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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

Dynamic fracture tests have been performed with rubber toughened polymethylmethacrylate (RT-PMMA) samples. For these kinds

of materials the macroscopic crack tip velocity ȧ ≈0.6cr is observed to not change during propagation whatever the available dy-

namic energy release rate. Therefore dynamic fracture energy values GIdc, according to the crack velocity in a classical formalism,

are not unique at the branching velocity (approximately 0.6cr). Otherwise the classical formalism considers the amount of created

surface during propagation as a flat rectangle (the sample thickness multiplied by the crack length). Nevertheless the RT-PMMA

fracture surface roughness are observed to fluctuate as a function of the dynamic energy release rate. The more (respectively less)

the dynamic critical energy release rate the rough (respectively smooth) the fracture surface. The real 3D topography of the created

surface has to be included in the energy balance to quantify an intrinsic material fracture energy. If not, fracture energy can be

significantly underestimated. Using different types of profilometer, the precise amounts of created surfaces for different locations

along the fracture were measured both before and after branching at different scales. Since the fracture surface roughness depends

on the analysis scale some precautions are requested in the fracture surface analysis. A self-affine geometrical model is introduced

using two parameters: the Hurst exponent and the topothesy. The multi-scale description of the fracture surface roughness by a

self-affine model is shown to provide a significantly better approximation of the created surface. A new and original geometrical

method is introduced to estimate self-affine parameters: the 3D surface scaling method. It is based on the estimate of the amount of

created fracture surface using a routine which makes a surface triangulation. Hurst exponents are shown to be unique, χ = 0.6±0.1

for the different fracture zones and measurement scales. It is shown that topothesy ratios indicate a significant difference of fracture

surface roughness amplitude depending on the observation resolution when the detrending technique is not correctly introduced.

Indeed, the lower the topothesy, the smoother the fracture surface.
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aI2M, Université de Bordeaux, Esplanade des Arts et Métiers, F33400 Talence
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dIMMM, Université du Maine, Avenue Olivier Messiaen, F72085 Le Mans

Abstract

Dynamic fracture tests have been performed with rubber toughened polymethylmethacrylate (RT-PMMA) samples. For these kinds
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1. Introduction

The characterization of polymer fracture is a difficult matter since both viscoplasticity and inertial effects influence

the dynamic of fracture (Beguelin et al. (1997, 1998); Ferrer et al. (1998)). Indeed, it has been shown by many

authors since the 1970’s that the fracture energy of amorphous polymers varies considerably with the crack tip velocity

which is in the range of a fraction of Rayleigh waves speed (Fond and Schirrer (1997, 2001a)). Moving cracks have

been analytically studied for many years (Broberg (1960); Yoffe (1951); Freund (1972)). It has been demonstrated,

considering mode I, that the energy release will vanish for crack tip velocities approaching the Rayleigh waves speed.

For a given isotropic material of ρ density, µ shear modulus and ν Poisson’s ratio, the Rayleigh waves speed cr is given

with an accuracy of ±0.6% by cr ±
2

√

µ

ρ
(0.878 + 0.2ν − 0.05(ν + 0.25)3). Otherwise it is admitted that the formalism

of Linear Elastic Fracture Mechanics (L.E.F.M.) can be used because of the confinement of the fracture process zone

(Kalthoff (1985); Sharon and Fineberg (1999); Mauzac and Schirrer (1992)).

Classically, two kinds of fracture behaviour have been observed concerning rapid crack propagation in materials.

On the one hand, there are materials where fracture energy increases with crack tip velocity, typically epoxies, PMMA,

PS experimented in the 1970’s. In this case, fracture velocity changes during crack propagation according to available

energy i. e. the dynamic energy release rate GId . A difference in velocity before and after branching is observed. The

main crack propagates faster than the secondary cracks after branching (Williams (1972); Kobayashi et al. (1980); Doll

(1976)). This kind of fracture behaviour is generally associated to smooth fracture surface with mirror-like appearance

(Fond and Schirrer (2001b)). The amount of created fracture surface during crack propagation is approximated as a flat

rectangle typically the crack length times the sample thickness (T∆a). On the other hand, there are materials where

the fracture energy tends to decrease with crack tip velocity. They are viscoplastic blend materials and polymers

(Fineberg et al. (1991); Rittel and Maigre (1999)) such as rubber toughened polymethylmethacrylate (RT-PMMA) or

many semi-crystallines (Kopp et al. (2014a,b, 2015)). Crack tips for these materials are seen to propagate at the same

macroscopic velocity in mode I solicitation no matter the dynamic energy release rate (Fond and Schirrer (2001a);

Scheibert et al. (2010); Sharon and Fineberg (1999)). Crack tip velocity is also the same along secondary branches.

