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Abstract.

Aluminium alloys have been used successfully in a variety of commercial systems 
due to their unusual combination of properties. These include low density, good 
corrosion resistance and excellent mechanical properties. However, they also 
have disadvantages which include a low resistance to fracture and fatigue under 
load. The addition of reinforcing particles improves these properties, but it may 
also upset the delicate balance which has been achieved over many years of fine 
tuning.

This study addresses the areas of uncertainty concerning environmental sensitivity 
in a leading aluminium based silicon carbide particle reinforced metal matrix 
composite, under conditions of direct interest to the aerospace industry. The 
materials studied are 2XXX series aluminium alloys, AMC225, mechanically 
alloyed and powder blended conditions. The environments to which they have 
been subjected include immersion in 3.5% sodium chloride solution, from zero to 
72 hours and a fog atmosphere of the same composition.

It has been found that soaking the materials in this salt solution has a significant 
detrimental effect on fatigue performance, even after relatively short soaks of 8 
hours. The LCF performance is independent of processing route in the T4 
condition alloys. Lives to failure are dramatically reduced on the introduction of a 
saline environment, in which the process of corrosion pitting is implicated. 
Sensitivity to a salt fog environment is independent of waveform frequency.
A "long crack" trend has been defined for A K > 8 M N m -3 /2 ( which corresponds to the 
Paris regime, with Paris exponents of m=3.57 and c=3.49 x 10-n.
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CHAPTER 1.

1. Metal Matrix Composites.

A composite may be defined as a heterogeneous mixture of two or more homogeneous 

phases which have been bonded together.

Composites are generally categorised by their matrix material, of which the three major 

types are ceramic, polymer and metal. They may then be sub-categorised by the 

reinforcement geometry (particulate, whisker or fibre) and overall composition (polymer- 

polymer, metal-ceramic or other combinations of matrix-reinforcement).

Metal matrix composites (MMC's) are classified by the type of reinforcement and the matrix 

material itself, which as its name suggests is a metal or alloy. The reinforcement 

material is generally a ceramic.

1.1 The Matrix Material.

The matrix material is chosen for it's load bearing properties, resistance to fatigue, light 

weight, toughness and corrosion resistance(f). Typical choices for these materials 

include titanium, aluminium and magnesium alloys, as well as copper, lead and iron to a 

lesser degree. The most common of these however is aluminium due to its remarkable 

combination of good corrosion resistance, low density and exceptional mechanical 

properties.

Of particular interest in this project are the 2XXX series wrought aluminium alloys. Most 

aluminium alloys corrode at a higher rate during their first twelve months of exposure to 

the atmosphere, during which time the protective oxide layer will thicken and slow the rate 

of attack. For the case of the 2XXX series alloys, the rate does not decrease. This
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peculiarity is also evident when the 2XXX series alloys are immersed in water as, 

unusually for aluminium alloys, they do not exhibit good corrosion resistance. Impurities 

in the water may also degrade the corrosion resistance of these alloys. They are 

particularly sensitive to the presence of chloride particles, as will be discussed later. 

Another factor of significance when selecting a matrix material is the effect the 

reinforcement addition may have on its properties. The properties of aluminium alloys 

have been refined by small changes in their alloying elements over a long period of fine 

tuning. It should be of some concern that the addition of a reinforcing phase may disrupt 

this fine balance.

1.2 Reinforcement Material.

The choice of reinforcement material is not so obvious.

One of the key properties in design is stiffness or rigidity. The material property related to 

this feature is the ’specific modulus’ which is the elastic modulus divided by the density. 

Engineering materials such as steel, aluminium and titanium, have similar specific 

moduli, whereas organic materials have lower modulus to density ratios. This has meant 

that, to gain bending stiffness without excessive weight, designs using lower density 

materials must increase the section size.

Boron and carbon, which are covalently bonded, have significantly higher specific moduli 

than conventional engineering materials. Boron carbide and silicon carbide also have 

high fractions of covalent bonding and therefore, also high specific moduli.

Other properties for which the reinforcement material is chosen include, tensile strength, 

density, melting temperature, thermal stability, compatibility with the matrix material, the 

coefficient of thermal expansion, size and shape, and most importantly cost.

These materials however, are very brittle, and cannot be manufactured in large sections. 

Their brittleness also makes them highly sensitive to cracks and flaws and weak in large 

sections. In fact, unless high strength is also attained, these materials cannot be used in
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engineering structures. The necessity for strength and toughness under tensile loading, 

together with reproducibility of properties are the reasons that metal alloys are accepted 

as the prime materials for large dynamic structures. It seems apparent, therefore, to 

combine these two classes of material in some way, in order to amalgamate the best 

properties of each, with the minimum of their disadvantages.

Improved response to dynamic loads in composite materials is obtained by absorbing 

the loads with the elastic member of the composite rather than the plastic (ductile metal) 

member, which would undergo cumulative damage. Reduced crack sensitivity is 

obtained by redirecting cumulative damage in the material in directions that do not reduce 

the load carrying ability. The composite system is designed to take advantage of the high 

specific moduli of covalent materials and to minimise the effect of cumulative damage in 

inelastic solids under dynamic loading conditions which lead to failure.

The recent development of high purity silicon carbide&M;, which can be produced in 

various ways, including the pyrolysis of rice husks, has lead to significant engineering 

interest although the importance of carbon (in the form of graphite), boron and alumina 

reinforcements should not be overlooked.

1.3 Reinforcement Geometry.

In discussing the reinforcement, it is also important to consider the geometry of the 

ceramic additions. The three major types of reinforcement shape are long or continuous 

fibre reinforcements, short fibre or whisker reinforcement and particulate reinforcements, 

as illustrated in figure 1. Each has its own unique set of advantageous and 

disadvantageous properties.

1.3.1 Continuous Fibre Reinforcement.

Currently, a wide range of long or continuous fibres, suitable for incorporation with 

aluminium alloys, are available including boron, silicon carbide, alumina fibre and



graphite fibresC5). Continuous fibre reinforcement improves many properties of 

aluminium alloys, but is complex and expensive to fabricate, some of the production 

routes are discussed later in this chapter.

71

7
Particulate. Short fiber/whisker Continuous fiber

Figure-1.

Continuous fibre reinforced metals are often compared to carbon fibre reinforced plastics 

(CFRP's). The specific stiffness values of MMC's are significantly superior to those of 

polymer composites(5). However, relatively poor transverse strength, coupled with their 

higher density results in the MMC's exhibiting comparatively inferior specific tensile 

strengths.

This highlights another disadvantage of fibre reinforced materials. Increases in stiffness, 

tensile strength, shear strength and Poison's ratio are achieved in the fibre direction. The 

partial contributions of the fibre and the matrix are approximated by the rule of mixtures;

<*cl =  Vp.<Jf+(1 - vP).o m

where

oCi = material tensile strength,

vp= fibre volume fraction,

Of = fibre tensile strength,

om = matrix tensile strength.
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| This is accurate for the longitudinal direction, but not for the transverse sections, where 

the matrix carries the brunt of the load and the fibres effectively reduce the load bearing 

| area. This results in the transverse properties being approximately equal to the matrixj
alloy tensile properties. In other words, significant anisotropy is apparent in the material 

| properties according to the direction in which the fibres are placed.

1.3.2. Whiskers or short fibre reinforcement.

In considering the inhomogeneous response associated with both whisker and 

particulate strengthened metal matrix composites, several factors must be examined, 

these include; aspect ratio, morphology and orientation. Possible strengthening 

mechanisms for these materials include;

high dislocation densities generated by differences in coefficients of thermal 

i expansion, which in the case for aluminium alloys and silicon carbide can be as great as a 

I factor of 10. Where, AI=23.6*10-s/oC and SiC whisker=2.3*10-6/0C(®).

small subgrain size as a result of high dislocation densities^,®) 

residual elastic stress 

differences in texture

load transfer which is the classical composite strengthening mechanism 

dispersion strengthening.

The difference in coefficients of thermal expansion results in the particle being in 

compression, and the matrix in tension, these stresses may even exceed the matrix yield 

strength*®).

In whisker reinforced materials, the major stiffening and strengthening mechanisms in 

operation are the high dislocation density and the impedance of subgrain growth by the 

fibres*®). The dislocation density is dependent on the morphology of the reinforcement 

phase, but has no effect on the matrix dependent composite stiffness and stress/strain 

response.
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Whisker reinforcement offers enhanced mechanical properties over particulate 

strengthening only when the aspect ratio (length to diameter ratio) is above a critical 

value, given by(*<>),

l/Dcrit = 10, 

defined by; l/Dcrit = ouf/2xm>

where, I = length

D = diameter

aUf = ultimate fibre strength 

and 2xm = matrix shear strength.

If the whiskers are damaged during processing such that this aspect ratio is less than 10 

then the benefits are lost. As a result, more care must be exercised in the manufacture of 

whisker strengthened MMC's than for particulate strengthened MMC's, increasing the 

price of these materials.

1.3.3 Particulate Strengthening.

This programme focuses on particulate strengthened composites. These include 

composites with a large volume fraction (typically of the order of 20% or greater) of hard 

reinforcing dispersed phase, but not the class of dispersion hardened metals which have 

a considerably lower volume fraction of dispersoid. In addition, the particle diameter and 

the interpartical spacing are much greater in composites, typically 1pm as opposed to 

0 .01-0.1 pm distances used in dispersion hardened alloys.

Particulate reinforcement, being three dimensional, can produce isotropic properties 

since symmetry along the three orthogonal planes can be obtained. This, however, does



not assure homogeneity as indeed, the properties are not only sensitive to the constituent 

properties, but also very sensitive to the interfacial properties and the distribution of the 

reinforcement.

The strength of particulate composites is dependent on the diameter of the particles, inter 

particle spacing and the volume fraction of the reinforcement, and the matrix material, 

especially the work-hardening coefficient which increases the effectiveness of the 

reinforcement.

The mechanical properties of aluminium alloys can be improved by strengthening 

mechanisms at elevated and ambient temperatures. These improvements are 

dependent on solution heat treatment, aging and the dispersion and morphology of the 

reinforcements. The enhancements include increases in elastic moduli, proof stress, 

tensile strength and wear resistance, with the additional ability to tailor the coefficient of 

thermal expansion and damping characteristics.

1.4 Interface Properties.

Resin based materials now have an historical, widespread recognition and acceptance, 

mainly due to their relative ease of manufacture and comparatively cheap price. This is 

not true however for carbon fibre reinforced materials.

