
 
 

Delft University of Technology

The stress ratio effect on plastic dissipation during fatigue crack growth

Quan, H.; Alderliesten, R. C.; Benedictus, R.

DOI
10.1051/matecconf/201816513002
Publication date
2018
Document Version
Final published version
Published in
MATEC Web of Conferences

Citation (APA)
Quan, H., Alderliesten, R. C., & Benedictus, R. (2018). The stress ratio effect on plastic dissipation during
fatigue crack growth. MATEC Web of Conferences, 165, Article 13002.
https://doi.org/10.1051/matecconf/201816513002

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1051/matecconf/201816513002
https://doi.org/10.1051/matecconf/201816513002


* Corresponding author: h.quan@tudelft.nl

The stress ratio effect on plastic dissipation during fatigue crack 
growth 

H. Quan1,*, R.C. Alderliesten1, and R. Benedictus1. 
1Structural Integrity & Composites, Faculty of Aerospace Engineering, TU Delft, Netherlands 

Abstract. Plastic energy dissipation is inevitable during fatigue crack growth. There have been previous 
attempts reported in literature to correlate the plastic dissipated energy (dW/dN) to fatigue crack growth rate 
(da/dN). However, at a given dW/dN, the da/dN changes with the ratio of minimum and maximum loads, 
known as the stress ratio. This paper describes an experimental study carried out on 2024-T3 central crack 
tension specimens to quantify the relation between dW/dN and da/dN. By selecting different stress ratios in 
the individual tests, the experiments reveal the influence of the stress ratio on this relationship. It is evident 
that dW/dN has no unique relationship with da/dN valid for the tested stress ratios. Instead, the relationship 
for each stress ratio is different. This is illustrated with the value of plastic dissipation per unit of fatigue 
crack growth (dW/da), representing the effective resistance to the crack increment. This value is not a 
constant, but changes with the stress ratios and da/dN values. Hence the plastic energy dissipation cannot be 
used directly for predicting crack growth.

1. Introduction  

Fatigue failure is a major failure type in aerospace 
engineering, so it is important to have a deep 
understanding of this failure type, in order to mitigate it. 
Although Linear Elastic Fracture Mechanics (LEFM) has 
been applied successfully to practical engineering fatigue 
problems through the use of the Paris relation, LEFM 
still fails in explaining the physical nature of fatigue 
phenomena in metallic materials. This is because 
metallic materials are ductile, and the plasticity 
phenomena strongly influences the fatigue crack growth 
rate (da/dN). Therefore, if a deeper understanding of the 
nature of fatigue is needed, it has to be answered how 
plasticity influences fatigue crack propagation in 
metallic materials. In this paper, the fatigue crack 
phenomena will be discussed from a physical 
perspective. An energy approach is chosen because the 
energy approach shows the universality among various 
materials and the plasticity itself represents a typical type 
of energy dissipation. 

There is literature [1-17] on the topic of the plastic 
energy dissipation during the fatigue crack propagation. 
Most of the papers aim at finding the relation between 
the plastic energy dissipation per cycle (dW/dN) and 
da/dN, and their work could be summarized as:

  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

                            (1)
The dW/da represents the plastic energy dissipated 

per unit fatigue crack extension. There are some 
differences among the studies mentioned above, mainly 
in the definitions and in the method of obtaining those 
values of dW/dN and dW/da. Klingbeil et al. [1-6] relate 

the fatigue crack growth to the static crack propagation 
and claim that dW/da is a material property and its value 
should be equal to the static fracture toughness Gc. Then, 
dW/dN is the total plastic dissipation energy per cycle 
per unit width. Karlsson et al.[7-11] use the finite 
element method to predict da/dN. They believe that the
fatigue crack propagation is the result of the degradation 
in a process zone ahead of the crack tip where the plastic 
deformation occurs. So Karlsson et al.[7-11] link da/dN
with the plastic dissipation in the process zone, which is 
represented by the reverse cyclic plastic zone ahead of 
the crack tip. Karlsson et al. [7-11] believe dW/da should 
be a constant that is not necessarily equal to the value of 
Gc. Ranganathan et al. [12-13] perform an experimental 
investigation on the relation between the total energy 
dissipated per cycle and da/dN. Their experimental 
results show that the total energy dissipated per unit 
fatigue crack extension (dW/da) is not a constant and 
could depend on the different mechanism of crack 
growth. Zheng [14] simulates the fatigue crack 
propagation based on the plastic dissipation value of 
critical distances. Smith [15] assumes that the energy 
dissipation to create a unit of new crack surface could be
considered as a material property and applies this 
assumption to simulate fatigue crack growth with 3D 
finite element model. Besel et al. [16-17] study AA2024-
T3 plastic dissipation with digital image correlation 
(DIC) method and coupled FE simulation. From the 
work mentioned above, although with some slight 
differences, there seems to be a contradiction between 
the work of [1-6,15] and [12-13]: some researchers seem 
to believe that the dW/da value is a material property, 
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but the others disagree with this. Therefore the research 
questions in this paper are as follows:

