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 A B S T R A C T

Ti alloys such as Ti–6Al–4V belong to a group of materials that show tremendous potential in aircraft engine 
construction due to their mechanical properties and corrosion resistance. However, not only the knowledge 
of the material properties are relevant, but also a comprehensive understanding of the damage mechanisms 
that occur. One of the most relevant types of damage mechanisms is caused by the cyclic loading, as this 
accounts for more than 70% of the economically relevant damages, not only in the construction and operation 
of gas turbines. The objective of this study is he characterization of the crack growth behavior under low-cycle 
fatigue conditions on a phenomenological and mathematical-analytical level. In-situ LCF fatigue measurements 
revealed that favorable crack initiation due to slip band formation and propagation sites are located within 𝛽
phases and at grain boundaries in Ti–6Al–4V. Crack closure and merging effects resulted in single but critical 
crack that lead to failure. In addition, the energetical investigation with elasto-plastic strain response showed 
a continuous increase in absorbed energy as consequence to formation of crack surfaces. The determination of 
crack growth rates completed the analytical investigation and enabled a full size modeling revealing advantages 
and potential of optimization of existing model.
1. Introduction

An essential step towards reducing the CO2 footprint in aviation 
is the research and development of new aircraft engine technologies. 
One way to achieve this is the application of new and innovative 
materials with specific outstanding properties. Their use in gas turbines 
results in a significant weight reduction, which leads to fuel savings. 
Consequently, this lowers the operating costs and reduces the emission 
of pollutants. Nowadays, materials such as Ti–6Al–4V are used. This 
Ti alloy combines high strength with good corrosion resistance and 
temperature stability. The use of the Ti alloy in aviation led to the fact 
that the material properties could be understood and the knowledge 
could be consolidated. In contrast, the knowledge of the occurring 
damage mechanisms in Ti–6Al–4V still has potential for optimization. 
Particularly important is the investigation of damage process caused by 
cyclic fatigue [1,2].

Fatigue comprises the damage and failure of materials induced 
by cyclic applied loading conditions resulting in crack formation that 
leads to material failure. A fatigue crack results from localized plastic 
deformation during cyclic loading. The crack initiation site and crack 
formation process are typically determined by slip characteristics and 
properties of the material. In metals and metal alloys, irreversible 
dislocation movements of edge dislocations caused by cyclic loading 
leads to the formation of persistent slip bands. From crack initiation to 
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fracture, fatigue cracks can be classified in two stages. Stage I cracks 
(or microstructurally short cracks) are those small enough that the 
material’s microstructure influences the crack path. These cracks form 
on an active slip plane that is oriented 45◦ to the load axis. Microstruc-
turally short cracks are smaller than 50 μm and are mainly analyzed 
by continuum mechanics approaches. The transition from short to long 
cracks are physically short cracks with lengths up to 100 μm. As these 
cracks grow larger, the crack paths develop in a more energetically 
favorable way often described as tension driven cracks [3]. The last 
type of cracks are larger cracks which are denoted as stage II cracks [4]. 
Such cracks are investigated by classical fracture mechanics models and 
show lengths larger than 100 μm [5].

Former studies showed, that the fatigue behavior of Ti alloys is 
very sensitive to the previous history of the material [6–9]. Besides 
grain orientation and the aspect of grain boundaries, the mean effective 
grain size is one of the parameters that affect the crack growth rate 
in 𝛼 + 𝛽 Ti alloys [10–14] at most. During crack initiation there is 
uncertainty about microstructure variations in Ti–6Al–4V [15,16]. One 
source of uncertainty is texture, having a strong influence on fatigue 
life. However, to clearly identify the effect of texture and its influence 
on microstructure is difficult, when changes in the microstructure 
occur simultaneously [17–19]. Conclusions of Peters et al. agree with 
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numerous studies and showed that crack initiation is closely related to 
thermomechanical treatment during manufacture of Ti alloys. Further-
more, Lucas et al. showed that the mean effective grain size has an 
influence, especially on the fatigue life of notched specimens [7,12].