In the case of metal composites the temperature of fabrication is greater than that 

generally used in the fabrication of polymer/resin based composites and the elastic 

modulus coefficients are one or two orders of magnitude greater. Thus both mechanical 

(stress) and chemical compatibility are much more serious problems.

It is important to mention that there must be some interaction between the two 

components to allow a good bond between them, so wetting should be promoted. 

However, it is also recognised that control over the chemical reactions is necessary. 

Chemical compatibility problems in metal composites can be overcome in two ways, 

either by using low temperature (solid state) fabrication techniques or by selecting 

thermodynamically stable component phases that are in equilibrium with each other.



Another consideration to be taken into account is the chemical compatibility between the 

matrix and the reinforcement.

"Excessive interaction can lead to undesirable stable interfacial compounds. With 

respect to SiC particle reinforced aluminium composites, four hypothesis have been 

proposed concerning this interface reaction:

i) An Si02 layer forms at the interface.

ii) An AI4 C3  film forms at the interface.

3SiC + 4AI ■=£> AI4C3 + 3Si

iii) The interface is formed by adhesion between the SiC and aluminium.

iv) S1CUAI2 forms at the interface, but also at the grain boundaries".

It has been reported that exercising proper control will effect the formation of a very strong 

interfacial bond.(**>*2)

For case ii), the addition of excess silicon to the melt will reduce the formation of AUCs***). 

In low silicon alloys, if the melt exceeds 71 (PC, AI4 C3 formation occurs. The reason this 

compound is undesirable is that it increases the viscosity, reduces corrosion resistance 

and degrades the mechanical properties of the casting. Excessive formation of AI4 C 3  

renders the melt unusable."**0).

The problem caused by thermal mismatch can be addressed by selecting a 

reinforcement phase with a similar coefficient of thermal expansion or by using a ductile 

matrix which yields up all the differential strain necessary in thermal cycling.

1.5 Advantages of Metal Matrix Composites.

Metal matrix composites have several advantages which outweigh these processing 

problems and are significant in their utilisation as structural materials. These 

advantages relate to the same metallic properties which have lead to the general primacy 

of metal alloys for use in engineering. They include a combination of the following;



high strength 

high modulus

high toughness and impact properties

low sensitivity to thermal shock and changes in temperature

high surface durability and low sensitivity to surface flaws

high electrical and thermal conductivity

excellent reproducibility of properties

excellent technological background with respect to;

a) design

b) manufacture

c) shaping and forming

d) joining

e) finishing

f) service durability information.

1.6 Processing Techniques.

The production routes for MMC’s are determined by the type of reinforcement phase. The 

mechanical aspects, such as blending, being defined by the reinforcement geometry and 

the thermal aspects, such as melt temperature, being defined by the composition of the 

reinforcement and its compatibility with the matrix material.

Manufacturing techniques used to fabricate continuous fibre MMC's are numerous, 

including diffusion bonding of plasma monotapes, liquid metal infiltration of a fibre 

preform, hot pressing of melt infiltrated fibre rows, electrochemical plating, hot rolling of 

fibre arrays and metal foils, and explosive welding. Of these, the first three are the most 

widely used production methods with diffusion bonding and hot pressing being employed 

for sheet or simple tubes and liquid metal infiltration techniques for more complex three 

dimensional components.

For bonding of plasma monotapes, monotapes are produced by coating fibre mats in the



matrix material, generally by a deposition process, such as vacuum plasma spraying, 

chemical coating, electrochemical coating, chemical vapour deposition, or physical 

I vapour deposition. The matrix binds the tape into a monotape of adequate thickness,

; which is then stacked and compressed into a sufficiently dense composite. 

f There are two similar solid state fabrication methods, matrix coated fibres (MCF) and foil- 

| fibre-foil (FFF)(«).

The MCF method involves fibres coated with the matrix material being stacked as 

required and consolidated by diffusion bonding processes.

The FFF process entails the consolidation of alternating layers of matrix foil and fibre 

mats made with aligned monofilament fibres. It should be noted that before foil-fibre 

assembly, the foil should be thoroughly cleansed of oxides and contaminants, to ensure 

| good bonding between the two materials^, 6f).

; Generally, a composite produced by these methods is not fully dense at this stage and a 

; final consolidation process is required to remove porosity and gaps between fibre and 

foil. This is usually carried out by diffusion bonding under a hot press or hot isostatic 

press.

1.6.1 Processing Techniques Used for Discontinuously Reinforced MMC’s.

These two types of reinforcement tend to have the same or similar processing 

techniques, although some are less suitable than others for whisker strengthened 

materials as whisker damage during processing needs to be avoided.

Discontinuously reinforced materials are generally fabricated using a rapid solidification 

process as this allows different compositions from the equilibrium and composition 

ranges of the phases formed, resulting in microstructurally and compositionally flexible 

materials, so a range of properties is available for any one group of MMC’s(5). As Rohatgi 

et al(*4) stated ’rapidly solidified composites possess a much smaller dendrite size and 

fewer SiC particles in each interdendritic boundary, resulting in a more homogeneous 

distribution. Rapidly solidified structures therefore give the best particle distribution due
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to finer dendrite size and limited particle settling'.

These rapid solidification processes can be divided into three major categories according 

to the temperature of the metal matrix during processing:

Solid phase processes. • Liquid phase processes.

Two phase (solid/liquid) processes.

This report focuses on the solid phase processes.

There are three key processes for particulate reinforced metal matrix composite 

fabrication in the solid phase: ingot metallurgy, powder metallurgy and mechanical 

alloying!®*).

Ingot metallurgy involves the mixing of the reinforcement with molten metal followed by 
casting.

Sheet and 
plate

Consolidate

Blend

Billet

ExtrusionForging

Aluminium 
alloy powder

Silicon carbide 
powder

Figure 2. Powder metallurgy route.

The powder metallurgy route is summarised in figure 2 . The ceramic is blended with the 

oxide free, pre-alloyed powder, canned, degassed and consolidated in a billet either by 

hot pressing or hot isostatic pressing. This process should be carefully monitored as
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SiC fracture can occur at comparatively low strains as the compaction temperature is 

in c re a s e d (*5 .f6 ). it is then extruded or forged into the required geometry. This process 

usually turns out billets, so secondary processing is often necessary in the form of 

extrusion, rolling or forging, to obtain the required geometry. It has been fo u n d (^ )  that 

although the particles are aligned in the extrusion direction, the distribution remains 

homogeneous. One of the advantages of this method is the ability to exploit the improved 

properties of advanced rapidly solidified powder technology in the composite. "This route 

appears to confer higher overall strengths, but lower tensile ductility of the product 

compared with liquid phase processing techniques')."^,*6)

The mechanical alloying route entails the pure metal powder and its alloying elements 

being mechanically alloyed in a high energy balling mill with the carbide filler to produce 

the discontinuously reinforced metal matrix composite. During this process, the 

occurrence of heavy working leads to repeated welding, fracturing and re-welding of the 

particles. The product is then consolidated to a suitable shape. This process is of 

particular benefit when manufacturing materials with large alloying additions for the 

prospect of improving the mechanical properties at elevated temperatures.(5,6f)

1.7 Applications of MMC's.

The two major factors involved when considering the replacement of an old material are 

the possible improvement in performance and a reduction in price. These requirements 

however are not necessarily compatible. The compromise then would be a trade off 

between the possible increased performance and the increase in the price.

The use of these materials is intrinsically linked to their properties and thus a thorough 

understanding of the way these materials behave as well as their application is essential 

to apply them in the most profitable manner.

The importance of the introduction of composites to the sports and leisure industry 

should not be underestimated. The popularity of carbon fibre squash rackets and fishing
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rods and boron fibre reinforced aluminium tubing in bicycle frames, as well as the 

introduction of particulate reinforced aluminium tennis rackets and golf club(^) available 

today is responsible for the creation of mass production of many of the materials now in 

use in more technically advanced areas. This creation of a mass production reduces the 

cost of manufacture for industries which previously would not have considered the use of 

composites due to the price.

1.7.1 The Automotive Industry.

The need for lighter, more fuel efficient engines has lead to the reconsideration of MMC's 

for many engine components. The unique properties that these materials offer over 

conventional materials make them ideal candidates for consideration as a replacement 

material in the automotive industry.

The cost of these components is of paramount importance when considering the use of 

MMC's, as well as weight reduction. Their application to the automotive industry stems 

from the successful application of short fibre preforms to selectively reinforce the crown 

and ring groove in diesel engine pistons**-5). The increased abrasion and wear 

resistance of MMC's also makes these materials suitable for use in compressor bodies, 

vanes and rotors, piston sleeves and inserts, connecting rods, cylinder heads and clutch 

components. The reduction in thermal expansion when using these materials also 

allows a closer fit in the cylinder bore resulting in an increase in fuel economy and wear 

resistance*5). This property is also of benefit in clutch plates and brake disks.

However their cost is a major drawback, meaning that financial gain can only be made at 

present by replacing already expensive components, of which there are few.

1.7.2 Aircraft and Aerospace Applications.

In contrast to the automotive industry, the aerospace industry considers the primary 

concern is weight saving. The landing gear of an aircraft, or the skids of a helicopter are



dead weight when the craft is in flight, consequently, the importance of a reduction in size 

and weight is clear. The use of MMC in the non-load bearing areas of the space shuttle 

such as the cargo bay would be an obvious advantage.

Boron fibre reinforced aluminium pylon skins have been introduced for use on DC-10 

aircraft (10>, but the major use of MMC's in the aerospace industry is in military aircraft 

applications. "Without exception all agile fighter aircraft currently being designed 

throughout the world contain in the region of 40% of composites in the structural mass"(5), 

with the resultant weight loss allowing the degree of agility essential to todays fighter 

aircraft.

The need for higher performance materials in jet engines is becoming more imperative 

as the limitations of the present materials are being reached, yet the demand for better 

performance is as high as ever. It seems that the best way to achieve this would be to 

increase pressure ratios and reduce the number of compressor stages, along with a 

reduction of blade tip clearance and an increase in operating temperatures.

The possibility of space satellite applications also arises as high specific strength and 

stiffness is required, along with high dimensional stability. MMC’s can also be of great 

value for structures such as microwave guides, optical mirrors and communications 

antennae where solar heating could cause distortion and loss in performance's).

1.7.3 Electronics and Communications Applications.

Electronics and communications applications include the use of MMC’s with exactly 

matched coefficients of thermal expansion in integrated circuits to reduce heat 

generation.

