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Abstract

Qian Zhang

ANEW MODEL FOR PREDICTING LOW CYCLE FATIGUE BEHAVIOR OF 

DISCONTINUOUSLY REINFORCED METAL MATRIX COMPOSITES

MASc, Mechanical Engineering.

Ryerson, Toronto, 2004.

An analytical model for predicting the crack initiation life of low cycle fatigue (LCF) of 

discontinuously reinforced metal matrix composites (DR-MMCs) has been proposed. The 

effects of the volume fraction Vf, cyclic strain hardening exponent n' and cyclic strength 

coefficient K' on the LCF crack initiation life of DR-MMCs were analyzed. While both the 

lower level of the plastic strain amplitude and the lower Vf were found to increase the LCF 

crack initiation resistance, the effects of n’ and K' were more complicated. By considering 

the enhanced dislocation density in the matrix and the load bearing effect of particles, a 

quantitative relationship between the LCF life of DR-MMCs and particle size was also 

derived. This model showed that a decreasing particle size results in a longer LCF life. The 

theoretical predictions based on the proposed models were found to be in good agreement 

with the experimental data reported in the literature.

IV



ACKNOWLEDGEMENTS

I wish to acknowledge and thank my supervisor, Professor Daolun Chen, for his strong 

support and insightful guidance. During my whole study period, I benefited much from 

Professor Chen’s invaluable instructions in both methodology and problem-solving-skills. 

One thing, which impressed me much in my research and will influence the rest of my life, 

is his attitude to science and work: “Always do our best, nothing is impossible”. Also, I 

appreciated his thorough reading of this thesis and valuable help in the arrangement of my 

oral defense.

I would like to thank the financial support provided by the Natural Sciences and Engineering 

Research Council of Canada (NSERC), and the scholarship provided by the School of 

Graduate Studies, Ryerson University.

I would also like to take this opportunity to thank my family members and parents for their 

strong support in my study.

V



TABLE OF CONTENTS
Author's Declaration -----------------------------------------------------------------------------------il

Borrower’s Page --------------------------------------------------------------------------------------- iii

Abstract ------------------------------------------------------------------------------------------------- iv

Acknowledgements ------------------------------------------------------------------------------------v

Table of Contents --------------------------------------------------------------------------------------vi

List of Tables ------------------  ix

List of Figures------------------------------------------------------------------------------------------- x

Nomenclature ----------------------------------------------------------------------------------------xv

Chapter 1 Introduction------------- 1

Chapter 2 Fundamentals of DR-MMCs and Fatigue------------------------------------------ 4

2.1 Advantages of DR-MMCs, Their Applications and Fabrication Processes--------- 4

2.1.1 Why DR-MMCs? ------------  4

2.1.2 Application Cases — ----------------------------  8

2.1.3 Fabrication Processes --------------------  12

2.2 Microstructural Changes Induced by Reinforcements ------------------------------ 14

2.2.1 Load Bearing Effect ----------  14

2.2.2 Enhanced Dislocation Density ---------  15

2.2.3 Grain Structure and Texture ------------------------------------------------------ 16

2.3 Effects of Microstructural Variables on Fatigue behavior --------------------------- 16

2.3.1 Reinforcement Shape --------------------------------------------------------------17

2.3.2 Reinforcement Size ----------------------------------------------------------------17

2.3.3 Volume Fraction of Reinforcement ---------------------------------------------- 18

2.3.4 Interface strength -------------------------------------------------------------------18

2.3.5 Reinforcement distribution ------------------------------------------------------- 19

2.4 Basic Fatigue Theories ----------------------------------------------------------------- 20

VI



2.4.1 Fatigue Process ---------------------------------------------------------------   20

2.4.2 High Cycle Fatigue and Low Cycle Fatigue ---------------------------------- 22

2.4.3 Fatigue Analysis Methods -------------------------------------------------------- 23

2.4.3.1 Fracture Mechanics Approach for Fatigue Cracks ------------------24

2.4.3.2 Fatigue Crack Growth Rate -------------------------------------------- 29

2.4.3.3 Fatigue Life Curves ----------------------------------------------------- 30

2.5 Fatigue of DR-MMCs -------- 31

2.5.1 HCF and LCF in DR-MMCs --------------------------------------------------- 32

2.5.2 Crack Initiation Site ------------------------------------------------------------ 33

2.5.3 Crack Propagation Characteristics of DR-MMCs ---------------------------- 34

Chapter 3 Crack Initiation Model in DR-MMCs ----------------------------------------- 35

3.1 Ding et al’s. Model for Fatigue Life Prediction in DR-MMCs --------------------36

3.2 Gibbs Free Energy Law and Crack Initiation ------------------------------------ 40

3.3 A New Life Prediction Model for DR-MMCs --------------------------------- 42

3.4 Effect of the Plastic Strain Level and Volume Fraction ------------------------45

3.5 Effect of K' and n' ----------------------- 48

3.6 Verification of the New Model ----------- ------------------------------------------- 51

Chapter 4 Effect of the Particle Size on the Fatigue Behavior of DR-MMCs ------58

4.1 Background --------------------------------------------------------------------------- 58

4.2 Size Effect in Life Prediction Model -------------------------------------------------59

4.3 Verification of the Size Effect Model ----------------------------------------------  62

4.4 An Alternative Method of Modeling the Particle Size Effect --------------------65

Chapter 5 Discussion --------  68

5.1 Unified Effects of Ec, Vf, n' mà K' on the Fatigue Crack Initiation ------------- 6 8

52 f t  - An Indicator of the Energy Stored from Cycle to Cycle ----------------------70

5.3 On the Crack Initiation Process ------------------------------------------------------ 71

5.4 Effect of the Particle Size on the Fatigue Life ---------------------------------------- 73

5.5 Effect of Volume Fraction on the Fatigue Life --------------------------------------- 76

V ll



Chapter 6 Conclusions and Future Work ---------------------------------------------------- 78

6.1 Conclusions -------------------------------------------------------------------------------78

6.2 Recommendations for Future Work -------------------------------------------------- 79

References -------------------------------------------   80

CV ----------------------------------------------------------------------------------------------------- 85

v m



LIST OF TABLES

Table 2.1 Modulus, YS and UTS of unreinforced 6061 A1 alloy and the

two composites A and B for different ageing times at 175°C--------------------- 5

Table 3.1 Material parameters used in the calculation of unified effects of Ec,

Vf, n’,K ' and f t  on the fatigue crack initiation illustrated in

Figs 3.6 and 3.8 (based on [2,43 and 44])-----------------------------------------49

Table 3.2 Parameters used in the calculations in Figs 3.9 -  3.18----------------------------53

Table 5.1 Effect of volume fraction on the LCF life based on the present

model with consideration of relevant changes of E, K \ n '-----------------------77

IX



LIST OF FIGURES

Figure 1.1 Types of MMCs--------------------------------------------------------------------------1

Figure 2.1 Predicted dependence of the coefficient of thermal expansion on

reinforcement content for Al-SiCp composites, showing how the

value can be matched to those of a wide range of materials -------------------- 7

Figure 2.2 Photograph of a diesel engine piston showing the region of short

fibre reinforcement (dark) area in the land (support region) of

the groove for the piston ring --------------------------------------------------8

Figure 2.3 Photograph of a Duralcan 6061 Al-/20% AliOgp drive shaft----------------------9

Figure 2.4 Photograph of an instrument rack (~2 m in length) fabricated

from 6061 Al-/25% SiCp for use in Lockheed production

Aircraft---------------------  9

Figure 2.5 Photograph of a rotor brake disc, made from Duralcan cast

Al-10wt%/Si/20vol% SiCp------------------------------------------------------------10

Figure 2.6 Photograph of the ‘Stumpjumper M2’ bicycle in action. The

Frame is made of Duralcan 6061 A1 -  10vol% AI2O3P----------------------------11

Figure 2.7 Photograph of a hot-forged connecting rod made up of a

2080 A1 alloy/15% SiC particulate---------------------------------------------------11

Figure 2.8 Stages of fatigue process----------  21

Figure 2.9 Schematic drawing of fatigue life curve S versus N f-----------------------------23

Figure 2.10 Griffith’s problem of plane crack under uniform tension------------------------ 25

Figure 2.11 Plastic tip zones: a) plane strain state; b) plane stress state----------------------27

Figure 2.12 Model of thin plastic zone------------------------------------------------------------28

Figure 2.13 Fatigue Crack Growth Rate Diagram----------------------------------------------- 30

Figure 2.14 Schematic drawing of strain-life curve -  Asp/2 versus Nj------------------------ 31

Figure 2.15 Fatigue crack growth behavior in metallic alloys and DR-MMCs ----------34

Figure 3.1 Schematic diagram showing the cyclic plastic zone and



the fatigue damage zone (FDZ) in a LCF crack tip region-----------------------38

Figure 3.2 Schematic diagram showing the shape of hysteresis loop------------------------ 41

Figure 3.3 Effect of the volume fraction (V/) on the number of cycles for

the fatigue crack initiation (Ni) in the AI2O3 particulate- 

reinforced, AA6061 aluminum alloy based MMCs tested at

25°C (where £c, n', K' and f t  are kept constant)----------------------------------- 47

Figure 3.4 Effect of the volume fraction {Vj) on the number of cycles for

the fatigue crack initiation (TV,) in the AI2O3 particulate-

reinforced, AA6061 aluminum alloy based MMCs tested at 

25 °C, with consideration of the variation of n', K' and f t

with the volume fraction —-------- 4 7

Figure 3.5 Effect of the cyclic strain hardening exponent («') on the

fatigue crack initiation life (Ni) in the AI2O3 particulate-

reinforced, AA6061 aluminum alloy based MMCs tested at

25 °C, without consideration of the variation of Ec, Vf, K' and f t ---------------49

Figure 3.6 Effect of the cyclic strain hardening exponent in') on the

fatigue crack initiation life (TV,) in the AI2O3 particulate-

reinforced, AA6061 aluminum alloy based MMCs tested at

25°C, with consideration of the variation of Ec, Vf,K'  and f t------------------ 50

Figure 3.7 Effect of the cyclic strength coefficient {K') on the fatigue

crack initiation life (TV,) in the AI2O3 particulate-reinforced,

AA6061 aluminum alloy based MMCs tested at 25°C,

without consideration of the variation of Ec, Vf, n' and f t ----------------------- 50

Figure 3.8 Effect of the cyclic strength coefficient {K') on the fatigue

crack initiation life (TV,) in the AI2O3 particulate-reinforced,

AA6061 aluminum alloy based MMCs tested at

25°C, with consideration of the variation of n’------------------------------------ 51

Figure 3.9 A comparison of the total fatigue life model with the crack

propagation model [2 ] and with the experimental data [2 ] for 

the AI2O3 particulate-reinforced AA6061 composite

material ()^=15%) tested at 25°C--------------------------------------------------- 53

XI



Figure 3.10 A comparison of the total fatigue life model with the crack 

propagation model [2 ] and with the experimental data [1 ] for 

the AI2O3 particulate-reinforced AA6061 composite

material (1^=15%) tested at 150°C------------------------------------------------  54

Figure 3.11 A comparison of the total fatigue life model with the crack 

propagation model [2 ] and with the experimental data [2 ] for 

the AI2O3 particulate-reinforced AA6061 composite

material (P/=15%) tested at -30°C------------------------------------------------- 54

Figure 3.12 A comparison of the total fatigue life model with the crack 

propagation model [2] and with the experimental data [50] for 

the AI2O3 particulate-reinforced 6061 composite

material (D20) (f/=20%) tested at RT--------------------------------------------  55

Figure 3.13 A comparison of the total fatigue life model with the crack 

propagation model [2] and with the experimental data [50] for 

the AI2O3 particulate-reinforced 6061 composite

material (C85) (1^=20%) tested at RT--------------------------------------------  55

Figure 3.14 A comparison of the total fatigue life model with the crack 

propagation model [2] and with the experimental data [40] for 

the AI2O3 particulate-reinforced 2014 composite

material (1^=10%) tested at 100°C------------------------------------------------- 56

Figure 3.15 A comparison of the total fatigue life model with the crack 

propagation model [2] and with the experimental data [40] for 

the AI2O3 particulate-reinforced 2014 composite

material (Vf-1 5%) tested at 100°C------------------------------------------------- 56

Figure 3.16 A comparison of the total fatigue life model with the crack 

propagation model [2 ] and with the experimental data [41] for 

the SiC particulate-reinforced X2080 composite

material (Vf=20%) tested at R T -----------------------------------------------------57

XU



Figure 3.17 A comparison of the total fatigue life model with the crack 

propagation model [2 ] and with the experimental data [41] for 

the SiC particulate-reinforced X2080 composite

material (f/=15%) tested at RT----------------------------------------------------  57

Figure 4.1 Effect of reinforcement particle size on the low cycle fatigue

life in an AI2O3 particulate-reinforced aluminum alloy based

MMCs tested at 25°C-..............- ------------   62

Figure 4.2 Effect of volume fraction on the fatigue life in an AI2O3

particulate-reinforced AA6061 aluminum alloy

MMCs tested at 25°C-.......... ---------- 63

Figure 4.3 A comparison of the present model with Ding et al. ’s model

[2] and with the experimental data [6 ] in an AI2O3 particulate- 

reinforced AA6061 composite material

(Vf=15%, cf^lSpm) Tested at 25°C------------------------------------------------- 63

Figure 4.4 A comparison of the present model with Ding et al.’s model

[6 ] and with the experimental data [2] in an AI2O3 

particulate-reinforced AA6061 composite

Material (1/=15%, J=15pm) Tested at -30°C------------------------------------- 64

Figure 4.5 A comparison of the present model with Ding et al.’s

model [2] and with the experimental data [2] in an AI2O3 

particulate-reinforced AA6061 composite

material (V/=20%, <7= 12.8 pm) tested at 25°C------------------------------------ 64

Figure 4.6 A comparison of the present model with Ding et al.’s

model [2] and with the experimental data [2] in an AI2O3 

particulate-reinforced AA6061 composite

material (Vf=20%, t/=12.8pm) tested at -100°C-------------------------------- 65

Figure 4.7 Fatigue life as a function of particle size in an AI2O3

particulate reinforced AA6061 aluminum alloy based 

MMCs tested at 25 °C----------------------------------------------------------------- 67

xm



Figure 5.1 Effect of the volume fraction on the indicator of the 

energy (the value of ft) in the AI2O3 particulate- 

reinforced, AA6061 based MMCs (where Ec, n' and

K' are kept constant)-------------------------------------------------------------------72

Figure 5.2 Effect of the volume fraction on the indicator of the 

energy (the value of ft) in the AI2O3 particulate- 

reinforced, AA6061 based MMCs at different 

temperatures, with consideration of the variation of

Ec, n' and K ’ values with the volume fraction------------------------------------- 72

