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Abstract

Metallic composites are widely used in the aerospace industry due to the combination of

low density and high resistance that they offer. Potential applications for them are found

in the compressor of jet engines, airframes or spacecraft structures. One of the most

important issues in these structures is the fatigue resistance of their components, since

most of them are subjected to cyclic loads during their lives. Therefore, determining

their durability plays a crucial role in terms of safety, cost and time in their maintenance.

The time consumed in the crack initiation stage is usually considered to be a considerable

amount of the total fatigue life. Hence, the aim of this project is to understand and analyse

the main causes of fatigue crack initiation in metallic composites and estimate the number

of cycles required to grow a crack until intolerable values. Several cases that represent the

most common causes of fatigue crack initiation in these materials are studied to determine

the most critical situation. Three different propagation laws are used to predict the small

crack growth rate. Moreover, influence of the environment in each case is also considered

to determine the most adverse circumstances. Therefore, a crack initiated in the matrix

surface is found to be the most detrimental situation.
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Chapter 1

Introduction

1.1 Scope

During the last years, metallic composites or metal matrix composites (MMCs) have been

widely used in the aerospace industry due to the combination of low density, high resis-

tance and improved elevated temperature properties that they offer. The reduction of

weight without loosing stiffness and strength is one of the most demanded characteris-

tics in materials used for aircraft structures, since a small weight decrease can lead to

a considerably saving of fuel - and therefore money. Potential applications for metallic

composites have been found in the compressor of jet engines, airframes and spacecraft

strucutures - due to the improved thermal properties of these materials [2].

One of the most important issues in aerospace structures is the fatigue of their com-

ponents, since most of them are subjected to cyclic loads during their lifetime. Therefore,

determining the durability of these components plays a crucial role in terms of safety and

saving money and time in their maintenance.

The process of replacing and introducing new materials in the aerospace industry is

very challenging and slow. Moreover, the evaluation of these potential materials through

experimental tests involve a great investment of money. It is because of this that other

alternatives to analyse the materials behaviour, like the finite elements method, are being

1



CHAPTER 1. INTRODUCTION 2

considered to reduce as much as possible the experimental tests necessary to characterise

the material and optimise the time and cost of this process.

1.2 Aim and objectives

The main aim of this project is to study and understand the fatigue crack initiation stage

in metallic composites. To do so, three objectives can be established:

• Analyse the main causes of fatigue crack initiation in these materials.

• Determine which one of these causes is more detrimental for the fatigue life of the

component.

• Estimate the life of the material based on the results obtained and strain-life corre-

lations found in the literature.

1.3 Structure of the thesis

This thesis is mainly divided into three parts. The first part consists of the review and

explanation of the most important concepts (metal matrix composites and fatigue of ma-

terials) that must be understood to fully comprehend this project. The second chapter

describes the problem of study and its modelling in Abaqus and the correlation used to

predict the fatigue life based on the results obtained. Finally, there is the presentation of

the results and their discussion, as well as the final conclusions of the project.



Chapter 2

Literature review

2.1 Introduction

This literature review provides the explanation of the most relevant concepts that must be

known to understand this project and the results. It consists of the description of metallic

composites and the relevant aspects about fatigue life that are addressed in this project.

2.2 Metal matrix composites

Metallic composites are composite materials that consist of a metallic matrix - aluminium,

titanium or magnesium - and a reinforcement. This can be either discontinuous - short

fibres or particulates - or continuous - long fibres embedded into the matrix. Materials

commonly used for discontinuous reinforcement are alumina or silicon carbide (SiC),

whereas carbon or ceramic fibres, such as graphite, silica or silicon carbide are usually

used for continuous reinforcements [3]. The combination of the metallic matrix and the

reinforcement results in a material with high specific strength and stiffness, better wear

resistance, low specific coefficient of thermal expansion and good thermal conductivity

[3]. In general, continuous fibre reinforced MMCs offer the maximum improvement in

mechanical properties, but they are more expensive and difficult to produce, and their

properties are generally more anisotropic [4]. The final choice of the materials for the

3



CHAPTER 2. LITERATURE REVIEW 4

matrix and the fibres and the type of reinforcement depends on the requirements and the

desired properties of each component.

2.3 Fatigue of materials

Fatigue is the weakening or failure of a material due to cyclic loads, which means that

they oscillate between a maximum and a minimum that are usually constant. Different

parameters based on these maximum and minimum values, such as the mean stress (σm),

the stress range (∆σ) or the loading ratio (R) are used to define each sequence of cyclic

loads, and are described as follows:

σm =
σmax +σmin

2
(2.1)

∆σ = σmax−σmin (2.2)

R =
σmin

σmax
(2.3)

These parameters characterise each loading cycle and affect the fatigue life of the

material.