The reduction in weight with no loss in rigidity of antennae in radar systems is of great 

importance on naval ships since accuracy and their placement on the highest point to 

maximise the visible horizon, is important.

Graphite-aluminium composites have high stiffness and very low coefficients of thermal
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expansion, making excellent candidates for space applications such as antennas and 

space telescope where the accuracy of their geometric stability is essential, and their high 

thermal conductivities resist distortion of components exposed alternately to the light and 

shade in space. The thermal properties of aluminium SiC particulate reinforced 

composites have also been taken advantage of in the packaging of microwave circuits. 

The SiC reduces the thermal expansion to better match that of the ceramic circuit 

substrate, without significantly reducing the thermal conductivity of the material which is 

required for heat dissipation from the appliances.

1.7.4 Applications For Smart Materials.

With the introduction of these new materials, there comes the added bonus of new and 

previously unexploited areas of possible use.

The addition of reinforcements to materials has meant that the introduction of sensors 

and actuators into these materials is possible, their superior strength has meant that a 

small reduction in their cross-section is not too detrimental to their efficiency. This could 

enable engineers to measure the amounts of accumulated strain in aircraft components 

for example. Consequently, the components can be replaced at the point where they are 

reaching the end of their useful or safe life, instead of the early, or in some cases late, 

replacements, usually at their service period of so many flights or air-miles. This in turn 

leads to a reduction in price of maintenance and an increase in the aircraft safety. There 

are many other ways in which these smart materials may be employed, making the lives 

of engineers easier and those of the users safer, although it must be stated that any 

possible detrimental effects on their properties must be considered^.
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1.8 Mechanical Properties and Fracture of MMC's.

Before a proper understanding of MMC monotonic tensile properties can be attained, it is 

necessary to understand the mechanical properties of ductile materials.

1.8.1 Tensile Testing of Ductile Materials.

Tensile testing of ductile materials always produces a curve of the form seen in figure 3, 

where stress is plotted against strain.

Stress

U.T. S.

Failure point

Strain

Figure 3. Typical stress strain cur/e of a 
ductile material.

The first stage of the curve is a straight line, the gradient of which gives the value of the 

elastic modulus. Elastic deformation is immediately reversible on the removal of the 

load. Where the curve begins to deviate from this line is the onset of plastic deformation, 

also called the yield strength. This is non-reversible deformation, as this is where 

enough energy has been put into the material to overcome some of the dislocation pile- 

ups, where the easy glide of dislocations along their planes has been interrupted by 

either a grain boundary, or a particle blocking the glide path. Due to the increasing 

numbers of dislocations within the material, there is also a phenomenon called work
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hardening taking place. This stage of the stress strain curve continues until the onset of 

necking at the Ultimate Tensile Strength (UTS). Here, the increase in the rate of cross

slip has reduced the rate of work hardening. This stage is particularly pronounced in 

materials with a high stacking fault energy, such as aluminium^7). Necking of the 

material manifests itself as the gradual decrease in the cross-section of the material over 

a small portion of the gauge length. The final stage of the curve is the failure point. This 

is the point at which the specimen gives way in a catastrophic manner.

On observation of a tensile test, ductile fracture surface, a cup and cone effect can often 

be seen. It may also exhibit a dimpled appearance. As the material becomes more 

brittle, the fracture surface takes on a more faceted appearance. It has been observed 

that particulate strengthened MMC's tend to exhibit features of both failure modes on their 

surfaces^®). The dimpled appearance is caused by the mechanism by which the 

material fails. For ductile fracture, this occurs by a process of void initiation and 

coalescence. Several mechanisms of void formation and coalescence have been 

investigated, resulting in the conclusion that voids generally form where deformation is 

inhomogeneous.

1.8.2 Fracture of Ductile Materials Containing Second Phase Particles.

Where there are second phase particles present, this appears to be the preferred

initiation siteC .̂zo,21,22,2s) although this is disputed by Davidson (24) and Arsenault et al (**)

who concluded that the void nucleation occurs at subgrain boundaries or in the material 

adjacent to the particle/matrix interface. The phenomenon of dimpling is examined more 

closely by Tien et a(25), under the influence of hydrogen transport. He concluded that the 

role of the hydrogen in this case is most likely to weaken strong interfacial bonds between 

the particle and the interface. The evidence for void formation is supported by authors of 

several papers on composite materials*7.21.22.23.26.27.28.29.30.31) who claim that their 

formation occurs either by particle fracture or by the separation of the interface between
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the particle and the matrix, although Flom and Arsenault(32) and Manoharan(33) found no 

evidence of void nucleation at SiC particle interfaces. It has been proposed that the 

initiation of cracks and voids is due to residual stresses from thermal mismatch, elastic 

stress concentrations where inclusions encourage local stress increase, and the stress 

distribution in the matrix where large stress gradients may exist between matrix material 

immediately adjacent to the reinforcement and the body of the matrix material(*2,22). It has 

also been observed (34) that these stresses are largest at the surface in quenched 

specimens. Of particular interest, they quoted that a T4 heat treatment would be expected 

to induce an approximately parabolic through thickness macroscopic stress variation in 

sheet metal.

Workers have noted that the fracture surfaces of composite materials appear to have 

larger dimples associated with the SiC particles, and many other small dimples between 

these in the matrix material(7,32) and interparticle spacing is proportional to dimple 

size(35).

The final failure of the material, however, is the coalescence or connection of these voids. 

When a material is stressed, microcracks form throughout the material, but are easily 

held up by grain boundaries or inclusions. The critical stage of cracking is the linking up 

of these microcracks to form a crack large enough to propagate. It has been suggested 

that these voids may be considered to behave as microcracks and as such, when enough 

of these voids have coalesced, they form a void large enough for unstable propagation to 

occurW36,37). Gerberich(37) also suggests that the fracture of brittle second phases 

ahead of the crack tip add to the problem of sub-critical crack growth. This means that the 

addition of brittle second phases may theoretically have a detrimental effect on the 

properties of metals and their alloys. Edelson and Baldwin (3«) suggest that hardening is a 

function of the mean free path between particle additions, and embrittlement (or ductility) 

a function of the volume fraction, which is in agreement with other work(32).

Another factor to consider in the fracture of composite material is the crack behaviour at 

the interface between the two different matereials of the matrix and reinforcement. Work
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by Swenson and Rau(3S) suggests that failure in the interface is most likely when the 

crack is proceeding from the matrix to the particle. LeverenzW suggests that the stress 

intensity factor at the crack tip is increased in this circumstance. He also concludes that a 

difference in Poisson's ratio between the two materials has a negligible effect on the 

stress intensity factors. This is disputed by Swenson and Rau, who conclude that a 

difference in Poisson’s ratio causes significant changes in the relative intensities of the 

stress components. Based on their final conclusions, HancockW suggests that for the 

case of a crack initiating in a particle and touching the interface, the situation is quite 

complex. A crack may grow away from the particle in opposite directions, or if growth 

does not occur at nearly equal rates at all sites surrounding the particle, the mode of 

crack growth would restore cylindrical symmetry to the crack.

Probability distributions for the strength of composite materials have been proposed for 

continuous fibre composites^2), but this type of analysis for particulate strengthened 

MMC’s has yet to be fully tackled.

M. GensamerW examined steels of various compositions and found that the 

strengthening effect of even coarse dispersions outweighs the effect of dissolved alloying 

elements. In fact the effect of dissolved elements is insignificant in comparison to the 

strengthening effect of fine dispersions. He also states that "strength is not sensitive to 

local variations in composition and structure; the alloy averages its strength over 

considerable volumes", it depends on composition in solid solutions and the mean 

spacing of particles in an aggregate structure and not on the shape of the particles.

J. M. Papazian and P. N. AdlerW  states that, "the addition of SiC whiskers or particles 

causes an increase in the monotonic response of 0.2% yield and UTS of precipitation 

hardened 2124 Al alloy, regardless of the matrix microstructure, as well as increasing the 

modulus and work-hardening rate. They also state that for a given volume fraction of SiC, 

whisker reinforcement always had a greater influence on the modulus than particulate and 

that the "primary strengthening mechanism in the 2124 composites is precipitation 

hardening due to the traditional age-hardening precipitation reactions. The major effect of
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the SiC is to increase the elastic modulus and the work hardening rate". They suggest that 

the properties of the matrix alloy should be the focus of attempts to increase the 

composite's resistance to plastic flow. Other workers however^, propose that for a high 

strength aluminium alloy, the UTS and yield stress is decreased with the addition of 

reinforcement.

S e v e ra l w orkers  have  concluded th a t th e  strength  o f a  m onolith ic a lloy is in creased  w ith  

in c re a s in g  proportion  o f re in fo rc e m e n t p h a s e , up to  a  c ritica l po in t (38,44,45,46)  ̂ o r a  

d e c re a s e  in partic le  s ize  and  in creased  vo lum e fra c tio n ^ *,46,47). T h e  frac tu re  toughness  

o f M M C 's  has b een  show n to in c rease  w ith in creased  vo lu m e  fraction  o f S iC  o r partic le  

s p a c in g (32,33,46). R e e s W  states  that fo r a  given vo lum e fraction, the  sm alle r th e  particle, 

th e  m o re  strength  is im parted . It has  b een  reaso n ed  th a t th e  in c rease  in strength  o f the  

c o m p o s ite  m a te r ia ls  c o m p a re d  to  th e ir  c o rre s p o n d in g  m o n o lith ic  a llo y s  is d u e  to  

m icro s tru c tu ra l re fin e m e n t(46), c a u s e d  by th e  S iC  p a rtic le s  p in n in g  e f fe c ts  49, so, 5f). 

A n o th er suggestion  for the im proved m echan ica l properties  is th e  in crease  in d islocation  

d e n s ity , d u e  to  th e rm a l m is m a tc h  b e tw e e n  th e  m a tr ix  a n d  re in fo rc e m e n t  

p h a s e .(6.26-29,46,52,53,54,55,56,57,5«) C h r is tm a n  an d  S u r e s h W  a ls o  o b s e rv e  th a t o th e r  

strengthen ing  m ech an ism s m ust b e  in o peration  a s  th e  fo rm ation  o f d is locations by cold  

w orking d o es  not increase  strength  to th e  s a m e  exten t. Th is  is in a g re e m e n t w ith o ther  

w o rk w e o ). w ith  an  in c re a s e  in th e  d is location  d en s ity  an d  th e  p inn ing  e ffe c t o f  th e  

re in fo rc e m e n t both in o p era tio n , th e  w o rk  h a rd en in g  ra te  is h ig h er in th e  re in fo rced  

alloys(66.43,54). it has  a lso  been  observed  h o w ever th at th e  addition o f reinforcing partic les  

red u ces  th e  ductility and  toughness(6 ,f5,33,38,46). it should a lso  be m entioned  th at th e s e  

ad d itio n s  a lso  s ign ifican tly  d e c re a s e  th e  ag ing  tim e  o f th e  m a te r ia l(*6,53,62)t a lth o u g h  

Shakesheff(63) d isputes this. He also  concludes th a t th e  toughness o f A l-C u -M g  M M C 's  is 

reduced by artificial aging. W o rkers  have  noted th a t th e  frac tu re  to ughness  is g rea tes t a t 

th e  so lu tio n  tre a te d  co n d itio n  an d  th a t ag in g  is d e tr im e n ta l to  th is  property(64,5f). 