Ivanova et al. investigated fatigue crack initiation sites in Ti–6Al–4V 
at low cycle fatigue [20]. For that, equiaxed cross-rolled and equiaxed 
forged Ti–6Al–4V alloys were investigated. They concluded, that for the 
equiaxed forged fatigue specimen first crack formation was detected 
at an 𝛼-𝛽 grain boundary. These cracks were smaller than 10 μm. 
However, after 9000 elapsed cycles slip band formation occurred in 
a neighboring 𝛼 grain. After nearly 12000 elapsed cycles the crack 
propagated along slip bands. After nearly 24000 elapsed cycles the 
specimen fractured [21]. For the equiaxed cross-rolled Ti alloy, the 
crack formed within an 𝛼 phase. After 15000 elapsed cycles, the crack 
propagated into the next 𝛼 grain but circumvented the intermediate 𝛽
phase. The results of this study showed that the 𝛼 phase and 𝛼-𝛽 grain 
boundaries are preferred sites for crack initiation. Furthermore, it is 
claimed that crack initiation is controlled by cleavage fracture. This 
conclusion relates to the higher susceptibility of 𝛼 phase fracture than 
𝛽 phase [21].

Considerations about microstructural processes lead to the conclu-
sion that a modification of the Paris law is required to obtain proper 
analytical fatigue crack growth description [22]. Jones et al. investi-
gated mathematical crack growth representation in Ti–6Al–4V [23]. 
Based on previous studies of Ritchie et al. that crack shielding effects 
and drop of the fatigue threshold have to be considered [24]. Inves-
tigations of Jones et al. are fundamental for the mathematical model 
for short and long crack growth described by the Hartman–Schijve 
equation [25]. For mill annealed Ti–6Al–4V, tests were performed at 
a stress ratio of R = 0.1, 0.4, 0.7 and 0.8. 𝛥Kthr and A were chosen 
to fit the measured crack growth rate as a function of 𝛥K. Based on 
the Hartman–Schijve equation Jones et al. derived the following crack 
propagation equation (Eq.  (1)), where a is crack length, 𝑁 the number 
of elapsed cycles and C and m material parameters [26]. 
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In order to build up a comprehensive understanding of these pro-
cesses an integral approach is chosen which combines both phenomeno-
logical investigation and numerical methods in order to better under-
stand the physical phenomena in the material that lead to fracture in 
Ti–6Al–4V [27,28]. The phenomenological investigation is based on 
experiments and qualitatively characterizes the crack growth behavior 
from the initial state until material failure [29]. The numerical meth-
ods, based on the experimentally acquired data, are mainly concerned 
with the investigation of hysteresis data derived from fatigue and mod-
eling of the crack growth behavior [30–32]. The objective of this study 
is the in-situ characterization of crack initiation and propagation in Ti–
6Al–4V under low-cycle fatigue conditions on microscale. In contrast 
to the discussed studies, an uniaxial in-situ stage was used, allowing 
simultaneous investigation of crack growth under cyclic loading using 
a scanning electron microscope. The focus was the determination of the 
damage mechanism and the development of the crack path up to failure 
under the influence of the material’s microstructure. Therefore, the 
chemical composition and microstructure of the tested Ti–6Al–4V were 
analyzed first, followed by the determination of mechanical properties 
in a second step. Afterwards fatigue tests have been conducted. The 
results ultimately feed into the crack propagation modeling. From 
the experimental perspective, the boundary conditions of the tests in 
the study were selected to correspond to the low-cycle fatigue since 
this represent the actual loading conditions of components in aircraft 
engines made out of Ti–6Al–4V.
2 
Table 1
Chemical composition (wt.-%) of tested Ti–6Al–4V.
 Ti Al V Fe C N O  
 77 ± 2 6 ± 1 4 ± 1 1 ± 0 9 ± 1 1 ± 1 1 ± 0 

Fig. 1. Flat fatigue test specimen size manufactured from the alloy Ti–6Al–4V.

2. Materials and methods

2.1. Chemical composition and microstructural characterization

The material investigated in this study was annealed Ti–6Al–4V 
(𝛼+𝛽). The chemical composition is given in Table  1. The semi-finished 
Ti–6Al–4V was hot rolled (1 × 1000 × 1000 mm), underwent a heat 
treatment of 1063 K for 60 minutes and then air cooled.