2.3.1 Cyclic plasticity

One property that characterises metallic materials used in these composites is their ductil-

ity. When a material is subjected to greater loads than its yield strength, a non-reversible

deformation appears, called plastic deformation. The relation between the stress (σ) and

strain (ε) once plastic deformation has occurred does not follow Hooke’s law - valid

when the behaviour is purely elastic - and more general stress-strain correlations must be

established.

There exist different models that characterise the relation ε = f (σ) under monotonic
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loads (no cycles), such as the linear, multi-linear or exponential models. However, stress-

strain behaviour is more complicated to model when cyclic loads are applied, thus there

can be what is known as cyclic hardening, which means that the behaviour is different in

every cycle. This effect can be observed in Figure 2.1.

Figure 2.1: Hysteresis loop with cyclic hardening behaviour.

There are two main types of cyclic hardening: kinematic and isotropic (Figure 2.2).

Isotropic hardening happens when the yield surface in 2D expands uniformly in all direc-

tions when stress increases. In kinematic hardening, the size of the yield surface remains

constant but translates in stress space in the direction of yielding [1]. These hardening

rules can appear alone or combined in more complex models.

Figure 2.2: Isotropic and kinematic hardening [1].
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The accumulation of plastic strain in one component can cause bigger deformations

that can lead into failure. Moreover, it can also introduce residual stresses after the un-

loading that can affect the fatigue resistance of the material during the following loading

cycles. Therefore, a good understanding and modelling of the cyclic plastic behaviour of

the material is essential to determine its fatigue life and the number of cycles that it can

withstand until failure.

2.3.2 Crack initiation in MMCs

Fatigue life can be divided into three stages: crack initiation, crack propagation and final

fracture. This project focuses on the crack initiation stage, that can be divided into three

more stages: crack incubation, crack nucleation and small crack propagation [5]. Some

studies proved that the time consumed in the formation of a crack can be up to 70% of

the total fatigue life [5], thus understanding the mechanisms that dominate this stage is

essential to make a good estimation of the fatigue life of the component.

Over the last years, experimental studies have been carried out to characterise the fa-

tigue crack initiation behaviour in metallic composites. These have demonstrated that

fibre breaking, fibre debonding and matrix cracking are the main causes of crack initia-

tion in these materials [6] [7]. Moreover, they have also determined that crack nucleation

is strongly influenced by the local microstructure - localisation of slip systems, specially

if the material is markedly anisotropic - and accumulation of plastic strain [5], since the

critical stress necessary to nucleate a crack decreases as more plastic strain is accumu-

lated [8]. Based on these states it is possible to determine where is more likely to initiate

a crack. However, it is still necessary to establish the small crack growth rate to fully

characterise the first stage of the fatigue life. For engineering applications, several stud-

ies have considered that crack propagation starts with an initial crack length of 3 µm

[9]. They stated that shorter cracks can be considered inclusions, which have a very low

growth rate (less than 10−9 m/cycle) and therefore they cannot be treated as propagating

cracks.
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Crack propagation

Fracture mechanics is the field of mechanics that studies the propagation of cracks. Ac-

cording to it, there are three different ways of applying loads that enable a crack to prop-

agate (Figure 2.3):

• Mode I. Opening mode: a tensile stress is applied normal to the plane of the crack.

It is known to be the most critical crack propagation mode.

• Mode II. In-plane shear mode: a shear stress parallel to the plane of the crack and

normal to the crack front.

• Mode III. Out-of plane shear mode: a shear stress normal along the crack plane and

the crack front.

Figure 2.3: Modes of fracture.
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Through the years, a lot of work has been done to characterise the fatigue crack prop-

agation and give a solution for this problem. Figure 2.4 represents the crack growth rate

per stress cycle as a function of the stress intensity factor (K), which describes the stress

intensity at a crack tip and it depends on the applied loads, the geometry of the component

and the location and size of the crack.

Figure 2.4: Fatigue crack growth rate stages.