XIV



NOMENCLATURE
Acronym Definition

CR-MMCs continuously reinforced metal matrix composites

CTOD crack tip opening displacement

DR-MMCs discontinuously reinforced metal matrix composites

EDD enhanced dislocation density

FDZ fatigue damaged zone

HCF high cycle fatigue

LCF low cycle fatigue

MMC metal matrix composites

MSL modified shear lag

OA over-aging

PA peak-aging

PSA plastic strain amplitude

PSB persistent slip band

SEM scanning electron microscope

ST cold water quenched to 0°C

UA under-aging

UTS ultimate tensile strength

YS yield strength

ACTE difference in the coefficient of the thermal expansion

Symbol

A

C

Q

Dc

D fdz

E

Ec

Definition

area of the just nucleated crack 

a constant

a constraint parameter 

characteristic size of the plastic zone 

size of fatigue damaged zone 

Young's modulus

Young's modulus of the DR-MMCs

XV



Em Young's modulus of the matrix

Ep Young's modulus of the reinforcement short fibers (particles)

G Gibbs free energy

Gi energy release rate

Gic critical energy release rate

Gm shear modulus of the matrix

H  enthalpy

K' cyclic strength coefficient

Ki Mode 1 stress intensity factor

Kic plane strain fracture toughness

Ni crack initiation life, or number of cycles required to create a fatigue crack

Np crack propagation life

N t, Nf total LCF life

S entropy

T temperature

Vf volume fraction of the reinforcement particles

Vm volume fraction of the matrix

Wad adhesion work

We elastic energy

a crack length

a* radius of newly created penny-like crack

ttf critical crack size

a,' initial crack size

b Burgers vector of dislocation

d particle size

da crack length increment

/  defect-energy-absorbing efficiency factor

fd improvement factor associated with the dislocation strengthening of the matrix

f  improvement factor associated with the load bearing effect of the reinforcement

f t  indicator of the energy that is stored from cycle to cycle

XVI



m a constant

cyclic strain hardening exponent 

s length-to-diameter aspect ratio of the reinforcing particles
t total thickness of crack regions

AJ J  integral range

AK stress intensity factor range

AKth fatigue threshold

AKth,eff effective fatigue threshold

AT difference in temperature

Aa difference in the coefficient of the thermal expansion

Act stress range in the cycle

A(r^2 effective stress of DR-MMCs

Agp plastic strain range in the cycle

Agp/2 plastic strain amplitude

n  potential energy of the system

0  a constant

7  surface energy density

jsm surface energy density of the matrix

ysp surface energy density of the reinforcement particles

Ô crack tip opening displacement (also CTOD)

ôc critical crack tip opening displacement

s'j- fatigue ductility coefficient

Srp average real plastic strain in matrix

r] specific fracture work related to the unit area of the newly created crack

À cyclic plastic zone correction

V Poisson's ratio

Vc Poisson's ratio of DR-MMCs

Vm Poisson's ratio of the matrix

Vp Poisson's ratio of the reinforcement particles

XVll



p  enhanced dislocation density

G, A(t/2 peak stress or stress amplitude within a cycle

oo yield strength of material

Oc critical stress value for crack propagation

Gy_ yield strength of the material

Gy_c yield strength of the DR-MMCs

Gy_m yield strength of the matrix

(7oo uniformly remotely applied stress

Ç energy of the accumulated dislocations that are lost per unit area of the

nucleated crack surface

xvm



CHAPTER ONE 

Introduction

Metal Matrix Composites (MMCs), which are composed of contiguous metallic matrixes 

and ceramic reinforcements, may be divided into two groups according to the composite 

microstructure; continuously reinforced MMCs (CR-MMCs) and discontinuously reinforced 

MMCs (DR-MMCs). The former are also known as monofilaments reinforced MMCs, and 

the latter include monofilaments reinforced and particulate reinforced MMCs, as illustrated 

in Fig. 1.1 [1]. Their high strength-to-weight ratio, high specific modulus, high specific 

strength, excellent wear resistance, and proper thermal expansion coefficient are some of the 

important attributes that have made them attractive and viable candidates for use in 

weight-sensitive and stifihess-critical components in the aerospace and automobile 

industries. Although examples of MMCs stretch back to ancient civilizations, the first 

composite materials to draw scientific as well as practical attention were those developed 

fi-om work in 1924 by Schmidt on consolidated mixtures of aluminium/alumina powders, 

and this work led to extensive research in the 1950s and 1960s [1].

*

Whiskers/Staple FibresMonofilaments Particulate

Fig. 1.1 Types of MMCs [1].



The thriving of CR-MMCs was seen in the 1960s. For this kind of material, matrix 

microstructure and strength are of secondary importance, because the primary role of the 

matrix is to transmit and distribute the applied load to the continuous fibres. But the high 

cost and anisotropic character limited their production and led to the waning of research 

work on them during the 1970s. DR-MMCs, on the other hand, was developed very fast 

during the 1980s due to their good transverse properties, low cost, high workability and 

significant increases in performance over unreinforced alloys. Unlike the CR-MMCs, apart 

from the load-bearing effect of the reinforcement, the matrix strength in the DR-MMCs, as 

affected by precipitation and dislocation strengthening, also plays an important role in the 

mechanical properties of DR-MMCs.

Fatigue failure is a common mode of failure observed in various mechanical components 

and structures. Therefore, the research work on the fatigue behavior of MMCs is of great 

theoretical and practical significance. The fatigue process of MMCs is a complicated 

metallurgical process, and accurate prediction of their fatigue life is critical to their 

application, otherwise catastrophic failure would occur. Much research work has been 

carried out on the low cycle fatigue (LCF) life prediction of DR-MMCs [2-6]. However, an 

analytical model on this subject, which takes into account both the crack initiation and the 

crack propagation, has not been reported in the open literature so far. Although the crack 

initiation would occur quite quickly in the strain-controlled LCF, to make a more accurate 

prediction, it should not be ignored, especially for the relatively low stress/strain level.

Recent studies revealed that, while DR-MMCs have a superior fatigue resistance to the 

corresponding un-reinforced counterparts in the high cycle fatigue, their resistance to LCF is 

less satisfactory. The microstructural parameters in the composites, such as the volume 

fraction and size of reinforcing particles, bonding force between the matrix and particles, 

cyclic strain hardening exponent, cyclic strength coefficient, etc., are expected to exert a



significant influence on the fatigue damage of the composites. For the effect of particle size, 

Chawla et al. [7] and Bosi et al. [8 ] reported that fine particles benefited fatigue resistance 

within 10"̂  cycles. On the other hand, Han et al. [9,10] reported that coarse particle 

reinforced composites exhibited slightly superior LCF resistance. Furthermore, a recent 

study by Uygur et al. [11] showed that the reinforcement size has no significant effect on the 

LCF life of DR-MMCs. The different results reported in the literature indicated that the 

effect of reinforcement particle size on the LCF life has not been fully understood.

Therefore, the principal purposes of this study are:

1. to develop an analytical LCF crack initiation model to predict the whole LCF

life of DR-MMCs;

2. to propose an analytical model that links the LCF life to the particle size;

3. to verify the above models by using data reported in the literature.

After this introduction of the thesis, a literature survey on the fundamentals of DR-MMCs 

and fatigue is presented in Chapter two which includes the characteristics of DR-MMCs, 

microstructural change induced by reinforcements, effects of microstructural variables on 

fatigue behavior, basic fatigue theories and fatigue of DR-MMCs. Anew LCF life prediction 

model is developed in Chapter three, followed by the modeling of particle size effect on the 

fatigue behavior in Chapter four, both of which represent the main contributions of this 

thesis. Discussion on the proposed models and results is presented in Chapter five. Finally, 

conclusions and future work are given in Chapter six.



CHAPTER TWO 

Fundamentals of DR-MMCs and Fatigue

2.1 Advantages of DR-MMCs, Their Applications and Fabrication Processes

DR-MMCs consist of metallic alloys and particle or whisker reinforcements. During the last 

20 years, they have been rapidly developed with attention focused on Aluminum-based 

composites reinforced with SiC particles and AI2O3 particles and short fibres. Due to the 

great research effort aimed at characterizing their mechanical behavior, they are currently 

used in structural components subjected to different types of loading. Their advantages 

based on their specific microstructure and their standard fabrication processes have made 

them promising candidates for advanced engineering materials.

2.1.1 Why DR-MMCs?

In DR-MMCs, both matrix and reinforcement particles bear a substantial proportion of the 

load. In addition, the matrix strength, as affected by precipitation and dislocation 

strengthening, also plays an important role. As a result, the strengthening effects of 

DR-MMCs fall somewhere in-between the dispersion strengthened and fibre strengthened 

extremes and lead to the following virtues.

High specific stiffness -  To avoid excessive elastic deflection in service is commonly the 

overriding consideration in engineering component design. However, there is no easy way 

for increasing the stiffness of a metal by minor additives or microstructural control. As a 

result, the high specific stiffness of DR-MMCs has made them one of the attractive 

engineering materials. Research work done by Das et al. [12] on two kinds of 

particulate-reinforced 6061 aluminum metal matrix composites under different aging

4



conditions showed that the addition of both angular and spherical reinforcements 

significantly increased the elastic modulus. The results are listed in Table 2.1 [12], in which 

composites A and B exhibited a considerable increase in the elastic modulus ranging from a 

minimum of 9% to a maximum of 40%, compared to the monolithic alloy subjected to 

various heat-treatment procedures.

Table 2.1 Modulus, YS and UTS of unreinforced 6061 A1 alloy and the two composites 

A and B for different ageing times at 175°C.
Material Ageing

time
(hr)

Elastic
modulus

(GPa)

YS
(MPa)

UTS
(MPa)

6061 0(ST) 54 256 287
2.0(UT) 60 261 290
8.0(PA) 65 272 303

72.0(OA) 64 271 303
0 . 0 65 257 297
2 . 0 73 301 302

Composite A 8.0 78 311 342
(angular reinforcement) 72.0 70 305 335

0 . 0 70 262 290
2 . 0 74 289 303

Composite B 8.0 83 315 369
(spherical

reinforcements)
72.0 72 281 323

ST-cold water quenched to 0°C; UA= under-aging; 
PA= peak-aging; OA= over-aging

High specific strength -  Although the addition of reinforcement reduces the ductility of 

DR-MMCs, the enhancement of strength expressed in terms of yield stress (YS) or ultimate 

tensile stress (UTS) can be quite substantial. Table 2.1 gives these results according to Das 

et al.’s research work [12]. It can be seen that the reinforcement in both composites A and B 

increased the YS and UTS by 15% to 20% compared to those of the unreinforced alloy. In 

addition, fatigue resistance at low AK levels can be enhanced. Applications of enhancement



of strength can be found in those areas where light materials with enhanced strength and 

resistance to low cycle mechanical fatigue are required, such as aircraft landing gear. 

Furthermore, because of the improvement of the strength and stiffness, thinner sections and 

higher stresses can be reached.

Hi eh wear resistance -  Increased wear resistance is an important virtue of DR-MMCs. By 

the proper introduction of the reinforcement, it is common for wear rates to be reduced by 

factors of up to ten. In addition, it is often advantageous to control the distribution of 

reinforcement to achieve high wear resistance in selected surface areas while other regions 

are suitably tough, strong, thermally conducting, etc. It is common that the high wear 

resistance is combined with other properties, such as high stiffness and high thermal 

conductivity.

Relativelv low densitv -  Reduction of density of MMCs depends on the kinds of matrix and 

reinforcement. For instance, nickel-based MMCs are used in gas turbines to reduce the 

density of the material. However, in many cases of interest, the addition of the reinforcement 

raises the density slightly, such as A 1 based SiC or AI2O3 reinforced MMCs. But the increase 

is usually more than offset by the enhancement of stiffness, strength, etc.

Isotropic -  In CR-MMCs, the well orientated long fibres result in better axial properties than 

transverse properties. Compared with the long fibres, the discontinuous reinforcements in 

DR-MMCs are not well orientated, and consequently lead to better transverse properties 

than those in CR-MMCs. To some extent, they can be treated as isotropic. As a result, in 

material preparation, the separating direction is not as strict as that in CR-MMCs[13].

Low cost -  DR-MMCs can be produced by standard techniques which considerably reduce 

the manufacturing cost and provide a good balance between price and mechanical properties.



In general, in progressing from continuous to whisker to particulate reinforcement there is a 

significant decrease in the reinforcement cost: the typical costs are $ 1 ,0 0 0 /kg for continuous 

fibres, $20-40/kg for whiskers and $ 10/kg for particulates [13].

Thermal expansion control -  The low thermal expansivity of ceramics can be used to tailor 

the composite expansivity to match that of different materials [1], as shown in Fig. 2.1. This 

may be extremely useful for components where distortions must be kept to a minimum when 

exposed to relatively large changes in temperature.

g  

& 18
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14-

1 2 -È
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— I----- 1 r
30 40 50
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Figure 2.1 Predicted dependence of the coefficient of thermal expansion on reinforcement 

content for Al-SiCp composites, showing how the value can be matched to those of a 

wide range of materials [1 ].

With all the above advantages, it is no wonder that DR-MMCs have the following 

applications.



2.1.2 Application Cases

•  D iesel engine piston  [1] -  A l alloy/5%  AI2O3 short fibre

In 1983 in Toyota Motor Co./Art. Métal Manufact. Co., a 5% AI2O3 short fibre insert was 

used in the piston ring area in order to prevent seizure of the piston ring with the top ring 

groove and bore (Fig.2.2). The weight was reduced by 5-10%. In standard tests, wear was 

reduced by over four times and seizure stress doubled relative to the unreinforced AI alloy. 

This was combined with high thermal stability and conductivity. Production of these pistons 

in Japan has been increasing steadily over the past several years and now runs to millions of 

units annually.

Fig. 2.2 Photograph of a diesel engine 

piston showing the region of short fibre 

reinforcement (dark) area in the land 

(support region) of the groove for the 

piston ring [1 ].

• Automotive drive shaft [1] -  A1 alloy/20% AI2O3 particulate

Onerous dynamic stability and high torque resistance are the basic requirements for 

automobile drive shaft when it transmits the power to the wheels. The critical velocity at 

which dynamic instability occurs depends on the shaft length, the inner and outer radii of the 

tube and the stiffness and density of the tube material [1]. By using Duralcan 6061 Al-/20% 

AI2O3P instead of steel or aluminium (Fig.2.3), the specific stiffness increased firom 26.6 

km^s'^ or 25.9 km^s'^ to 34.7 km^s'^. As a result, this would allow a significant increase



(~14%) in the maximum shaft rotation speed.

Fig.2.3 Photograph of a Duralcan 6061 

Al-/20% AlzOgp drive shaft [1].