Flat test specimens were machined by electrical-discharge machin-
ing (EDM) from the semi-finished Ti–6Al–4V to the dimensions shown 
in Fig.  1, in accordance to ASTM-E8/E8M. The thickness of the flat test 
specimens is 1 mm. Especially on microscale, crack detection is chal-
lenging because large magnifications enable only a small monitoring 
area. Therefore, those flat specimens that were designated for fatigue 
experiments were notched additionally to obtain a region where crack 
initiation is favored. The notch is oriented perpendicular to the rolling 
direction and has an opening angle of 45◦ and a depth of 1 mm. This 
notch geometry result in a stress concentration factor of 2.2.

Afterwards, satisfactory grinding and polishing were carried out 
to remove the altered surface layer and visualize the material’s mi-
crostructure. In order to keep the influence of polishing conditions on 
the crack initiation mechanisms as low as possible, polishing was re-
peated three times with ever-decreasing grain size emulsions. The emul-
sions were a solution of polycrystalline suspension and a water–ethanol 
detergent with grain sizes of 9, 3 and 0.1μm.

The bimodal microstructure was observed with an environmental 
scanning electron microscope (ESEM) as shown in Fig.  2. The mi-
crostructural characterization then proceeds in two steps, beginning 
with phase determination by local energy dispersive X-ray spectroscopy 
(EDS) measurements and followed by grain size determination. The 
combination of the investigations on the chemical composition, the 
determination of grain sizes and being familiar with the manufacturing 
conditions allows the phases to be assigned in a way, so that the 
influence on crack initiation and crack propagation can be determined.

The heat treatment resulted in a microstructure composed primarily 
of globular grains separated by intergranular precipitates in between. 
Chemical compositions of the globular and intergranular grains are 
listed in Tables  2 and 3 as derived by EDS. In accordance with these 
results, the globular grains belong to the 𝛼 phase while the intergran-
ular grains belong to the 𝛽 phase. The overall fraction of 𝛼 grains is 
77% with an average grain size of 26 μm. The average size of 𝛽 grains 
is 10 μm.
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Fig. 2. Ti alloy’s microstructure consists of primarily globular 𝛼 grains with secondary 
intergranular 𝛽 precipitates in between (Mag. 1500 x).

Table 2
Mean chemical composition (wt.-%) of intergranular α phases.
 Ti Al V  
 79 ± 2 6 ± 0 2 ± 1 

Table 3
Mean chemical composition (wt.-%) of intergranular β phases.
 Ti Al V  
 75 ± 1 4 ± 0 7 ± 1 

Fig. 3. Uniaxial in-situ stage for tensile and fatigue tests.

2.2. Tensile test setup and analysis

The tensile and fatigue tests were carried out in an uniaxial in-situ 
stage as shown in Fig.  3. Specifically, the in-situ stage provides loads 
up to 10 kN in quasistatic and dynamic-cyclic test scenarios. However, 
since only flat specimens can be examined, only stress ratios of ≥ 0 are 
possible. To clamp the specimen under pulling conditions small serrated 
wedges are used. Due its compact size (270 × 150 × 85 mm), the most 
notable advantage of this in-situ stage is the possibility of installation 
within an ESEM that enables in-situ measurements of failure mecha-
nisms on micro level. Consequently, the examined crack initiation and 
stage I crack propagation can be correlated with the applied load and 
the specimen deformation simultaneously.

For a detailed design of LCF-fatigue experiments, the mechanical 
properties of the flat test specimens have to be known. For this purpose, 
3 
Table 4
Mean properties derived by tensile tests in uniaxial in-situ stage.
 E (GPa) Rp0.2 (MPa) σUTS (MPa)  
 100.4 ± 1.3 953.2 ± 0.0 1037.5 ± 14.7 

three tensile tests with unnotched specimens the same size as in Fig. 
1 were conducted. The specimen deformation was measured using an 
extensometer having an initial gauge length of 10 mm and in addition a 
linear encoder mounted on the side of the uniaxial in-situ stage. Result 
comparison allows conclusions to be drawn about the stage’s stiffness. 
Tensile tests were carried out load-controlled and crosshead speed of 
1 mm/min. Physical and mechanical properties of tested Ti–6Al–4V are 
listed in Table  4.