It can be seen that the crack growth rate can be separated into three stages depending

on its behaviour. The first stage is known as the small crack propagation stage and it is

sensitive to microstructural effects, such as grain orientations, that can arrest the crack

growth. When the crack length increases - and thus, K - microstructural effects can be

neglected and crack growth rate is governed by a power law (stage II). In this stage some

considerations must be taken into account. If the material of study is ductile - like com-

mon materials used for the matrix of metallic composites - a plastic zone develops ahead

the tip of the crack and can affect the propagation rate. In this case, if the plastic zone

around the crack tip is considerably small
(
< 1

15

)
compared to the crack length it is possi-

ble to ignore this plastic behaviour and establish a relation between the crack growth rate

per cycle
( da

dN

)
and the stress intensity factor [10]. This principle determines the basics

of the linear elastic fracture mechanics (LEFM) models. These are capable to formulate
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correlations dependent on the cyclic loading (history, range and ratio), material properties

and geometric factors that predict the number of cycles that the crack growth will take.

When the stress intensity factor is increased even further and it is near the fracture tough-

ness of the material (KC), final fracture occurs (stage III). Crack growth rate at this stage

is very sensitive to microstructure and load ratio.

The small crack propagation stage of crack initiation phase responds to the first stage

mentioned above. In this stage cracks are too small (less than 500-1000 µm [11]) that

plasticity and microstructural effects cannot be neglected and LEFM cannot be applied

to predict the crack growth rate. Therefore, it is essential to look for other correlation

models adequate to characterise the crack propagation in the first stage of fatigue life.

2.3.3 Influence of the environment in fatigue cracks

It is well known that the operating environment can considerably affect some material

properties and change the expected behaviour. This is the case of fatigue crack growth,

which predictions can change noticeably depending on the operating conditions. This fact

refers not only to the atmospheric conditions - sea level, cruise height or outer space in

aerospace applications - but also the location of the crack. Under standard atmospheric

conditions, external cracks are exposed to corrosive environments and the interaction of

the material with the oxygen produces chemical reactions that can affect the material

properties [12]. On the other hand, internal cracks are surrounded by the material. This

can be considered as a vacuum environment where there is no oxygen to react with the

material atoms. Therefore, there are two environments clearly distinguished depending

on the location of the crack and their effects on its propagation must be taken into account

when predicting fatigue life.

Several studies proved that the effects of the environment are different on each stage

of fatigue life. For example, fatigue crack initiation period can be one order of magnitude

higher in vacuum than in air [13]. Regarding crack growth rates, it was found out that

environmental effects were stronger in the propagation of short cracks rather than in long
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cracks [9] and that these rates in air can be from 10 to 1000 times greater than in vacuum

[14]. This factor depends on the stress intensity range and the material microstructure.

Therefore, a reduction in grain size increases the differences between air and vacuum

environments [14]. The same effect is observed for small stress intensity ranges [13].

Moreover, these results were obtained from experimental tests, thus the conditions of

such tests must also be considered. It was shown that the lower the pressure, the greater

the differences between both environments.

Based on everything explained above, it seems undeniable that the quantification of

the effects of the environment on the material fatigue life is not an easy task. Several

parameters must be considered, so despite that air environment has been proven to be less

favourable for fatigue lives, numerical evaluation of this damage cannot be generalised.

Therefore, a good knowledge of the microstructure and the operating conditions are basic

to determine the influence of the environment on the behaviour of the component.



Chapter 3

Methodology

3.1 Introduction

The methodology describes the work carried out to accomplish the objectives of the

project. The study consists in the modelling and analysis of several cases that simulate

the different situations that can lead to crack initiation in metallic composites. These are

fibre debonding, fibre cracking and matrix cracking due to surface irregularities (Section

2.3.2). The aim is to analyse the behaviour of the component on each case and determine

which of these issues is more detrimental for fatigue life.

This chapter explains the modelling of the problem in Abaqus and the strain-life corre-

lations used to predict the crack growth rate in small cracks based on the results obtained.

3.2 Model in Abaqus

This section reports the different cases of study and the steps followed to model each of

them. The set up used in every step is described and justified, as well as the simplifications

made.

11
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3.2.1 Geometry

The case of study consists in a metallic matrix reinforced with continuous fibres, which

are supposed to be periodically arranged. This allows to simplify the problem and work

with a reduced model of the real case. This will consist of three continuous fibres embed-

ded into the matrix, as shown in Figure 3.1.

Figure 3.1: Cross section of the model in Abaqus.

Dimensions for the model were found in the literature [6]. Separation between fibres

is 80µm and the rest of dimensions are summarised in Table 3.1.

Part Cross section [mm] Length [mm]
Matrix 0.8 x 0.5 2.5
Fibre d = 0.142 2.5

Table 3.1: Dimensions of the model geometry.