• Equipment rack [ 1 ] -  A1 alloy/25% SiC particulate

The 6061 Al-/25% SiCp composite supplied by DWA Composite Specialties Inc. was chosen 

to produce aircraft racks for its high stiffness, low density and good electrical conductivity 

(Fig.2.4). The racks are -65% stiffer than the 7075 A1 alloy racks they replaced, which were 

flexing too much under the gravitational forces caused by the twisting and turning of the 

aircraft. Meanwhile, their good electrical conductivity solved the earthing problem caused 

by Carbon-epoxy.

Fig.2.4 Photograph of an instrument rack 

( - 2  m in length) fabricated from 6061 

Al-/25% SiCp for use in Lockheed 

production aircraft [1 ].



• Brake rotor disc [1]-Al-Si alloy/20% Sic particulate

Good wear resistance and thermal stability of cast iron have made it a good candidate for 

brake rotor discs for many years. However, a low density is particularly desirable in rotating 

components of this type, making replacement with Duralcan cast composite 

Al-10wt%/Si/20vol% SiCp highly attractive. The volume fraction of 20% was chosen to 

combine good wear resistance with a thermally and mechanically stable transfer/contact 

layer (Fig.2.5).

4

Fig.2.5 Photograph of a rotor brake disc, 

made from Duralcan cast 

Al-10wt%/Si/20vol% SiCp [1].

• Bicycle frame [ 1 ] -  Al alloy/10% AI2O3 or 20% SiC particulate

The frame of the ‘Stumpjumper M2’ mountain bike manufactured by Specialized 

Bicycle Components Inc. was made of Duralcan 6061 Al -  10vol% AlgOgp (Fig.2.6), 

while the frame of Raleigh’s racing bikes was made of BP 2124 Al-20% SiCp composite 

material. Both models have been successfully tested in extensive sports trials and have 

been developed for commercial sale. Apart from the improved specific stiffiiess, both 

bikes have proven to have exceptionally good fatigue endurance due to their enhanced 

value of AKth compared with unreinforced material.
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Fig.2.6 Photograph of the ‘Stumpjumper 

M2’ bicycle in action. The Frame is made 

of Duralcan 6061 Al -  10vol% A^Osp [1].

A hot-forged connecting rod [14] -  2080 Al alloy/15% SiC particulate

To achieve the superior fuel economy of four cylinder engines, which was hindered by 

the development of unbalanced and objectionable secondary shaking forces of the 

connecting rod/piston assembly in four-cylinder engines, many car manufacturers have 

considered DR-MMCs to produce lightweight connecting rods and pistons. An 

example is shown in Fig.2.7. In this case, additional advantages, such as the higher 

wear resistance, the higher thermal conductivity and the lower coefficient of thermal 

expansion, are also applied. Furthermore, they have tighter dimensional tolerances and 

reduced crevice volumes, which reduce engine emissions.

Fig.2.7 Photograph of a hot-forged 

connecting rod made up of a 2080 

Al alloy/15% SiC particulate [14].
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2.1.3 Fabrication Processes

Several types of DR-MMC material are available in stock form, such as billet, rod and tube, 

suitable for various secondary fabrication operations. They can be produced by either solid 

state (powder metallurgy), liquid state or metal spray methods.

Most powder metallurgy-based processes involve the following steps: 1) mixing and 

blending of pre-alloyed metallic powder and reinforcements; 2 ) heating and degassing of the 

mixture; 3) consolidation of the mixture to a DR-MMC. In general, powder metallurgy 

requires the availability of powders of the matrix material which can place restrictions on 

this process. As a result, the powder-based process tends to be more expensive than the 

liquid-based one, and therefore generally occupies the more specialist high cost markets for 

DR-MMCs. Against this, several advantages are offered compared to liquid state processing 

[13]:

• The mechanical properties obtained in the final DR-MMCs are often superior,

• Shrinkage and other defects associated with solidification are avoided,

• A more uniform reinforcement distribution is generally obtained,

• Matrix property improvements can be obtained as a result of the deformation 

processing involved in solid state routes.

Liquid state routes are seen as cheap, simple and effective ways to the production of 

DR-MMCs, for they involve incorporation of the reinforcement into the liquid metal prior to 

casting to near net shape or semi-finished product for subsequent hot working. However, 

many of them failed for following reasons [13]:

• Lack of wetting of reinforcements by liquid metals,

• Porosity development in final product, especially where high volume fractions 

of reinforcement are required.
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• Poor bonding between the matrix and reinforcement,

• Excessive reinforcement/matrix reaction and reinforcement degradation.

Squeeze casting and infiltration, melt stirring methods and compocasting [13] are practical 

ways to overcome these shortcomings.

In spray methods, a mixture of liquid metal droplets and filler particles which are sprayed 

into a protective gas atmosphere and then impacted onto a substrate. Its advantages include 

[13]:

• Avoidance of the need for the blending and degassing of powders involved in 

powder routes,

• Rapid solidification conditions can be established permitting the production of 

fine grain size and metastable phase formation in the metal matrix,

• Additional strengthening of the matrix,

• Rapid processing and solidification tend to minimize reactions between the 

matrix and the reinforcement components.

However, in this process, there is a tendency for some porosity to be generated in the 

product.

The cast or consolidated billet made by the above methods is usually subjected to secondary 

processes (extrusion, forging, rolling) to break up reinforcement agglomerates, homogenize 

their distribution, eliminate porosity, improve metal-ceramic bonding, or simply to achieve 

the desired final shape.
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2.2 Microstructural Changes Induced by Reinforcements

In DR-MMCs, the average size of the reinforcing ceramic particles (normally AI2O3 or SiC) 

is in the range of 3 to 30 pm and they are approximately equiaxed (a typical aspect ratio is 2), 

with irregular shape and sharp comers, although spherical reinforcements are also found. 

Most of the matrix is very close to the ceramic reinforcements, whose thermal and 

mechanical properties are different from those of the matrix. As a result, the microstructural 

development of the matrix during primary and secondary processing is significantly 

modified by the dispersion of the ceramic reinforcements, and this influences the 

mechanisms of cyclic deformation and the overall fatigue resistance of DR-MMCs. The 

most notable changes induced by the reinforcements are briefly described below [14].

2.2.1 Load Bearing Effect

In the context of MMCs, one of the objectives might be to combine the excellent ductility 

and formability of the matrix with the stiffness and load-bearing capacity of the 

reinforcement. Central to an understanding of the mechanical behavior of a composite is the 

concept of load bearing effect between the matrix and the reinforcing phase. At equilibrium, 

if the bonding strength is strong enough, the external load must equal the sum of 

volume-average loads home by the matrix and the reinforcement. Thus, for simple 

two-constituent DR-MMCs under a given applied load, a certain proportion of that load will 

be carried by the reinforcement and the remainder by the matrix. The reinforcement may be 

regarded as acting efficiently if it earries a relatively high proportion of the externally 

applied load. The load bearing effect represents an important characteristic of the composite 

and depends on the volume fraction, shape and orientation of the reinforcement and the 

elastic properties of both constituents.
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The most widely used model describing the effect of load bearing effect is the so-called 

shear lag model, originally proposed by Cox [14] and subsequently developed by others [14]. 

This model is based on the consideration of the transfer of tensile stress from the matrix to 

the reinforcement by means of interfacial shear stresses, and the calculation is based on the 

radial variation of shear stress in the matrix and at the interface. However, the main 

drawback of this model lies in the neglect of load transfer across the fibre end which is 

unacceptable in DR-MMCs. Several attempts have been made to introduce corrections, and 

the modified shear lag model is one of them and will be discussed later.

2.2.2 Enhaneed Disloeation Density

As the manufacturing of DR-MMCs is always carried out at high temperatures and the 

thermal expansion eoefficient of the ceramie reinforcements is lower than that of the metal, 

this mismatch will induce thermal residual strains (tensile in the metal and compressive in 

the ceramic) upon cooling from the processing temperature. It has been shown that the large 

residual strains generated in the matrix lead to stress relaxation by plastic deformation [14]. 

As a result, disloeation nucléation was especially intense around the ends of whiskers or at 

the angular comers of particles, where the computed residual stresses were maximum. 

Depending on the deformation characteristics and flow stress of the matrix as well as on the 

presence of precipitates and inclusions, the dislocation structure near the reinforcement may 

vary very much from one material to another.

The average dislocation densities in the composite matrix were approximately one order of 

magnitude higher than those in the unreinforced counterpart under the same 

thermo-mechanical treatment. Various theoretical models were developed to determine the 

dislocation density as a function of the distance to the interface and there was a broad 

agreement that the dislocations were able to move over distances of the order of the particle
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or whisker diameter, and this may be increased by a factor of 2-3 around the ends of 

whiskers [14]. The enhanced dislocation density model is one of these theories and will be 

presented in Chapter four.

2.2.3 Grain Structure and Texture

Cold deformation of the composite induces the generation of dislocations near the interface 

to accommodate the strain incompatibility between the reinforcement and the matrix. The 

plastic relaxation, as mentioned above, results in a region (often called the deformation zone) 

close to the reinforcement. The amount of matrix affected by the deformed zone near the 

reinforcements was proportional to their volume fraction, and this significantly weakens the 

grain texture induced by cold deformation in commercial DR-MMCs, as compared to the 

unreinforced counterparts.

It has been shown that ceramic reinforcements with diameters over 1 pm may stimulate the 

formation of recrystallization nuclei upon annealing in the deformed region formed during 

cold or hot deformation. As the composite reinforcements are usually much larger than 1 pm, 

particle stimulated nucléation is dominant and large particles often nucleate more than one 

grain. After recrystallization, commercial DR-MMCs exhibit an equiaxed grain structure 

with an average grain size in the range of a few microns to a few tens of microns, 

significantly smaller than that of the unreinforced materials processed under the same 

nominal conditions [14].

2.3 Effects of Microstructural Variables on Fatigue Behavior

The mechanical behavior of DR-MMCs can be quite sensitive to the microstructural details, 

such as reinforcement shape, size, distribution, volume fraction, property mismatch, aging
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condition, bonding strength, whisker orientation, etc. The sensitivity covers the 

reinforcement, the interface, and the matrix. A brief review is given below.

2.3.1 Reinforcement Shape

From the viewpoint of stress concentration, the rates of void initiation and growth are clearly 

lower for spheres than for angular particles, although sometimes not so dramatically. 

Aligned whisker material (6061 Al-20% SiC*) [15,16,17] has been shown to offer a greater 

resistance to crack propagation when the crack grows transverse to the whisker direction. 

Fatigue threshold {AKo) has been found to be the highest in the partieulate-reinforced 

material, but upon eorrecting for eraek closure, its effective fatigue threshold (AKth,ef) was 

lower than that for an axial crack in the whisker-reinforced material [1 ].

2.3.2 Reinforcement Size

Experimentally, the effect of particle size on particle cracking is well documented for the 

Al-SiC system [18,19,20]. In the situation with a large scatter in size, it is the largest 

particles which tend to fracture [21]. Consequently, in material containing coarse particles, 

particle fracture is commonplace, whereas for fine particulate, particle cracking is rare. In 

fatigue, threshold values have been shown to increase with increasing particle size in 

Al-SiCp composites [22]. This is attributed to the surface roughness-induced closure effect, 

which was found to be nearly three times greater for coarse particle reinforced systems 

compared with fine ones [23].

Particle size also had a significant influence on fatigue strength. In high cycle fatigue (HCF), 

an increased fatigue strength was observed with decreasing particle size [24,25,26]. Tokaji et 

al. [27] reported that the composite with 5 pm SiC particles showed a higher fatigue strength 

than the unreinforced alloy. The incorporation of 20 pm SiC particles led to an increase in
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fatigue strength at a high stress level, but the improvement diminished with decreasing stress 

level, and a slightly decreased fatigue strength was observed at low stress level, as compared 

with the unreinforced alloy. The composite with 60 pm SiC particles exhibited a 

considerable decrease in fatigue strength. On the other hand, in low cycle fatigue (LCF), 

different results were reported by different investigators, which will be discussed in chapter 

4.

2.3.3 Volume Fraction of Reinforcement

In the high cycle fatigue of DR-MMCs, the presence of particulate reinforcements in the 

metal matrix increases the fatigue limit of the material, and an increasing reinforcement 

volume fraction makes the fatigue limit even higher. However, in LCF of DR-MMCs, 

because of the high stress or strain amplitude level, reinforcement cracking occurs very 

quickly and frequently during the cyclic loading. As a result, the LCF strength of DR-MMCs 

is inferior to the unreinforced counterparts and a higher volume fraction leads to a lower 

fatigue strength. This point will be discussed in the later part of this thesis.

2.3.4 Interface strength

The interface between the reinforcement and the matrix is an incoherent interface having a 

high energy level, and thus is a good site for precipitate nucléation and growth which can 

influence the bonding strength of DR-MMCs. Another factor which influences the bonding 

strength is the property mismatch. In most MMCs a stiff reinforcement is incorporated into a 

weaker, less stiff matrix. The mismatch in properties is thus an essential feature of the 

composite system. In an attempt to see how closely the interfacial strength was related to 

fatigue and crack growth in DR-MMCs, an experiment was performed in which SiC 

particles with naturally oxidized and heavily oxidized interfaces [28] were incorporated into
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a powder formed 8090 Al-Li alloy matrix. Fatigue experiments showed that the artificially 

oxidized composite shows an earlier upturn into phase (4 ) (see 2 .4 .1) of the fatigue crack 

growth curve (i.e., the acceleration towards the final failure at high growth rates). However, 

the behavior of the two materials in the Paris regime (see 2.4.3.2) is similar.

In terms of fatigue crack growth behavior in DR-MMCs, stronger interfaces and higher void 

nucléation strains are likely to be beneficial. However, interfacial strength estimates in 

Al/SiC systems [29, 30] suggest that the interfacial strength lies in the range of 1650-3000 

MPa. SiC particle fracture is a function of particle size and is also likely to fall around 3000 

MPa. Therefore, for the highest strength interfaces with increasing particle size, interfacial 

firacture will be replaced by particle fracture as the void nucléation mechanism [1 ].

2.3.5 Reinforcement Distribution

Experimental evidence indicates the preferential nucléation of cracks in regions of locally 

high volume fraction of particles. During crack growth, clustered regions can behave in one 

of two distinct ways. If the particles move independently of one another under the stresses at 

the crack tip, then the constraint gives rise to very large plastic strains and the crack displays 

a preference for passing through clustered regions [31,32]. This is encouraged by 

incompletely infiltrated regions, and voids are often present within such clusters. However, 

if  the cluster moves collectively, then it behaves as a single large particle, the region 

between the particles is less strained and the cluster may deflect the crack.
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2.4 Basic Fatigue Theories

Fatigue is a process which causes premature failure or damage of components subjected to 

repeated or cyclic loading. Fatigue failure is a common mode of failure observed in various 

mechanical components and structures. Proper prediction of life of these 

components/structures is very important, and any underestimation can cause catastrophic 

failure. To accurately describe and model the fatigue process on the microscopic level 

involves a complicated metallurgical process. Despite this complexity, fatigue analysis 

methods have been developed, which will be briefly described below.

