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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract

Measurement of the energy dissipation during fatigue crack growth is used as a technique to gain more insight into the physics
of the crack growth process. It is shown that the amount of energy dissipation required per unit of crack growth is determined by
Gmax, whereas the total amount of energy available for crack growth in a single cycle is determined by
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a Crack length
A Fit parameter in the Jones model
C Curve fit parameter
d Displacement
G Strain energy release rate
Gth Threshold strain energy release rate
K Stress intensity factor
N Cycle number
n Curve fit parameter

n Calibration parameter
P Force
R Load ratio
U Strain energy
w Width
∆G Strain energy release rate range
∆K Stress intensity factor range
γ Mean stress sensitivity
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1. Introduction

Since the pioneering work of Roderick et al. (1974) and Mostovoy and Ripling (1975), there have been many
attempts to model fatigue crack growth (FCG) in composites and adhesive bonds. However these models are invariably
based purely on empirical correlations (Pascoe et al., 2013). This is most likely because most research in this area has
been focused on predicting crack growth, rather than gaining more understanding of the underlying physics.

The basis for most models dealing with FCG in composites and adhesives is the equation proposed in Paris (1964),
but modified to depend on the strain energy release rate (SERR), G, rather than the stress intensity factor (SIF), K, i.e:

da
dN
= C∆Kn or

da
dN
= CGn

max or
da
dN
= C∆Gn (1)

where a is the crack length, N is the cycle number, and C and n are empirically determined curve fit parameters.
In the work of Paris et al. (1961) and Paris (1964) it was already noted that the crack growth rate depended not

only on SIF range ∆K, but also on the ratio of minimum to maximum stress, R. Paris (1964) suggested that this could
be accounted for by varying the coefficient C in equation 1 as a function of R.

Later researchers have suggested different ways of accounting for the R-ratio (or for the mean stress effect, which
is equivalent). Hojo et al. (1987, 1994), Atodaria et al. (1997, 1999a,b), and Khan (2013) all proposed variations of
the Paris equation, but with da/dN as a function of both Gmax and ∆G simultaneously. Allegri et al. (2011) proposed a
power-law dependence of da/dN on Gmax, including R in the exponent. Andersons et al. (2004) and Jones et al. (2012,
2014a,b, 2016) have proposed modifications of the equation suggested by Priddle (1976) and Hartman and Schijve
(1970).

A characteristic of all these models is that they are phenomenological. The form of the equations was not chosen
based on principles of the physical behaviour of the material, but solely based on the shape of the graph of da/dN
vs a chosen similitude parameter. Although this approach can result in good predictions, as long as there is sufficient
experimental data available to calibrate the models, an actual understanding of fatigue crack growth remains lacking.
This means very large tests campaigns are necessary to generate sufficient data, and that it is sometimes unclear what
the limits of validity of the found correlations are.

The research presented in this paper aims to increase the understanding of FCG in adhesive bonds, rather than just
creating yet another prediction model. To that end the strain energy dissipation during FCG in an adhesive joint was
characterised, following the methodology established by Pascoe et al. (2014b, 2015).

2. Test set-up and data processing

FCG tests were performed on double cantilever beam (DCB) specimens, consisting of two aluminium 2024-T3
arms bonded with FM94 epoxy adhesive, cured according to the manufacturer’s instructions. Adhesive tape was
applied between the adhesive and the adherents to act as a crack starter. The nominal specimen width was 25 mm.
For more details on specimen preparation see Pascoe et al. (2015). Actual dimensions for each specimen are available
from the online dataset (Pascoe et al., 2014a).

Tests were performed on an MTS 10 kN fatigue machine under displacement control, at a frequency of 5 Hz. Before
each fatigue test the specimens were loaded quasi-statically until onset of crack growth was determined visually. Table
1 shows the applied load ratios for the experiments discussed here. For convenience of presentation the experiments
have been collected into 4 groups according to applied R-ratio, as is also shown in table 1.

The crack length was measured by means of a camera aimed at the side of the specimen. Photographs were taken
at regular intervals (once every 100 cycles at the start of the test, after approximately 10,000 cycles this was increased
to once every 1,000 cycles) while the specimen was held at the maximum displacement. After completion of the test,
an image recognition algorithm was used to automatically determine the crack length in each picture. A power-law
curve was then fit through the crack length vs cycle number data. The crack growth rate was determined by taking the
derivative of this power-law.
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Table 1. Applied load ratios in terms of Rp = Pmin/Pmax and Rd = dmin/dmax.