It can be seen that the length of the composite is considerably smaller than that ob-

tained from the literature. The reason for this shortening of the model is to reduce the

computational cost, and this decision can be justified by Saint Venant’s principle. As

it will be explained later, the region of interest of study is located in the middle of the

composite and the forces or displacements are applied in the ends of the model. Saint

Venant’s principle establishes that stresses in a region far enough of the point where the
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forces or displacements are being applied is the same if both systems are statically equiv-

alent. Based on this the length of the composite can be reduced until the values shown in

Table 3.1, since it has been proven that this shortening of the model does not affect the

results.

As explained in Section 2.3.2, one of the main origins of crack initiation in metallic

composites is matrix cracking, which in some cases can be due to surface irregularities.

Therefore, the presence of irregularities in the matrix surface is studied in this project

as one of the possible reasons for crack nucleation. To do so, a circular notch is used

to simulate a surface irregularity. This notch is introduced along the X direction in the

middle plane of the composite, as shown in Figure 3.2. One of the objectives of study in

this thesis is to evaluate the importance of these surface irregularities and their influence

on the component behaviour. Therefore, dimensions of the notch are different on each

case.

Figure 3.2: Scheme of the notch in the surface.
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3.2.2 Materials

The choice of the materials used for this problem is based on the literature (Section 2.2).

Material selected for the fibre is silicon carbide (SiC), commonly used for these com-

posites. The behaviour of the fibre is assumed to be purely elastic, which means that

there will not be accumulation of plastic strain in it. On the other hand, aluminium alloy

AA6061 was chosen for the matrix. As it is explained in Section 2.3, plasticity plays

a very important role in the behaviour of metallic materials and especially in the crack

initiation period of MMCs. It is because of this that a elastic-plastic behaviour is required

for the aluminium matrix. Table 3.2 summarises the material and behaviour chosen for

each part, as well as their elastic properties [15] [16].

Part Material Behaviour E [GPa] ν [-]
Matrix AA6061 Elastic-plastic 69.6 0.33
Fibre SiC Elastic 380 0.17

Table 3.2: Material behaviour and properties of each part of the model.

For the cyclic plastic behaviour of the matrix, two different constitutive models are

considered. The first one is a combined isotropic and non linear kinematic hardening,

which parameters can be found in the literature [16] and are summarised in Table 3.3.

σy0 [MPa] Q [MPa] b [-] C [MPa] γ [-]
209.2 38.9 21.1 3529.3 65.16

Table 3.3: Combined hardening parameters.

The second consitutive model [17] bases the relation between the cyclic stresses and

the cyclic strains on a power function, as shown in the following equation:

∆σ

2
= K′

(
∆ε

2

)n′

(3.1)

where K′ is the cyclic strain hardening coefficient and n′ is the cyclic strain hardening

exponent, and their values are summarised in Table 3.4.
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Yield stress [MPa] K′ [MPa] n′ [-]
368 685 0.1

Table 3.4: Cyclic strain hardening parameters.

3.2.3 Loads and boundary conditions

After assigning materials to the fibres and the matrix, the interface between them must be

defined and the boundary conditions of the model have to be applied.

Boundary conditions

Regarding the boundary conditions, the composite is supposed to be subjected to cyclic

tensile loads in the fibre direction with a loading ratio of R =−1. This means an alterna-

tion of tension and compression loads of the same magnitude. Moreover, displacements

are chosen as the type of loads applied. Magnitude of these displacements is 1% of the

total length of the composite, which means a displacement of 0.025 mm. To do so, a 0.5%

of the load is applied on each end so that the total displacement applied on the composite

is the desired 1%. Figures 3.3 and 3.4 show an example of the cyclic loading history and

the direction of the displacements applied on the composite, respectively.

Figure 3.3: Loading cycles applied.
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Figure 3.4: Tension displacement applied.

In order to implement the cyclic loads, several steps are defined. These will charac-

terise every loading cycle that is applied on the composite. Each cycle comprises a tension

and a compression load, as shown in Figure 3.5. Hence, it can be divided into 4 segments,

each one of which is assigned a loading step. The value of the displacement applied on

each step is the final value that must be reached at the end of it, and the transition between

steps is linear. This means that each step takes one increment of time, and it is defined just

by two points: the value of the displacement at the beginning of the step and that value at

the end of it.

Figure 3.5: History of one loading cycle.

The total number of cycles implemented in each case depends on the results. To de-

termine how many cycles are required, the plastic strain range on each cycle is computed.

When variations of this parameter are considerably small, it is said that it has saturated
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and simulations can be stopped, as shown in Figure 3.6.

Figure 3.6: Evolution of the plastic strain range on each cycle.