2.4.1 Fatigue Process

It has been generally accepted that the fatigue process can be divided into four phases: (1) 

Crack initiation; (2) Stage I slip-hand crack growth; (3) Stage II crack growth on planes of 

high tensile stress; (4) Ultimate failure. On the other hand, it is now clear that fatigue failure 

is caused by cyclic plastic deformation which causes irreversible changes in the material. In 

cyclic loading, the elastic deformation is fully reversible and may not cause any damage. As 

a result, there would be no fatigue without repeated plastic deformation. Therefore, on the 

basis of the types of irreversible changes caused by cyclic plastic deformation, it is possible 

to divide the whole fatigue process into three consecutive and partly overlapping stages [3 3 ] 

as shown schematically in Fig.2.8:

• Fatigue hardening and/or softening, depending mainly on the original state of 

the material and the stress or strain amplitude. This stage is characterized by 

the changes of substructure within the whole volume of the loaded material.

• Microcrack nucléation, taking place in a small part of the total volume.

• Crack propagation ending in final failure. The controlling factor of crack 

propagation is highly concentrated cyclic plastic deformation within the plastic
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zone at the crack tip.
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Fig.2.8 Stages of fatigue process [33].

The fatigue-life curve corresponds to the crack propagation and the end of the whole fatigue 

life. The other two curves represent the end of crack nucléation and material hardening 

and/or softening, respectively. After cyclic hardening/softening is completed, the cycled 

material exhibits a steady-state behavior which is known as a saturation state of the material. 

In this state, stress and strain amplitudes have reached their saturated values, and there are 

no further changes in the hysteresis loop shape and area. If a series of either stress- or 

strain-controlled tests is performed at different amplitudes, then a set of stable, saturated 

hysteresis loop shape and area will be reached.

It is necessary to stress that there is no well defined border between the stages. For example, 

there is no well defined crack length to separate fatigue nucléation and propagation. It is 

normally dependent on the techniques to detect the crack size. However, fatigue analysis
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methods which involve both crack initiation and propagation have been developed.

2.4.2 High Cycle Fatigue and Low Cycle Fatigue

Two different regimes have been identified in fatigue behavior, namely high cycle fatigue 

(HCF) and low cycle fatigue (LCF). As the resistance to fatigue depends essentially on a 

number of factors, such as stress concentration, surface roughness, frequency of loading, 

loading history, residual stress-strain fields, temperature, environmental condition, etc., the 

dividing line between HCF and LCF changes with the material being considered, but usually 

falls between 1 0 "̂ and 1 0  ̂cycles.

In HCF, the strains are predominantly elastic and the maximum applied stresses are well 

below the tensile and compressive yield stress. Therefore, plastic deformation develops 

slowly in the material to nucleate a crack which propagates until failure, and most of the 

fatigue life in this regime is spent in the eraek initiation. The fatigue limit, Gc defined as the 

maximum stress amplitude which may be sustained infinitely without causing failure (see 

Fig.2.9), is a critical material property in HCF. However, for some materials which have no 

clear fatigue limit, such as aluminum, the fatigue limit is defined as the stress amplitude at 

which the material can experience about lO’ cycles without failure. It was found to be 

approximately 30-50% of the ultimate tensile strength for many metallic materials [14].

On the contrary, plastic strains are dominant in LCF regime. Crack initiation occurs rapidly 

and most of the fatigue life is spent in propagating the fatigue crack until failure. The 

CofRn-Manson relation regarding the dependence of the plastic-strain amplitude, Ag/2, on 

the number of cycles to failure, Nf, can be used to characterize the fatigue life in this region, 

which can be expressed by.
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(2.1)

where is the fatigue-ductility coeflScient given by the extrapolation of ttie

Coffin-Manson [14] curve to the first half cycle (2iV/=l) and c is the fatigue ductility 

exponent, which is in the range of - 0 . 5  to - 0 . 7  for most metals.

I
S

Fig.2.9 Schematic drawing of fatigue life curve S versus i\ .̂ [14]

2.4.3 Fatigue Analysis Methods

As mentioned above, the fatigue life of a component can be divided into two major 

processes: crack initiation and propagation. The size of the crack at the transition from 

initiation to propagation is usually unknown and often depends on the point of view of the 

analyst and the size of the component being analyzed. At low strain amplitudes, about 90% 

of the life is spent at initiation stage, while at high strain amplitudes the majority of the 

fatigue life may be spent on propagating a crack which can be analyzed as follows.
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2.4.3.1 Fracture Mechanics Approach for Fatigue Cracks

Fracture mechanics approaches are used to estimate the propagation life. It requires an initial 

crack size to be known for a component with imperfections or defects, such as welding 

porosities, inclusions and casting defects, etc. Linear elastic fracture mechanics principles 

are used to relate the stress magnitude and distribution near the crack tip to the remote stress 

applied to the cracked component with different crack size and shape. An exact calculation 

of the stress and strain fields at the crack tip is only possible for the elastic case. It is obvious 

that the response of the material at the crack tip is due to the very high stress concentration 

of a plastic type. It is the cyclic plastic strain, rather than the total or elastic cyclic strain, that 

controls the crack behavior. Nevertheless, the elastic solution has produced many important 

results, which also hold to a good approximation for real fatigue cracks.

(i) Linear Fracture Mechanics

Griffith [34] formulated the concept that a crack in a component will propagate if the total 

energy of the system is lowered with the newly created crack surfaces. Consider a plane 

opening mode crack in an unbounded medium (see fig.2 .1 0 ), the crack with a length of la  is 

assumed as a mathematical cut, and the uniformly applied stresses are normal to the crack 

plane. The body is in the plane-strain state, and the material is supposed to be linear elastic 

with Young’s modulus E and Poisson’s ratio v. The work required to advance the crack tip 

from a to a+da is proportional to da. In real structural materials the main part of this work is 

spent in the plastic deformation and other irreversible phenomena. All these factors may be 

included in the specific fracture work t} which is related to the unit area of the newly formed 

crack. When the increment of the potential energy of the system 77 related to the crack tip 

advancement is larger than the required fracture work, i.e., -  dll>  rj da, due to the energy 

surplus, dynamic crack growth becomes possible. For half of the body, x >0,
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Fig.2.10 Griffith’s problem of plane crack under uniform tension. [34]

the potential energy is [35]

n  = const -
2 2 ncr̂ a ( l - v Q

IE
(2.2)

Let -  d n  -  ri da, then the critical stress for crack propagation Gc can be expressed

na

1/2

(2.3)

In mode I cracking, stress intensity factor, K, = cr„(;za)'^ ,̂ is another parameter used to rate 

the initiation of crack growth. A crack does not grow if K, <K,c, where Kj^ is the critical
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stress intensity factor, or fracture toughness. The critical condition is Kj =K,(,.'Qy using 

Eq.2.3, AT/c can be expressed as

^ ic  ~ (2.4)

The fundamental relationship bridges the approaches based on the stress intensity factors 

and the energy conservation law. The amount of potential energy released when a crack

propagates in a unit of length is defined as G, = , which is called energy release rate or
da

crack tip driving force. Substituting Eq.2.2 into G, yields,

G, , (2.5)

In terms of the crack tip driving force, the critical crack growth initiation condition can also 

be expressed as G, = G,^ , when cr̂  = cr .̂ Based on Eq.2.3, G,c=r].

(ii) Nonlinear Fracture Mechanics

Strictly speaking, linear elastic fracture mechanics fails when a plastic zone at the crack tip 

occurs. Unfortunately, such zones are present in all real situations. To apply linear elastic 

fracture mechanics to engineering design, the characteristic size Dc of the plastic zone, as 

shown in Fig.2.11, should be small compared with the size of the crack. Dc may be 

expressed as

n  _

26



D (2.7)

for plane strain and plane stress respectively [3 5 ].

a) b)

Fig.2.11 Plastic tip zones: a) plane strain state; b) plane stress state. [35]

Irwin suggested an elementary approach to include the plastic deformation in the concept of 

linear elastic fracture mechanics. A size of plastic zone was added to the actual crack, and 

the modified stress intensity factor was introduced as,

(2.8)

The crack driving force can be approximately expressed as [35],

G,
ïïcrla

f  \ 2

1 + -
O’oO

2
.

(2.9)

Such an approach is valid only when the correction for the plastic effect is comparatively 

small. In principle, nonlinear fracture mechanics ought to be based on the theory of 

plasticity in which fatigue is considered as cyclic plastic deformation taking into account 

hysteretic phenomena, strain hardening and/or softening.
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A simplified approach is the model of a thin plastic zone suggested by Leonov with 

Panasyuk and Dugdale [35], see Fig.2.12. In this model, all the plastic effects are 

concentrated in the plastic zone Dc, while the basic part of the material remains elastic. A 

crack begins to grow when the crack tip opening displacement ô reaches a critical magnitude, 

6c, which is treated as a fracture toughness parameter given by formula:

(2.10)
0

n~TT

Fig. 2.12 Model of thin plastic zone [35]. 

where is the yield strength of the material.

Linear and nonlinear fracture mechanics may be connected tlirough the use of the so-called 

path-independent integral technique. J-integral is one of them. It is concluded that the 

J-integral taken along any unclosed contour between crack surfaces is in fact path 

independent. Thus, even though considerable plasticity may occur in the vicinity of the 

crack tip, any path sufficiently far from the crack tip can be selected to be conveniently 

analyzed.
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2.43.2 Fatigue Crack Growth Rate

In mode I cracking as mentioned above, when Kj > K ^., immediate failure will occur.

However, when Kj < K,ç. , although catastrophic failure will not happen, sub-critical crack

growth still exists at undetectable rates (under 10’”m/cycle). The most common cause of 

sub-critical crack growth is fatigue loading. When fatigue is considered, the difference in the 

stress intensity between the maximum and minimum loading (AAT/) is an important 

parameter. The resistance of the material to crack propagation is given in terms of the crack 

growth rate per loading cycle (da/dN). At intermediate AKi, the crack growth rate can be 

described by the Paris-Erdogan [35] relation

^  = C{aK,T  (2.11)
dis

where C and m are constants which can be determined for a given material and environment. 

Hence, a plot of crack growth rate against AKi, in log scales, should give a straight line in 

the Paris regime, with a gradient equal to m, see Fig.2.13. At low stress intensities, there 

exists a threshold, AKth, below which no crack growth occur, while the crack growth rate 

usually accelerates as the level for fast fracture, K[c, is approached. The threshold region 

was identified when the average crack increment per cycle was equivalent to or smaller than 

one atomic lattice spacing [14]. The crack growth rate in this regime is very sensitive to the 

microstructure, environment, and stress ratio.
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Fig.2.13 Fatigue Crack Growth Rate Diagram. [14]

2.4.3.3 Fatigue Life Curves

,1:
;Ji

(i) The Stress-Life (S/N) Curve; For evaluation of the basic fatigue strength of materials, 

machine parts, and whole structures, the S/N curve has so far been used. It is defined as the 

dependence of the stress amplitude on the number of cycles to failure, as shown 

schematically in Fig. 2.9. In this drawing, curve a is typical in the asymptotic approach to a 

limiting value -  the fatigue limit Oc below which fatigue fracture will not happen. In the case 

of curve b, the stress amplitude decrease steadily with increasing number of cycles to failure 

in such a way that the rate of decrease is lower for higher number of cycles, but there is no 

clear fatigue limit as in the preceding case. Instead, the endurance limit is defined 

conventionally, usually as the stress amplitude corresponding to a number of cycles to 

failure of 10̂ . This approach is used in HCF where the applied stress is controlled and 

resultant fatigue lives are relatively long. In cases of structural component designing where
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finite life is required, the S/N curve fails. While in HCF the resistance of a material against 

cyclic stress might be considered of primary importance, in LCF the resistance against the 

cyclic plastic strain is much more important. Thus, another fatigue life curve which is based 

on the plastic strain amplitude became a necessity for engineering purposes.

(ii) Strain-Life (Ag/2 -  Nj) curve: This method is used in the high strain/low cycle 

regime, taking into account the actual plastic strain and stress-strain response of the material. 

The plastic strain or deformation is directly measured and quantified. It is based on the 

Coffin-Manson relation as presented above. Fig.2.14 shows a schematic log-log plot of the 

strain-life curve [2 ] .

1 0 '̂

3
P h

I
p .-4-:I

,3 4,2
1 0 101 0

Reversals to failure (2N)

Fig.2.14 Schematic drawing of strain-life curve -  Ae/2 versus Nf. [2]

2.5 Fatigue of DR-MMCs

Fatigue failure of metallic materials is induced by the nucléation of one or several
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microcracks which propagate slowly during cyclic loading until one of them reaches the 

critical size and catastrophic failure occurs. In DR-MMCs, the changes in the composite 

response upon cyclic loading are primarily induced by the plastic deformation of the matrix. 

It was found that the damage was initially generated randomly by reinforcement fracture, 

decohesion at the matrix/reinforcement interface and the formation of matrix cracks. This 

homogeneous damage condition continued until a dominant microcrack was nucleated and 

damage was then rapidly localized around the propagating crack.

2.5.1 HCF and LCF in DR-MMCs

The division of HCF and LCF in metallic materials is also valid for DR-MMCs. It is well 

known that the nucléation phase takes up to 90% of the fatigue life in the HCF regime and, 

on the contrary, up to 80% of fatigue life is spent on fatigue crack propagation in the LCF 

region.

In the LCF of DR-MMCs, the composite fatigue life is normally inferior to that of the matrix 

if they are compared in terms of the cyclic strain amplitude (either total or plastic). However, 

this result is based on the fact that the unreinforced matrix carries a significantly lower stress 

at equivalent strain levels owing to its lower stiffness and strain hardening capacity. In fact, 

opposite result would occur if they are compared in terms of the cyclic stress amplitude 

rather than the cyclic strain amplitude [14].

The overall HCF performance as well as the fatigue limit of DR-MMCs improved with 

increasing reinforcement volume fraction due to an increase in the number of cycles to 

initiate a crack. The benefits in the crack nucléation time have to be added to those of the 

lower crack propagation rates in the near-threshold region at low stress ratios, because the 

increases in stiffiiess and strength with reinforcement volume fraction reduced the crack
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opening levels and promoted higher levels of fatigue crack closure. In the mean time, the 

ceramic reinforcements reduced the average inclusion size as well as the average stresses 

acting on the matrix and on the inclusions which increases the crack nucléation time. 