2.3. Fatigue tests and fractography

In total three notched specimens (Fig.  1) were tested in the uniaxial 
in-situ stage which was installed in the Thermofisher ESEM Quattro at 
room temperature in vacuum at a fatigue frequency of 0.06 Hz. This 
test setup enabled in-situ measurements of crack length during fatigue 
cycling. The maximum nominal stress for each specimen was 460 MPa 
with a stress ratio of 0. The stress state was chosen, so that considering 
the stress concentration factor of 2.2, plastic deformation in front of the 
notch tip was provided. Fatigue cycling was periodically interrupted 
in accordance to the development of crack propagation. As long as no 
crack initiation occurred, each 100 cycles the tests were interrupted in 
order to check, whether features of crack initiation have been formed. 
As soon as first features of slip band formation were observed, inter-
ruption was carried out every 20 elapsed cycles. This procedure was 
continued until stage II crack propagation became evident. From then 
on every 50–70 cycles the tests were interrupted until the specimens 
finally fractured. Since the expected damage mechanisms and stage I 
crack propagation influenced by the microstructure are in the order of a 
few micrometers, the investigation in the scanning electron microscope 
was carried out for resolution reasons. During each interruption a photo 
of the crack was taken with the ESEM and examined while applying 
the stress amplitude 𝜎a to the specimen. Therefore crack length was 
determined twice manually. First along a straight path from the notch 
tip to the crack tip which is indicated in the following as crack length. 
The second crack length measurement represents the actual crack path 
and is indicated as crack path length. In addition, the notch depth was 
taken into account for both measurements. Since the crack length mea-
surements were conducted on the specimen’s surface, it was assumed 
that the crack protrudes homogeneously into the specimen. Subsequent 
to failure, the fracture surface of the specimens was evaluated at first 
with an optical microscope to obtain a three-dimensional topography 
diagram and afterwards investigated with the ESEM to characterize the 
microstructural failure mechanism.

3. Results and discussion

3.1. Phenomenological description of fatigue behavior

3.1.1. Crack initiation and stage I propagation
While each fatigue specimen contained a notch, the notch depth of 

each specimen was determined individually and must not correspond 
to exactly 1 ± 0.1 mm in accordance to Fig.  1. Table  5 summarizes 
the observations of crack initiation for all tested specimens, where NI
represents the number of elapsed cycles when the crack was detected 
first.

In accordance with Fig.  4, the crack was detected after 739 elapsed 
load cycles for the first fatigue experiment. Starting point for this 
crack is the transition region between notch surface and specimen 
top surface. The combination of stress intensities resulting from the 
edge between notch and specimen top surface and the quality of 
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Table 5
Characteristics of fatigue behavior of tested Ti–6Al–4V specimens.
 No. NI No. of cracks 

initiated
Notch depth (μm) 

 01 739 1 740 ± 4  
 02 458 1 694 ± 5  
 03 491 1 694 ± 4  

Fig. 4. Crack initiation site on the first fatigue specimen after 739 elapsed cycles (Mag. 
6500 x).

Fig. 5. Slip band formation in an angle of 55◦ to the load direction on the second 
fatigue specimen after 458 elapsed cycles (Mag. 6500 x).

the notch surface topography that promoted crack initiation in the 
transition region. In the initial stage of crack growth on the specimen’s 
top surface, it propagated first through a 𝛽 phase, extended along a 
𝛼-𝛽 phase boundary before penetrating another 𝛽 phase. Furthermore, 
the microstructurally short crack growth was dominated by strong 
changes of crack path directions, especially in the transition region. No 
appearance of slip band formation was observed for this specimen.

For the second specimen, the effects of slip band formation became 
evident after 458 elapsed cycles (Fig.  5). The crack initiated within a 𝛽
phase located at the edge of the specimen’s top surface. After 600 load 
cycles, another slip band formation in another 𝛽 phase was observed 
parallel to the first slip band. Both slip bands were oriented in an angle 
of 55◦ ± 2◦ to the applied load direction.

For the third specimen, the crack was detected first after it pro-
ceeded to propagate through the notch surface and then on the top 
surface. Whether the crack formed on the bottom surface or in the notch 
4 
Fig. 6. Crack initiation site on the third fatigue specimen after 491 elapsed cycles 
(Mag. 6500 x).

