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Abstract
In addition to the classical strength calculation, it is important to design components with regard to fracture mechanics 
because defects and cracks in a component can drastically influence its strength or fatigue behavior. Cracks can propagate 
due to operational loads and consequently lead to component failure. The fracture mechanical analysis provides information 
on stable or unstable crack growth as well as about the direction and the growth rate of a crack. For this purpose, sufficient 
information has to be available about the crack location, the crack length, the component geometry, the component loading 
and the fracture mechanical material parameters. The fracture mechanical properties are determined experimentally with 
standardized specimens as defined by the guidelines of the American Society for Testing and Materials. In practice, however, 
especially in the context with damage cases or formed material fracture mechanical parameters directly for a component are 
of interest. However, standard specimens often cannot be extracted at all due to the complexity of the component geometry. 
Therefore, the development of special specimens is required whereby certain arrangements have to be made in advance. These 
arrangements are presented in the present paper in order to contribute to a holistic investigation chain for the experimental 
determination of fracture mechanical material parameters with special specimens.
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1 Introduction

Many components and structures are often solely designed 
according to classical strength calculation based on stresses, 
deformations or stability aspects. However, defects and 
cracks located in a component can fundamentally change 
its strength or fatigue behavior. During operation, cracks 
can propagate, leading to sudden failure of the component 
and thus catastrophic damage. In order to predict stable as 
well as unstable crack growth, the crack propagation direc-
tion and the crack growth rate, it is important to carry out 
a fracture mechanical analysis in addition to the classical 
strength calculation. Therefore, knowledge about the crack, 
the component geometry, the loading situation and the frac-
ture mechanical material parameters is required [1]. In gen-
eral, these material parameters (e.g. the threshold against 
fatigue crack growth ΔKI,th or the entire crack growth rate 

curve) are determined experimentally using standardized 
specimens according to the American Society for Testing 
and Materials (ASTM) [2]. However, a major challenge in 
practice is to characterize the material behavior especially in 
complex components locally. Often it is not possible to take 
standard specimens directly from the component. Therefore, 
miniaturized compact tension (CT)-specimens have already 
been developed and utilized for smaller components [3, 4]. 
However, sometimes the development of special specimens 
is required due to different challenges (e.g. component 
geometry or thickness) in order to investigate the fracture 
mechanical properties of the component’s material.

Within the scope of this paper, the investigation chain for 
the experimental determination of fracture mechanical mate-
rial parameters with special specimens is presented holisti-
cally. In order to determine the crack length a and the cyclic 
stress intensity factor ΔKI of a novel special specimen, pre-
liminary numerical simulations have to be carried out to 
get the calibration function as well as the geometry factor 
function. Hence, in addition to the discussion of different 
challenges and the illustration of various special specimens, 
the general experimental procedure, the measuring method 
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for determining the crack length during the experiments as 
well as the subsequent evaluation of the experimental results 
are discussed in the paper.

2  Discussion of different challenges 
and various special specimens

The introduction of this paper has already highlighted the 
importance of dealing with fracture mechanics in addi-
tion to classical strength calculation. In the past, there 
have been numerous damage cases where small defects 
or cracks were the trigger for the failure of the structure. 
Examples include fractured pistons in trucks [1], see 
Fig. 1, a broken hydraulic press [5–7] as well as the dis-
astrous ICE accident in Eschede in 1998 due to a broken 
wheel tire [8, 9] and further damages in train structures 
[10, 11].

For the prevention of these damage cases, the local 
fracture mechanical material properties must be known in 
order to be able to describe and predict the crack growth 
in the components. Therefore, it is necessary that the 
specimens are taken directly from the affected structure 
so that influences due to the manufacturing process or due 
to heat treatments can also be taken into account. In most 
of the occasions, the standardized CT-specimen cannot be 
extracted for complex or small structures to analyze the 
fatigue crack growth behavior because the CT-specimen 
according to the ASTM E 647 has defined dimensional 
ratios and suggests a minimal dimension of w = 25 mm, 
see Fig. 2.