Specimen Mean Rd Standard deviation Rd Mean Rp Standard deviation Rp Group

B-001-II 0.10 4.0 · 10−4 0.036 0.0060 R = 0.036
E-002-I 2.3 · 10−4 6.3 · 10−4 -0.022 0.0056 R = 0.036
E-002-II −9.3 · 10−5 4.5 · 10−4 0.014 0.0047 R = 0.036

C-001-I 0.33 0.0010 0.29 0.0047 R = 0.29
D-002 0.29 2.8597 · 10−4 0.29 0.0017 R = 0.29
E-001-I 0.29 0.012 0.24 0.012 R = 0.29
E-001-II 0.29 3.6 · 10−4 0.27 0.0021 R = 0.29

B-002-II 0.74 3.5 · 10−4 0.61 0.015 R = 0.61
C-002-D 0.67 0.0087 0.61 0.010 R = 0.61
E-003-I 0.61 7.6 · 10−4 0.60 0.0029 R = 0.61
E-003-II 0.61 3.94 · 10−4 0.62 0.0027 R = 0.61

B-002-I 0.88 4.6 · 10−4 0.86 0.0015 R = 0.86

The maximum and minimum force and displacement were recorded by the test machine every 100 cycles. From
this the SERR was determined using the compliance calibration method described in ASTM Standard D 5528/ D
5528-01, 2007 (2007).

G =
nPd
2wa

(2)

where P is the force, d is the displacement, w is the specimen width, a is the crack length, and n is a calibration
parameter, which was determined individually for each experiment.

The force and the displacement was also used to calculate the strain energy in the specimen, following the method-
ology of Pascoe et al. (2014b, 2015):

Utot =
1
2

Pmax (dmax − d0) (3)

Ucyc =
1
2

Pmax (dmax − d0) − 1
2

Pmin (dmin − d0) (4)

where Utot is the total strain energy in the system, Ucyc is the cyclic work which is applied during a load cycle, and d0
is the displacement for which the force is 0. A power-law curve was fit through the U vs N data for each experiment.
The derivative of this power law was used to find the energy dissipation per cycle dU/dN. These definitions and the
process used to determine dU/dN are shown in figure 1

3. Results

First the crack growth rate has been plotted against similitude parameters based on linear elastic fracture mechanics
(LEFM), as is the traditional approach. Figure 2 shows the crack growth rate as a function of Gmax and

(
∆
√

G
)2
=(√

Gmax −
√

Gmin

)2
. This second parameter has recently been suggested as the appropriate similitude parameter by

Rans et al. (2011) and Jones et al. (2016) and is equivalent to ∆K.
For both Gmax and

(
∆
√

G
)2

there is a clear R-ratio effect, in accordance with what is usually reported in literature.
That there is an R-ratio effect should not be surprising: for a given Gmax, an increase in R-ratio implies a decrease in
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Fig. 1. Definition of the various terms related to the strain energy and a schematic example of how dU/dN was determined. From the measured
load and displacement, U was determined. A curve fit was then used to find a function relating U to N. dU/dN follows from the derivative of this
function.
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(
∆
√

G
)2

(or ∆G), and thus a decrease in da/dN would also be expected, and is indeed seen here. Likewise, for a given(
∆
√

G
)2

an increase in R-ratio implies an increase in Gmax (or mean load), and therefore the increase in da/dN that is
seen should be expected.

Figure 3 shows the crack growth rate as a function of the energy dissipation per cycle (dU/dN). It is clear that there
is a very strong correlation, and with the exception of one outlier, the curves for the different experiments appear to
collapse onto one line. In fact there is still a small R-ratio effect present, which will be discussed below. First however,
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Fig. 3. da/dN as a function of dUtot/dN.

it should be noted that the correlation between da/dN and dU/dN can be captured by a power-law relationship, i.e.

da
dN
= C
(
−dU

dN

)n
(5)

with an exponent n ≈ 0.86. This implies that the amount of energy dissipation per unit of crack growth is not constant.
At higher crack growth rates the amount of energy dissipated per unit of crack growth is higher. For example, if the
amount of energy dissipation in a cycle is increased by a factor of 2, the amount of crack growth in that cycle will
only increase by a factor of 1.8.

At this point it is convenient to introduce a notation for the energy dissipated per unit of crack growth: G∗, defined
as (Pascoe et al., 2014b, 2015):

G∗ =
− dU

dN

w da
dN

(6)

G∗ is thus a kind of average SERR during a single fatigue cycle. However it should be noted that G∗ is not in general
equal to the mean of the applied G cycle.