Fig. 7. Colony formation and stage II crack propagation after 2430 elapsed cycles for 
the first specimen (Mag. 250 x).

plane, remains unclear. When the crack reached the top surface, it 
penetrated through an 𝛼 phase in load direction and along an 𝛼-𝛽 phase 
boundary. At the end of this interface, the crack started to orientate 
perpendicular to load direction after 491 load cycles (Fig.  6).

3.1.2. Multiple crack formation and stage II propagation
After 1020 load cycles, beside the monitored crack two other cracks 

were observed on the top of the surface of the first specimen. One of 
these two cracks developed in an 𝛼 phase in front of the monitored 
crack tip while the other one formed on the left side of the main crack. 
Both showed stage I crack propagation behavior due to strong crack 
path direction deviations induced by the materials microstructure. After 
1179 cycles the small crack in front of the crack tip and the monitored 
crack merged and continued propagation while two new cracks formed 
in two different 𝛽 phases in front of the monitored crack. Both cracks 
merged with the monitored crack after 1487 elapsed cycles. At 1884 
load cycles the monitored crack split and started to propagate in two 
different directions. One perpendicular to load direction while the 
other one parallel to load direction. After 2430 load cycles as shown 
in Fig.  7 material colony formation became evident and both cracks 
merged to one main crack, that started to propagate perpendicular to 
load direction. From that point on, the crack showed stage II crack 
propagation.
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Fig. 8. Multi cracking on the specimen’s notch edge and crack merging on the left 
side after 1702 elapsed cycles in the second test (Mag. 1500 x).

Fig. 9. Sudden crack growth of the right crack and crack tip merging after 3803 cycles 
in the second test(Mag. 100 x).

In comparison to the first specimen, multi crack formation for the 
second specimen became more significant. First multi cracking was 
observed after 1205 load cycles. Two cracks have formed left of the slip 
band formation shown in Fig.  5. While the slip band formation occurred 
out of the center of the notch tip, one crack formed at the notch tip 
center while the second one developed out of the notch tip center. 
For both cracks, there were no indications of slip band formation 
observable. After 1702 elapsed cycles, the crack originating from slip 
band propagated into the notch plane showing strong deviations in 
direction due to the material’s microstructure. Additionally, the crack 
on the left-hand side merged with another crack that approached from 
the notch plane.

Fig.  8 shows the second specimen after 2352 elapsed cycles. The 
crack on the right-hand side propagated mainly through 𝛽 phases. The 
crack in the center indicated by an arrow stopped and almost vanished, 
while the crack on the left-hand side seems to be the dominating crack 
penetrating mostly 𝛽 phases. After 3803 cycles the crack originating 
from slip band formation interrupted propagation and merged with 
the former dominating crack as shown in Fig.  9. Furthermore the 
physically short crack turned into a stage II crack and is not influenced 
by material’s microstructure.

The early crack growth behavior for the third specimen was sim-
ilar for the first specimen without any multi crack formation. After 
521 elapsed cycles two smaller cracks formed and merged afterwards 
5 
Fig. 10. Stage II crack propagation for the third specimen after 1091 cycles (Mag. 
100 x).

Table 6
Characteristics of fracture behavior initiated by fatigue loading of tested Ti–6Al–4V 
specimens.
 No. Nf Final crack 

length (μm)
 

 01 2784 1833 ± 4  
 02 4239 1873 ± 5  
 03 1659 1814 ± 4  

with the monitored crack. Except for one direction change, the crack 
penetrated 𝛼 and 𝛽 phases without being affected by them. After 1091 
cycles, the monitored crack showed stage II behavior (Fig.  10).

3.1.3. Mixed mode loading and fracture
Unstable and sudden crack growth resulted in fast crack propagation 

that led to fracture of the specimens. For this Table  6 summarizes the 
observations, while Nf represents the elapsed cycles until fracture.