M a n o h a ra n  e t al(63) c o n c lu d e  th a t th e ir  u n d e ra g e d  s p e c im e n s  e x h ib ite d  a  fra c tu re  

initiation toughness  tw ice  th a t o f th e  o verag ed  sp ec im en s and  as  th e  S iC  partic le  content
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increased, so the initiation toughness decreased. Also, the underaged composite crack 

growth toughness was twice that of the overaged condition which was associated with a 

change in local fracture mode from particle fracture to failure near the SiC/matrix interface 

(respectively).

1.8.3 Strain Rate Dependence.

Studies carried out on the dependence of properties of MMC's on strain rate have been 

conducted at elevated and room temperatures. Tensile testing of AI2O3 particulate

strengthened 2014AI composite at room temperature resulted in increased peak load, 

deflection, ductility and total fracture energy at high strain rates. This result was reflected 

in the unreinforced material, although to a lesser ex ten ts . This is in agreement with 

work by Pickard et aiW) who also conclude that the failure strain increases with strain rate 

in 2124AI SiC whisker reinforced composite. They also state that the failure mode 

changes as the strain rate is increased. The lower strain rates resulting in void formation 

and coalescence, and the higher strain rates exhibiting particle cracking followed by 

ductile coalescence.

The work conducted at elevated temperatures at a high strain rate appears to confer a 

degree of superplasticity on the material. Nieh et a lW  observed that at elevated 

temperature, 'as the strain rates increased, the tensile ductilities increased’. Further 

more, at increasing strain rates, elongation to failure values increase correspondingly. In 

a later work(«7) the mechanism for failure was concluded to be due to the presence of a 

liquid phase (possibly from the presence of a low melting point region due to solute 

segregation) is responsible for the high strain rate superplastic behaviour. This is in 

agreement with subsequent workW. The phenomenon is also noted to be characteristic 

of typically fine structured materials, such as aluminium MMC's. A maximum room 

temperature strength can be achieved by compression of the metal matrix composite at a 

temperature just below the solidus line of the matrix alloyW.
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CHAPTER 2.

2. Fatigue of Materials.

The word fatigue is a well accepted term for describing the deformation and failure of 

materials under cyclic loading conditions. It is the “progressive localised permanent 

structural change which occurs in a material subjected to a fluctuating strain, at a stress 

below the tensile strength of the material. ”(70)

Cyclic deformation in ductile solids can cause cyclic strain hardening, or softeningW. 

That is to say, a rapid increase/decrease (respectively) in the flow stress with increasing 

number of cycles. As the number of cycles increases, this hardening/softening effect 

decreases until saturation, where there is no change in peak stress or strain with each 

cycle. One of the most visible features of cyclic saturation in a pure metal single crystal is 

the appearance of persistent slip bands (PSB's). These are slip steps which have 

become apparent on the surface of the material due to the localisation of slip along 

certain slip bands or planes and reappear after surface polishing. These slip bands have 

been shown to be softer than the matrix material and to appear at the same time as the 

onset of the plateau region of the cyclic stress-strain curve, indicating that the entire 

deformation takes place in the PSB’s during saturation in this reg ions. On the addition 

of aluminium alloying element to pure copper sample, the stacking fault energy was 

reduced, which reduced the initial hardening rate(7°). Cyclic stability has been observed in 

2124 aluminium matrix SiC partical strengthened MMC material^6)and several workers 

have noted that the addition of SiC particulate reinforcement to an aluminium matrix 

reduces the notch sensitivity under fatigue loading with R = 0.1(72, 73).

Composites are inhomogeneous by definition, containing numerous internal boundaries 

which separate constituent materials that have different responses and resistances to the 

long term applications of external influences.

The three major types of damage caused to these materials on the application of such 

external forces are(74):
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Constituent damage; micro-cracking of particles,

chemical degradation, 

plastic deformation, 

crazing of the ceramic.

Boundary separation; debonding or delamination,

interphase cracking,

►Inhomogeneous deformation; yielding of boundary material,

discontinuous deformation gradients.

2.1 Mechanisms of Fatigue Initiation.

The development of a fatigue crack consists of three major stages, these being initiation, 

propagation or growth, and failure. Initiation occurs at maximum local stress and 

minimum local strength and is usually defined as, 'the formation process of microcracks 

having less than detectable length, say 103 mm to 2.5 x 10-2 mm'(«.75). Research into 

the initiation process has concluded that the presence of a constrained volume is a 

necessity, generally, these occur at or near the surface of a specimen^*,76,77,78)t 

especially at inclusions and discontinuities and pre-existing flaws. Initiation may also 

occur in regions of high stress concentrations. These can be caused by thermal, 

mechanical or chemical treatments. In compression, these residual stresses have a 

favourable effect, but in tension, a detrimental effect. This means that fatigue crack 

initiation is highly dependent on the surface condition of a specimen^*) where the triaxial 

stresses imposed on the interior of the specimen no longer hold. As Laird and Duquette 

concluded) 'fatigue crack initiation either in the presence or absence of aggressive 

environments does not occur by the same mechanism for every material', hence the 

current problem in producing an effective model for all fatigue failures.

The first stage of initiation has been shown, for the case of a pure metal single crystal, to 

develop from the formation of slip bands(70). As slip continues during the fatigue cycle, 

intrusions and extrusions emerge on the surface of the specimen. These are known as
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"Persistent Slip Bands" or PSB’s, because they do not polish away. The generation of a 

microscopic crack, or series of microscopic cracks propagating perpendicular to the 

stress d irec tio n ^ ,77)t is the final stage of the initiation phase.

Lusak and KossOT found that initiation of a fatigue crack in particle reinforced aluminium 

MMC’s occurred under high stress amplitudes either from the fracture of a reinforcing 

particle, or in a matrix ligament separating a subsurface particle from the free surface. As 

particle size increases, the particle cracking mechanism becomes predominant. This 

has been supported by other work(47,81,82,83,84)̂

Chang Gil Lee et al(W) state that void initiation in 2124 aluminium alloy matrix composites 

occurs by cracking of coarse manganese containing particles, and that in particulate 

reinforced material, voids initiate at the side of the reinforcement and propagate along the 

interface, although in their study, the most apparent void initiation mechanism in particulate 

strengthened material was particle cracking. The deformation of the MMC as cyclic loading 

continues may either become localised, or dispersed throughout the matrix. Llorca et al(35), 

concluded that plastic strains and void formation at inclusions occurred throughout the 

matrix in the particulate strengthened composites, conversely, the whisker strengthened 

composites tested showed localisation of these phenomena in the vicinity of the 

reinforcement. It should be noted that in commercial systems, the distribution of particles 

is not entirely uniform and the location of crack initiation may well be altered by particle 

clusters. Several workers have suggested that these clusters form a likely initiation point 

for fatigue cracking^,82, w)

in the examination of the locations of crack nucleation, it is also important to consider the 

possibility of environment-related mechanisms in operation. These will be discussed 

further in the next chapter.
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2.2 Crack Propagation.

The initiation phase is followed by propagation of the crack through coalescence of the 

microscopic cracks and voids and subsequent growth(«s). The crack gradually lengthens 

with each wave cycle along the planes of maximum shear, often producing a 

characteristic step-like advance, where propagation is opposed by the surrounding 

microstructure.

The principle driving force for fatigue crack propagation under small scale yielding is the 

stress intensity factor, AK, which is given by;

AK = YAa(na)1/2

where, Y is a factor dependent on the component and crack geometry,

Aa is the stress range (maximum stress minus the minimum stress) and 

a is the crack size.

At low stress intensity and threshold conditions, AKth is apparent. This is the value of the 

stress intensity factor range below which, fatigue crack growth is not supposed to occur. 

However, it is only relevant for short or long crack growth behaviour.

Many attempts have been made to produce a universal model to predict the growth rate, 

but due to the number and diversity of the influencing variables, no one model can be 

relied upon for all conditions. Microstructural variation and poor particle size uniformity in 

commercial systems create problems for prediction of time and form of failure. For much 

of its life, a long crack is found to behave according to the Paris law;

da/dN = CAKm;

where, da/dN is change in fatigue crack length per load cycle,
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AK is the stress intensity factor range, such that AK = Kmax - Kmin

C and m are constants denoting functions of material properties and 

microstructure, fatigue frequency, mean stress or load ratio, environment, 

loading mode, stress state and test temperature.

It is important to note that stable fatigue crack growth occurs at stress intensity factor 

levels where;

Kmax = AK/(1-R) 

which are well below the quasi-static fracture toughness.

In the Paris region, experiments on crack growth have confirmed a power law relationship 

of this form, especially in aluminium alloys with different combinations of stress range 

crack length and differing specimen geometries. Often, striation formation is apparent in 

this region in the matrix materials, but not so much in the composite material. The 

microstructure has very little effect in this region of fatigue crack growth rate. Llorca et alW 

state that composite properties are degraded at high AK and that under these conditions, 

more broken particles were observed in the fracture surface. This has been confirmed by 

other workers(*1,*$.

Figure 4 shows a typical plot of da/dN against AK for engineering alloys, which generally 

exhibit a sigmoidal form.

In region I, the initiation/small crack propagation, the average growth per cycle is less than 

one lattice spacing and fatigue crack growth is generally influenced by the microstructure, 

the mean stress and the environment.

Region II, propagation stage, is also termed the Paris region, and behaviour is generally 

dictated by the Paris law. This is the intermediate region of crack growth and is generally 

affected by the environment, mean stress, microstructure, and cycle frequency.

Region III, propagation to failure, is the high AK range where crack growth rates increase 

rapidly causing catastrophic failure. This region is influenced by microstructure, mean 

stress and thickness of the specimen.
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Figure 4. Typical plot of crack grovrth rate against stress intensity 
factor for an engineering alloy.