To include all influencing factors of the component under 
investigation, special specimens are required. Their prepara-
tion poses various challenges. In this section, these different 
challenges in determining fracture mechanical parameters 
are discussed among other things by means of an engine 

Fig. 1  Fractured truck piston

Fig. 2  Dimensional ratios of the 
CT-specimen according to the 
ASTM E 647 [2]
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piston of a truck. Furthermore, different special specimens 
are illustrated. In general, restrictions exist on sampling in 
terms of geometry, material and production [1, 12]. On the 
one hand, for the cast piston it is not possible to produce 
specimens with the same casting conditions as the original 
component. On the other hand, it is impossible to utilize the 
standardized CT-specimen according to Fig. 2 because of 
the component’s geometry, see Fig. 1. Therefore, a special 
specimen, called C-specimen because of its c-shape, was 
developed to characterize the piston fracture mechanically, 
see Fig. 3a.

Another example that requires the specimen to be 
adjusted to the component is a slat track in an aircraft wing. 
Slat tracks are safety–critical components because they are 
necessary for the movement and guidance of the slats to 
increase lift, especially during takeoff and landing. There-
fore, they are made of very high-strength titanium or steel 

alloys with very high safety factors. For the determination of 
fracture mechanical parameters of the material, a modified 
CT-specimen was used, see Fig. 3b. The graphic presents 
the dimensions of the specimen, which differ from the stand-
ard specimen's dimensional ratios as specified in the ASTM 
standard, since the drill holes located in the slat track had 
to be taken into account for the creation of the specimen 
geometry, see Fig. 2 [1, 12].

The main focus of the paper is on the fracture mechani-
cal evaluation of metal sheets used in a clinching process 
because clinching is a very common joining method in 
industrial manufacturing processes due to various advan-
tages. On the one hand, clinching can combine diverse as 
well as coated materials and does not need any consumables 
[13]. That is why this joining method is frequently applied 
in the automotive sector to design cars according to multi-
material design. Using multi-materials and eliminating 

Fig. 3  Comparison of the sampling and the technical specimen drawing on the basis of the a C-specimen; b modified CT-specimen
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consumables enables the weight reduction of cars, which at 
the same time lowers hazardous  CO2 emissions [14]. In this 
way, car manufacturers are able to comply with the  CO2 con-
sumption values required by the European Commission [15]. 
On the other hand, clinching does not require pre-drilled 
holes and can be performed in only one step, making it a 
simple and cost-effective method [13]. The primary field 
of application is for maximum total sheet thicknesses up to 
4 mm [16].

For the fracture mechanical evaluation of the metal 
sheets used in the clinching process, the significant chal-
lenges for designing special specimens are (1) the thin sheet 
thickness of merely 1.5 mm, (2) the requirement to locally 
characterize the joint in a fracture mechanical way and (3) 
the consideration of certain influencing factors (like plastic 
pre-deformation). In order to characterize the entire clinched 
structure, various special specimens extracted directly from 
the undeformed material, the predeformed metal sheet as 
well as of the clinched structure are required. First, however, 
it is essential to find out how the base material behaves from 
a fracture mechanical point of view. As already mentioned in 
the introduction, the metal sheets of the base material have 
a thickness of only 1.5 mm, which complicates the crack 
length measurement during the experiment. For standard-
ized specimens, the current is introduced via solder pins, 
which are attached to the side face. Due to the low sheet 
thickness, these solder pins have to be transferred to the front 
face resulting in an extension of the specimen thighs [17, 
18]. The final extended Mini-CT-specimen is illustrated in 
Fig. 4a and is compared to the miniaturized CT-specimen 
according to the dimensional ratios illustrated in Fig. 2 but 
with a w = 20 mm. The Mini-CT-specimen was developed 
for very small components where the minimum dimensions 

proposed by ASTM E 647 standard could not be respected, 
but whose functionality has been validated by various 
researchers [3, 4]. The general experimental procedure is 
explained on the basis of the extended Mini-CT-specimen 
in the following sections.