1. Is the value dW/da (it is defined as the total plastic 
dissipation per unit fatigue crack growth) a material 
property that is approximately constant?

2. Does the same value of dW/dN correspond to the 
same da/dN among various stress ratios?

2. EXPERIMENT METHODOLOGY

2.1 Fatigue experiments description

In order to obtain the plastic energy dissipation during 
fatigue crack growth, Mode I fatigue crack propagation 
experiments of the 2024-T3 aluminium alloy CCT 
specimens were carried out. The geometry of the 
specimen is shown in Fig. 1. The thickness of 2024-T3 
specimens was 4mm. The initial crack was made in 3 
steps: first a small hole was drilled at the centre of the 
plate; then on each side of the hole a small notch was 
created by fret saw; finally the fatigue cracks were 
produced after fatigue precracking. 

Fig. 1. The CCT specimens(The unit is mm) 

Fig. 2. The set-up of the experiments

During the fatigue experiments, there is one single 4 
Mpix camera on one side of the specimens in order to 
measure the fatigue crack length visually after the 
experiment. The other side of the specimens were 
painted with a speckle pattern for the purpose of 
measuring the strain and displacement field with DIC 
method. For the DIC measurement, a pair of 80mm 
lenses cameras were used to observe the deformation of 
the test specimens. The set-up is shown in Fig. 2. 

The fatigue tests were carried out under a 
combination of baseline cycles and slow cycles. The 

frequency of baseline cycles is 10Hz. The slow cycles 
were used to make measurements and take photos, 
because the camera system needed some time to capture 
images. In the fatigue experiments, the slow cycles were 
used after every 2000-3000 baseline cycles. The 
specimens were tested at a load controlled condition with 
MTS 250kN fatigue machine. For the stress ratio of 
R=0.05 the maximum load is 45kN, while for R=0.5 the 
maximum load is 60kN.

2.2 Data acquisition and post-processing

The photos taken by 4 Mpix camera during the fatigue 
experiments were used to measure the crack length at the 
number of cycles the image was captured, which was 
evaluated to obtain da/dN. The photos taken for DIC 
were processed with DIC post-processing software.

The energy dissipation per cycle during the fatigue 
experiments was determined by the integration of the 
hysteresis loop of the load-displacement curve measured 
throughout an entire fatigue load cycle. The load values 
were obtained by the load cell of the fatigue machine, 
while the displacement was measured from DIC results 
at a location defined hereafter. Theoretically the energy 
dissipation could be calculated with:

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= ∫𝐹𝐹𝐹𝐹𝐹𝐹                         (2)
in which F represents the total force on the specimen 

and u represents the displacement values in the direction 
parallel to the load direction in the far field where the 
displacement distribution is nearly uniform.

However, it is not possible to measure the dissipated 
energy with the displacement directly from the far field 
away from the crack area. For the reason that the load-
displacement curves for loading and unloading during 
one fatigue cycle could be approximately coincide, such 
that the hysteresis loop could not be observed. This is 
because the amount of plastic dissipation in one cycle is 
very small if it is compared with the total strain energy 
change in single loading or unloading. Moreover, the 
plastic dissipation only has strong effects on a small 
local area around crack tip, but in the far field the effects 
could be negligible. Therefore, in this study the 
displacement measurements were made around crack tip 
area.

Some “virtual extensometers” were used, which 
could be applied in the DIC post-processing software, in 
the post-processing procedure to obtain local 
displacement values. The “virtual extensometers” were 
located at crack tip area, perpendicular to the crack plane 
and with a length of 1mm. Meanwhile, the central points 
of the “virtual extensometers” should approximately 
coincide with the crack tip point. The displacement 
values used in the load-displacement hystereses are 
defined as the elongation of the “virtual extensometers” 
at the given locations mentioned above on the 
specimens, and as shown in Fig. 3.  