For these kinds of materials, the amount of created fracture surface evolved with dynamic fracture energy GIdc. The

more (respectively less) the dynamic fracture energy the rough (respectively smooth) the fracture surface (Kopp et

al. (2013, 2014b, 2015)). As the fracture surface roughness is scale dependant some precautions are requested in

the fracture surface analysis. The self-affine geometrical model (Mandelbrot (1982); Bouchaud (1997); Lopez and

Schmittbuhl (1998); Schmittbuhl et al. (1995a); Schmittbulh et al. (1995b)) with two parameters (the Hurst exponent

and the topothesy) has been widely applied to many natural surfaces including fracture surfaces. This approach is

followed in this study to model fracture surface roughness and quantitatively describes its evolution as a function of

the analysis scale.

2. Material and methods

2.1. Samples

The industrial grade RT-PMMA used in this study is a blend made of a PMMA matrix containing about twenty

percent volume fraction of mono-dispersed spherical elastomer particles of about 100 nm diameter. Rapid crack prop-

agation (RCP) is initiated in such a polymer sample, following the geometry known as a Strip Band Specimen (SBS)

geometry (see Fig. 1). The SBS geometry allows a relatively simple mechanical analysis of the structure during a

quasi-static regime of propagation. The fracture test is performed using a displacement-controlled Instron tensile

testing machine to cancel out, as far as possible, the work done by external forces during RCP. The experimental pro-

cedure consists in pre-stressing the sample uniformly placing two samples head to tail render symmetric the loading.

Then, the deformation is maintained during a significant time compared to the loading time allowing the relaxation

of the sample. The crack is then initiated with a low energy external impact of a razor blade n contact with the notch

tip. The entire test is performed at a constant temperature of 23◦C. The macroscopic crack velocity is measured using

a conductive layer which is sprayed on the sample surface or a high speed camera. A fractured RT-PMMA sample is

presented in Fig. 1. Different branching situations are encountered: a macro-branching or a micro-branching. The size

of the secondary crack after branching has been used to calculate the difference between these two types of branching.
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Macro-branching herein denotes secondary crack extension d typically larger than 1 cm and micro-branching for d ≤

1 cm. The branching (micro- and macro-) of the principle crack appears because of inertial effects at an approximate

crack velocity of 0.6cr (Yoffe (1951)). Indeed, inertial effects change the stress field at the crack tip and maximum

tension appear in two symmetrical planes in the process zone.

T
a

1
H

L

uz

x

y

Fig. 1. Sketch of the strip band specimen geometry (SBS) (L = 200 ± 1 mm, H = 60 ± 5 mm, T = 2 ± 0.1 mm) uniformly loaded with imposed

displacements u in mode I (top). Post-mortem notched and fractured RT-PMMA sample (bottom): 1-Zoom on the initiation zone where cavitation

of rubber particles is visible (whitening of the material around the notch at the initiation of the fracture); 2-Fracture propagation direction; 3-Micro-

branching: development of a limited branch (d < 1 cm); 4-Macro-branching: development of a significant branch (d ≥ 1 cm); 5-Fracture kink. For

this sample, no conducting layer has been applied.

2.2. Calculation of the mean dynamic energy release rate < GId >

2.2.1. Quasi-static GI0

To estimate the quasi-static energy release rate which is used for reference, it is considered that an increase in crack

length ∆a corresponds to an elastic unloading of a zone of equivalent length ∆a far ahead of the crack tip. This point

of view - which allows to consider a plane stress state - leads to an easier calculation than considering the energy

released inside the process zone. In a plane stress state (σyy = 0), the quasi-static energy release rate GI0 is defined as:

GI0 =
Hσ2

zz(1 − ν
2)

2E
(1)

where E is the Young modulus of the material corresponding to the unloading rate at the fracture, ν is its Poison

ratio, H
2

is the half-width of the sample and σzz is the released stress at the fracture. The corresponding strain follows:

ǫzz =
1−ν2

E
σzz (Nilsson (1972)).