For the first specimen, mixed mode loading effects became evident 
after 2731 cycles that result in crack path deflection towards applied 
load direction. This effect indicated first signs of failure due to inho-
mogeneous load distribution applied to the intact cross section of the 
specimen. After 2784 elapsed cycles the specimen suddenly fractured. 
The second and third specimen behave similar as the first specimen 
considering fracture. Crack path deflection for the second specimen was 
significant observable after 4204 cycles (Fig.  11) while for the third 
specimen after 1640 cycles. The second specimen fractured after 4239, 
the third specimen after 1659 elapsed cycles.

3.1.4. Fractography
Fractography was performed for all fatigue specimens using an op-

tical microscope and ESEM. Exemplary the fractograph of the fracture 
surface of second test is shown below (Fig.  12). The figure shows both 
halves of the tested specimen on top of each other.

Each cross-sectional surface can be split into three areas — the 
notch surface, the fracture surface induced by cyclic loading and the 
residual fracture surface. The planar fracture surfaces resulting from 
fatigue are characterized by metallic shiny and pointed surfaces. In 
addition, cracks that result from the early stages of fatigue starting 
at the notches intrude almost 400 μm into the bulk material can be 
observed. As indicated in Fig.  13, striation formation was investigated 
on microscale.

Considering the residual fracture surfaces in Fig.  13 a combination 
of intergranular brittle fracture and ductile fracture had developed. The 
reason for this is that there is no plastic deformation in the fracture zone 
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Fig. 11. Crack deflection after 4236 elapsed cycles investigated in the second test 
(Mag. 100 x).

Fig. 12. Fracture surfaces of the second fatigue specimen (Mag. 50 x).

Fig. 13. Microstructural striations on the fatigue fracture surface of the second 
specimen (Mag. 15000 x).

on macroscopic level but on microscopic level slip phenomena and void 
development were observable (Fig.  14).

Further reason for proportional ductile fracture is that the devel-
oped residual fracture surfaces for all specimens are inclined (Fig.  15). 
6 
Fig. 14. Void development on the residual fracture surface of the second specimen 
(Mag. 15000 x).

Fig. 15. 3-dim. view of the top side inclined residual fracture surface of the second 
specimen (Mag. 150 x).

This phenomenon occurs, if the actual shear stress exceed the critical 
shear stress in accordance to Schmid’s law.

3.2. Crack growth analysis and modeling

3.2.1. Characteristics of crack growth
The investigation of crack growth behavior in dependent on the 

number of cycles enables first conclusions about crack growth rates. 
For this, crack lengths were measured optically on the top surface of the 
specimens as described in 2.3. The results of all experiments are shown 
in Fig.  16. In accordance with Fig.  16, the crack growth characteristics 
are given in Table  7.

In the beginning of each experiment, crack initiation and slow crack 
growth is dominating. Consequently, the measured crack lengths are 
small. The developed stage I cracks are affected by microstructure, 
load ratio and environmental effects. At mid-range, the influence of 
microstructure, environment and load ratio on crack propagation de-
creases while energy efficient crack growth behavior becomes evident. 
As a result, the crack growth rates increase. In the end, unstable and 
rapid crack growth dominates. This results in high crack growth rates 
and fracture. As stated in 3.1, for the first specimen (red curve in Fig. 
16) the crack was detected first at 739 load cycles. After 2430 elapsed 
cycles, the crack started to turn into a stage II crack and after 2784 
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Fig. 16. Results of crack lengths and crack path lengths.
Table 7
Characteristics of fatigue behavior of tested Ti–6Al–4V specimens.
 No. NI Nf NI/Nf (%) Max. crack 

length 
(μm)

Max. crack 
path length 
(μm)

 

 01 739 2784 26.5 1833 ± 4 1881 ± 4  
 02 458 4239 10.8 1873 ± 5 1972 ± 5  
 03 491 1659 29.6 1814 ± 4 1877 ± 5  
cycles the specimen fractured. The blue curve in Fig.  16 illustrates 
the crack propagation of test No. 2. Slip band formation and crack 
initiation was detected after 458 cycles as described in 3.1.1. After 
1205 load cycles first multi cracking was detected. Two other cracks 
have formed close to the monitored crack. Initially, further cycling did 
not lead to further crack growth, but after 3803 cycles a sudden crack 
growth began. The existing cracks that resulted from multi cracking 
merged into a single main crack. The sudden crack growth resulted 
from the release of stored energy introduced into the material by the 
cyclic loading. At 4239 cycles the specimen fractured. In addition, the 
sudden crack growth led to further stress relief in the area in front of 
the crack tip. The data for the third specimen is plotted as green curve 
in Fig.  16. The crack, where crack initiation location remains unclear, 
was detected first at cycle 491. After 1091 cycles, the microstructurally 
short crack began to turn into a stage II crack. Ultimate fracture 
occurred after 1659 cycles.