Therefore, a higher fatigue limit was reported for the composites [14].

It should be noted that if the composite is correctly processed, the fatigue limit and the 

fatigue strength can be improved. Porosity, particle clusters and other microstructural defects 

related to the presence of the ceramic reinforcements may reduce the composite fatigue 

strength, compared to the matrix values.

2.5.2 Crack Initiation Site

The microstructural features which led to the nucléation of a fatigue crack can be determined 

from the analysis of the fracture surfaces as well as of the longitudinal sections under the 

scanning electron microscope (SEM). It is shown that, in LCF of DR-MMCs, a large 

number of microcracks nucleated rapidly at the specimen surface from broken or decohered 

particles when the applied stress amplitude was equivalent to the composite yield strength, 

then these microcracks grow quickly and coalesce to form a dominant crack, which leads to 

the specimen failure.

On the other hand, several typical sites for crack nucléation in HCF were observed [36]. The 

first type was imperfections associated with cast materials, such as porosity and large 

reinforcement clusters formed by particle segregation during solidification. The second 

group of nucléation sites was related to the reinforcing particles. In cast composites, cracks 

were initiated by decohesion at the interface in materials reinforced with particles, whiskers, 

and short fibers. On the contrary, fatigue crack initiation at the reinforcements in 

powder-metallurgy composites was normally due to particle fracture. These broken particles

33



were well above the average particle size or were found in particle clusters with a high local 

volume fraction of reinforcement. Thirdly, a large lumber of fatigue cracks nucleated at large 

intermetallic inclusions in the matrix in all materials.

2.5.3 Crack Propagation Characteristics of DR-MMCs

The relationship between the crack growth rate da/dN and the variation in the stress intensity 

factor AK (Fig.2.12), which is the theoretical framework to analyze the kinetics of crack 

propagation in metals, can be extrapolated to DR-MMCs. However, the interaction between 

the fatigue crack and the ceramic reinforcements during fatigue crack propagation increases 

the AKth and the exponent m, while the fracture toughness of the composite was reduced, see 

Fig.2.15 [14].

Threshold
region

Paris
region

1 0

Fast growth 
region

m

g*
1 0  Unreinforced alloys

—  Composites

log [AK]AK.th

Fig.2.15 Fatigue crack growth behavior in metallic alloys and DR-MMCs [14].
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- CHAPTER THREE

Crack Initiation Model in LCF of DR-MMCs

As mentioned above, while DR-MMCs have a superior fatigue resistance to the 

corresponding un-reinforced counterpart in the HCF, their resistance to the LCF is less 

satisfactory. A number of factors are involved in the degradation, including the brittle nature 

of the reinforcement particles, the plastic flow constraint of the metallic matrix due to the 

presence of reinforcement particles, the stress concentration, and the increased dislocation 

density near the interfaces and the hydrostatic stresses within the constrained matrix. The 

microstructural parameters of the composites, such as the volume fraction, shape and size of 

reinforcing particles, bonding force between the matrix and particles, cyclic strain hardening 

exponent, cyclic strength coefficient, etc., are expected to have a significant influence on the 

fatigue damage of the composites.

A lot of research work has been carried out on the LCF life prediction of DR-MMCs [e.g., 

2-6]. However, an analytical model on this subject based on the whole fatigue process is still 

lacking. As described in section 2.4.1, it has been generally accepted that the fatigue process 

can be divided into four phases: (1) crack initiation; (2) stage I slip-hand crack growth; (3) 

stage II crack growth on planes of high tensile stress; (4) ultimate failure. In general, phase 

three involves a large proportion of the total cycles to failure in the high stress LCF, while 

phase two occupies most part of the life in the low stress high cycle fatigue [37]. As the 

ultimate ductile failure accounts for only a very small fraction of fatigue life and materials in 

this phase are considered in failure, it is thus reasonable to exclude this phase from the 

fatigue life prediction. As a result, fatigue life prediction should consist of crack initiation 

and propagation (phases (2) and (3)). In the DR-MMCs, the preferred locations for the 

fatigue crack initiation are broken reinforcement particles or interfaces between the particles 

and matrix [5,8,14]. It would be reasonable to regard the formation of a dominant
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microcrack as the crack initiation, and then fatigue damage propagates along this crack until 

the catastrophic failure occurs. The relative proportion of the life in the crack initiation and 

propagation depends on the loading conditions. For the HCF, the crack initiation takes up 

about 90% of the total fatigue life, while in the LCF it accounts for less than 20% because of 

the high stress level.

Ding et al. [2] proposed a LCF life prediction model based on the fatigue crack propagation 

process, but a LCF life prediction model for the DR-MMCs, which takes into account both 

the crack initiation and the crack propagation, has not been reported so far. Although the 

crack initiation would occur very quickly in the strain-controlled LCF, to make a more 

accurate prediction, it should not be ignored, especially for the relatively low stress/strain 

level. This part of the thesis is, therefore, aimed at developing an analytical LCF crack 

initiation model, which is based on Gibbs free energy change, and consequently, predicting 

the whole fatigue life of DR-MMCs. Several factors on the crack initiation, such as, strain 

level, volume fraction, cyclic strain hardening exponent, cyclic strength coefficient, etc., will 

be discussed. The results obtained from the crack initiation model in conjunction with Ding 

et al.'s crack propagation model [2 ], which forms the total fatigue life prediction, will be 

compared with the experimental data reported in the literature.

3.1 Ding et al.’s Model for Fatigue Life Prediction in DR-MMCs

A LCF life prediction model for DR-MMCs was presented by Ding et al. in 2002 [2]. In their 

model, the LCF behavior of particulate-reinforced MMCs is treated as a localized damage 

development phenomenon activated by the applied cyclic loading. The localized cyclic stress 

and strain concentration and fatigue damage evolution of microstructural elements within the 

fatigue damaged zone ahead of the crack tip are considered to dominate the whole low-cycle 

fatigue processes. In high-strain low-cycle fatigue conditions, the fatigue-damaged zone is 

described as the region in which the local cyclic stress level approaches the ultimate tensile
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strength of the composite and within which the actual degradation of the composite material 

takes place. The fatigue crack growth rate is directly correlated to the range of the crack tip 

opening displacement. The following is a brief introduction of this model [2], which will form 

the basis of our model.

It is well established that the reinforcement of hard particles in a soft metallic matrix produces 

composites with a higher yield strength compared to that of the matrix, and the strengthening 

effect can be expressed as

(3.1)

where and are the yield strength of the composite and matrix; I^and Vm are the volume 

fraction of the reinforcing particles and the matrix, respectively; and s is the 

length-to-diameter aspect ratio of the reinforcing particles. The addition of high-strength 

brittle particles in the metal matrix will not only strengthen the microstructure of the matrix, 

but also constrain the plastic deformation of the matrix. The constraint effect was denoted as 

the constraint Cg. Then, the effective stress of the DR-MMCs, àaejjf/2, can be calculated by

A cte f f 1 A ct (3.2)

It is well known that there is a cyclic plastic zone or fatigue damaged zone (FDZ) in front of 

the crack tip (see Fig.3.1). The FDZ is a zone that is very close to the crack tip within which 

the actual degradation process of the composite material occurs, its size Dfdz can be 

calculated by

^FDz -
Xn

16Cf
[K'T''"'

I  2  J a. (3.3)
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where X is the cyclic plastic zone correction, n' and K ’ are the cyclic strain hardening 

exponent and cyclic strength coefficient, a is the initial crack size, ACp/ 2  is the plastic strain 

amplitude.

Crack Cyclic Plastic Zone

Fatigue Damaged Zone

Fig.3.1 Schematic diagram showing the cyclic plastic zone and the fatigue damage 

zone (FDZ) in a LCF crack tip region [2].

The local driving force in the LCF of DR-MMCs was correlated with the cyclic J  integral 

referred to as AJ, which can be expressed as

I" ( X T  1
I  2  J a . (3.4)

32C;

The cyclic J  integral is directly related to the range of crack tip opening displacement 

(CTOD) <5, which is

0 = Xn
4sc: ■[V̂ {s + 2)I2 + V,]'

n'+l
n'

( k')
I  2  J

3n'+l

(3.5)

The LCF crack growth rate, da/dN, is directly associated with the local driving force acting 

upon the FDZ and, therefore, to the range of crack tip opening displacement <5. da/dN can 

then be predicted by
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Xn
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e

[rf{s+ 2)i2+ r,}\
f  Y^Ar V"'"'

y
(3.6)

In view of the micro-mechanism of LCF damage development as described above, the 

number of cycles to failure during the fatigue crack growth can be calculated by integrating 

Eq. (3.6) from an assumed initial crack size a\ to a critical crack size af. Finally, the fatigue 

life, Np is

96Cj
[v ,(s^2 V 2  + v X i 4 - ^n'+l

y-c
K'

Y r,, ^
In

Ag„ (3n’+ l)

(3.7)

Given a set of and Aspl2, an average value of X can be calculated which will be used in 

the life prediction calculation later.

The theoretical predictions via this model were reported to be in agreement with the 

low-cycle fatigue life data of AA6061-T6 aluminium alloy reinforced with 15 and 20 vol.% 

alumina particles, respectively, in a temperature range between -100 and 150°C in a 

total-strain controlled mode.

This model was essentially an LCF crack growth model. It does not take into account the 

LCF crack initiation which should occupy a fraction of fatigue life in particular in the range 

of smaller plastic strain amplitudes. In order to give a more accurate prediction of LCF life 

of DR-MMCs, the addition of crack initiation period is necessary. Therefore, one of the 

purposes of this research is to develop a crack initiation model based on Gibbs free energy 

change, which is briefly explained in the following section.
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3.2 Gibbs Free Energy Change and Crack Initiation

Bhat and Fine [38] reported a fatigue crack nucléation model for iron and high strength low 

alloy steel, according to Gibbs free energy change. In thermodynamics, the Gibbs free 

energy is a state function of any system defined as G = H -  TS, where H  is the enthalpy, T is 

the temperature, and S is the entropy. Any natural process occurs if and only if the associated 

change in G for the system is zero. The mechanical deformation of a solid leading to the 

nucléation of a crack may be considered as an example of phase transformations and, 

therefore, Gibbs free energy can be applied. For most metals and alloys, cyclic deformation 

at room temperature is at a low homologous temperature, and, as a result, thermal activation 

is not expected to play a significant role.

When a crack forms, the change in the free energy consists of three parts: (1) the release of 

stored elastic energy (Wg); (2) the reduction of internal energy because of defects lost at the 

new created surface, Aç, where ç was defined as the energy of the accumulated dislocations 

that are lost per unit area of the nucleated crack surface, and A is the area of the just 

nucleated crack; (3) the energy increase due to the creation of the new crack surface. Ay, 

where y is the surface energy density. Thus the change in the free energy to form a crack of 

area. A, is

AG = -PF^-Aç + A /  . (3.8)

Before the nucléation of the fatigue crack, the accumulated damage is in the form of 

increased lattice defects, such as dipoles, vacancy clusters, veins, persistent slip bands 

(PSBs), etc. The area of the hysteresis loop is a measure of the total mechanical energy spent 

in cycling (see Fig. 3.2). However, most of the irreversible energy is converted to heat and 

only a small portion of this irreversible energy is stored as defects. After the initial transient 

stage, the area under the hysteresis loop is assumed to remain constant and, therefore, the
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reduction of internal energy because of defects lost at the new created surface, Aç, can be 

connected to the area of the hysteresis loop.

O#

Fig. 3.2 Schematic diagram showing the shape of hysteresis loop [38].

By assuming that in the low strain cycling, cracks often nucleate in the persistent slip bands 

(PSBs) and the shape of the new created crack is approximately that of a half of a penny 

with radius, a*, an equation proposed to predict the number of cycles (Â ,) required to create 

a fatigue crack was developed [38];

7iE  y  - A c j ^ a * { \ - v
(3.9)

where TV, is the number of cycles to create a fatigue crack, E is Young's modulus, y is the 

surface energy density, o is the peak stress or the stress amplitude within a cycle, v is 

Poisson's ratio, Ea and are the stress and plastic strain ranges in the cycle, /  is the
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defect-energy-absorbing efficiency factor, t is the total thickness of the regions on each side 

of the crack drained of defects when the crack forms, f t  may be regarded as an indicator of 

the energy that is stored from cycle to cycle, and a* is the critical crack radius [38].

Experimental data from commercial purity iron and a high strength low alloy steel were 

used to verify the model. A reasonable agreement with the experimental data was reported. 

However, because the fatigue mechanism of DR-MMCs is different firom that of pure iron or 

steel, this model can not be directly applied to DR-MMCs. A new model has to be developed 

based on the presented model.

3.3 A New Life Prediction Model for DR-MMCs

The above model is basically applicable for the crack initiation occurred at PSBs. In the 

LCF of DR-MMCs the locations of crack initiation are not normally at the PSBs, as reported 

by several researchers. Llorca [14] pointed out that the stiff ceramic reinforcements acted as 

preferential sites for the crack nucléation, and were ultimately responsible for the poor LCF 

properties of the DR-MMCs. Fractographic studies by Bosi et al. [8 ] showed that the crack 

initiation occurred at the specimen surface and was associated with the microstructural 

defects such as clusters of particles, coarse particles or other inclusions. Levin and Karlsson 

[5] reported that cracks initiated either near the particle-matrix interfaces in regions of high 

volume fraction of particles or by the fracturing of individual particles. However, it would 

be reasonable to consider that the crack initiation process of DR-MMCs is similar to that of 

purity iron and high strength low alloy steel based upon the energy point of view, 

irrespective of the crack initiation site or the type of materials. That is, the formation of a 

crack leads to the reduction of elastic strain energy and the generation of surface energy. In 

the case of particle/matrix decohesion in the DR-MMCs, two different kinds of surface 

energy for the matrix surface and particle surface should be taken into consideration.
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Suppose that the first crack occurs at the interface between the matrix and the particles, then 

the total change in the surface energy per unit area of the crack consists of two parts: (1) the 

energy increased by the new generated particle surface and matrix surface ); (2 )

the energy decreased by the release of adhesion work (-Wad) between the particle and the 

matrix. Dhindaw used Firifalco-Good relationship (Adamson 1982) [39] to calculate Wad as:

(3-10)

where ysp and ysm are the surface energy density of the reinforced particle and matrix, 

respectively, and Wad is the adhesion work between them. The coefficient 0  has a value of 

0.24 [39]. By assuming a perfect contact between the matrix and particle, the total change in 

the surface energy per unit area of a crack can be expressed as:

r^rsp+rsn,-^■^^^|rsprsn, ■ (3-H)

If the crack initiation occurs in the matrix, ysp in Eq.(3.11) could be replaced by ysm, resulting 

in:

r  = l-52/,„. (3.11a)

On the other hand, if the crack initiation mechanism is associated with the particle fracture, 

ysm in Eq.(3.11) could be replaced by ysp, giving rise to:

r = \.52y^^. (3.11b)

According to references [40,41], ysp and ysm could be assumed to be approximately 1 Nm .