When designing special specimens, it is additionally 
important to have the highest maximum principal stresses 
at the starter notch to ensure that the crack initiates in this 
region in the subsequent test, see Fig. 4b. Furthermore, 
some preliminary numerical simulations have to be carried 
out before the special specimens can be tested experimen-
tally. The presentation of the holistic experimental process 
for the determination of fracture mechanical parameters is 
described in the following exemplary on the basis of the 
extended Mini-CT-specimen.

3  Experimental determination of fracture 
mechanical material parameters

For experimental investigations of fatigue crack growth, the 
test setup shown schematically in Fig. 5 can be used for 
electrically conductive materials. For example, the afore-
mentioned C-specimen is made of a cast aluminum alloy, 
the modified CT-specimen consists of a high-strength 
steel alloy and the extended Mini-CT-specimen is made of 
HCT590X, which is part of the TRR285. The central unit of 
the test setup consists of an electro-mechanical tensile test-
ing machine with corresponding electronics and a personal 
computer for data acquisition and control of the test. Com-
munication is established between the PC and the electron-
ics of the testing machine via a General Purpose Interface 
Bus (GPIB). The measuring device is used for crack length 

Fig. 4  a Extended Mini-CT-specimen in comparison to the dimensions of the Mini-CT-specimen (orange color); b stress analysis of the loaded 
extended Mini-CT-specimen (color figure online)
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measurement according to the direct current potential drop 
method [1].

3.1  Direct current potential drop method

The determination of the crack growth rate curve requires 
a continuous crack length measurement during the test. In 
addition to optical methods, which require an appropriate 
camera equipment, the crack length a can also be meas-
ured by the current potential drop method if the material is 
electrically conductive. If this is the case, a current is fed 
into the specimen and the potential difference is measured 
at specific points. Since the Ohmic resistance increases as a 
result of the crack growth due to the reduction of the cross-
section, the associated crack length can be determined from 
the change in potential by means of a calibration curve [1]. A 
distinction is made between the direct current and the alter-
nating current potential drop method, with the direct current 
potential drop method being the more common and having 
found application in many different studies [1, 3, 17–20].

In the direct current potential drop method, a constant 
direct current I is applied to the top of the tested specimen, 
generating a two-dimensional electric field with a steady 
state across the specimen thickness. The current level is 
selected between 5 and 50 A, according to the specimen size 
and material. Meanwhile, the potential difference is meas-
ured above and below the notch. This ensures a current flow 
around the notch or crack. Then, the current is passed from 
the specimen to the reference specimen and back to the cur-
rent source. The measuring device processes the potential 
difference U. Afterwards a personal computer evaluates the 
signal [1]. Since the current input can lead to a heating of 
the specimen, a reference specimen is required to correct the 
measured potential difference [20]. Furthermore, the pickup 
element is equipped with an insulating element to avoid fault 
currents [1].

The corresponding crack length a can be derived from 
the measured potential difference by means of a calibration 
curve. The ASTM E 647 standard offers corresponding func-
tions for some standardized specimen types [2]. If, as in this 
paper, a special specimen type is to be used, the calibration 
function has to be determined by experimental or numerical 
methods. For the experimental determination of the calibra-
tion curve, rest marks are generated on the fracture surface 
of the specimen with the help of overloads or block loads 
[20]. After testing, the rest marks on the fracture surface are 
measured with a microscope to establish an accurate correla-
tion between the average crack length and the potential dif-
ference applied at the time of the overload or block load [1].

The numerical determination of the calibration curve 
can be carried out by means of finite element programs like 
AbAqustm or Ls-DynA. According to the experimental test 
setup, an electric current is introduced into the specimen 
at the drill hole above the notch where the crack starts to 
grow and is removed from the specimen below the notch, 
see Fig. 4a. Then, a crack is successively inserted into the 
specimen at defined distances of, for example, 1 mm. The 
distances depend on the specimen size and it has to be 
ensured that there are sufficient support points available to 
map the calibration curve. The potential difference U is cal-
culated at defined nodes for each crack length. By plotting 
the a/w ratio over U/U0 the calibration curve is obtained. A 
compensating curve is laid through the plotted points result-
ing in the calibration function, e.g. a 4th degree polyno-
mial. Figure 6a shows the fracture surface of the modified 
CT-specimen including rest marks as well as a comparison 
between the experimentally and numerically determined 
calibration curves. The comparison indicates that there are 
deviations for this specimen, especially in the middle area of 
the calibration curve. These can be attributed to the fact that 
the crack fronts of the rest marks are not parallel, which can 
lead to measurement inaccuracies. Another comparison of 
an experimentally and a numerically determined calibration 