2.2.2. Dynamic energy release rate GId

If the crack tip position during propagation a(t) and the stress or strain state at initiation are known, the dynamic

energy release rate GId can be calculated between two crack tip positions a and a+∆a by means of a transient dynamic
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finite element procedure, using CAS T3M c� software. GId is computed assuming a classic Griffith energy balance1

(Ivankovic et al. (1994); Ferrer et al. (1998); Kopp et al. (2014a)) accounting for inertial effects such as:

GId =
∆Wext. − ∆Wel. − ∆Wkin. − ∆Wdis.

AO

(2)

whereA0 is the crack area (A0 = T∆a, with T the thickness of the sample), Wel. is the elastic energy, Wkin. is the kinetic

energy, Wext. is the work done by external forces, and Wdis. is the bulk dissipated energy integrated into the entire

structure. As it has been shown that viscoelasticty outside the process zone is negligible during these experiments, it is

assumed that Wdis. ≈ 0 (Fond (2000); Bradley et al. (1997)). A very good agreement with analytical results is obtained

with the numerical model (Nilsson (1972)).

A dynamic correction of 10 % in the case of a plate geometry with low border effects at initiation and complete

fracture is considered. This correction is significantly lower than the common dynamic correction (1 − ȧ
cr

), where ȧ

is the crack tip velocity. Indeed, as explained in (Popelar and Atkinson (1980); Nilsson (1972); Fond (2000)), the

geometry of the SBS is known to show lower dynamic correction coefficients (Freund (1972)) and is known to be the

best geometry to ensure a regime of propagation close to a steady state (Nilsson (1972)).

2.3. Fracture surface roughness analysis

The fracture surface roughness has been probed at two analysis scales. A prototype of an opto-mechanical stylus

profilometer (OMP) developed at EOST was used to characterize the fracture surface at the largest scales. The princi-

ple of the OMP consists in probing a fracture surface with a stylus equipped with a sapphire tip of diameter φ = 10 µm

located at the end of a mechanical arm allowing the sensing of the topographic variations. To access lower scales,

an Interferometric Optical Microscope (IOM) has been used. The principle of the technique (Bruker Contour GT-K1

optical microscope) is based on white light confocal interferometry. The lateral resolution depends on the beam size

used for the measurement. In our experiment, the beam size is 195 nm. Roughness data as (x,y,h) files obtained with

either OMP or IOM techniques are used to rebuild the topography of fracture surfaces.

3. Results

3.1. Crack tip velocity and < GId > estimates

During fracture tests, macroscopic crack velocity is observed to be quasi constant all along the propagation of each

specimen at a given temperature. The difference in the initial stress �σzz� leads to fluctuations in dynamic fracture

energy GIdc according to Eq. 2 as shown in Fig. 2. It is interesting that at a given crack tip velocity ȧ, the dynamic

fracture energy GIdc can vary up to 300 %. It is observed that the highest values of GIdc are associated with the

roughest surfaces (see Fig. 2-left) while, the lowest values of GIdc are associated with the smoothest surfaces (see

Fig. 2-right). �GIdc�min is computed as the mean of the minima of GIdc over crack tip velocity. Error bars associated

with the average values of �GIdc� are estimated as the standard deviation over 8 values for �GIdc�max and 3 values for

�GIdc�min which corresponds respectively to crack propagation configurations Br. and S (see Table 1).

�GIdc�min (kJ/m2) �GIdc�max (kJ/m2) �GIdc�max/�GIdc�min

0.6 ± 0.1 1.70 ± 0.2 3.0 ± 0.2

Table 1. Dynamic fracture energy averaged over time (during a simulated experimentation) for the smallest values: �GIdc�min, the highest values:

�GIdc�max and the magnitude of the fluctuations (ratio of maximum over the minimum).

1 This is equivalent to a contour integral.
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Fig. 2. Center - Dynamic fracture energy GIdc averaged over time during each experiment vs macroscopic crack velocity ȧ for 11 experiments. The

smallest values of GIdc−min correspond to crack arrest zones and the largest values of GIdc−max correspond to branching zones. Fracture roughness

maps of two samples probed by OMP: (left) just before a macro-branching; (right) before a crack arrest along an extended dead branch. Horizontal

and vertical scales are identical. The arrow indicates the crack propagation direction.

Fig. 3. Evolution of the ratio Ar
A0
− 1 with the size of the “hypothetical” profilometer tip δ as a function of the measurement scale (OMP and IOM)

and the regime (A and B).