Matrix/fibre interface

As explained before, several cases are modelled and analysed to determine which case is

more detrimental for the fatigue life of the component. The difference between each case

studied is based on the interaction between the fibres and the matrix (fibre debonding or

fibre cracking) and the presence of a notch in the matrix surface. For those cases in which

there is no fibre debonding, a tie constraint is applied between the matrix and the fibre.

To do so, one surface is defined as the master surface (the contact surface of the matrix

in this case) and the other one is the slave (the fibre contact surface). This means that the

degrees of freedom of the slave surface are eliminated and coupled to the movement of

the master surface. In those cases in which there is supposed to be fibre debonding, no

contact is applied between the debonded surfaces.

Up to this point, it is necessary to define the characteristics of the fibre debonding. It

has been assumed that the most critical region when a fibre is debonded is located in the

transition area between the bonded and debonded surfaces. Hence, half fibre is considered

to be fully debonded along the axis (as shown in Figure 3.7) to study the behaviour of the

composite in this region. Due to symmetry reasons, the debonded fibre is assumed to be

the middle one.
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Figure 3.7: Scheme of the fibre debonded surface.

In order to study the behaviour of the composite when a fibre is broken, the middle

fibre is supposed to be the broken one. To do so, this fibre is divided in two equal parts

and no contact is applied between them. However, this does not affect the matrix/fibre

interface, and the contact between these surfaces is the one that corresponds on each

case. The combination of the several issues explained (fibre cracking, fibre debonding or

surface irregularities) constitutes the different cases of study summarised below.

• Case 1. This case considered to be the ideal case, with no debonded or cracked

fibres and no surface irregularities.

• Case 2. Central fibre debonded.

• Case 3. Surface irregularity. Notch radius r = 0.02 mm.

• Case 4. Central fibre debonded and surface irregularity (notch radius r = 0.02 mm).

• Case 5. Surface irregularity. Notch radius r = 0.0071 mm (10 % of the fibre radius).

• Case 6. Central fibre debonded and surface irregularity (notch radius r = 0.0071

mm).

• Case 7. Central fibre cracked.

3.2.4 Mesh

In order to ease the meshing of the geometry the model was divided in several parts.

Hence, it is possible to assign different element types and sizes to each region, according
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to the expected gradients and the accuracy needed. Like in every finite element study, it

is necessary to guarantee that the final results do not depend on the quality of the mesh.

Therefore, a mesh independence study must be done.

Mesh independence study

A mesh independence study consists in analysing the results obtained with different

meshes. Based on what is explained in Section 2.3.2, the plastic strain has been chosen

as the variable of interest in this problem. Therefore, the model is meshed with different

element types (hexahedral, wedge and tetrahedral) and number of elements and the value

of the plastic strain is analysed. If the results vary considerably between the different

meshes, size of elements must be reduced, specially in the regions where gradients are

maximum (near the notch of the notched cases and in the transition region between the

debonded and bonded fibre surfaces). This process has to be repeated until the results are

the same when refining the mesh. Hence, it can be ensured that results are independent of

the mesh and can be considered reliable. When the results are the same with two different

meshes, the one with the lower computational cost and time is chosen in order to optimise

the resources. Figure 3.8 shows an example of the mesh independence study carried out

in Case 5.

After this study, the final model is meshed with linear wedge elements of 6 nodes (type

C3D6) and quadratic tetrahedral elements of 10 nodes. The regions of interest of study -

such as the notch and the fibre/matrix interfaces - are meshed with smaller elements than

the rest of the regions. Figure 3.9 shows the mesh near the notch.
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Figure 3.8: Mesh independence study in Case 5.

X

Y

Z

Figure 3.9: Mesh near the notch in Case 3.

3.3 Crack propagation rate

This study is focused on analysing the cases in which is more likely that fatigue cracks

initiate and give the approximate number of cycles that the small crack propagation will

take. To do so, several da
dN correlations applicable to the material of study must be found.

The first model studied was developed for aluminium alloy 6061-T6 and it follows the

following equation [17]:

da
dN

=
λπ2Y 2

4

(
n′+1

n′

)(
K′

Rp

)3(
∆εpl

2

)3n′+1

a (3.2)
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where Y is a geometry factor (1.12 for notched specimens, 1 for unnotched ones), K′

and n′ are the hardening parameters, Rp is the yield stress (Table 3.4) and λ is a cyclic

plastic zone correction factor (0.19 [17]).

The second model studied was developed for an aluminium alloy 6082-T6 [18]:

da
dN

= kg0∆ε
d
pa (3.3)

where kg0 = 0.472 and d = 0.65 are constant parameters [18].

