fracture surface fea
tures usually correlates to the initial stress applied in FNCT [18], a 
measurement of fracture surface features from a single test at a high 
initial stress might be sufficient (e.g. FNCT at 18 MPa for PE-HD 1 in this 
study). Once determined, Rmax is valid for the regarded system of PE-HD 
type and test fluid. Therefore, Rmax could be used for all upcoming 
measurements and subsequent calculation of B in quality control pro
cesses and would not have to be determined repeatedly. 

Applying the criterion of brittleness B, FNCT fracture surfaces of 
seven different PE-HD types could reliably be assessed in terms of their 
evaluability concerning ESC by assigning them to predominantly brittle 
or ductile fracture behavior, respectively (Figs. 7 and 8). Hence, B is a 
valuable tool to evaluate the brittle/ductile transition region and FNCT 
validity of PE-HD container materials. 

The grouping of PE-HD types also noted in the data of actual initial 
stress σL vs. failure time tf is recurred in the appearance of FNCT fracture 
surfaces: The predominantly brittle as well as the predominantly ductile 
fracture surfaces differ significantly between group A (PE-HD 1 to 5) and 
group B (PE-HD 6 and 7). For the PE-HD types in group A, more 
prominent and extended ligaments are formed, whereas the structures of 
the fracture surfaces of PE-HD types in group B are flatter and appear 
more brittle in general. This can also be read from the different Rmax 
values, which are much lower for the PE-HD types in group B. This seems 
plausible, since Rmax is a measure for the basic ability of a PE-HD type to 
form ligaments and describes their manifestation. In this respect, a 
relation between Rmax and the MFR of a distinct PE-HD type is reason
able, which can also be seen from the data in this study: 

Both differ decisively between groups A (MFR around 7 g/10min) 
and B (MFR > 20 g/10min) (Table 1, Figs. 7 and 8). Since the MFR 
correlates to the toughness determined by Charpy impact tests [29], it 
might also represent an indicator of pronounced fracture surface fea
tures resulting from FNCT. A high MFR represents a low viscosity and a 
low (Charpy) toughness. Accordingly, a low MFR indicates a high 
ductility and prominent FNCT fracture surface features, such as in group 
A compared to group B. This is plausible, since the MFR is a technical 
parameter which is determined by viscosity. The viscosity of a polymer 
is a measure of its flowability, and it is affected by the structural 

Fig. 6. Criterion of brittleness B vs. time to failure tf and actual initial stress σL, 
exemplary for PE-HD 1. 
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properties of the polymer melt (e.g. molecular mass distribution and 
chain branches). Furthermore, the ability of polymer chains to disen
tangle is governed by these properties and might be the main contri
bution to the occurrence of characteristic fracture surface features. This 
leads to the correlation of MFR with characteristic FNCT fracture surface 
features and Rmax. 

In turn, MFR and Rmax are indicators for the ability of a PE-HD type to 
show ductile fracture behavior induced by external stress influenced by 
an environmental liquid: A PE-HD type with a low MFR tends to exhibit 
more ductile features on an FNCT fracture surface. 

It has to be noted that the criterion of brittleness B was only assessed 
for the FNCT standard test fluid of a 2 wt% aqueous solution of the 
surfactant Arkopal N 100 (according to ISO 16770). However, B might 
also be useful in FNCT analysis applying other test fluids. In any case, 
Rmax values will have to be redetermined separately for every system of 

PE-HD type and test fluid. Furthermore, values of B are explicitly only 
comparable within one system of PE-HD type and test fluid due to the 
inherent PE-HD type-dependent differences in Rmax. Therefore, B values 
obtained for a distinct PE-HD type in a regarded test fluid usually 
describe very different manifestations of ductile features than those 
obtained for another PE-HD type in the same test fluid. The criterion of 
brittleness B might thus be relevant in practical routine testing of 
common PE-HD types, e.g. in conformity tests of different batches. 

5. Conclusion 

The occurrence of predominantly brittle fracture behavior is the 
typical prerequisite to consider FNCT measurements as representative 
for craze-crack propagation in PE-HD by the ESC damage mechanism. 
Therefore, a distinct FNCT experiment is only regarded as evaluable 

Fig. 7. Exemplary LSM height profile depiction of FNCT fracture surfaces from the brittle, ductile and transition region; PE-HD 1 – PE-HD 5 (group A).  
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(‘valid’) in practical testing, if a predominantly brittle fracture surface is 
obtained. To quickly and reliably assess FNCT fracture surfaces with 
respect to their brittleness, an easy-to-operate phenomenological crite
rion based on optical LSM height profile data is proposed in this study. 

Such a criterion is supposed to be a practical tool in test routines to 
verify FNCT results according to their significance with respect to ESC. 
Moreover, it provides a decision aid concerning the evaluability of a 
distinct FNCT experiment, especially even if the stress-dependent brittle- 
ductile transition is not easily determinable by classic methods (e.g. by 
considering the transition point in stress-failure time curves as proposed 
by the test standard). 

The criterion of brittleness B presented in this study is a first proposal 
for the assessment of fracture surfaces to ensure the evaluability of an 
FNCT concerning the craze-crack damage mechanism ESC. The devel
opment of B is based on empirical FNCT and LSM imaging data obtained 
for seven PE-HD types tested in the standard surfactant solution of 
Arkopal N 100. To establish a general validity of B, a larger amount of 
data for a broader variety of PE-HD types as well as for alternative test 
conditions (e.g. different test fluids, high temperatures) might be 
required. However, the enhanced fracture surface analysis developed in 
this study is a valuable tool for a detailed FNCT evaluation especially in 
practical routine testing and further methodological improvements. 
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