Fig. 5  Experimental test setup



300 Production Engineering (2022) 16:295–304

1 3

curve based on the Mini-CT-specimen is illustrated in [21]. 
The result of this comparison is that both methods lead to 
the same calibration curve. Due to plastification partial crack 
closure can influence the crack length during the experi-
ment. Therefore, the validation of the calibration function is 
achieved by measuring the crack lengths under a microscope 
after the tests and by comparing them with the numerical 
determination [1]. The numerically determined calibration 
curve of the extended Mini-CT-specimen as well as the 
experimentally measured crack lengths, which are visualized 
with red dots, are illustrated in Fig. 6b. Because the meas-
ured crack lengths lie on the numerically determined calibra-
tion curve, the procedure for the numerical simulation of the 
calibration function can be validated, which also confirms 
the results of Riemer [21]. Furthermore, the experimentally 
determined calibration curves of the C-specimen and the 
modified CT-specimen are visualized and the differences of 
the various calibration curves are illustrated.

The numerically determined calibration function is stored 
in the interactive program system FAMControl developed by 
the Institute of Applied Mechanics (Paderborn University), 
which is used for measurement data acquisition and control 
of the fatigue crack growth rate tests [22].

3.2  Experimental execution

For the fracture mechanical characterization of the crack 
growth behavior in components and structures, the determi-
nation of the crack growth rate curve da/dN−ΔK is neces-
sary. In the following, the experimental execution for esti-
mating this curve is described.

In order to record the entire range of a crack propaga-
tion curve, at least two test types with a minimum of three 
specimens are necessary according to ASTM E 647. Both 
tests are carried out under a periodic sinusoidal loading 
with a chosen R-ratio of e.g. 0.1. The R-ratio indicates the 
ratio of lower to upper stress. In the first test, called up-test, 
the maximum and minimum forces are kept constant, see 
Fig. 7a. Since at constant force, the stress intensity increases 
with increasing crack length, the middle and upper regions 
of the crack growth rate curve are obtained, see Fig. 9.

In a second test, called down-test, shown in Fig. 7b, the 
middle and lower regions of the crack growth rate curve are 
examined. During these tests, the cyclic stress intensity fac-
tor ΔK is the test controlling parameter and can be described 
for mode I loading by the following formula:

The cyclic stress intensity factor defines the intensity of 
the singular stress field and can simultaneously describe the 
amount of displacements in the vicinity of the crack. The 
cyclic stress intensity factor is dependent, among various 
other factors, on crack length, crack depth and crack loca-
tion as well as on external loads of the structure. All these 
influences are included in the geometry factor function Y 
[23]. By converting Eq. (1) to Y, the geometry factor can be 
calculated as follows:

(1)ΔK
I
= Δ� ⋅

√

� ⋅ a ⋅ Y
I

(2)Y(a) = ΔK
I
⋅

wt

ΔF
√

�a

Fig. 6  a Comparison of the experimental and numerical determina-
tion of the calibration curve based on the modified CT-specimen; b 
comparison of the numerically determined calibration function of 

different special specimens and measured crack lengths (red dots) for 
the extended Mini-CT-specimen (color figure online)



301Production Engineering (2022) 16:295–304 

1 3

In order to determine the geometry factor function Y as 
a function of the crack length a, the cyclic stress intensity 
factor ΔKI is required, as shown in Eq.  (2). For special 
specimens with new crack geometries and arbitrary loading 
conditions, cyclic stress intensity factors can only be deter-
mined by numerical methods. Common methods to solve 
boundary value problems numerically in the field of solid 
mechanics are the finite-element method (FEM) [24, 25] 
and the boundary-element method (BEM) [26, 27]. Taking 
into account the FEM, the whole specimen is discretized 
into a finite number of adequately tiny elements. There, the 
displacements can be approximated among other things by 
standardized shape functions which result in a linear system 
of equations [23]. Following its numerical solution, the dis-
placement field values are received in the nodes, whereas 
the stress field values are obtained in the integration points 
[28]. From these displacements and stresses calculated in 
the entire specimen, the cyclic stress intensity factors can be 

extrapolated with the help of the numerical solution in the 
vicinity of the crack-tip [23].