2
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Fig 3. The extensometer at crack tip area to obtain the 
displacement values in hysteresis loops for measuring the 

dissipated energy

However, the energy dissipation measured with the 
displacement values at crack tip area is not the total 
energy dissipation during fatigue crack growth. In this 
case, a correction factor α is induced to obtain the total
energy dissipation value. The correction factor α is 
defined as the ratio of energy dissipation calculated with 
far field displacement, which represents the total energy 
dissipation during one fatigue cycle, to the energy 
dissipation calculated from the displacement 
measurement by extensometers at crack tip area. The 
value of the correction factor α changes with different 
crack lengths and various load cases. The value of the 
correction factor α could be determined by either 
analytical method or numerical method. In this paper, the 
value of α was obtained with finite element method. It is 
assumed that the value of α in the fatigue experiment is 
approximately equal to the value of α obtained in the 
corresponding finite element model.

The finite element analysis (FEA) is performed with 
the commercial finite element software ABAQUS.  In 
this paper, the 2D plane stress model is chosen to 
simulate the fatigue experiments. The FEA mesh of this 
model is shown in Fig. 4. 

The FEA model is chosen to be ¼ model because the 
symmetricity of Mode I CCT specimen. Then the 
symmetric boundary conditions are applied on the 
symmetric edges, except for the crack surface which is 
considered as a free surface. In order to take the crack 
closure effect into account, a discrete rigid line is 
positioned at the position of the crack surface, and the 
vertical hard contact and tangential frictionless contact 
properties are chosen to simulate the possible contact of 
the crack surface caused by crack closure, following the 
same procedures in [9]. The material properties are 
simulated with the nonlinear kinematic hardening model 
in ABAQUS, using the full range stress-strain relation 
for 2024-T3 obtained from [18]. In this paper the 
simulation method follows the similar way as the 
simulation work presented in [1-6,12]. In the FEA 
model,  a stationary crack with no crack propagation is 

used to model the fatigue crack because the crack growth 
in one fatigue cycle is very small, and its influence is 
quite limited and could be neglected.  Two fatigue cycles 
are simulated. The first cycle is used for generating an 
initial residual plastic field as the plastic energy 
dissipation becomes stable afterwards. The second cycle 
is used to obtain both the value of plastic dissipation and 
the value of the correction factor α. Then the value of α
in various load cases was used as a correction factor to 
obtain the total energy dissipation value during the 
fatigue experiment.

Fig. 4. The FEA model of simulation

As is shown in Fig. 4, a very fine mesh was applied 
around the crack tip area where the plastic deformation 
during one cycle is significant. The element size of the 
crack tip area is around one-tenth of the reverse plastic 
zone size during the simulated fatigue cycles. And the
size of the fine mesh part should be large enough to 
make sure that all the elements in the plastic zone fall 
within the fine mesh part. In the field which is far away 
from the crack tip, a coarser mesh is used to reduce 
calculation time. The element type used are 2D four-
nodes bilinear quadrilateral elements with reduced 
integration. The simulation results of the shapes of the 
forward plastic zone and the reverse plastic zone in the 
first fatigue cycle of 2024-T3 specimen at R=0.05 and 
ΔK=15MPa√m are shown in the Fig. 5.

        (a)                                                  (b)
Fig 5. The 2024-T3 specimen at R=0.05. FEA results of (a) the 
shape of the forward plastic zone at the 1st cycle (b) the shape 

of the reverse plastic zone at the 1st cycle.

3. EXPERIMENTAL RESULTS AND 
DISCUSSION

3.1 Experimental results

In this part, the raw experimental results are presented.
The fatigue tests were done with an initial crack 

length 2a≈16mm. The fatigue crack length a at different 
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number of cycles with different stress ratios is shown in 
Fig. 6.

Fig. 6. The crack length versus number of cycles in 
different stress ratios 

The energy dissipation per cycle dW/dN was obtained 
for about every 1/10 of Nf, where Nf is defined as the 
total fatigue life of the specimen. The trend is shown in 
Fig. 7. 

Fig. 7. dW/dN versus number of cycles in different stress 
ratios 

3.2 Discussion based on experimental results

3.2.1 da/dN versus ΔK and dW/dN versus ΔK 

The fatigue crack growth rate are shown against ΔK in  
Fig. 8. This figure shows that the da/dN data could 
approximately fit the Paris relation, although there is 
some error. The Paris relations for the curves are

for R=0.05: 

( )2.7084471.6499 10da K
dN

−= × ∆                (3)

for R=0.5:

( )2.9034671.9704 10da K
dN

−= × ∆                (4)

The energy dissipation per cycle for both R=0.5 and 
R=0.05 is plotted against ΔK in Fig. 9. 