A third model was used to study the small crack propagation rate [19]:

da
dN

= ∆γ pρmax (3.4)

where ∆γ p is the plastic shear strain range (∆γ p = 1.5∆ε p) and ρmax is the maximum

plastic zone length. This is related to the crack size (a) and the grain diameter (D):

ρmax =
iD
2
−a (3.5)

where i = 1,3,5... represents the number of half grains that the crack has crossed over.

These equations give the small crack propagation rate and thus, the number of cycles

that takes a crack to grow from one initial length (ai) to a final one (a f ). Therefore,

these initial and final values must be established. To do so, the initial crack length is the

minimum propagating crack length described in the literature (3µm) and the final crack

length is assumed to be 2 mm.

3.3.1 Influence of the environment

As explained in Section 2.3.3, the environment plays a very important role in the propaga-

tion of small cracks. To establish the difference between the crack growth rate in air and

vacuum environments, studies shown in the literature can be used. Since it is not clear
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the exact difference between these operating conditions, the less favourable case can be

considered. Thus, it is assumed that the small crack propagation rate in vacuum is 10

times lower than in air, since it is the situation - according to the literature - in which their

differences are minimum.



Chapter 4

Results

4.1 Introduction

The present chapter consists in the summary of the results of the Abaqus models for all the

cases studied and the prediction of the small crack propagation rate and fatigue life for the

most detrimental ones. To do so, results obtained in the simulations and the correlations

found in the literature are used.

4.2 Abaqus models results

As explained in the previous chapter, several cases were studied to analyse the fatigue

crack initiation problem in metallic composites and determine which one is more detri-

mental. Moreover, two different plastic behaviours were implemented for the metallic

matrix, so results obtained in both of them can be compared. Since the accumulation of

plastic strain has been established as one of the most important parameters in the crack

nucleation period, the value of this variable at the end of the loading cycle in each case is

compared to determine the most damaging situations. The following graph (Figure 4.1)

shows the plastic strain range in the cases described in Section 3.2.3 for both constitutive

models implemented (Section 3.2.2) when a displacement of 1% is applied.
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Figure 4.1: Values of plastic strain range for both hardening behaviours subjected to a
displacement of 1%.

It can be observed that the cases in which the highest values of plastic strain are

accumulated are Case 3, 4 and 7, which correspond to those with the big notch and the

one with the broken fibre. Moreover, it can be noticed that a fibre debonding does not

represent a considerable worsening (Cases 1 and 2), since the increase in plastic strain due

to fibre debonding is insignificant. Based on this, it can be assumed that fibre breaking

and the presence of surface irregularities are the worst circumstances for fatigue life, so

the next studies are focused on these cases (Cases 3 and 7). It can also be appreciated

that the second constitutive model used gives lower values of plastic strain accumulation

than the first one, but it estimates higher values of plastic deformation during the loading

cycles, as shown in Figure 4.2.
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Figure 4.2: Evolution of plastic strain in Case 3 during the loading cycles for both consti-
tutive models.

The following images show the distribution of plastic strain after the loading cycles in

the above-mentioned cases. The maximum plastic strain in the notched sample is located

in the tip of the notch (Figure 4.3), whereas in Case 7 the strain is accumulated in the

matrix near the cracked region of the fibre (Figure 4.4). Therefore, these are the places

where it is more likely that a crack initiates, and several considerations must be taken into

account to make life predictions.

Figure 4.3: Plastic strain distribution in Case 3.
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Figure 4.4: Plastic strain distribution in Case 7.

4.3 Small crack propagation life

Using the equations described in Section 3.3 and the plastic strain values summarised

above it is possible to determine the number of cycles that a crack needs to grow from

3µm to 2 mm (Section 3.3) in the cases studied. Moreover, differences in predictions be-

tween the several da
dN correlations can be analysed, and how can the disparity in the results

obtained with each constitutive model (Figure 4.1) affect these predictions.

The following graph (Figure 4.5) shows the results obtained for the three correlations

(Section 3.3) in Case 3 for both hardening behaviours studied. It is possible to observe

that lower values of plastic strain (Power function) tend to give lower propagation rates. It

can also be noticed that the growth rate predicted by the first law studied predicts is much

higher than the other ones. Therefore, the number of cycles required to grow a crack from

3µm to 2 mm in the first propagation law is around 10 cycles, whereas the second and the

third laws predict that this process would take around 75 cycles. This makes a difference

of about one order of magnitude between both tendencies.
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Figure 4.5: Crack propagation prediction in Case 3 for both hardening behaviours and the
three correlations.