3.2. Fracture area measurement and the (2+1)D surface scaling method

A specific approach has been introduced to characterize the fracture surface roughness. It aims at estimating the

surface scaling not only from usual extracted 1D profiles but by measuring the scaling of the fracture surface itself.

It reinforces the classical (1+1)D estimation of the Hurst exponent value (Schmittbuhl et al. (1995a); Schmittbulh

et al. (1995b); Kopp et al. (2015)) in using directly the estimation of the surface area of the fracture surfaces.

Indeed, it is based on the estimate of the amount of created fracture surface Ar and its comparison to the projected

area A0 on the mean fracture plane. With the help of h(x, y) data, a routine makes a triangulation of the surface.

In other words, the surface area of the fracture surface is estimated with the sum of each triangular area using

three different altitudes. This method of cumulating “triangular” elementary areas has been shown to give simi-

lar results as a more precise integration of the surface area by using four nodes interpolation for quadrilateral elements.
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Fig. 4. Two sloping triangular surfaces. Left scheme corresponds to sloping surface for which the approximation (

hi
δdx )2 << 1 is available contrary

to the right scheme. These kinds of sloping surfaces (right) could be observed for fracture surfaces probed near nanometric scale. Indeed, the lower

the probe size, the rougher the fracture surface and the more the slope of triangular surface is.

As presented in Table 2, the surface area of the fracture surface depends on the scale measurement. It is observed at

OMP scale that the surface area of the fracture surface just before a macro-branchingAB
r (regime A) is approximately

10 % larger than just before a crack arrestAS
r (regime B). At IOM scale this ratio increases up to 210 %.

Technique d(µm) AB
r /A0 AS

r /A0 AB
r /A

S
r

Opto-mechanical stylus profilometer (OMP) 10 1.11 ± 0.01 1.009 ± 0.002 1.10 ± 0.01

Interferometric Optical Microscope (IOM) 0.195 2.71 1.29 2.10

Table 2. Estimation of the surface area of the fracture surfaces as a function of the resolution technique with d the diameter of the probe. Ratios

AB
r /A0 and AS

r /A0 represent normalized surfaces by the projected surface A0. The ratio AB
r / A

S
r is the relative comparison of surface before

branching (regime A) and before arrest (regime B).

Moreover, the routine allows a numerical smoothing of the fracture surface. One method for this reconstruction

is used: the convolution method. It consists in computing the convolution of the topography with a sphere (radius δ)

that mimics a large probe. The surface area of the fracture surface is then recalculated as a function of δ value. The

evolution of Ar

A0
− 1, where A0 represents the projected surface, with δ is presented in Fig. 3 for fracture surfaces

probed with OMP and IOM before (regime A) and after (regime B) branching.

If it is considered that the triangular area dsi(δdx, δdx, hi) (see Fig. 4) is equal to:

dsi =
1

2

√

(δdx)2(δdx)2 + (δdx)2h2
i
+ (δdx)2h2

i
(3)

and the triangular area ds0(δdx, δdx, 0) = 1
2
(δdx)2. The total areaA represents

∑N
i=1 dsi:

A =

N
∑

i=1

dsi =
1

2
(δdx)2

N
∑

i=1

√

1 + 2(
hi

δdx
)2 (4)

It can be approximated

√

1 + 2(
hi

δdx
)2 ≈ 1+ (

hi

δdx
)2 if (

hi

δdx
)2 << 1. Following this condition, and that the projected area

A0 =
1
2
N(δdx)2, one can obtain:

A

A0

− 1 =
1

N

N
∑

i=1

(
hi

δdx
)2 (5)
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It can be noticed that

√

1
N

∑N
i=1(hi)2 = l

1−χ
r dxδχ (see the Root Mean Square method Kopp et al. (2015); Schmittbulh

et al. (1995b)), therefore:

A

A0

− 1 =
1

(δdx)2
(l

1−χ
r dxδχ)2 = l

2(1−χ)
r dxδ2(χ−1) (6)

It can be deduced that:

log(
A

A0

− 1) = 2(1 − χ)log(lr) + 2(χ − 1)log(δ) (7)

Following this development, Hurst exponent and topothesy values can be deduced from Fig. 3 with a linear regres-

sion y = mx + p. The slope m is directly linked to the Hurst exponent χ with m = 2χ − 2. It is observed, with this

method, that the Hurst exponent value is equal to χ = 0.6 ± 0.1 (see Table 3) whatever the regime (A and B) and the

measurement scale (OMP and IOM) even if a cut-off length seems to appear at large scales for the regime B. This

behaviour seems similar to the one highlighted with the classical Root Mean Square method (Kopp et al. (2015)).