Fig. 8. da/dN versus ΔK for 2024-T3 

Fig. 9. The experimental energy dissipation per cycle 
dW/dN versus ΔK 

From Fig. 9, it could been observed that the dW/dN
versus ΔK curves of both R=0.5 and R=0.05 seems to 
fall into the same scatter band, which agrees with [12]. 
The power law fit for the data in Fig. 9 are 

for R=0.05: 

( )2.9728473.48547 10dW K
dN

−= × ∆                (5)

for R=0.5:

( )3.7448685.30572 10dW K
dN

−= × ∆                (6)

3.2.2 dW/da during fatigue crack propagation 

From Eq.(1) it is known that the value of the dW/da is 
equal to dW/dN divided by da/dN. So in Fig. 10, the 
energy dissipation per cycle dW/dN versus fatigue crack 
growth rate da/dN is plotted. For nearly constant values 
of dW/da, the curves in Fig. 10 should be nearly straight 
lines. Thus the curves could be fitted to a power law 
whose exponent is close to one. The resulting equations 
after curve fitting in Fig. 10 are

for R=0.05:
0.9277

0.1563da dW
dN dN

 =  
 

                   (7)

for R=0.5:
0.7573

0.0773da dW
dN dN

 =  
 

                  (8)
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Fig. 10. 𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 versus dW/dN

However, from Eq.(7) and Eq.(8) it could be 
concluded that both curves in Fig. 10 are not linear,
which means the dW/da does not remain constant for the 
tested stress ratios. Moreover, the curve of R=0.5 is 
clearly nonlinear, while the curve of R=0.05 is much 
closer to a linear trend. Therefore, the trend of how 
dW/da changes differs for different stress ratios. These 
results answer the first research question raised in the 
introduction: dW/da is not a material property that is 
approximately constant. 

Then the second research question needs to be 
answered, because it is important for answering whether 
dW/dN is an effective similitude parameter to evaluate 
the fatigue crack growth regardless of the influence of 
stress ratio.

In order to answer the second question raised in the 
introduction, the dW/dN versus 𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 data in Fig. 10 
for R=0.05 and R=0.5 is compared. It could be observed 
that for the same da/dN value, the dW/dN for R=0.05 is 
larger than dW/dN for R=0.5. Therefore, the dW/da value 
of R=0.05 is larger than the value of R=0.5. This is the 
answer to the second research question: the same value 
of dW/dN does not mean the same da/dN. 

The same result could also be obtained from both 
Fig. 8 and Fig. 9. For the same ΔK value, the dW/dN
values for both stress ratios seems to be nearly the same, 
while the fatigue crack growth rate of R=0.5 is much 
larger than the fatigue crack growth rate of R=0.05. So 
the dW/da value of R=0.5 should be smaller. Meanwhile 
from Fig. 9, it is possible to conclude that the dW/dN 
could be considered as an equivalent similitude to ΔK,
for the dW/dN stays nearly the same at the same ΔK for 
both stress ratios. Obviously, the amount of two tests is 
too small to derive firm conclusions. Hence, more test 
data at more stress ratios is required to confirm this 
hypothesis.

3.2.2 The energy balance equation for the fatigue 
crack growth phenomenon 

From the discussion above, it could be concluded that 
the plastic energy dissipation per unit of fatigue crack 
growth dW/da is not an effective parameter to evaluate 
the fatigue crack growth rate, because the same dW/dN
could lead to different da/dN values. However, is there 
any reason to explain this conclusion? 

Here the phenomena of crack propagation is
considered at a more fundamental level from a physical 
point of view. The analysis here is started from the 
example of the static crack propagation. Irwin and 
Orowan proposed that crack resistance is equal to the 
sum of the surface energy and the plastic strain work 
accompanying crack extension [19].