As explained before, the influence of the environment must be considered to make

better predictions of the crack growth rate. According to the results shown in Figure 4.1,

the breaking of a fibre (Case 7) involves larger accumulations of plastic strain. There-

fore, this situation would be the most detrimental for small fatigue cracks propagation if

considering the same environment, as shown in Figure 4.6.

Figure 4.6: Crack propagation prediction for the second correlation in Cases 3 and 7
assuming the same environment.
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However, the crack initiated in Case 7 is located inside the matrix, as seen in Figure

4.4. Therefore, it is possible to consider vacuum conditions in this case, which affects the

crack propagation rate. Assuming that the crack growth rate in vacuum is 10 times lower

than that for air (Section 3.3.1), a new comparison between both cases can be done taken

into account the environment of each one, as depicted in Figure 4.7.

Figure 4.7: Crack propagation prediction for the second correlation in Cases 3 and 7
considering different environments.

It is possible to observe that the propagation rate is much lower in vacuum. Therefore,

despite the accumulation of plastic strain in the matrix is higher when a fibre breaks, the

propagation of a possible crack nucleated in this environment is much slower than that

for a crack initiated in the surface. The number of cycles required to grow an external

crack from 3µm to 2 mm using the second correlation is around 70, whereas this number

increases until 430 when the crack is internal and vacuum environment is considered

(Figure 4.8). For that reason, it seems reasonable to assume that the initiation of cracks in

the matrix surface is the most critical situation for the fatigue life of the component, since

their propagation is much faster. Table 4.1 summarises results obtained with the three

correlations for both constitutive models when considering the environment.
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Figure 4.8: Life prediction based on the second correlation for external and internal cracks
considering the environment.

Correlation First Second Third
Model First Second First Second First Second
Case 3 10 14 68 80 69 89
Case 7 50 88 430 567 342 523

Table 4.1: Number of cycles to grow a crack from 3µm to 2 mm in Cases 3 and 7 for the
propagation laws with both constitutive models.

Finally, a study of the influence of the loading magnitude was carried out in the case

with the notch sample. Following the steps described in the methodology (Section 3.2.3),

displacements of 0.5% and 1.5% were applied and results obtained are shown in Figures

4.9 and 4.10. It can be observed that the plastic strain increases with the displacement

(Figure 4.9). Introducing these values in the equations described in Section 3.3 it is pos-

sible to obtain the crack growth rate and the fatigue life in each case. Hence, the lower

the displacement the lower the propagation rate, and thus, the higher the number of cycles

until failure. According to the results shown in Figure 4.9 it is possible to notice that

the difference decreases when the displacement applied increases, which could mean a

saturation of the plastic strain with the loading amplitude.
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Figure 4.9: Evolution of plastic strain in Case 3 during the loading cycles for the displace-
ments applied.

Figure 4.10: Life prediction for different loadings in Case 3 using the second correlation.
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Discussion

The results presented in the previous chapter follow a clear tendency. They show a max-

imum value in plastic strain for the fibre breaking case, which is located in the matrix

around the cracked region. This result seems reasonable, thus when the fibre is broken it

cannot withstand properly the efforts transferred by the matrix, and then stresses are con-

centrated in the matrix, leading to plastic deformations when their values are higher than

the material yield strength. On the other hand, maximum plastic deformations in Case

3 are located in the tip of the notch. This result also coincides with what was expected,

thus the notch acts as a stress concentrator and amplifies the values of the stresses in that

region. Therefore, results obtained in the Abaqus simulations are reasonable and can be

accepted.

Although the behaviour of the composite follows the expected trend, some assump-

tions and simplifications were made to obtain the final results, so this could lead to errors

that must be considered and evaluated to determine if these can be accepted. The first

thing to look at is the material microstrucutre and its influence in this type of problems. As

explained before, microstructure plays a crucial role in the crack initiation period. Since

the initial crack length is much smaller than the grain diameter (ai = 3µm < d = 180µm),

not only the size of the grain must be considered, but also the orientation of its crystals
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respect the applied loads. Dislocation movement is necessary for plastic deformation to

occur, which is the variable of study in this project, and this depends on the existence of

slip systems. The location and orientation of these slip systems was not taken into ac-

count and hence, further work should be carried out to model the material microstructure

in Abaqus and get a more realistic behaviour of the component. Regarding crack propa-

gation, it happens when a slip system is activated. Activation of the slip systems depends

on their orientation with respect the applied loads, and this can determine the propagation

or not of the crack. Therefore, crystals orientation should also be considered when talking

about microstructurally small crack propagation. However, this was not taken into consid-

eration in this analysis. Nevertheless, and based on the results obtained, the simplification

made to address this problem can be acceptable at this level.