The cyclic stress intensity factors along the crack front 
are calculated for each specimen type using automatic crack 
growth simulation programs like ADApCrACk3D [29, 30] or 
FrAnC3D [31]. For this purpose, a numerical model with 
boundary conditions and loads according to the experiments 
is read into the crack growth simulation program. The stress 
analysis of Fig. 4b can serve as an exemplary numerical 
input model for the crack growth simulation. Then a crack 
is initiated to run a crack growth simulation. By calculating 
the cyclic stress intensity factors ΔK in relation to the crack 
length a, the geometry factor function can be determined 
by means of Eq. (2). In Fig. 8a the extended crack fronts, at 
which the cyclic stress intensity factors are determined, are 
visualized with help of red lines. A comparison of the differ-
ent geometry factor functions of the presented special speci-
mens are illustrated in Fig. 8b. From the diagram, there is 
a clear indication that the extended Mini-CT-specimen and 
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Fig. 8  a Extended crack fronts (red lines); b comparison of the different geometry factor functions of the presented special specimens
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the modified CT-specimen have the same geometry factor 
function due to the high similarity of the specimen geometry. 
Only the C-specimen deviates from the others in the initial 
region of the curve.

By inserting the numerically determined geometry factor 
function into the test program FAMControl, stress intensity 
controlled tests like the down-test can be carried out. First, a 
pre-crack is initiated into the specimen under cyclic loading 
with a constant cyclic stress intensity factor ΔK. The initial 
cyclic stress intensity factor ΔK0 is selected in such a way 
that the crack starts growing at medium crack growth rate. 
To eliminate any mechanical effects of the notch, the length 
of the pre-crack shall be longer than 10% of the specimen 
thickness or the notch height h, whichever is greater, but at 
least 1.0 mm measured from the machined notch [2]. After 
initiating a pre-crack, the ASTM E 647 standard recom-
mends an exponential decrease in stress intensity starting 
from an initial value ΔK0 with a decrease rate C until the 
crack stops growing, according to Eq. (3). In the equation, a 
is the measured crack length and a0 is the initial crack length 
at the beginning of the test.

Following the ASTM E 647 the decrease rate C has to 
confirm to the relation:

Due to adapted geometries and the associated smaller 
ligament areas, it is not always possible to maintain such 
a slow decrease rate, especially for special specimens. 
However, studies by Sheldon et al. [32] or Clark et al. [33] 
have shown that much faster decrease rates of, for exam-
ple, C =  − 0.8  mm−1 with an exponential decrease lead to 
valid thresholds. Another study of [34] illustrates that the 
achieved threshold for 42CrNiMo6 is with ΔKth = 8.77 
 MPam1/2 lower at a faster decrease rate of C =  − 0.15  mm−1 
compared to a threshold of ΔKth = 9.95  MPam1/2 at a slower 
decrease rate of C =  − 0.08  mm−1, resulting in more con-
servative thresholds at a decrease rate of C =  − 0.15  mm−1 
and thus safer fracture mechanical design. Furthermore, 
the standard deviation of the threshold at a decrease rate of 
C =  − 0.15  mm−1 is only half of the standard deviation at 
a decrease rate of C =  − 0.08  mm−1. These investigations 
emphasize the opportunity to use even faster decrease rates 
like C =  − 0.15  mm−1 than suggested in the ASTM E 647.

In addition, when selecting the initial values of the up- 
and the down-test, it is always important to ensure an over-
lapping zone between both test types. During the two tests, 
the applied loads, the load cycles and the potential drop are 
recorded continuously. Based on this information, the crack 
growth rate curves are determined.