In a similar way, then the static crack propagation 
could be thought of as energy conservation. The energy 
balance equation of the crack propagation will then be: 

�̇�𝑊 = �̇�𝑈𝑑𝑑 + �̇�𝑈𝑝𝑝𝑝𝑝 + �̇�𝑈𝑒𝑒                       (9)
The physical meaning of the equation in differential 

form is that: the external work done to the solid �̇�𝑊 is 
equal to the sum of the energy cost by the formation of 
the new crack surface �̇�𝑈𝑑𝑑, the plastic energy dissipation 
�̇�𝑈𝑝𝑝𝑝𝑝, and change of the elastic strain energy of the solid 
�̇�𝑈𝑒𝑒. That also agrees with the opinion of Xiao [20]: the 
surface-forming energy release is equal to the power of 
the external force minus the rate of the stored elastic 
strain energy and the rate of dissipation by plastic 
deformation. The three variables in the right side of the 
equation are coupled. But the crack propagation is only 
directly related to �̇�𝑈𝑑𝑑 , although the other two variables 
would change as �̇�𝑈𝑑𝑑 changes, because �̇�𝑈𝑝𝑝𝑝𝑝 and �̇�𝑈𝑒𝑒 are 
only the consequences rather than the reasons or driving 
force of the crack propagation. For metals, the value of 
the �̇�𝑈𝑝𝑝𝑝𝑝 is significantly larger than �̇�𝑈𝑑𝑑 and �̇�𝑈𝑒𝑒. 

Then the Eq.(9) is extended to the fatigue crack 
growth situation. When the equation is integrated over 
one fatigue cycle, it becomes:

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑

+ 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑

+ 𝑑𝑑𝑑𝑑𝑒𝑒
𝑑𝑑𝑑𝑑

        (10)
The physical explanation of the equation above is 

that the external work done (mainly by fatigue loading 
here) during one cycle 𝐹𝐹𝑊𝑊/𝐹𝐹𝑑𝑑 is equal to the sum of the 
energy dissipation for the fatigue crack propagation 
𝐹𝐹𝑈𝑈𝑑𝑑/𝐹𝐹𝑑𝑑 , the plastic dissipation during one cycle 
𝐹𝐹𝑈𝑈𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 , and the change of the elastic strain energy 
after one cycle 𝐹𝐹𝑈𝑈𝑒𝑒/𝐹𝐹𝑑𝑑 . In this concept, the external
work represents a driving force for fatigue crack growth,
while the energy storage and dissipation over the created 
crack surface represents effectively the resistance against 
crack propagation. Both the driving force and resistance 
depend on the applied fatigue load cycle, the geometry 
of the problem, crack length and the material properties. 

Similar to the static situation, the three variables on 
the right hand side of the equation are coupled. The 
fatigue crack propagation is only directly related to 
𝐹𝐹𝑈𝑈𝑑𝑑/𝐹𝐹𝑑𝑑 , while 𝐹𝐹𝑈𝑈𝑒𝑒/𝐹𝐹𝑑𝑑 and 𝐹𝐹𝑈𝑈𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 are only the 
consequences of the fatigue crack propagation. The 
value of the 𝐹𝐹𝑈𝑈𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 is much larger than 𝐹𝐹𝑈𝑈𝑑𝑑/𝐹𝐹𝑑𝑑 and 
𝐹𝐹𝑈𝑈𝑒𝑒/𝐹𝐹𝑑𝑑 for metallic materials. Therefore, in general it 
holds approximately that:

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

≈ 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑

                       (11)
The term 𝐹𝐹𝑈𝑈𝑑𝑑/𝐹𝐹𝑑𝑑 is directly linked to the fatigue 

crack growth, which is related to the fatigue crack 
growth rate and fatigue crack surface characteristics. The 
fatigue crack surface characteristics are influenced by 
the mechanics of fatigue crack propagation and could be 
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represented by the roughness of the crack surface. The 
term 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 should be established based on the entire 
load cycle, including the forward plastic zone 
development during loading and the formation of the
reverse plastic zone during unloading.

Now the answer to the question of the varying value 
of dW/da among different load cases is clear: the correct 
similitude to describe the fatigue crack propagation is 
𝐹𝐹𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 rather than 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 , and the plastic energy
dissipation is only the consequence accompanying the 
fatigue crack growth. The change of the ratio of 𝐹𝐹𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑
to 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 leads to the variance of dW/da.

However, the quantity of the 𝐹𝐹𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 value is too 
small to be measured with fatigue experiments. And it is 
also impractical to obtain the 𝐹𝐹𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 value for its 
extremely small value compared with 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑. So for 
further research and engineering practices, the value of 
𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 seems to be the only choice if there are no 
extraordinary methods to quantify 𝐹𝐹𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 for real tests. 
But extra care has to be taken since 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 is not 
directly related to da/dN, and that dW/da cannot be 
considered as constant or as a material property. 