Topothesies ratios lr(A)/lr(B) are respectively equal to 3.9 at OMP scale and 9.2 at IOM scale. Firstly, these results

show that the self-affine model provides a good description of the evolution of the fracture area as a function of the

measurement resolution. Secondly, it confirms a similarity of the Hurst exponent value for the different regimes (A

or B) and the analysis scales, contrary to the topothesy value which is significantly sensitive to the fracture surface

roughness. Thirdly, it is observed in Fig. 3 that the self-affine model with χ=0.6 seems no longer convenient at large

scales for the regime B− IOM. A cut-off length appears at approximately 100 µm. This last observation shows that at

large scales, the surface estimate converges toward a flat mean plane.

OMP IOM Average

χ(A) 0.6 0.7 0.6 ± 0.1

χ(B) 0.5 0.6 0.6 ± 0.1

Table 3. Hurst exponent values of RT-PMMA fracture surfaces probed by OMP and IOM for stationary regimes A and B which were obtained

using the 3D surface scaling method described in section 3.2.

4. Discussion and conclusions

According to a dynamic Linear Elastic Fracture Mechanics (L.E.F.M.) approach, RT-PMMA samples reveal a loss

of unicity of the dynamic fracture energy GIdc at the crack branching velocity (approximately 0.6cr) for classical

GIdc vs. ȧ representation. Indeed, the maximum measured values of the fracture energy are up to 3.0 ± 0.2 times the

minimum measured values. The results suggest that the differences of GIdc can be associated to the roughness of the

fracture surface which introduces a significant difference between the amount of surface created by fractureAr and the

projected area on the mean fracture planeA0. The dynamic fracture energy has until now been estimated as a function

of the amount of projected fracture surfaceA0, typically the mean flat surface. For RT polymers and semicrystallines

(Fond and Schirrer (2001a); Kopp et al. (2013)), the amount of created fracture surface has to be considered in the

estimation of GIdc. The scale dependence analysis of RT-PMMA fracture surfaces has led to show the relevance of

the self-affine geometrical model which provides a quantification of the surface area of the fracture surface. It is

clear that a quantification of “developed rough surface” is of no-sense. Indeed, using continuously decreasing sizes

of microscopic probes, one obtains increasing amounts of surface. Nevertheless, the aim of the proposed tool is to

explore the possibility to give sense to the estimation of ratios of quantity of created surfaces, the total amount of

“seen” surface being describe by a model taking into account the probe size.

A new tool, the 3D surface scaling method, has been developed using Fortran to estimate, first of all, the surface

area of the fracture surface Ar based on a triangulation of the surface. It is noticed for RT-PMMA fractures that

Ar depends on the scale measurement (OMP and IOM) and the regime (A and B). The regime A (respectively

B) corresponds to a stationary regime just before a macro-branching (respectively a crack arrest) associated to the

roughest (respectively smoothest) surfaces. Secondly, self-affine parameters (Hurst exponent and Topothesy) were

estimated. Assuming that (
hi

δdx
)2 << 1, the surface area of the fracture surface can be modelled following the Eq. 3.2.
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In this case, the Hurst exponent value is confirmed as staying approximately constant whatever the measurement

scale and the regime: χ = 0.6 ± 0.1. Topothesy values fluctuate as a function of the measurement scale (OMP and

IOM) and the regime (A and B). Topothesies (or pre-factors) have highlighted a significant difference of RT-PMMA

fracture surface roughness amplitudes, contrary to the Hurst exponent value, as a function of the crack propagation

configuration (crack branching and crack arrest). Indeed, the lower the topothesy, the smoother the fracture surface.

To conclude, the self-affine geometrical model with two parameters (Hurst exponent and topothesy) shows its

effectiveness in this type of study. However, the single Hurst exponent is no longer sufficient, in itself, to describe

all the regimes encountered and, principally, in these kinds of rubber toughened polymer materials. Topothesy values

have been shown to be significantly different from one regime to another. Modelling the morphology of the fracture

surface roughness with a statistical geometrical model is a practical issue to take into account scaling dependence

and to estimate the fracture surface energy. The new guidance in the calculation of the ratio Ar

A0
with the self-affine

model will be useful in the estimation of the fracture energy. At small scales the model provides a strong dependence

contrary to at large scales where it converges to the classically used value Ar

A0
=1.
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