The data presented in figure 3 imply that at higher crack growth rates G∗ is also higher. However, G∗ is not only
correlated to the crack growth rate, but also to the applied load. This can be clearly seen in figure 4, which shows the
energy dissipation (dU/dN) as a function of Gmax, and

(
∆
√

G
)2

, for a fixed crack growth rate value of 10−4 mm/cycle.
As the crack growth rate is the same for all these data points, each dU/dN value corresponds directly to a specific G∗

(energy dissipation per unit of crack growth) value.
It is clear that the amount of energy dissipated in order to produce this amount of crack growth was not the same

in each experiment. The maximum amount of energy required to produce 10−4 mm of crack growth is a factor of
2.4 higher than the minimum required amount. Likewise there is a wide range of Gmax values that can all result in a
crack growth rate of 10−4 mm/cycle. There is also a clear linear relationship between Gmax and dU/dN (and therefore
G∗). The higher Gmax (and R), the more energy was dissipated per unit of crack growth. This is implies that at higher
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Fig. 3. da/dN as a function of dUtot/dN.

it should be noted that the correlation between da/dN and dU/dN can be captured by a power-law relationship, i.e.

da
dN
= C
(
−dU

dN

)n
(5)

with an exponent n ≈ 0.86. This implies that the amount of energy dissipation per unit of crack growth is not constant.
At higher crack growth rates the amount of energy dissipated per unit of crack growth is higher. For example, if the
amount of energy dissipation in a cycle is increased by a factor of 2, the amount of crack growth in that cycle will
only increase by a factor of 1.8.

At this point it is convenient to introduce a notation for the energy dissipated per unit of crack growth: G∗, defined
as (Pascoe et al., 2014b, 2015):

G∗ =
− dU

dN

w da
dN

(6)

G∗ is thus a kind of average SERR during a single fatigue cycle. However it should be noted that G∗ is not in general
equal to the mean of the applied G cycle.

The data presented in figure 3 imply that at higher crack growth rates G∗ is also higher. However, G∗ is not only
correlated to the crack growth rate, but also to the applied load. This can be clearly seen in figure 4, which shows the
energy dissipation (dU/dN) as a function of Gmax, and

(
∆
√

G
)2

, for a fixed crack growth rate value of 10−4 mm/cycle.
As the crack growth rate is the same for all these data points, each dU/dN value corresponds directly to a specific G∗

(energy dissipation per unit of crack growth) value.
It is clear that the amount of energy dissipated in order to produce this amount of crack growth was not the same

in each experiment. The maximum amount of energy required to produce 10−4 mm of crack growth is a factor of
2.4 higher than the minimum required amount. Likewise there is a wide range of Gmax values that can all result in a
crack growth rate of 10−4 mm/cycle. There is also a clear linear relationship between Gmax and dU/dN (and therefore
G∗). The higher Gmax (and R), the more energy was dissipated per unit of crack growth. This is implies that at higher
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Fig. 4. Energy dissipation at a crack growth rate of 10−4 mm/cycle as a function of Gmax (left panel) and
(
∆
√

G
)2

(right panel). Note that the graphs

are not independent: a crack growth rate of 10−4 mm/cycle only occurs for specific combinations of Gmax and
(
∆
√

G
)2

, so a higher value of Gmax

in the left panel implies a lower matching value of
(
∆
√

G
)2

in the right panel, and vice versa. Linear fits through the data points are also shown.
The data for experiment B-002-II was excluded from these fits as an outlier. As all data points in this figure correspond to the same da/dN value,
an approximation of G∗ is also shown, obtained by dividing the axis values by 25 · 10−4.

Gmax values, a greater fraction of the energy dissipation is caused by mechanisms that do not directly contribute to the
crack growth. In other words, at higher Gmax values, the resistance to crack growth is greater; more energy needs to
be dissipated for the same amount of crack growth.

For the experiments shown in figure 4 the resistance is different for each experiment, yet the crack growth rate is
the same. Therefore there must be a second parameter that controls the crack growth rate. Rewriting equation 6 one
obtains:

da
dN
= − 1

wG∗
dU
dN

(7)

Therefore if G∗ is fixed, the crack growth rate must be controlled by dU/dN. The measured dU/dN is the energy
dissipation. However, by the first law of thermodynamics this must also equal the total amount of energy available for
crack growth. Thus the amount of crack growth in a cycle is equal to the available energy divided by the amount of
energy required per unit of crack growth, which makes sense.

Figure 5 shows dU/dN as a function of
(
∆
√

G
)2

and Ucyc for a given G∗ value. There is a clear correlation betweeen

dU/dN and both
(
∆
√

G
)2

, and Ucyc. Thus if G∗ is given, dU/dN is determined by
(
∆
√

G
)2

or Ucyc. It should be noted
that the relationships are non-linear. E.g. increasing Ucyc by a factor of 2 will increase the energy dissipation by a

factor of 12. This implies that for higher Ucyc and
(
∆
√

G
)2

values, not only is more energy being put into the system,
on top of that a larger fraction of that energy is available for crack growth. I.e. both the absolute value of dU/dN, and
the ratio of dU/dN to Ucyc will increase.