(3)ΔK = ΔK
0
⋅ e

C⋅(a−a0)

(4)C =
1

K
I

⋅

dK
I

da
> −0.08 mm

−1

3.3  Experimental evaluation

The aim of the aforementioned two test types is to deter-
mine the crack growth rate curve da/dN−ΔK. According 
to ASTM E 647, the crack growth rate da/dN can be evalu-
ated using either the secant method or the incremental 
polynomial method. The secant method determines the 
slope of the connection of two successive data points in 
the a-N curve. The incremental polynomial approxima-
tion attempts to determine the crack growth rate da/dN 
by fitting a parabola to the test data. For the experimental 
evaluation of the extended Mini-CT-specimen, the secant 
method was used to determine the crack growth rate. The 
cyclic stress intensity factors ΔKI associated with the 
crack growth rates have to be calculated from the crack 
length and the corresponding load range with the help of 
the numerically determined geometry factor function Y. 
The resulting crack growth rate curves of the different spe-
cial specimens with typical double-logarithmic axes are 
illustrated in Fig. 9.

In the diagram, the threshold against fatigue crack growth 
ΔKth and the cyclic fracture toughness ΔKC are added. ΔKth 
is the value where the crack crack growth rate da/dN asymp-
totically converges to zero. The threshold is the most impor-
tant fracture mechanical parameter because it indicates the 
value of cyclic stress intensity from which a crack is able to 
grow. For long cracks, below the threshold no crack growth 
is possible. The other fracture mechanical parameter illus-
trated in the diagram is the cyclic fracture toughness ΔKC. 
By dividing ΔKC by (1 − R), the fracture toughness KC is 
obtained. Above this value, unstable crack growth occurs 
and the component fails [35].

To assess whether the performed fatigue crack growth test 
is valid, the fracture surfaces after the tests are observed. In 
Fig. 9, in addition to the resulting crack growth rate curve, 
two typical crack surfaces of an up- and a down-test can be 
seen. The fatigue crack growth begins at the starter notch 
and can be identified by the smooth surface. During a fatigue 
fracture the crack should grow perpendicular to the normal 
stress with small deformations even with ductile materi-
als. Care should be taken to ensure that the fatigue crack 
is symmetrical across the width of the specimen because 
a one-sided running of the crack indicates that the force is 
not applied perpendicularly to the center of the specimen 
thickness. The specimen could have slipped in the pickup 
element, for example. After the fatigue crack growth, the 
residual forced fracture is characterized by a very rough sur-
face. Furthermore, shear lips can be observed on the frac-
ture surface. Shear lips, however, indicate large deforma-
tions within a residual forced fracture. Especially with thin 
specimens, made of ductile materials, fracture can lead to 
very distinctive shear lips. This is because the plastic zone 
and with this plastifications are even more pronounced on 
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the surface of the specimen than inside [1]. Furthermore, it 
must be checked at plate-like components that the specimen 
is not bulging. The crack surfaces of Fig. 9 clearly show both 
the fatigue crack growth and the residual forced fracture, 
which is why these tests can be classified as valid.

4  Conclusion

In this paper the holistic investigation chain for the experi-
mental determination of fracture mechanical material param-
eters with special specimens is presented. It can be stated 
that due to the various challenges mentioned, it is not always 
possible to use standard specimens for the determination of 
fracture mechanical material parameters. In this case, new 
special specimens have to be developed. The specifics for 
determining the parameters for special specimens have been 
addressed in this paper. For these novel special specimens, 
various arrangements are prepared in advance, such as a gen-
eral stress simulation of the new geometry to determine the 
maximum principal stress, the determination of the calibra-
tion function for the crack length measurement method dur-
ing the test and the calculation of the geometry factor func-
tion to determine the threshold with the down-tests. Finally, 

the evaluation of the test results is presented and it is shown 
on the basis of the resulting fracture surfaces that fatigue 
crack growth tests can be carried out correctly with special 
specimen, too. Following the presented holistic investigation 
chain, special specimens can be developed and used for the 
experimental determination of fracture mechanical material 
parameters of components with complex geometries.
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