3.2.2. Fatigue hysteresis investigation
Hysteresis loops evolve in time. An uncommon but valid way to in-

vestigate mechanical cyclic response is the execution of load-controlled 
fatigue experiments as performed in this study. In this case the investi-
gated parameter is total strain based on elapsed cycles which are shown 
in detail in Fig.  17.

According with Fig.  17, all specimens show an increase in total 
strain during fatigue loading. For all further considerations, reference is 
made to the nominal strain, which was determined using an extensome-
ter attached to the undersides of the flat fatigue specimens. Further 
observations of the strain response reveal an incremental increase in 
total strain for almost two-thirds of the fatigue life of each specimen. 
7 
Fig. 17. Elasto-plastic strain response for all three specimens.

Comparing the data in Table  7 with the results in Fig.  17, effects such 
as crack initiation and early crack growth cannot be clearly identified 
or separated from each other in terms of the number of cycles. The last 
third of fatigue life is dominated by accelerated increase in total strain. 
This is mainly dominated by unstable crack growth and crack path 
deflection due to mixed-mode loading conditions. The strain energy per 
elapsed cycle that is released during fatigue is illustrated in Fig.  18.

The strain energy per cycle is calculated based on the elasto-plastic 
strain response in combination with the applied load [33]. Therefore, 
the strain energy has been derived from the integration of each single 
hysteresis loop. Due to the fact that only plastic deformation creates 
an enveloped area in the cyclic stress–strain diagram, the strain energy 
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Table 8
Characteristics of fatigue behavior of tested Ti–6Al–4V specimens.
 No. Min. plastic 

strain energy 
(mJ/mm3)

Max. plastic 
strain energy 
(mJ/mm3)

Tot. plastic 
strain energy 
(J/mm3)

 

 01 0.0011 ± 0.0007 0.270 ± 0.004 182.07*103  
 02 0.0001 ± 0.0001 0.426 ± 0.017 106.28*103  
 03 0.0037 ± 0.0007 0.209 ± 0.008 51.98*103  
Fig. 18. Strain energy released during fatigue.

Fig. 19. Crack growth curves for all tested specimen according to Jones et al..

corresponds to the plastic strain. This is in accordance with the aspect 
that cyclic damage can be traced back to a series of occurring plastic 
deformation. However, the data show that the strain energy per cycle 
stays constant until the final stages of fatigue life are reached. At this 
point, the strain energy per cycle W  decreases almost to 0 mJ/mm3. 
The area of the individual hysteresis curves is small in this regime. 
This corresponds to almost no plastic deformation of the specimen. 
Afterwards the strain energy per cycle rapidly increases due to final 
fracture. From this data, the total strain energy that is released can be 
calculated by the number of cycles to fracture and the strain energy per 
cycle (Table  8).

3.2.3. Crack propagation modeling
Near-threshold and stage II fatigue crack growth data measured at

R=0 condition for all specimens are presented in Fig.  19. in relation to 
the model proposed by Jones et al. (Eq.  (1)), the material parameters
C, m and A are optimized so that it represents the data sets at its best.
𝛥Kmax, 𝛥Kthr and C, m and A values defined from these tests are listed 
in Table  9.

Comparing the data in accordance with the crack growth rate, the 
largest difference can be observed in the final fatigue test. This is 
attributed to the initial crack growth stop at the beginning and the 
subsequent abrupt crack growth in the transition between short crack 
and long crack. However, the crack growth rates close to the threshold 
8 
range are between 4*10−8 m/cycle to 5*10−6 m/cycle. These values 
can be assigned to both intergranular and transgranular crack propaga-
tion phenomena as described in 3.1. The stable crack growth region in 
Fig.  19, defined by crack propagation rates larger than 5*10−6 m/cycle 
is dominated by stage II crack propagation phenomena mainly showing 
multi crack development and mixed mode loading conditions. Unstable 
crack growth is not addressed in this study.