4. Discussion

Putting the above together, the following model of fatigue crack growth can be formulated: The amount of crack
growth in a cycle is determined by the total energy dissipation, dU/dN, divided by the energy dissipation per unit of
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Fig. 5. dU/dN as a function of
(
∆
√

G
)2

(left panel) and Ucyc(right panel) for a fixed value of G∗ = 0.7 mJ/mm2. Power-law curve fits are also
shown. To produce these fits, B-002-II was excluded as an outlier. Note that since G∗ is fixed, each value of dU/dN corresponds directly to a single
da/dN value.

crack growth, G∗. Thus dU/dN is a measure of the total energy available for crack growth, and G∗ is a measure of the
resistance to crack growth. If dU/dN is increased (and all other parameters are kept the same) the crack growth rate
will increase, whereas if G∗ is increased, the crack growth rate will decrease.

It is clear that both dU/dN and G∗ depend on the applied load. In particular G∗ is correlated to Gmax, and dU/dN

is correlated to
(
∆
√

G
)2

. Why these relationships exist is not entirely clear, but some preliminary hypotheses can be
sketched. In the vicinity of the crack tip there will be plastic deformation. This dissipates energy without contributing
to crack growth. Therefore more plastic deformation means more energy dissipation per unit of crack growth. The
amount of plastic deformation depends on Gmax. Thus if Gmax is higher, there will be more plastic deformation, and
therefore more energy dissipation per unit of crack growth, i.e. G∗ will be higher.

On the other hand, Ucyc and
(
∆
√

G
)2

represent the work performed on a specimen by the loading device during
a fatigue cycle. That an increase in work done on the specimen also leads to an increase in the amount of energy
available for crack growth is logical. Why the relationship is non-linear will have to be studied further.

5. Conclusion

In order to gain more insight into the physical processes underlying fatigue crack growth, the energy dissipation
during fatigue crack growth was measured in an adhesive bond. It was shown that the crack growth rate is strongly
correlated to the energy dissipation per cycle. It was also shown that the amount of energy dissipation per unit of crack
growth, G∗, is strongly correlated to Gmax. G∗ can be interpreted as the resistance to fatigue crack growth.

The crack growth rate depends not only on the resistance to crack growth, but also on the amount of energy available
for crack growth, which was shown to correlate to the applied cyclic work Ucyc and the cyclic SERR parameter(
∆
√

G
)2

.

These results show that models of FCG should take both Gmax and
(
∆
√

G
)2

in to account, and that using only one
of these parameters is insufficient. Some hints as to the physical meaning of these parameters were uncovered. The
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shown. To produce these fits, B-002-II was excluded as an outlier. Note that since G∗ is fixed, each value of dU/dN corresponds directly to a single
da/dN value.

crack growth, G∗. Thus dU/dN is a measure of the total energy available for crack growth, and G∗ is a measure of the
resistance to crack growth. If dU/dN is increased (and all other parameters are kept the same) the crack growth rate
will increase, whereas if G∗ is increased, the crack growth rate will decrease.

It is clear that both dU/dN and G∗ depend on the applied load. In particular G∗ is correlated to Gmax, and dU/dN

is correlated to
(
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G
)2

. Why these relationships exist is not entirely clear, but some preliminary hypotheses can be
sketched. In the vicinity of the crack tip there will be plastic deformation. This dissipates energy without contributing
to crack growth. Therefore more plastic deformation means more energy dissipation per unit of crack growth. The
amount of plastic deformation depends on Gmax. Thus if Gmax is higher, there will be more plastic deformation, and
therefore more energy dissipation per unit of crack growth, i.e. G∗ will be higher.

On the other hand, Ucyc and
(
∆
√

G
)2

represent the work performed on a specimen by the loading device during
a fatigue cycle. That an increase in work done on the specimen also leads to an increase in the amount of energy
available for crack growth is logical. Why the relationship is non-linear will have to be studied further.

5. Conclusion

In order to gain more insight into the physical processes underlying fatigue crack growth, the energy dissipation
during fatigue crack growth was measured in an adhesive bond. It was shown that the crack growth rate is strongly
correlated to the energy dissipation per cycle. It was also shown that the amount of energy dissipation per unit of crack
growth, G∗, is strongly correlated to Gmax. G∗ can be interpreted as the resistance to fatigue crack growth.

The crack growth rate depends not only on the resistance to crack growth, but also on the amount of energy available
for crack growth, which was shown to correlate to the applied cyclic work Ucyc and the cyclic SERR parameter(
∆
√

G
)2

.

These results show that models of FCG should take both Gmax and
(
∆
√

G
)2

in to account, and that using only one
of these parameters is insufficient. Some hints as to the physical meaning of these parameters were uncovered. The
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next step for future research is to explain how the applied load influences the available energy for crack growth, and
the fatigue crack growth resistance.
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