As a result, there would be no big difference among Eqs. (3.11), (3.11a), and (3.11b).

Therefore, Eq. (3.11) will be used in the following derivation.

In the LCF, the peak stress or the stress amplitude, a, can be expressed as [2]:
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(7 = —  = K' 
2 V

(3.12)

where Aey2 is the externally applied/measured plastic strain amplitude. Han et al. [42] 

considered in the LCF of DR-MMCs, due to the high constraint effect of the reinforcement 

on the matrix, the external strain measured in the composites is lower than the “real” or 

“actual” strain in the matrix near the reinforcement. As the crack initiation is a localized 

phenomenon, the real plastic strain around the crack is apparently higher than the external 

measured one. However, the localized real plastic strain is a complicated parameter which is 

influenced by a number of micro structural parameters, such as the size, shape, volume 

fraction and clustering of particles. As a first approximation, it may be reasonable to use the 

“average real plastic strain in matrix” to replace the “localized real plastic strain”. The 

“average real plastic strain in matrix”, s,.p, proposed by Han et al. [42], can be expressed as 

follows,

(3.13)

where Vf\s the volume fraction of the reinforcement particles. Substituting Eqs. (3.11) and 

(3.12) into Eq. (3.9), and replacing &p by ŝ p, E by Ec (Young's modulus of the DR-MMCs) 

and V by Vc (Poisson's ratio of the DR-MMCs), one can obtain the following equation:

A.. =
(Xsp +  -  O-^^^lrspTsn, ) -  4- K '

«■' 2

' / ( 1 - v / )
1.2(1- P } )

I n E J tK '
r  A f ,

n'
A^P

d - P } )

(3.14)

As mentioned above, jsp and jsm could be assumed to be 1 Nm \  and a conservative value of 

250 nm is used for a*, which was detected by Bhat and Fine [38]. Given a group of data of
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the plastic strain amplitude Afip/ 2  and the related critical number of cycles to initiate a 

fatigue crack Ni, together with the material parameters Ec, n\ K', Vf and Vc, an average value 

ÎOX f t  — the indicator of the energy that is stored from cycle to cycle -  can be obtained. Then 

Eq. (3.14) can be used to further predict the fatigue crack initiation life Ni, in conjunction 

with the effects of a number of factors.

3.4 Effect of the Plastic Strain Level and Volume Fraction

The volume fraction of the reinforcement particles can affect various properties of 

DR-MMCs, such as Young's modulus E, internal energy efficiency factor /  cyclic strength 

coefficient K \ cyclic strain hardening exponent n\ etc. To indicate the effect of the volume 

fraction on the crack initiation, the situation in which all other parameters except the volume 

fraction are kept constant is first considered. Data based on an AI2O3 particulate reinforced 

AA6061-T6 composite with a volume fraction of 15% tested at 25°C are selected; K' =1066 

MPa, n' =0.163, y,p=y,m=l Nm’' [40,41], a*=250 nm [3 8 ]./ is 3.74x10'^ m, which is an 

average value calculated on the basis of the experimental data obtained at 25°C and k/=0.15 

[2]. Based on Gorsse et al.'s studies for Young's modulus of the MMCs reinforced by short 

fibers [4 3 ], Ec may be calculated by the following equation:

with

+ 2 s

(3.15c)
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I t  ~
I m  (3.15d)

& + 2 '

where Ep is the Young's modulus of the reinforcement short fibers (particles), E^ is the 

Young's modulus of the matrix, s is the aspect ratio. Substituting Ep=400 GPa, Em^^O.S GPa

[44], and .5=1 .7  [2] into Eq. (3.15) yields: Ec^933 GPa.

Poisson's ratio of the DR-MMCs, Vc, may be estimated on the basis of the rule of mixtures:

, (3.16)

where Vp and are the Poisson's ratio of the reinforcement particles and the matrix, Vm is 

the volume fraction of the matrix. Substituting Vp=0.22, ^ ,̂=0.345 [44], =0.85, and V/

=0.15 [2] into Eq. (3.16) yields: Vc =0.326.

Figs. 3.3 and 3.4 illustrate the effect of the volume fraction on the number of cycles for the 

LCF crack initiation in an AI2O3 particulate-reinforced AA6061-T6 aluminum alloy based 

MMCs tested at 25°C, where different values of the plastic strain amplitude (PSA): 

2.41x10'^, 1.24x10'^, 8.67x10 '\  4.66x10"* based on [2] were selected for f/values changing 

from 0.0% to 30%. From Fig. 3.3 (where E cft, n’ =0.163 and K ’ =1066 MPa [2] are kept 

constant), it is seen that while the lower plastic strain level results in a longer fatigue crack 

initiation life, the higher volume fraction leads to an earlier crack initiation regardless of the 

plastic strain level. Similar results were found after the variation of E cft, n' and K' with the 

volume fraction was taken into account, as shown in Fig.3.4. In this case, the effect of the 

volume fraction on the LCF crack initiation for a given plastic strain amplitude became 

stronger.
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Figure 3.3 Effect of the volume fraction (V/) on the number of cycles for the fatigue crack 

initiation (TV,) in the AI2O3 particulate-reinforced, AA6061 aluminum alloy 

based MMCs tested at 25 °C (where Ec, n', K' and f t  are kept constant).
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Figure 3.4 Effect of the volume fraction {Vj) on the number of cycles for the fatigue crack 

initiation (TV,) in the AI2O3 particulate-reinforced, AA6061 aluminum alloy 

based MMCs tested at 25°C, with consideration of the variation of Ec, n\ K' 

and f t  with the volume fraction.
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3.5 Effect of K' and « '

Figs.3.5 and 3.6 present the analytical results of the effect of the cyclic strain hardening 

exponent («') on the crack initiation. In Fig.3.5, n' is the only variable and other parameters 

are kept constant. The cyclic number to nucleate a fatigue crack, TV,, is calculated as a 

function of «'based on Eq. (3.14) under different levels of the plastic strain amplitude, Aep/2. 

Again, the data for the AI2O3 particulate reinforced AA6061-T6 composite (1^=15%) tested 

at 25°C [1] are used: £'^=93.3 GPa, K' =1066 MPa, ysp=ysm='̂  Nm '\ a*=250 nm, Vc=0.326, 

/r=4.83xl0'^ m (an average value for this material with different volume fractions and tested 

at different temperatures), 1^0.15, Aep/2=2.41xl0'^, 1.24x10'^, 8.67x10'^, 4.66x10"^ 

respectively, and «' is changed from 0.1 to 0.34. A trend can be seen from Fig.3.5: a larger 

cyclic strain hardening exponent («') results in a higher crack initiation life (A,), irrespective 

of the plastic strain amplitude level. However, after the variation of Ec, K' and f t  with «' is 

taken into consideration (Table 3.1), the effect of « 'on the LCF crack initiation life becomes 

quite complicated. When «' is smaller than 0.261, there is only a weak or little «' effect. 

When « 'is greater than 0.261, «'has a strong influence on the LCF crack initiation life. This 

is mainly due to the combined effects of both «' and K', which will be explained later.

The effect of the cyclic strength coefficient, K', on the LCF crack initiation life can be 

analyzed in the way similar to that of «'. The results are presented in Figs. 3.7 and 3.8. If 

K' is the only variable (other parameters are the same as those used in Fig.3.5 except «' 

=0.163), an increasing K' leads to a decreasing LCF crack initiation life, as shown in Fig.3.7. 

Also, the effect of the plastic strain amplitude level, Ae/2, on the LCF crack initiation life 

can be seen from this figure. If a combined effect of both K' and «' (see the values given in 

Table 3.1) is considered, as demonstrated in Fig.3.8, the monotonie decreasing trend with 

increasing K' value disappears. It is replaced by the occurrence of a maximum A, value at K' 

= 1839 MPa. That is, the LCF crack initiation life first increases and then decreases with
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increasing cyclic strength coefficient, K', for a given plastic strain amplitude, which will be 

discussed later.

Table 3.1 Material parameters used in the calculation of unified effects of Ec, V /.n '.K ' and 
f t  on the fatigue crack initiation illustrated in Figs.3.6 and 3.8 (based on [2, 43 
and 44] ).

Material condition Material parameters
Test temp., °C n' Ec, GPa K', MPa A l O ' m

25 2 0 0 . 1 1 0 97.2 792 5.91

-30 15 0 . 1 2 2 93.3 8 6 6 6 . 6 6

25 15 0.163 93.3 1066 3.74

150 2 0 0.261 97.2 1496 7.86

- 1 0 0 2 0 0.283 97.2 2500 2.74

150 15 0.312 93.3 1839 2.09

2000
— '  -  PSA=4.66E-4 

 PSA=8.67E-4

 PSA=1.24E-3

 PSA=2.41E-3
1500

500

0.10 0.15 0.20 0.25 0.30 0.35

Cyclic strain hardening exponent (n')

Figure 3.5 Effect of the cyclic strain hardening exponent {n ') on the fatigue crack initiation

life (Ni) in the AI2O3 particulate-reinforced, AA6061 aluminum alloy based 

MMCs tested at 25°C, without consideration of the variation of Ec, V /,K 'and

ft.
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Figure 3.6 Effect of the cyclic strain hardening exponent in') on the fatigue crack initiation 

life (Ni) in the AI2O3 particulate-reinforced, AA6061 aluminum alloy based 

MMCs tested at 25°C, with consideration of the variation of Ec, V /,K ' an d /.
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Figure 3.7 Effect of the cyclic strength coefficient (K ') on the fatigue crack initiation life 

(Ni) in the AI2O3 particulate-reinforced, AA6061 aluminum alloy based MMCs 

tested at 25°C, without consideration of the variation of Ec, Vf, n' and /.
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Figure 3.8 Effect of the cyclic strength coefficient (JC) on the fatigue crack initiation life 

(iV,) in the AI2O3 particulate-reinforced, AA6061 aluminum alloy based MMCs 

tested at 25°C, with consideration of the variation of n

3.6 Verification of the New Model

The fatigue failure process includes both the crack initiation and crack propagation, and the 

experimental data for the fatigue behavior of the DR-MMCs involve basically the total 

fatigue life. To verify the above LCF crack initiation model, the crack propagation phase has 

to be included. Ding et al.'s model [2], Eq. (3.7), is thus applied. It follows that the total LCF 

life of the particulate-reinforced MMCs, TV,, can be expressed as:

^ A Y sp + Ysm -  ̂ -̂ ^ylYspYsn, ) " K'
Af,

1  o '( l - v / )

InEJtK'
Af, Af,

2 ( 1 - f } ) (1-^7)
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96C; [f^(5 + 2)/2 + F„,]-̂ n
n'+\

y.e
K'

In
v«/y

(3.17)

In the following calculations, Q=0.2,5 = 1 .7 , u/=2 mm [1], a,=2a*-2x250 nm -500 nm [38], 

and the values of V/̂  Vm, n' and K' for different composite materials are listed in Table 3.2.

Figs. 3.9-3.17 show the life prediction in the double-log scales based on Eq. (3.17) in 

comparison with the experimental data reported in the literature for a number of composite 

materials listed in Table 3.2. Also, the results predicted by Ding et al.'s LCF crack growth 

model [2] are included in these figures. A good agreement is observed firom these figures. 

Besides, compared to the fatigue crack propagation model [2], the accuracy of the life 

prediction via the present model is improved, especially for the intermediate plastic strain 

amplitude level, say, 6x10"  ̂< Asp/2 < 2x10'^. This is due to the consideration of both fatigue 

crack initiation and propagation stages. However, at very high level of the plastic strain 

amplitude, i.e., Ag/2>3xlO'^, a larger difference is noticed between the experimental data 

and the prediction from the total life model. While further improvement in the crack 

initiation model applied to the high plastic strain amplitude level is needed, more attention 

should be paid to the crack propagation model for the DR-MMCs, since the fatigue crack 

initiation usually occurs within tens of cycles at a very large plastic strain level. On the other 

hand, at low plastic strain levels, i.e., Ae/2 < 7x10 '\ the number of cycles goes beyond lO'̂  

and falls into the HCF regime, and the LCF crack propagation model may not work well.

It should be noted that the effect of particle size on the fatigue life was not directly reflected 

in the above model. As described in Chapter two, the particle size is an important parameter 

related to the fatigue property of DR-MMCs. It is thus necessary to further model the effect 

of the particle size on the fatigue life.

52



Table 3.2 Parameters used in the ealculations in Figs.3.9 -  3.18.

Fig.
No. Material

Ec,
GPa

K',
MPa n'

A  1 0 -"
m 2 Vf

Ref.
No.