3.2.3 Limitations of the work in this paper 

First, there are some shortcomings with the experimental 
study in this paper. Only 2 stress ratios were tested and 
only a few dW/dN data points were obtained for each 
stress ratio. While this is enough for the first step of the 
study to observe a trend, it is not sufficient to come to 
firm conclusions. Therefore more stress ratios will be 
tested and more data points will be obtained in future 
work. Besides, the dW/dN is obtained by a combination 
of experimental measurements and FEA calculation, 
such that errors in numerical simulation might affect the 
final results. 

Second, both the cases in fatigue experiments and 
FEA simulations are assumed to be pure Mode I. 
However, in reality it is not strictly true, because the 
fatigue crack direction is not strictly transverse to the 
load direction and crack surfaces are not smooth and 
plain. Therefore, the crack is in mixed Mode I-II-III 
rather than pure Mode I, which would lead to more 
energy dissipation than currently considered.
Meanwhile, the actual crack surface area is much larger 
than assumed by taking the of crack length a multiplied 
by thickness t because of roughness of the crack surface. 
Hence, that will result in larger 𝐹𝐹𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 and 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑
values than assumed in both experimental and numerical 
cases. For the experimental study, the energy dissipation 
measured is not the theoretical energy dissipation of pure 
Mode I,  and in the FEA modelling those effects cannot 
be simulated and would result in some error in the 
simulation.

Moreover, the stress and strain distributions are not 
uniform through the thickness direction of the specimen, 
therefore the energy dissipation properties are not the 
same for the through-the-thickness direction. On the 
mid-plane of the specimen, it is more like plane strain, 
but on the surface of the specimen, it is more like plane 
stress. Nevertheless, in this paper for both experimental 

and numerical study, it is assumed to be nearly uniform 
through thickness direction for the thickness is relatively 
small compared with other geometry parameters: the 
thickness effect is ignored. In fatigue experiments, the 
displacement measured on the surface is chosen to 
represent the whole specimen, and in FEA only the 2D 
model is applied. 

Finally, there must be some error in the FEA 
modelling. Besides neglecting the rough crack surface, 
curved crack path and the differences through thickness 
direction mentioned above, the FEA model still brings in 
some errors. For one thing, in the simulations, a 
stationary crack is used, so it fails to illustrate the 
influence of residual plastic wake behind crack tip and 
the effect of crack propagation on the energy dissipation. 
For another, the material model used and the material 
data from [18] could be a little different from the 
material properties of the specimens used, based on 
material production variability. 

Therefore, there is still a lot of work to be done in the 
future. More experimental data at various stress ratios
should be gathered, and more care could be taken on the 
differences between assumption and reality. Meanwhile, 
a more detailed numerical study which is closer to reality
is also needed in the future work.

4. CONCLUSION 
In this paper, an experimental study on 2024-T3 

fatigue crack growth test is carried out. The plastic 
energy dissipation at two different stress ratios is 
measured. The experiment shows that plastic dissipation 
per unit of fatigue crack growth (dW/da) does not stay 
constant for different load cases. Therefore the value of 
dW/da cannot be regarded as a material property, and 
cannot be used directly to predict da/dN. 

The reason is that the 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝/𝐹𝐹𝑑𝑑 is not an effective 
similitude parameter. It is the crack surface forming 
energy that is directly linked to fatigue crack growth, 
which is also the proper similitude parameter rather than 
plastic dissipation. The plastic dissipation is only the 
consequence which accompanies the fatigue crack 
growth. However, the value of 𝐹𝐹𝐹𝐹𝑑𝑑/𝐹𝐹𝑑𝑑 is too small to 
be measured accurately in experiments. Then, the plastic 
dissipation seems to be the only choice whose value 
could be obtained in reality. But it should be aware that 
plastic dissipation does not directly link to fatigue crack 
growth and some extra efforts are needed to bridge this
gap.

There are still a lot of limitations in this paper, which 
result from the differences between assumption and 
reality. So some future work is still needed to overcome 
the shortcoming of the current work.

Finally, if we consider the contradiction between the 
work of [1-6,15] and [12-13], this paper is on the side of 
[12-13] stating that dW/da is variable. Considering that 
in the work done by Karlsson et al. [7-11] and Zheng[14]
the definitions of dW/dN are slightly different, further 
numerical details need be given in order to make a 
comparison between their work and the work in this 
paper.
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