Manabu and EtoW conclude that at high stress intensity factor range (AK) fatigue crack 

propagation rate in 2024 Al alloy is determined by constituent (e.g. Cu2FeAly) spacing. At 

low AK, it is controlled by dispersiod (e.g. Cu2Mn3Al2o) spacing.

The propagation of a fatigue crack occurs along the path of least resistance. In a particle 

reinforced metal matrix composite, if there are few small particles, and the specimen is 

under low stress, then the crack will tend to propagate through the matrix material with 

debonding of the particles from the matrix. Cracking of particles under these conditions is 

uncommon. As the stress and the particle volume fraction are increased, particle 

cracking becomes more p r e v a l e n t 83). Particle cracking is also more likely as the 

number of cycles increases*4). Work by ComW  has shown that the propagation of a 

crack, tends to a preferred crack path, using axial fatigue, the crack path follows a/c .0.9, 

where a is crack depth and c is half crack length. This work has been supported by other 

workers for commercial aluminium alloys(76,77), Toda et al**7) also concludes that the 

presence of microcracks in the region of the crack tip as it propagates may deflect the 

crack path and hence retard growth.



The appearance of the fracture surface is highly dependent on the ductility of the material. 

As in monotonic tension testing, the more ductile materials exhibit a dimpled fracture 

surface and with increasing brittleness, a more faceted appearance.

2.3 Effect of Stress on Fatigue of MMC's.

Methods for characterising the fatigue life in terms of maximum stress, stress amplitude 

or mean stress have been determined (detailed in Standards E466-E468 of the American 

Society for Testing and Materials (Philadelphia)) for fully reversed fatigue cycles. The 

maximum or mean stress is plotted against the number of cycles to failure (Nf), resulting 

in what is commonly referred to as an S-N curve. Under constant amplitude loading 

conditions, some materials exhibit a plateau at the high cycle end of the plot, below which 

samples may be cycled indefinitely without causing failure. This stress amplitude is 

known as the fatigue or endurance limit. Many high strength steels, aluminium alloys and 

other materials which do not strain-age-harden, do not generally exhibit a fatigue limit(70). 

In these cases, the endurance limit is defined as the stress amplitude which the

specimen can support for at least 107 cycles. However, BathiasOT concluded, from work

on some aluminium based MMC's that this fatigue limit was inaccurate as he found that 

many of his specimens broke above this value. If this curve is redrawn on a log-log scale, 

with true stress against the number of cycles, a linear relationship is commonly 

observed^).

It must be clarified that these procedures relate to the total life of the specimen, which 

means to say the initiation and propagation of the fatigue crack in a carefully prepared 

'defect-free' material. The fraction of the fatigue life which is expended on initiation of a 

crack may vary from 0%, for specimens containing severe stress concentrations, to 80% 

for defect free smooth specimens of high purity.

Plumtree et al(7«) found that crack initiation can occur below 107 cycles at stresses well
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below the endurance limit of a material. However, the growth of these microcracks can 

easily be impeded by grain boundaries. They also stated that due to less constraint, they 

found that larger surface grains facilitated PSB formation and ensuing intrusion formation.

2.4 The Effect of Load Ratio on Fatigue of MMC's.

The load ratio of the test is described by R =amjnV amax- Therefore, R = 0, describes zero

tension fatigue, R = -1, fully reversed loading and R = 1, denotes static load. This can 

have a significant effect on fatigue crack growth.

Mean stress in fatigue can also be represented in terms of constant life diagrams. The 

most well known of which are;

Gerber, <%= (^^{l-fao/a^s)2} where aa= stress amplitude (R *  0),
ots= fatigue strength (for a fixed life

for R = -1 and oq (mean stress of

the fatigue cycle) = 0), 

tfurs= ultimate tensile strength, 

generally a close approximation for most engineering alloys;

Goodman, oa = OfS {1-(o(M jts)}

which matches experimental data for brittle metals, but provides a conservative estimate 

for ductile alloys and;

Soderberg, oa=OfS{1-(oo/oy)} where Oy = yield strength.

which provides a conservative estimate for fatigue of most engineering alloys.

It should be emphasised that these stress based characterisations are only relevant for 

constant amplitude fatigue loading, which is a highly unlikely condition for in-service 

components.
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Figure 5. Chart showing the effect of load ratio, R, on 
fatigue crack growth behaviour.

Figure 5 * . shows the variation of crack propagation rates as a function of AK and load

ratio, R. In both regime I and III, load ratio can exert considerable effect on the crack 

growth behaviour. Regime III is largely influenced by load ratio due to Kmax approaching 

the fracture toughness or critical stress intensity, Kc, of the material.

Kmax = AK/(1-R) -*• Kc.

Since the stress intensity range values where Kmax approaches Kc, are lower for high R 

ratios, final failure occurs at lower stress intensity range values at higher load ratios. 

Bache et al(7f) however found no R value dependence in the particle reinforced material. 

There are several other factors which may alter the fatigue characteristics of a material, 

including environment, processing route, heat treatment, previous load history, specific 

local composition and surface condition of the component or sampled). Changes in any 

one, or a combination of these can cause a change in the fatigue response.

Work conducted by Wang and Zhang(5) concluded that extruded MMC's did not show any 

improvement over the unreinforced material, as the cast MMC’s did. Hochrieter et al(7)

* Reproduced from 29, p. 220.
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concluded that addition of particle reinforcement reduced fatigue life in most cases, 

although all their testing was carried out on extruded MMC’s. This is also contradicted by 

the work of Bonnen et a lw . They did conclude however that the homogeneity of the 

particle distribution, which is chiefly controlled by the production route, determined the 

efficiency of the reinforcement, which is in agreement with Bathias(W).

If the surface of the specimen is rough, then the fatigue life is lowered as this introduces 

local areas of higher stress intensity, facilitating the initiation step. Johnson and ObergW 

also concluded that an aluminium alloy could be substantially weakened by the 

application of even a low stress over the course of just 100 million cycles. If the stress is 

subsequently raised a failure below the normal fatigue curve for that material ensues. 

However, workers have found that the endurance of aluminium is not affected by the 

frequency at which the test is operated in a given strain range(»*). Some of these factors 

will be discussed further, later.

The high growth rate region is far more sensitive to microstructure, load ratio (R), and 

stress state, but propagation rate is too fast to be generally affected by environmental 

conditions. At high stress intensity, more static fracture modes begin to operate. These 

include, cleavage, intergranular separation and striation growth. These cause a marked 

sensitivity of propagation rate to microstructure.

2.5 Crack Retardation.

Retardation of fatigue cracks can occur through crack closure, crack bridging or trapping, 

and crack shielding due to phase transformations, dislocations and micro-cracking. 

Crack closure can occur through one of, or a combination of several different 

mechanisms including plasticity induced crack closure, oxide induced crack closure and 

roughness induced crack closure.

31



2.5.1 Crack Closure.

Some of the general points of crack closure as stated by S u re sh (70 )r are summarised 

below.

’1) Crack closure is generally more dominant at low stress intensity and R ratio due to 

the smaller minimum crack opening displacements of the fatigue cycle.

2) A characteristic size scale is associated with each closure process. For oxide 

induced crack closure, it is related to the oxide layer thickness of the fracture surface and 

for particle induced crack closure, it is related to the size of the particles. When the size of 

this characteristic closure dimension becomes comparable to the crack opening 

displacement, premature crack face contact occurs which has a marked effect on the rate 

of fatigue crack growth.

3) When establishing crack closure levels the standard optimum rate of load 

reduction is generally selected carefully, but arbitrarily. If it is too slow, an artificially high 

threshold value may be found, due to oxide formation. If it is too fast, premature crack 

arrest may occur due to overload effects.

4) Different methods for detecting crack closure may result in different estimates of 

closure due to the number of variables involved, including specimen size and geometry, 

crack size stress state and location with respect to the crack tip and also environmental 

and microstructural effects.

5) The breakdown of similitude due to crack closure means different levels of crack 

closure may be observed in the same material for differing crack sizes with the 

application of identical stress intensity values.

6) Bulk measures of crack closure can not distinguish between the different closure 

mechanisms and therefore can give no indication of how many or which mechanisms 

may be operating at any one time.'

Some of the crack closure mechanisms which may be in operation in MMC fatigue crack 

growth include; plasticity induced crack closure, oxide induced crack closure and
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roughness induced crack closure.

Llorca et alW specifically ascribes the difference in crack propagation rate of composite 

and base matrix alloy to the effects of crack closure in the composite material.

2.5.2 Fatigue Crack Deflection.

Crack deflection in the near threshold region (mode I) can retard crack growth rates by 

several orders of magnitude. Periodic deflections in the crack path have three major 

effects.

1) An apparently larger driving force is required for the propagation of a deflected 

crack at the same rate that the corresponding straight crack would propagate.

2) Measuring along the mode I growth direction, for the same effective driving force, a 

deflected crack has an apparently slower rate of growth than a straight crack.

3) The small mismatches that can be created by deflection, can lead to crack closure 

mechanisms coming into operation, amplifying the apparent driving force for the deflected 

crack propagation.

Microstructure modification induced crack deflections and reduce the apparent driving 

force for fracture. Some microstructure design methods may actually increase crack 

growth rates by reducing the intrinsic resistance of the material to fatigue crack initiation 

and growth. This method of crack retardation in MMC fatigue is widely recorded in the 

literature^. W f).

2.5.3 Crack Bridging.

Crack bridging occurs in unidirectionally strengthened fibre reinforced MMC’s, if the fibre 

strength is sufficiently high. The tensile crack extends through the matrix and the crack 

face is bridged by unbroken fibres. This promotes apparent resistance to fatigue crack
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growth.

The influence of particles on fatigue fracture may occur by either deflecting the crack tip 

and causing a reduction in the effective stress intensity factor, (Keff), or trapping or 

bridging of the crack front. The accompanying geometric changes of the crack front can 

lead to apparent improvement in fatigue crack growth resistance.

2.5.4 Crack trapping.

Similarly to crack bridging, the interaction of the crack front with hard second phase 

particles may effect the geometry of the crack front and the crack growth rate. This may 

come about in one of two ways. Firstly, impenetrable particles deflect the crack, reducing 

the effective stress intensity. Secondly, particles may 'trap' (bridge) the crack front, again 

altering the geometry of the crack front and leading to apparent improvements in fatigue 

strength, depending on particle distribution, size and toughness.