3.9 6 O6 I-AI2O3 93.3 1066 0.163 3.74 0.426 0.15 0.85 2

3.10 6 O6 I-AI2O3 93.3 1839 0.312 2.09 0.314 0.15 0.85 2

3.11 6 O6 I-AI2O3 93.3 8 6 6 0 . 1 2 2 6 . 6 6 0.687 0.15 0.85 2

3.12
6 O6 I-AI2O3

(D20) 92.6 869 0.146 8.84 0.649 0 . 2 0 0.80 50

3.13
6 O6 I-AI2O3

(C85) 89.0 824 0.140 10.30 1.359 0 . 2 0 0.80 50
3.14 2 OI4 -AI2O3 84.0 520 0 . 1 0 0 37.70 1.620 0 . 1 0 0.90 40
3.15 2 OI4 -AI2O3 89.0 580 0.140 47.80 2.645 0.15 0.85 40

3.16 X2080-SiCp 105.0 496 0.150 22.70 0.682 0 . 2 0 0.80 41

3.17 X2080-SiCp 99.0 456 0.140 25.30 0.595 0.15 0.85 41

3.18 6 O6 I-AI2O3 93.3 1066 0.163 N/A N/A 0.15 0.85 2
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I

Reversals to failure (2N)

Figure 3.9 A eomparison of the total fatigue life model with the crack propagation model

[2 ] and with the experimental data [2 ] for the AI2O3 particulate-reinforced

AA6061 composite material (^^=15%) tested at 25 C.
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Figure 3.10 A comparison of the total fatigue life model with the crack propagation model 

[2] and with the experimental data [2] for the AI2O3 particulate-reinforced 

AA6061 composite material (f/=15%) tested at 150°C.
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Figure 3.11 A eomparison of the total fatigue life model with the crack propagation model

[2] and with the experimental data [2] for the AI2O3 particulate-reinforced

AA6061 composite material (F/=15%)  tested at -30°C.
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Figure 3.12 A comparison of the total fatigue life model with the crack propagation model 

[2] and with the experimental data [50] for the AI2O3 particulate-reinforced 

6061 composite material (D20) (V f  =20%)  tested at RT.
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Figure 3.13 A comparison of the total fatigue life model with the crack propagation model

[2] and with the experimental data [50] for the AI2O3 particulate-reinforced

6061 composite material (C85) (P}=20%) tested at RT.
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Figure 3.14 A comparison of the total fatigue life model with the crack propagation model 

[2] and with the experimental data [40] for the AI2O3 particulate-reinforced 

2014 composite material (P/=10%) tested at 100°C.
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Figure 3.15 A comparison of the total fatigue life model with the crack propagation model

[2] and with the experimental data [40] for the AI2O3 particulate-reinforced

2014 composite material (P}=15%) tested at 100°C.
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Figure 3.16 A comparison of the total fatigue life model with the crack propagation model 

[2] and with the experimental data [41] for the SiC particulate-reinforced 

X2080 composite material (Vf =20%) tested at RT.
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Figure 3.17 A comparison of the total fatigue life model with the crack propagation model

[2] and with the experimental data [41] for the SiC particulate-reinforced

X2080 composite material ( V / = l 5%) tested at RT.
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CHAPTER FOUR 

Effect of the Particle Size on the Fatigue Behavior of DR-MMCs

4.1 Background

As presented in Chapter two, many attractive advantages of the discontinuously reinforced 

aluminum-based metal-matrix composites (DR-MMCs) have made them the competitive 

candidates for aerospace and automobile industries. These properties include high specific 

modulus, high strength, high stiffness and wear resistance, low density, reasonable cost, easy 

fabrication, etc. Regarding fatigue properties, it has been reported that while the addition of 

reinforcement particles benefits high cycle fatigue (HCF) performance of DR-MMCs, its 

effect on low cycle fatigue (LCF) is less satisfactory [1-2,7-11,45-46]. The inferior LCF 

resistance of DR-MMCs compared to their un-reinforced counterparts is considered to be 

due to the early breakage of reinforcement particles and the higher strain concentration near 

the particles. The LCF life of DR-MMCs is affected by a number of microstructural 

parameters, such as the volume fraction, size, shape and distribution of the reinforcing 

particles, bonding force between the matrix and particles and age condition, etc. For the 

effect of particle size, Chawla et al. [7] studied an AA2080 reinforced with 10, 20, 30% SiC 

particles and showed that fine particles benefited fatigue resistance within 1 0 '̂  cycles, and 

Bosi et al. [8 ] reported a similar result on AAôOôl/ALOgp composites. This was explained 

by the fact that coarse particles had a lower strength and also brought more microcracks to 

the composites due to more self-defects compared to finer ones. On the other hand, Han et al. 

[9,10] reported that coarse particle reinforced composites exhibited slightly superior LCF 

resistance based on their studies on SiCp/Al composites with a constant reinforcement 

volume fraction but different particle sizes at ambient and elevated temperatures. This was 

considered to be due to a larger number of microcracks arising from more particles in the 

fine particle reinforced composites. Furthermore, a recent study on AA2124/SiCp
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composites with different particle sizes by Uygur et al. [1 1 ] showed that the reinforcement 

size has no significant effect on the LCF life of DR-MMCs.

The different results reported in the literature indicated that the effect of reinforcement 

particle size on the LCF life has not been fully understood. The purpose of this part of the 

thesis is, therefore, to develop an analytical model that links the LCF life to the particle size, 

where the fatigue life was considered to be influenced by the yield strength of the composite 

based on a recent model proposed by Ding et al. [2], and the strengthening effect of the 

composite was attributed to the enhanced dislocation density in the matrix and the load 

bearing effect of the reinforcement particles. The obtained results indicated that an 

increasing particle size results in a lower fatigue life, although this effect was not so strong. 

The theoretical predictions of the LCF life of DR-MMCs were found to be in good 

agreement with the experimental data reported in the literature.

4.2 Size Effect in the Life Prediction Model

In Ding et al.’s model, if Eq. (3.1) is substituted into Eq.(3.7), another expression can be 

obtained:

N  = 96C:
2 ^y,m ^y,c

n
n'+l

In
V J V 2  y

(4.1)

There are different ways for calculating the yield strength of the composite, depending

on the strengthening mechanisms. The strengthening effect of DR-MMCs is primarily 

attributed to two factors which could be understood via two models. One was a modified 

shear lag (MSL) model in which the entire strengthening effect was ascribed to the load 

bearing feature of the hard reinforcement based on the shear lag theory, the other was the
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enhanced dislocation density (HDD) model in which the strengthening was mainly attributed 

to the enhanced strength of the matrix due to the increase in the dislocation density in the 

matrix. While the strengthening effect in the former case was reported to be constant [45], 

the enhanced dislocation density effect was revealed to be associated with the relaxation of 

the thermal residual stress created during manufacturing and the diameter of the particles [1 ]. 

On the basis of these two models, the yield strength of the composite may be expressed as

[45],

or,. = /,)(! + /;), 04.2)

where fd andfi are the improvement factors associated with the dislocation strengthening of 

the matrix and the load bearing effeet of the reinforcement respectively. According to 

Ramakrishnan [45], for the particulate-reinforced composites,// = 0 . 5 0 . was considered to 

be a direct consequence of the increase in the dislocation density due to the residual plastic 

strain caused by the difference in the coefficient of thermal expansion (ACTE) between the 

reinforcement particles and the matrix during the post-fabrication cooling. It was also 

reported by Ramakrishnan [45],

(4.3)
^  y,m

where A: is a constant and approximately equals 1.25 [45], Gm is the shear modulus of the 

matrix, b is the Burgers vector of the matrix, p  is the enhanced dislocation density. Clyne 

and Withers [1 ] reported the following expression for p  for cube-shaped particles.

P = 1 2 - ^ ,  (4.4)
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where d is the particle size, Aa is the ACTE as specified above, AT is the difference between 

the previous annealing and test temperatures. Substituting Eqs. (4.2)-(4.4) into Eq.(4.1) 

yields.

N  = n 1
n'+l A^V

In
4.33G„,^AoATV^b

7 Ï
(4.5)

Fig-4.1 presents the analytical results about the effect of the particle size (d) on the cyclic 

fatigue life, where d is the only variable and other parameters are kept constant. The cyclic 

number to failure, N, is calculated as a function of d based on Eq.(4.5) under different levels 

of the plastic strain amplitude, Aspll. The data for the AI2O3 particulate reinforced 

AA6061-T6 composite (f>=15%) tested at 25°C [2] are used; £',=93.3 GPa, K' =1066 MPa, 

M-0.163, af=15 p,m, a/=2 mm, Q=0.2, 1=0.2513, cry,„,=340 MPa, P/=0.15, 6=2.86x10''° m, 

Afip/2=2.41xlO'^, 1.24x10'^ 8.67x10" ,̂ 4.66x10“̂ , respectively, Aa and Gm can be found from 

MatWeb [47] : Gm=26 GPa, Aa=l.72x10'^ /°C. Suppose that the increment of the dislocation 

density begins with a solid solution treatment which is carried out at about 800 K [2,8], then 

AT -  505 K. d is changed from 1 pm to 30 pm. Two trends can be seen from Fig.4.1: (a) a 

higher level of the plastic strain amplitude, Ae/2, leads to a lower fatigue life [N)\ (b) a 

smaller particle size results in a higher fatigue life at the lower plastic strain amplitude level, 

say, A£p/2=4.66xl0'^, but this effect becomes weaker at the higher plastic strain amplitude 

level, especially for d>5 pm. This is mainly due to the breakage of particles during the cyclic 

deformation, which will be discussed later.

Fig.4.2 shows the analytical results concerning the effect of the volume fraction on the LCF 

life. In this figure, all parameters remain the same as given above except that d is kept 

constant (15 pm) and J^is changed firom 1% to 30%. An unusual but weak trend is observed:
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as the volume fraction increases, the LCF life becomes slightly longer. The explanation for 

this will be given in Chapter five.
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Figure 4.1 Effect of reinforcement particle size on the low cycle fatigue life in an 

AI2O 3 particulate-reinforced aluminum alloy based MMCs tested at 

25°C.

4.3 Verification of the Size Effect Model

Figures 4.3-4.Ô show the life prediction based on Eq.(4.5) in comparison with the 

experimental data reported in the literature. Although, compared to the Ding et al.’s model 

[2], the LCF life predicted via the present model is somewhat longer, an excellent agreement 

between the present size effect model and the experimental data reported in the literature is 

observed.
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Figure 4.2 Effect of volume fraction on the fatigue life in an AI2O3 particulate-reinforced 

AA6061 aluminum alloy MMCs tested at 25°C.
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Figure 4.3 A comparison of the present model with Ding et al.'s model [2] and with the

experimental data [6 ] in an AI2O3 particulate-reinforced AA6061 composite

material (Vf=\S%,  t/=15pm) Tested at 25°C.
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Figure 4.4 A comparison of the present model with Ding et al.’s model [6 ] and with the 

experimental data [2] in an AI2O3 particulate-reinforced AA6061 composite 

material {Vf=\5%, <i=l5pm) tested at -30°C.
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Figure 4.5 A comparison of the present model with Ding et al.’s model [2] and with the

experimental data [2] in an AI2O3 particulate-reinforced AA6061 composite

material (F/=20%, c?=12.8pm) tested at 25°C.
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Figure 4.6 A comparison of the present model with Ding et al.’s model [2] and with the 

experimental data [2] in an AI2O3 particulate-reinforced AA6061 composite 

material (f/=20%, J=12.8pm) tested at -100°C.

4.4 An Alternative Method of Modeling the Particle Size Effect

According to the above analytical model, fine reinforcement particles had a beneficial effect 

on the LCF life of DR-MMCs. However, the effect was not so apparent, especially at high 

plastic strain amplitude levels. In the derivation of that model the modified shear lag effect 

factor was assumed to be a constant of 0.5 [45], which may not be correct according to the 

experimental data [2]. The experimental data given in [2] showed that the yield strength of 

the matrix and AI2O3 particulate-reinforced AA6061 based MMCs (L/=15%, r/=15pm tested 

at 25°C) were 340 MPa and 383 MPa, respectively. This gives a value of only 1.126 for (1 + 

fd)0+ fi) in Eq.(4.2). As a first approximation, one may assume that the maximum 

improvement factor fi is approximately equal to the volume fraction Vf. According to 

Nardone and Prewo [48], a more reasonable estimate could be obtained. In their MSL model, 

they derived the relationship between and for SiC whisker reinforced MMCs as
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follows,

F ,(s  + 2)
+ F„ (4.6)

In the MSL model, Eq.(4.2) can also be written as [45],

<̂y,c + (4.7)

With 5 = 1  for cube shaped particles and V/+ P^-l, substituting Eq.(4.7) into Eq.(4.6) yields,

/ , = ^ -  (4»)

Substituting Eqs (4.2)-(4.4), (4.8) into Eq (3.7) yields.

N = 96C! r K,
1+ -

\/' 2

«'+1 K'
In

V

4.33G„^AccATV̂ b

(4.9)

Fig.4.7 presents the analytical results of the effect of the particle size (d) on the fatigue life, 

where d is the only variable and other parameters are kept constant. The cyclic number to 

failure (iV) is calculated as a function of d based on Eq.(4.9) at different levels of the plastic 

strain amplitude (PSA). The data used are identical to those given in section 4.2. The same 

trends can be seen from Fig.4.7. Compared with Fig. 4.1, although the predicted fatigue life 

is shorter, the size effect becomes stronger, especially when d <5 pm. This value could be 

considered as a critical value beyond which the particle size has little influence on the LCF 

life of DR-MMCs.
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Figure 4.7 Fatigue life as a function of particle size in an AI2O3 particulate reinforced 

AA6 O6 I aluminum alloy based MMCs tested at 25°C.
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CHAPTER FIVE 

Discussion

5.1 Unified Effects of E„ Vf, n ' and K ’ on the Fatigue Crack Initiation

As reported in [2] and also listed in Table 3.1, V/, n' md K' are usually interrelated,

leading to a combined effect of these parameters on the fatigue crack initiation. Fig.3.4 

illustrates the combined effects of the volume fraction on the LCF crack initiation life, 

coupled with the variation of Ec, n\ K' and ft. Due to the limited data (Table 3.1), Vf=\5% 

and Vf=20% were considered only. When 1̂  changes from 15% to 20%, Ec changes from

93.3 GPa to 97.2 GPa according to the experimental data [44] and Eq. (3.15), K' values from 

1066 MPa to 792 MPa, and n' values from 0.163 to 0.11. Based on the experimental data 

reported in [2], the values off t  can be calculated to change from 3.74x10'  ̂m to 5.91x10'^m. 

It is seen from Fig.3.4 that after the unified effect is taken into consideration, the 

dependence of the LCF crack initiation life on the volume fraction becomes stronger. The 

larger the volume fraction and the higher the plastic strain amplitude, the lower the number 

of cycles for the fatigue crack initiation. This is in good agreement with the results reported 

in the literature. For example, Srivatsan [49] reported the degradation in the LCF resistance 

with an increase in the volume fraction of SiCp reinforcement in the 2124 matrix. Ding et al.

[2] pointed out that in the strain-controlled LCF tests the MMCs with the higher volume 

fraction of reinforcement particles exhibit shorter fatigue lives than composites with a 

smaller volume fraction. Hadlanfard and Mai [50] showed that the higher the strain 

amplitude, the higher the rate of decay and the lower the fatigue life.

The monotonie effect of the cyclic strain hardening exponent, n', on the LCF crack initiation 

life (Fig.3.5) may be understood as follows. In the cyclic deformation testing at a given 

plastic strain amplitude, the cyclic strength coefficient K' and cyclic strain hardening
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exponent n are the decisive factors for the cyclic stress amplitude according to Eq. (3.11). 

Since Aep/2<1 and 0.05<n'<0.3 [33], a larger «'corresponds to a lower saturated cyclic stress 

amplitude level, A<r/2, if K ' and Agp/2 are constant. In the LCF the cyclic deformation test is 

normally earned out under strain control. Therefore, an increasing «' would lead to a 

decreasing value of A(t/2, which would result in an increasing LCF crack initiation life. This 

is also in agreement with the statement that in the LCF “materials with larger values of «' 

have longer fatigue lives” [37].

The dependence of the fatigue crack initiation life on the cyclic strain hardening exponent «', 

coupled with the accompanying variation of Ec, Vf, K ' and f t  has been presented in Fig.3.6. 