Secondly, it is important to analyse the results obtained with the different plasticity

models. Regarding the accuracy of the constitutive models used, it must be mentioned

that for lower loads than ∆ε = 0.3% there was no plastic strain predicted in the material.

According to the approaches studied, this would mean infinite life, which is questionable.

The reason for this behaviour could be the range of study: these plasticity models were

developed and studied for higher loads, so their validity out of this range is not guaranteed.

Therefore, a constitutive model that covers a wide range of operating conditions should

be used to get more accurate results and establish a more general tendency. On the other

hand, results of the cases 3 and 7 observed in Figure 4.1 are summarised in Table 5.1.

Case ∆εp [-] Combined hardening ∆εp [-] Power function Differences
Case 3 7.53 ·10−2 5.83 ·10−2 −22.6%
Case 7 1.53 ·10−1 9.99 ·10−2 −34.6%

Table 5.1: Numerical results for both constitutive models for Case 3 and 7.

The differences between both constitutive models in the most important cases of study

are considerable. However, the final objective is to analyse the small crack propagation

rate and so, a further study on how can this disparity in the plastic strain values affect
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the number of cycles to grow a crack must be done. These results are presented in Ta-

ble 4.1. To properly evaluate the variability in the results, the concept of one cycle must

be reviewed. In aerospace, one cycle is commonly translated into one flight for some

structures and components. Therefore, a difference of more than 10 cycles - and then,

flights - between two predictions can be meaningful depending on the importance of the

component. On the other hand, if the system or structure of study is subjected to thou-

sands of cycles during its life, a difference of 100 cycles between two predictions can

be considered insignificant. Then, it is not possible to make a clear statement on which

differences are acceptable, since a deep understanding on the component operating mode

is necessary. However, it is possible to assume that the second constitutive model studied

gives lower values of the plastic strain range and therefore, it estimates higher lifetimes.

The disparity in the crack growth rate predictions between the first correlation studied

and the other two are considerable. This can be attributed to several reasons. Firstly, the

first and the second correlations are based on experimental tests, so the conditions of the

tests may vary from one to another and can affect the results. The similarity in the predic-

tions made by the second model and the third one - which is the only one that considers

the microstructure - and the fact that they were made independently one from another

suggest that this trend is more reliable. Therefore, the differences between these two and

the first model could lie in the quality of the experimental work (not enough tests were

performed) or in some mistakes when extrapolating the results to establish a law. Further

work could be carried out to analyse the reasons of these dissimilarities. Although the

trend predicted by the second and the third correlations seems to be more reliable, the

first one may be used if a very conservative model is desired. However, this could lead

to non-optimum designs and heavier structures, which are far from being what aerospace

industry needs.

Finally, it has been proven that when considering the environment the most damaging
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situation for fatigue life is the initiation of cracks in the matrix surface. The assumption

made in the comparison of the crack growth rate in both environments (air and vacuum)

is the most conservative found in the literature - crack propagation in vacuum is 10 times

lower than in air. Therefore, results obtained could be accepted as a general statement.

This seems reasonable, thus external cracks are exposed to a corrosive environment that

can react chemically with the material and modify its mechanical properties, accelerating

the damage. However, further work should be carried out to quantify the exact differences

between both environments and how they affect the crack propagation rate in metallic

composites.
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Conclusions

The present project studies the main causes of fatigue crack initiation in metallic com-

posites and determines which one is the most detrimental: fibre debonding, fibre breaking

or matrix cracking due to surface irregularities. According to the literature, fatigue crack

initiation is driven by the presence of plastic strain. Thus, results show that fibre break-

ing leads to a higher values of plastic deformation range, and therefore, to a situation in

which is more likely to initiate a crack. Nevertheless, the surrounding environment of the

propagating crack has proven to be of significant importance in the growth rate of such

crack. A vacuum environment such as that inside the matrix can slow down the crack

propagation rate and therefore, increase the number of cycles until such crack reaches

intolerable values. Despite the high accumulation of plastic deformation when a fibre is

broken, this case usually generates internal cracks, whose growth rate is slower than that

for an external crack, which is in contact with a corrosive environment. Hence, surface

defects could be considered the most damaging situation for the fatigue crack initiation

stage life. However, further work must be done to give more accurate predictions and

ensure that the design of aerospace components made of metallic composites is optimum.
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