2.5.5 Crack tip shielding.

This process may occur by one of several methods including dislocation pile-ups, 

microcracking and phase transformations. The effect is to reduce the driving force of 

crack growth by 'shielding' the crack tip from far-field stresses. These methods are 

summarised diagrammatically in figures a) to i) below.

Aluminium MMC’s retard crack growth in one or a combination of these ways.

Aluminium alloys reinforced with particles or whiskers of silicon carbide generally exhibit 

better near threshold fatigue crack growth characteristic than the unreinforced metal 

matrix alloy if fatigue failure occurs predominantly within the ductile m atrix^, 94). 

Deflection by the brittle particles and enhanced crack closure and crack trapping 

contribute to this improved fatigue resistance in the composite. However, if the particular 

combination of processing conditions, particle size, particle concentration and aging
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treatment promotes particle fracture or interfacial separation, the fatigue crack growth
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a) plasticity induced crack closure, b) crack bridging/trapping by particles, c) oxide induced 

crack closure, d) roughness induced crack closure, e) crack bridging by fibers, f) crack 

deflection, g) transformation induced crack closure, h) crack shielding by dislocations, i) crack 

shielding by micro-cracks.

resistance of the composite can be significantly lower than that of the matrix alloy(7°). 

Similarly, the low cycle fatigue properties of the composite can also be inferior to the 

matrix. Hochrieter et al(95) mention that reduction of fatigue crack propagation rate should 

be encouraged by employment o f crack closure mechanisms. This is observed in Al-Si 

alloy with 20vol% SiC particle addition at 230C(S5), whereby the interaction of the crack tip 

and the reinforcing particle resulted in crack tip deflection around the particle, resulting in 

roughness induced crack closure and hence a reduction in fatigue crack growth rate.

dislocation 
array
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CHAPTER 3.

3. Corrosion and its Implications.

Corrosion is "the degradation of metals by an electrochemical reaction with the 

environment."*96)

There are many causes and types of corrosive attack, depending upon a variety of factors. 

The metals themselves are imperfect in their structures, including vacancies, 

substitutional defects, interstitial defects, various types of dislocations, voids, cracks and 

inclusions. These later three, termed Volume defects', play a particularly important role in 

corrosion mechanisms.

3.1 Aqueous Corrosion.

The general theory of aqueous corrosion applies to all corrosion processes, but the 

effect, under varying conditions, differentiates the different types of corrosion.

The basic "corrosion cell" consists of an anode, cathode, an electrolyte and an electrical 

connection between them. The anode generally corrodes by loss of electrons from its 

neutral metallic atoms to form positive ions, which may either remain in solution or react 

to form insoluble corrosion products. The cathode consumes electrons produced at the 

anode, often by the process;

2H+ + 2e- -*  H2 

although other types of cathodic reaction are also possible.

The electrolyte is the conductive solution which carries the electrons between the anode 

and cathode. Typically it contains dissolved salts such as sodium chloride (NaCI).

The circuit is completed by an electrical connection between the anode and cathode. If 

they are both part of the same material, this serves as a physical connection.
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On the introduction of a metal in to an aqueous solution one of three things may occur.

1) The metal will corrode, resulting in metal dissolution.

2) The metal will acquire immunity, whereby the potential is lowered, preventing 

dissolution or,

3) passivation of the metal surface occurs, whereby the potential of the metal is raised as 

it is covered with a protective film, removing it from direct contact with the solution.

This is illustrated schematically below, in figure 6.

E(v)

passivationcorrosion corrosion

immunity

pH
Figure 6. A general Pourbaix diagram to show typical 
behaviour of Aluminium.

Aluminium forms a protective film which renews itself immediately following damage and 

is thus highly corrosion resistant. The oxide has one and a half times the molecular 

volume of aluminium and thus is in compression so there may be some substrate 

deformation, but no rupturing.

It should also be mentioned that some aluminium alloys are more susceptible to 

corrosion and to specific types of corrosion. Of particular importance in this report is the 

fact that the copper containing 2XXX series alloys are particularly susceptible to corrosive 

attack when immersed in water. Research suggests that these alloys are at their most
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noble at copper contents between 2 and 3%(»7).

Aluminium initially oxidises to aluminium hydroxide which subsequently ages to hydrated 

oxide, or a mixture of oxides. Environmental factors such as temperature and solution 

turbulence can seriously affect corrosion resistance. Surface to volume ratio, the heat 

capacity of the surface, the surface finish, alloying additions and the presence of surface 

defects are all dictated by the aluminium alloy itself. Composition, volume, location and 

potential of microconstituents compared with aluminium solid solutions have a direct 

influence on the amount, form and distribution of corrosive attack. For example, CuAl. is 

cathodic to the matrix and produces corrosion damage around the precipitate particles, 

and MgAI is anodic to the matrix and is therefore a subject of corrosive attack. Murty et 

al(97) noted that the increase in copper content of an aluminium alloy caused local 

thinning of the oxide layer in the vicinity of the 0-phase (Al Cu) and concluded that this

caused 'severe localised corrosion entirely attributable to solidification-caused 

inhomogeneity in the distribution of copper1.

Also of interest is the susceptibility of certain heat treated 2XXX series alloys to stress 

corrosion cracking (discussed further later in this chapter).

Corrosion may be classified into several categories, including; general or unlocalised 

attack, pitting, intergranular attack, stress corrosion and corrosion fatigue.

General corrosion causes the least weakening. It can occur by a process of a local 

anode being corroded, becoming cathodic to the surrounding material and repassivating, 

while a local passive cathode may be undermined by an adjacent anodic area, and 

become active.

Pitting usually initiates at a weak site on the surface of the metal, such as a flaw in a 

protective film or a surface scratch. Once initiated, attack continues to occur in that region 

in preference to others, causing a pit.

Intergranular corrosion occurs when the grain boundaries of a material are more easily 

attacked then the interiors. This causes intergranular trenches to appear. Stress
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corrosion occurs in a metal under combined conditions of an aggressive environment 

and an imposed load. The appearance can be similar to that of intergranular corrosion, 

but the attack is localised to grain boundaries running roughly perpendicular to the stress 

direction. Some alloys exhibit a transgranular failure mode however.

Corrosion fatigue is a result of the combined effect of applied dynamic stress and an 

aggressive environment. It appears that this particular combination will produce failure in 

all metals at some point. This is due to the fact that under an alternating or dynamic 

stress a metal will manufacture weaknesses within its structure which are susceptible 

either to the stress component or the aggressive environmental component. Stress 

corrosion and corrosion fatigue cause the most weakening.

It should be noted that it is often not possible to predict the type of failure which will occur 

in a corrosive environment. Prediction may be best addressed by assessing the 

probability of a certain type of failure as proposed by RobergeW.

When analysing the corrosion properties of aluminium based MMC’s there are several 

additional factors to consider, including; whether or not the particles may interrupt the 

growth of the oxide filmW and thus hinder repassivation; galvanic coupling between the 

reinforcement and the matrix; selective corrosion at the interface and corrosion of matrix 

defects from the manufacture of the composite.

Interfacial phase formation during processing (between the matrix and reinforcement) if 

strongly anodic or cathodic to the matrix may suffer potential corrosion voids, or crevices 

may form from volume changes. If the reinforcement is an electrical insulator (alumina, 

boron and silicon carbide) little or no galvanic reaction with the aluminium matrix is 

expected, unlike that with graphite which is highly electrically conductive.

Corrosion of Al-based MMC’s may be induced by defects, impurities or segregation in the 

oxide film, due to whisker or particle addition. It has been suggested that the introduction 

of second phase particles (SiC) into an aluminium matrix make a Very significant 

contribution to the resistance, even at low volume fractions’^ ) ,  which is thought to be due
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to the high dislocation density, induced by the additions. Strain fields are generated 

during processing where coefficients of thermal expansion differ, thus higher dislocation 

densities exist at the interface encouraging second phase precipitation during aging. 

Fine precipitates can be observed along dislocations which reduce in density with 

increasing dispersion(70°). These also pose the possibility of preferential corrosion 

sites.

In electrochemical tests, the corrosion potentials (the minimum electrical current at which 

the corrosion process may begin) of the 2024-AI 20wt%SiC MMC and the matrix alloy are 

similar{101,102) and in some cases, additions may actually increase the corrosion 

resistances. suggesting that corrosion potential is unaffected by silicon carbide 

presence. This is also supported by the work of Pinto and ZschechS). Harris et al(*0®) 

however, conclude that the presence of CuAI and CuMgAI precipitates in 2124-based 

discontinuously reinforced composites promote pitting attack at SiC-matrix and 

intermetallic-matrix interfaces.

3.2 Bimetallic Corrosion.

This type of corrosion is also called dissimilar metal corrosion or galvanic corrosion, 

although the latter name is somewhat misleading as all aqueous corrosion is caused by 

the galvanic effect.

In salt spray conditions, accelerated corrosion behaviour has been observed in Al-2024 

base alloy, but much less than in the 20vol% SiC Al-2024 compositesS). The degree of 

corrosion increased proportionally to the SiC concentration in the matrix, attributed to 

galvanic action between the SiC and the matrix materials). This has been disputed by 

other workersS,*07) and instead the proposal that as SiC concentration increases, 

active precipitate concentrations arise due to the high strain fields associated with SiC, 

has been put forwards).

Other work(*07) has suggested that the susceptibility of this copper containing alloy is
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directly related to the amount of copper it contains.

The effects of aeration and chloride ion concentration have been studied. In deaerated 

conditions and chloride free environments, galvanic current was negligible. The 

corrosion rate of a MMC is increased in aerated conditions^,*os, 109), in aerated NaCI, 

the corrosion current was only about 2.5 times that of aluminium coupled samples. Other 

factors probably exert a greater influence on corrosion behaviour than the SiC/AI couple.

3.3 Intergranular Corrosion.

The 2XXX series aluminium alloys of interest to this project are also particularly 

susceptible to this type of corrosive attack. It has been proposed that this form of 

corrosion is due to selective corrosion of a crystallographic nature(**0) such that the grain 

boundaries themselves play an important role(***). As has been pointed out, 

intergranular corrosion does not decrease with the increasing purity of a sampled), 

indicating that selective attack due to impurities is unlikely. However, others have 

suggested that the grain boundaries may be selectively attacked due to the precipitation 

of impurities from the metal grains during solidification(***). if these impurities are anodic 

to the dominant metal, the result could be selective corrosion at the grain boundaries or 

precipitate free zones (PFZ’s) adjacent to them with the bulk matrix remaining relatively 

unaffected. In 2XXX series alloys, CuAI precipitation may occur at grain boundaries, 

causing attack to be concentrated at PFZ’s. Galvele et al(**3) concluded that the 

mechanism of intergranular corrosion is most likely to be due to a difference in 

breakdown potentials of grain boundaries and grain interiors, as opposed to the 

difference in standard electrode potential of these areas.