4. Conclusion

In this study, the main objective is the detailed full-size charac-
terization of the fatigue behavior of Ti–6Al–4V using scale-resolving 
in-situ measurement techniques. The results show the importance of a 
detailed description of occurring phenomena under cyclic loading in 
connection with the optimization of existing crack growth models and 
a comprehensive numerical investigation. The detailed results are as 
follows:

(1) In accordance with the previous literature, this study shows that 
crack initiation in Ti–6Al–4V is influenced by various aspects. 
In two out of three cases, the crack initiation took place within 
the notch, so sufficient detection was possible. Both cracks were 
monitored after they reached the top plane of the specimens. In 
one case, crack initiation caused by slip band formation in a 𝛽
phase was detected. In the same experiment, the formation of 
several cracks could be observed. However, crack closure and 
crack merging effects lead to a single macro crack that results in 
fracture.

(2) Stage II crack propagation and macro crack behavior was char-
acterized by the energetically favorable orientation of the cracks 
as well as the formation of small microcracks in front of the crack 
tip. Due to the high loads during single stage loading in combi-
nation with the crack length, mixed mode loading was detected 
before the specimens fractured. This results in a deviation of the 
crack path from the most energetically favorable direction.

(3) Investigation of fracture surfaces was split into two parts, the 
first part discusses the fracture surface caused by fatigue fracture 
and the second part covers the investigation of the fracture sur-
face during material failure. The first fracture surface was char-
acterized by the formation of striation embedded in rough shiny 
surface. The second, strong inclined fracture surface represents 
a combination of ductile and brittle fracture.

(4) Accurate in-situ measurements of crack growth in accordance 
with elapsed cycles demonstrate that crack initiation occurs in 
the first third of fatigue life. The stress–strain response of single 
stage loading under LCF conditions lead to the formation of 
hysteresis. Analysis then shows continuous dissipation of energy 
and an increase in total strain during cyclic loading. This indi-
cates that the investigation of stiffness behavior as well as the 
consideration of the specimen elongation is an adequate method 
to draw conclusions on the crack growth behavior in Ti–6Al–4V.

(5) Crack propagation modeling according to the equation suggested 
by Jones et al. confirms that the equation’s structure is sufficient 
to describe stable crack growth. However, the modeling reveals 
that an optimization of the material parameters C, m and A must 
be considered. This study shows that microstructurally short and 
large cracks can both be modeled by the equation of Jones et al. 
even for small specimens outside standard sizes.
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Table 9
Material parameters according to Jones et al. modeling.
 No. CCl mCl ACl CCpl mCpl ACpl 
 01 2.79*10−10 2.12 60 2.79*10−10 2.12 58  
 02 2.79*10−10 2.12 60 2.79*10−10 2.12 65  
 03 2.79*10−10 2.12 61 2.79*10−10 2.12 68  
5. Outlook

Considering the chosen in-situ method to monitor fatigue cracking 
behavior in Ti–6Al–4V, the results gained could be supplemented by 
further investigations. One example is electron backscattered diffrac-
tion in combination with the uniaxial in-situ stage, that enables mea-
surement of interactions between grain orientation and phase bound-
aries and the development of microcracks [26]. In addition, the inves-
tigation of strain states surrounding the crack tip using digital image 
correlation contribute to an extensive description of micro cracking 
phenomena [34–36]. Also, the idea of fatigue testing close to conditions 
existing in a gas turbine, mainly high temperature and hot corrosion 
effects can be promising considering fatigue life characterization. This 
will require considerable effort in the use of measurement techniques. 
The existing mathematical models that describe crack propagation 
cover only a fraction of the existing modeling possibilities. Since each 
model focuses on individual aspects of fatigue behavior (i.e. stable 
crack growth or crack initiation), it is possible to use the data obtained 
to optimize current models in a way so that a comprehensive model-
ing is possible. This results in new findings complete the description 
of the crack growth behavior in Ti–6Al–4V. These enhancements in 
combination with the automation of the test procedure thus allow a 
profound and efficient investigation of the damage mechanisms present 
in Ti–6Al–4V and other materials.
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