Comparing Fig.3.6 with Fig.3.5, it is seen that such a unified consideration gives rise to 

quite a complicated effect and a slightly lower number of cycles for the fatigue crack 

initiation, especially at «' -0.261. This phenomenon can be attributed to the influence of the 

cyclic strength coefficient, K', on the fatigue crack initiation life, combined with the varying 

«' (Table 3.1). As shown in Fig.3.8, for a given plastic strain amplitude level, the LCF crack 

initiation life increases with increasing K'. After reaching a peak value at K' -1839 MPa, A,- 

decreases with increasing K'. This is associated with the fact that the «' effect offsets the K' 

effect on A. Hu and Cao [51] suggested a relationship between «'and K ' as follows.

«'=0.34V A -0.05, (5.1)

where is the yield stress of the material. Clearly, an increasing K' leads to an increasing «', 

which can also be seen from Table 3.1 at a given test temperature. Mathematically, the 

exponent «'has a stronger effect on Ea!2 than the coefficient K' does according to Eq. (3.12). 

These two points could be used to explain Figs.3.6 and 3.8.

In Fig.3.6, while an increasing «' tries to decrease the saturated stress amplitude level, A<t/2, 

the increasing K \  resulting from the increased «' based on Eq. (5.1), would offset a part of
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the A(t/2 decreasing effect. As n' has a stronger influence on Acr/2, the offsetting effect of the 

increased K' can not change much of the total decreasing trend of A(t/2 which would lead to 

an increasing iV,. However, when the effects of Ec, Vf and f t  are taken into consideration, a 

weak or little dependence («' <0.261) and a strong dependence (n' >0.261) of the LCF crack 

initiation life on the cyclic strain hardening exponent is observed, as shown in Fig.3.6. On 

the other hand, in Fig.3.8, as an increasing K' leads to an increasing saturated stress 

amplitude level in terms of Eq. (3.12), the increasing n’ arising from the increased K' 

according to Eq. (5.1) would offset the majority of the increasing effect, because of its 

stronger influence on Acr/2. As a result, the LCF crack initiation life should increase with 

increasing K'. This trend can be found in Fig.3.8 for K' <1839 MPa. However, for the last 

point, K' =2500 MPa, the LCF crack initiation life becomes lower. This may be due to the 

scatter of the experimental data of K' and n' in this range. As shown in Table 3.1, when K' 

increased from 1839 MPa to 2500 MPa, n' decreased from 0.312 to 0.283, which does not 

coincide with the trend described by Eq. (5.1). The reason why this material deviates from 

Eq. (5.1) in this range is unclear. Further study is needed.

In brief, n' and K' have an opposite effect on TV,. While an increasing n', as an only variable 

in Eq. (3.14), would lead to an increasing A,- (Fig.3.5), an increasing K', as an only variable 

in Eq. (3.14), would result in a decreasing A,- (Fig.3.7). Although their effects on Nj are 

inter-related, n' has been indicated to have a stronger influence. The combined effect of both 

n'and K' results in a rather complicated dependence of the LCF crack initiation life on either 

n' orK', as shown in Fig.3.6 and Fig.3.8.

5.2 f t  - An Indicator of the Energy Stored from Cycle to Cycle

A parameter that deserves further analysis is ft, where /  is the defect-energy-absorbing 

efficiency factor, t is the total thickness of the regions on each side of the crack drained of
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defects when the crack forms. In the calculation of the crack initiation, f t  is considered as a

material constant which determines the percentage of the hysteresis loop area stored as the 

defect energy to be released when a crack initiates. This combined parameter may be 

influenced by the microstructural parameters and environmental conditions, such as volume 

fraction, reinforcement particle size, temperature, etc. As mentioned earlier, if a set of 

experimental data of Np versus Agp/2 is given, the value of f t  can be calculated from Eq. 

(3.14) for a given material. Figs.5.1 and 5.2 illustrate the effect of the volume fraction and 

temperature on the value of f t  based on the data listed in Table 3.1. It is seen that the value 

off t  decreases with increasing volume fraction when Ec, n' and K' remain constant (Fig.5.1). 

However, when the effect of the volume fraction on Ec, n' and K' is simultaneously 

considered, an opposite trend is observed (Fig.5.2). It means that the combination of Ec, n' 

and K' has a stronger effect on the value of f t  than the volume fraction alone. Regarding the 

effect of test temperatures, the higher the temperature, the stronger the dependence of the 

value of f t  on the volume fraction, as shown in Fig. 5.2. The reason for this is unclear, and 

further study is needed.

5.3 On the Crack Initiation Process

It was reported that damage was initially generated randomly throughout the specimens, and 

the predominant damage micromechanisms detected at this stage were the fracture of 

reinforcement particles, decohesion at the matrix/reinforcement interface, and the formation 

of matrix cracks. This situation of homogeneous damage continued until a predominant 

microcrack nucleated at the specimen surface, and damage was then rapidly localized 

around the propagating crack [14]. In this study, the formation of a predominant microcrack 

was considered as the crack initiation, in which the energy change produced by the 

decohesion at the matrix/reinforcement interface was taken into account when calculating 

the free energy change. As the surface energy arises from the unbalance of the force between
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inner atoms or molecules and the interface, it is thus sensitive to the surface morphology, 

chemical composition and the environment. Consequently, the surface energy would vary 

with matrix and reinforcement particles. However, as a first approximation, the surface 

energy could be considered to be a constant of about 1 Nm’*, as reported in recent studies 

[38,40,41]. A quantitative analysis of the change in the surface energy density caused by the 

surface morphology, composition and environment is possible, but it would make the 

derived equation more complicated.

There was no clear definition of crack size for the crack initiation, which was normally 

determined via experiments, e.g., [2,38]. As suggested in [38], a crack initiation size of 500 

nm (2x250 nm) was used in this investigation, which was limited by the ability to detect 

small cracks. As techniques of detecting cracks progress, the size of the crack initiation may 

be changed accordingly. As a first approximation, -15% of the total fatigue life might be 

considered as the crack initiation life. While the crack initiation life model was basically 

validated via the indirect total fatigue life data, the verification of the model using the 

experimental data involving the direct fatigue crack initiation would be ideal. Such crack 

initiation life data are thus important. Although the particle shape was specified as a short 

fiber with varying aspect ratios in Eq.(3.15), and other important parameters, e.g., the 

volume firaction, cyclic strain hardening exponent, cyclic strength coefficient, were reflected 

in the model as well, Eq. (3.14) or (3.17) did not include the effect of the particle size. To 

model the particle size dependence, a slightly modified consideration has been presented 

elsewhere [52].

5.4 Effect of the Particle Size on the Fatigue Life

The present size effect model is actually based upon the load-bearing effect and the 

reinforcement-particle-strengthening effect on the matrix. High stiffness and high strength 

are among the main reasons why MMCs are so attractive. However, just as every coin has
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two faces, those advantages may sometimes go the other way. As LCF tests are usually 

conducted under total or plastic strain control, to reach a certain amount of strain, a higher 

stress level is required in MMCs than in their un-reinforced counterparts due to their high 

stiffness and high strength. This could be the reason why MMCs have a LCF life inferior to 

the constituent matrix material. One of the strengthening mechanisms in MMCs is the load 

bearing feature of the hard reinforcement. In the LCF of DR-MMCs, more loads are shared 

by the reinforcement particles because of the required high stress. By assuming that the 

fracture of a reinforcement particle is stress controlled (maximum-stress principle) due to its 

elastic deformation, Srivatsan [49] reported that the “intrinsic strength” of each particle, Op, 

is inversely proportional to the square root of its characteristic dimension {d)\

(5.2)

where E is Young’s modulus, v is Poisson’s ratio, and Gpm is the critical strain energy release 

rate for the propagation of the microcrack initiated at a brittle reinforcement particle. 

Consequently, smaller particles do not crack easily, but larger particles tend to break under 

lower stresses due to their relatively low “intrinsic strength”. The broken particles act as the 

sources of microcracks in the matrix which will coalesce into macrocracks and lead to 

fatigue failure of the MMCs eventually. In addition, the larger particles are likely to contain 

larger inherent defects than the smaller ones. These defects would typically be sharp comers 

or re-entrant angles that act as potential stress concentrators in the ductile matrix [4 9 ].

Furthermore, short crack growth occupies a large proportion of fatigue lives of DR-MMCs. 

Therefore, short crack trapping by the microstructure plays an important part in the 

resistance of the material to fatigue failure. Li & Ellyin [53] reported that the short crack 

trapping/untrapping is both particle size and volume faction dependent, and their
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experimental observations indicated that a large particle dramatically reduces a nearby short 

crack growth rate, but the fractured particle releases the trapped short crack and leads to a 

considerable increase in its growth rate. Their FEM model also showed that for a given 

volume fraction, a fine particle composite provided a better resistance to the short crack 

growth. Since crack growth results from the damage caused by the reversible movement of 

dislocations in the cyclic plastic zone ahead of the crack tip, the barriers to the movement of 

dislocations play an important role in crack growth. In the DR-MMCs, the particles are 

strong bamers to the movement of dislocations, and the high multiaxial internal stress in the 

area surrounded by the particles impedes the stage 1 growth [53]. Therefore, the average 

spacing among particles appears to be a dominant material parameter for short crack growth 

in the DR-MMCs. For a constant reinforcement volume fraction, smaller particles imply 

more particles embedded in the matrix, i.e., more barriers to the dislocation movement, and 

consequently, to the short erack growth. Dieter [37] presented a relationship among the 

inter-particle spacing (/), volume fraction (V/J and particle diameter (dj:

, = (5.3)
3r,

Eq.(5.3) indicates that a decreasing particle size d results in a smaller inter-particle spacing 

and consequently leads to more multiaxial-intemal-stressed areas, giving rise to a lower 

short crack growth.

All of the above points can be used to understand why larger particles result in a lower LCF 

life predicted on the basis of Eq.(4.5) or Eq.(4.9), especially at low plastic strain levels 

(Fig.4.1 or Fig.4.7). Chawla et al. [7] showed the same trend for the fatigue life under 10 

cycles based upon their study of AA2080 composites reinforced with 10, 20, 30/o SiC 

particles, and Bosi et al. [8 ] reported a similar result on the basis of their work on

,4
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AA6 O6 I/AI2O3P composites.

However, in LCF with increasing plastic strain amplitudes, not only large particles break 

during cyclic deformation, some smaller particles get broken or decohered, which can act as 

sources of cracks and voids. In view of the fact that there are more particles in the small 

particle reinforced MMCs, at a very large plastic strain amplitude, there would be more 

cracked or de-cohered particles in MMCs with smaller particles. This may offset some of the 

advantages of small particles mentioned above in resisting fatigue failure, giving rise to only 

a weak size effect at high plastic strain amplitude levels shown in Fig.4.1 or Fig.4.7. 

However, how these factors affect the fatigue life quantitatively is not clear and further 

studies are needed.

5.5 Effect of Volume Fraction on the Fatigue Life

As shown in Fig.4.2, fatigue life increases slightly with increasing volume fraction of 

reinforcement particles when the volume fraction is treated as an only variable. However, 

most investigators [1,2,7,49] pointed out that an increasing volume fraction led to a 

decreasing LCF life. This difference can be related to the fact that the volume fraction has 

also an effect on other microstructural parameters, i.e., K\ n', Q, etc. When these effects are 

taken into consideration, it can be found that the lower the volume fraction, the longer the 

LCF life. Based on the available data given in [2], Table 5.1 lists the calculated LCF life 

where the effect of volume fraction on E, K', n' is considered. Apparently, when the volume 

fraction changes from 15% to 2 0 %, fatigue life becomes shorter at all four levels of plastic 

strain amplitudes, in agreement with the findings reported in the literature [1 ,2 ,7 ,4 9 ].
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Table 5.1 -  Effect of volume fraction on the LCF Life based on the present model with 

consideration of relevant changes of E, K \ n

LCF Life, N

Aep/2 Vf=15% V(=20% *

Present model/Experimental Present model

2.41E-03 368/372 244

1.24E-03 987/1161 588

8.67E-04 1691/1685 950

4.66E-04 4261/4941 2169

* No experimental data are available at these plastic strain amplitude levels for Vf=20%.
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CHAPTER SIX 

Conclusions and Future Work

6.1 Conclusions

Based on the above research, the following conclusions can be drawn.

1. An equation for predicting the crack initiation life of discontinuously reinforced metal 

matrix composites in the low cycle fatigue has been developed. This equation can be 

used to predict the effects of a number of material or microstructural parameters, 

including:

(1) A higher level of the plastic strain amplitude leads to a shorter fatigue crack 

initiation life.

(2) The higher the volume fraction of the reinforcement particles, the shorter the 

fatigue crack initiation life.

(3) The cyclic strain hardening exponent has only a weak or little effect on the low 

cycle fatigue crack initiation life when «'<0.261. However, the low cycle fatigue 

crack initiation life increases strongly with increasing cyclic strain hardening 

exponent when «'>0.261.

(4) With increasing cyclic strength coefficient, the low cycle fatigue crack initiation 

life first increases, and then decreases. The maximum crack initiation life appears 

at K' -1839 MPa, which seems to be independent of the applied plastic strain 

amplitude.

2. A model for predicting the total low cycle fatigue life has been put forward by uniting 

the proposed crack initiation model with Ding et al.'s crack propagation model. The 

results predicted by means of this unified model are in good agreement with the 

experimental data reported in the literature for a number of particulate-reinforced MMCs. 

Since both the crack initiation and propagation processes have been taken into
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consideration, the accuracy of predicting the low cycle fatigue life is improved.

3. In light of the strengthening effects based on both the modified shear lag model and the 

enhanced dislocation density model, another low cycle fatigue (LCF) life prediction 

model involving the effect of the particle size has been proposed.

4. It is shown that an increasing particle size results in a decreasing LCF life of 

discontinuously reinforced metal matrix composites (DR-MMCs), especially at a 

relatively low plastic strain amplitude. The predicted LCF life is in good agreement with 

the experimental results reported in the literature.

5. When the volume firaction is considered to be an only variable, a larger volume fraction 

tends to increase slightly the LCF life of DR-MMCs. However, when the effects of the 

volume fi-action on other microstructural parameters are simultaneously taken into 

eonsideration, the higher the volume ffaetion, the lower the LCF life. This is also 

eonsistent with the results reported in the literature.

6.2 Recommendations for Future Work

1. Although the predictions based on the currently proposed models are in good 

agreement with the experimental data reported in the literature, more experiments are 

still needed to directly verify these models.

2. For the effeet of the particle size on the LCF life of DR-MMCs, a partiele size of 5 

pm appears to be a critical value, but further studies are needed to find out the 

reasons.

3. The combined effect of cyclic strain hardening exponent n' and cyclic strength 

eoefficient K' on the LCF fatigue crack initiation of DR-MMCs is still not clear by 

now, both theoretical and experimental investigations are needed in this aspect.

4. The influence of& , « ' and AT' on the value oift deserves further study.
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