Several studies have been carried out on the role of hydrogen in this form of 

c o r ro s io n (25, w , f f 4). These studies show that the hydrogen produced during the corrosion 

process may serve to further weaken the material ahead of the crack tip due to its 

transport into the material through dislocation sweep and diffusion along the grain
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boundaries(**®). Hence the intergranular mode of failure.

Generally, aluminium alloys are less susceptible to intergranular corrosion when in the 

overaged condition.

3.4 Pitting Corrosion.

Pitting represents the most common form of aluminium corrosion, particularly in 

solutions containing chloride ions. It occurs in conditions where the surface film is 

almost, but not completely protective, such as at a scratch or other mechanically induced 

break in the protective film, at an emerging slip step (as discussed in chapter 2), or at a 

compositional heterogeneity, such as an inclusion, precipitate or segregated*®).

Local action in the presence of an electrolyte, usually in near neutral conditions, results in 

a small discontinuity in the protective oxide film. It is thought that flaws in the film are 

developed and repassivated constantly, but the presence of aggressive ions hinders 

repassivationd*?).

It has been suggested that the induction time for pitting is proportional to the film/oxide 

layer thickness d*®), but there is no agreement with regard to the effect of potential on 

pitting, except that there is a critical pitting potential (EPjt). It has been suggested that pits 

on aluminium will only initiate at an electrode potential above that of Epit for 

aluminiumd*®. *20). Once initiated however propagation can occur below EPjt, but above

Eprot (where repassivation occurs), shown in the graph in figure 7 *

A pit initiation site may occur where a local anode, such as Mg2Al3, is surrounded by a 

matrix cathode leading to metal dissolution. Where an insoluble metal hydroxide is 

present, the local solution at the anode increases in acidity and the solution in the 

corresponding cathodic site becomes more alkaline.

* Taken from reference 10
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Figure 7. A possible cathodic and anodic 
polarisation diagram.

Since the cathodic solution is at the surface the degree of alkalinity is very much less than 

the acidity in the pit and as the pit grows, the cathodic region moves to the mouth of the 

pit.

Figure 8. Schematic representation of pitting 
corrosion.
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Insoluble corrosion products build up acting as a diffusion barrier between the oxygen

| and the anode, while the cathode still has a ready oxygen supply. Termination occurs

| when the electrochemical processes are stifled by the build-up of corrosion product. This
t

j is schematically represented in figure 8.

The reactions taking place in the pit can produce gaseous products such as hydrogen 

(as described in the previous section on aqueous corrosion), particularly in neutral 

conditions. This is supported by the observations of several workers that bubbles could 

be seen to form on the surface of aluminium test specimens (100,101,121).

The corrosion resistant passive metal surrounding the anode and the activating property 

of the corrosion products (such as hydrogen) within the pit account for the tendency of the 

corrosion to penetrate the metal rather than spread along the surface.' (122)

Thompson et al (123) have designed an anodising technique which highlights flaws 

developing into pits. Further studies are in progress to determine how the flaws, which 

are influenced by substrate topography, develop by stages into pits that grow in favoured 

crystallographic directions (3,111,124).

2XXX series alloys are especially susceptible to pitting corrosion (10). The electrochemical 

effects encountered in copper-containing aluminium alloys can be greater than in others. 

This may be partly due to the formation of cathodic CuA^ precipitates and the potential 

difference resulting from variations of copper present in solid solution, as suggested by 

Trzaskoma et al (101) and Brown et al (120). However, it has been proposed that the 

primary reason for their poor corrosion resistance is attributable to the deposition of 

minute particles or films of copper on the alloy surface resulting from corrosion 

p ro c e s s e s (i0 7 ,i2 5 ). These copper ‘cathodes’ greatly enhance the corrosion of aluminium, 

resulting in severe attack. If copper ions in solution are out of the range 0.02-0.05 ppm. in 

neutral or acidic conditions, the pitting threshold of aluminium is exceeded. This form of 

attack, deposition corrosion, is of greatest concern in acidic conditions (as at the anode) 

where copper is highly soluble. It has been proposed however that the copper does not
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participate to any extent in the corrosion process 025).

SiC particulate and whisker strengthened MMC’s exhibit pitting, especially around the 

SiC, when immersed in water (102). Metallographic analysis revealed crevice formation at 

the SiC/AI matrix interfaces, indicating preferential sites for attack. Other investigations 

report that the SiC/AI interface does not act as a preferential site (101,124,126). Pit formation 

was not regarded as substantially detrimental, provided it was not followed by preferential 

growth and pit propagation.

Wrought extruded rods and SiC in 98.9% aluminium metal matrix model were studied in 

near neutral deaerated NaCI solution to assess the effect of SiC on pit initiation, structure 

and growth (126). The results of the model revealed that pits formed at various sites, but 

not on the SiC/AI interface. Trzaskoma (126) concluded that the initiation was controlled by 

microparticles within the matrix and also that the reinforcement addition, if not directly 

contributed to pit formation, did so by enhancing precipitation of detrimental intermetallic 

phases (124). Propagation of pits exhibiting crystallographic features were only observed 

in the matrix alloy, indicating slow selective attack. In the composite materials, the pits 

were rounded and smooth, indicating high dissolution rates. From this it was concluded 

that pit initiation rate was similar for both materials and that the pit propagation rate was 

higher in composite materials.

The pit size observed on the MMC specimens was much smaller than the matrix alloy 

counterpart (101,102,124,126). p\\ concentration was also higher and more uniform on

MMC’s, presumably due to more numerous active sites. Contradictory findings have 

been reported (70) where fewer pits were observed on 20 vol.% silicon carbide whisker 

reinforced 2XXX, 6XXX and 7XXX alloys, compared to their matrix alloys. The explanation 

was based exclusively on pitting around SiC whiskers which, from previous observations, 

would not appear to be a valid assumption (70). it can be concluded then that materials 

and fabrication differences probably account for the disparities between the 

investigations.

A range of commercial gravity and pressure die casting alloys were subjected to a range
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of tests including;

neutral salt spray;

synthetic sea water acetic acid test and 

simulated automotive corrosion cycle.

Pit depth was around two to four times greater in the reinforced alloy and no trends were 

observed between the different test techniques. It was found that gravity die cast alloys 

suffered preferential pitting at the SiC/AI and Al/Si interfaces. (7°)

Typically, metal loss was observed to occur around microparticles in MMC’s and base 

alloys. Newly formed pits exhibited smooth interiors (suggesting that pitting was rapid, in 

agreement with Trzaskoma (126)) with hemispherical or elliptical openings. In some 

cases the surface film had been undermined, but it was unclear if it occurred prior to the 

pitting process as a result of mechanical damage. Work by Trzaskoma (124) is in 

agreement and suggests that undermining occurs before the pit becomes visible. It 

should be noted that other work by Trzaskoma (116) also states that tunneling can also 

lead to features very like those of pits (36). Pit distribution in the vicinity of the SiC and in 

the matrix indicated that pitting was not controlled by SiC particles. Micro-particles 

detected within the pits were found to consist of major alloying components and iron. 

Alloys prepared by powder compaction and wrought extrusion displayed the same pitting 

morphology. This suggests that the smaller pits on the composite were due to the SiC 

inhibiting pit growth, not as a result of the fabrication method. However, there seems no 

reason to assume that the propagation of pits occurring in the matrix would be impeded 

by the presence of SiC. Again, pits on the composite exhibited smooth surfaces. In 

conclusion, we have a two stage growth process:

i) Pit initiation occurred as a result of micro-constituents and resulted in the break

down of the passive film and is the same for alloys and composites.

ii) This was followed by propagation as a result of metal dissolution, but 

morphological evidence suggests the presence of SiC reinforcement alters the normal 

growth of the pits.
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Typical pit morphologies are depicted in figure 9 (128).
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Schematic diagram showing the different 
types of pitting morphologies possible during 
corrosion.

Figure 9
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Pitting has been observed in the Al matrix at the SiC/AI matrix interface and SiC particle 

and whisker clusters. It appears that the SiC/AI interface does not necessarily act as a 

preferential site for attack. Areas for attack appear to be more strongly influenced by the 

location of active phases in which SiC is thought to play a role.

3.5 Stress Corrosion Cracking.

Stress corrosion cracking (SCC) occurs under sustained elastic tensile stress and a 

corrosive environm ent and will result in alloy rupture. SCC occurs in alloys with 

appreciable am ounts of a lloying elem ents, including the 2XXX series a lum inium  

alloys(129). In aluminium alloys, SCC is usually intergranular and requires an anodic 

phase at the grain boundaries for crack propagation to occur. Cathodic protection can 

reduce or eliminate SCC (13°) suggesting that it is electrochemical in nature.
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The mechanisms proposed for SCC have all been used as the basis for SCC modelling. 

Localised plastic deformation from applied load is thought to cause disruption of the 

protective film, promoting electrochemical activity. Sustained selective corrosion due to 

the inherent tendency of the material to intergranular corrosion, facilitating the ingress of 

hydrogen into the metal and promotes crack growth 031).

Development of cracking is discontinuous (132). SCC appears to propagate by a cycle of 

local cell corrosion followed by mechanical tearing creating a new surface and leading to 

further corrosion.

Susceptibility to intergranular corrosion is a prerequisite for susceptibility to SCC. Cast 

aluminium alloys have a very good resistance to SCC. Microstructures tend to be 

predominantly isotropic, thus not significantly affected by sample orientation. Conversely, 

the anisotropic structures of wrought alloys result in a marked dependence on specimen 

orientation 00).

Hydrogen embrittlement is the dominant mechanism of SCC in high strength Al 

a llo y s (133). Hydrogen accumulation occurs at the SiC/AI interface in tensile samples in 

cathodically charged HCI.

Intergranular corrosion in 20vol% SiC/AI-Si casting alloys in salt spray tests suggests 

stress corrosion resistance may be reduced, however, in contradiction to this, C-ring 

samples at loads of 75% of yield strength showed no susceptibility to stress corrosion 

even after 90 days alternate immersion in 3.5% NaCI (io). Clearly this area needs more 

research to resolve this dispute.

The majority of initiation sites for this mode of failure of in service components have been 

found to be; design induced stress raisers, corrosion pits and fatigue cracks in 

descending order of scale (129). a  possible reaction for a stress corrosion crack tip for an 

aluminium alloy exposed to aqueous chloride ions is summarised in figure 10. (Spiedel 

and Hyatt (1972))
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Figure 10. A proposed reaction for a stress corrosion 
crack tip for an aluminium alloy exposed to aqueous 

chloride ions.

In summary

1) Reactants are supplied to crack tip. The local solution in this area is generally 

different to the composition of the bulk solution, resulting in the necessity of reactant 

transport.

2) Chem ical reaction takes place w ith newly exposed metal. The mechanical 

fracturing process synergistically interacts with the chemical attack.

3) Adsorption of the deleterious species follows. This includes hydrogen from water, 

leading to hydrogen embrittlement in the crack tip and accelerated corrosion fatigue crack 

growth in steel and high strength aluminium alloys.

4) Diffusion of deleterious species to the plastic zone is required. The plastic zone is 

more susceptible to corrosive attack due to the high concentration of slip bands.

5) Removal o f reacted species can occur. Here, the rate of removal is important as 

the local crack tip chemistry may be affected by the presence of corrosion products and 

may even alter the local stresses by its physical influence on crack closure (1?9).
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3.6 Exfoliation.

This occurs in wrought alloys where directionality and elongated grains are apparent, as 

in rolled or extruded materials. Corrosion proceeds along subsurface paths parallel to 

the surface. The surface becomes blistered or ruptured by formation of voluminous 

corrosion product. Corrosion may sometimes proceed along insoluble constituents 

which have been strung out in the direction of working. Large internal stresses can be 

generated and thus exfoliation is classed as a form of stress corrosion cracking. 

However, due to the depth limitation, unexpected structural failures characteristic of 

stress corrosion cracking, are not the result' (1°). Heat treatable 2XXX series alloys are 

susceptible to exfoliation which, as has been noted, may be detected when examining 

surface pits (70,124). Robinson (134) has concluded that ’exfoliation corrosion appears to 

proceed by a stress corrosion mechanism and may be suppressed by applying 

compressive loads'. Maximum resistance to exfoliation occurs before maximum 

resistance to stress corrosion cracking in heat treatment, so care must be exercised.

3.7 Corrosion Fatigue.

Corrosion fatigue occurs under cyclic stress and in a corrosive environment. It is 

dependent on loading, environment and metallurgically interactive variables, 

consequently there is a wide variety of corrosion fatigue behaviour to be expected from 

different metal/environment systems. It has been suggested (75) that it is sensible to 

investigate only specific systems and not to assume results from one system will relate 

to another. There are however a few similarities between all the extensively researched 

systems, including:

1) Under corrosion fatigue, the endurance limit of a specimen will be decreased.

2) As the  concentration o f th e  aggress ive  spec ies  is increased  (up to a  certa in  point), so  

the en d u ran ce  lim it d e c re a s e s  (109,135).
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3) A decrease in cycle frequency increases the crack growth rate (when measured as 

distance advanced per cycle).(135,136)

4) The initiation process is generally considered to be a pure surface phenomenon and 

environments which react mainly with the surface of the material are thought to play an 

important role in the initiation process (109,137,138).

5) Alternating stresses continually disrupt surface films, accelerating corrosion which 

produces stress concentrations. Hence, the two components cause more damage when 

acting together than when each acts separately (137,138,139).

6) Several studies have concluded that the environmental factors (mostly due to their 

time dependence) have a most marked effect in the slow crack growth region (140)? and 

also generally at lower frequencies04i,i42).

3.7.1 Initiation.

Dissolution under a cyclic load generally occurs at faces of steps (formed by plastic 

deformation during a cycle) at the pit surface (143). The important parameters, according 

to Pyle et al (i43)f being the height of the step and the rate of dissolution. The height being 

of importance because it is a factor in the determination of the magnitude of the crack 

produced by dissolution in one cycle.

A corrosion fatigue crack will usually initiate at pits or sites of intergranular corrosion (137) 

on aluminium in chloride containing environments. Initiation occurs normal to the stress 

direction, but pitting is not a prerequisite in humid air. Several mechanisms have been 

proposed for the initiation of a fatigue crack (75), including; formation of corrosion pits and 

consequent stress concentration at the base of the pit, electrochemical attack at 

plastically deformed areas of the metal with the undeformed metal acting as the cathode, 

rupture of the surface film with attendant electrochemical attack at the ruptured sites and 

lowering of the surface energy of the metal due to the adsorption of a specific species 

from the environment.
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It has been proposed by Uhlig 0*4) that the effect of the corrosion process above the 

critical rate is to induce or accelerate the plastic flow of the stressed metal and hence to 

accelerate the formation of PSB's. This effect explains the joint action of the environment 

and applied stress to produce the maximum observed damage.

Pitting is not a prerequisite for corrosion fatigue. Although it has been observed that 

those materials susceptible to pitting are also susceptible to corrosion fatigue, corrosion 

fatigue cracking is also Observed where no pitting has occurred. It has been noted that a 

corrosion fatigue crack does not always initiate at the surface, but can occur near the 

surface this has been attributed to triaxial tensile stress rupture which cannot occur at the 

surface. This is succinctly explained in a paper by Haigh and Jones (145); The reductions 

of fatigue strength often observed when water or other reagents act upon the surfaces of 

test-pieces during the continuance of fatigue tests are attributed only in a small degree to 

superficial actions, such as corrosion or notching, and chiefly to diffusion into the metal of 

foreign substances that provoke chemical or physical change under cyclic stress.' 

Radetskaya’s work (ne) on how the state of the surface effects corrosion fatigue 

concludes that not only is the surface topography of importance, but also the underlying 

material properties, particularly the state of residual stress. This is most likely due to the 

effect the residual stresses have on the hydrogen transport processes.

In the discussion on work carried out by McAdam 039), u. R. Evans observes that there 

are probably several mechanisms in operation during the corrosion fatigue process 

which may expedite the weakening effects of the corrosion process on fatigue properties. 

These mechanisms include the build-up of corrosion product, which excludes oxygen 

and impedes film repair, thereby allowing continuation of pitting. In aluminium, this 

corrosion product is 1.5 times the volume of the metal and thus, congestion is likely to 

occur in one of three ways,

(1) to disrupt the metal surrounding the pit,

(2) to force out the corrosion product from the pit, or

(3) to clog the pit and stifle further pitting.
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The cyclic component acts on this by aiding film disruption, assisting expulsion and 

diminishing clogging. The effects of these principles will be discussed further later in this 

chapter.

It has been found that the initiation of a corrosion fatigue crack can occur at around 10% 

of the total life of a specimen (H7) as compared to 90% in a specimen tested in lab air.

3.7.2 Propagation.

Propagation is influenced by the stress intensity range, load frequency, stress ratio, 

electrode potential, environment and metallurgical variables (H8).

It has been observed (149) that the fatigue of copper in an aggressive environment will 

increase the height, breadth and number of PSB's, although crack initiation was generally 

confined to grain boundaries. It was also noted that there is a relationship between cyclic 

plastic strain, repassivation rate and corrosion fatigue failures.

Figure 11* shows a graph of the idealised response of corrosion fatigue crack 

propagation rate as a function of the cyclic crack tip stress intensity factor. Mechanisms 

for stress corrosion cracking, corrosion fatigue and hydrogen embrittlement overlap to 

some extent, but the crack tip path is generally intergranular in stress corrosion failure 

and transgranular in corrosion fatigue failure (111,137,141,150). Additions to aqueous 

solutions which can accelerate SCC growth also accelerate corrosion fatigue growth. 

True corrosion fatigue crack growth rates cannot be quantitatively estimated by the 

summation of fatigue crack growth rate in an inert environment and SCC crack velocity 

under the environment in question (isi). At high stress intensities, stress corrosion can 

dominate overall crack growth per cyele in a corrosion fatigue condition (called stress 

corrosion under cyclic loading). The change from corrosion fatigue to stress corrosion 

(denoted by a gradient change in da/dN vs. AK) under cyclic loading does not necessarily

coincide with Kiscc, it can occur at much higher intensities 051).

* Reproduced from Suresh (70).
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Figure 11. Corrosion fatigue crack propagation 
rate as a function of stress intensity factor.

A correlation between the surface reaction and the dependence of fatigue crack growth 

response (below K|SCc) as a function of test frequency and vapour pressure has now 

been established for several systems, including aluminium-water vapour Work by 

Shiozawa (no) has shown that in the low stress intensity factor region environmental 

factors, such as hydrogen embrittlement have a prevalent role because crack growth rate 

is slow and the corrosion mechanisms have time to operate. 'For alloy environment 

systems with 'fast' reaction kinetics, such as the AI-H2O vapour system, environmental 

effects are most apparent at low pressures and high frequencies', Wei (152>. This study 

presents a model based on an assumption that enhancement of the fatigue crack growth 

rate is a result of hydrogen embrittlement, where the hydrogen is a product of reaction 

.between the fatigue crack surface and water vapour (also agreed by Shiozawa (14°)), and



! as such, the cycle-dependent component of corrosion fatigue crack propagation rate is 

proportional to this hydrogen production. This means that for these 'fast1 systems, there 

must also be a faetor of transportation of environmental elements to the advancing crack 

tip, in the crack growth rate (82,131,136,154,147,149,152,153). Marcus et al 055) propose that the 

rate controlling process is not the transportation of the aggressive environment to the 

crack tip, or the diffusion of hydrogen ions into the material ahead of the crack tip, but that 

water vapour was the most aggressive environment and oxygen exerted a minimal effect 

on aluminium alloys.

As the stress intensity factor increases, ShiozawaO^o) proposes that the unpredictable 

rapid growth of the crack tends towards the normal curve. These observations imply that 

accelerated testing procedures should be used with caution. Holroyd and Hardie 036) 

suggest that a simple superposition model such as the one proposed by Wei may be 

suitable for predicting corrosion fatigue cracking only in some materials.

Trockels et al O41) concluded that there was a strong dependency on frequency and 

waveform, mainly due to the time dependent processes of hydrogen embrittlement and 

repassivation. As the frequency decreases, so the time for environmental attack at the 

crack tip increases. As the frequency reduces below 1Hz however, the slower 

repassivation process is thought to have more influence, and the propagation rate 

decreases again. Trockels found that high frequency tests exhibited microscopically 

brittle fracture surfaces, explained by the effect of hydrogen embrittlement of slip or 

cleavage planes, in the plastic zone ahead of the crack tip. Low frequencies exhibited 

more typical ductile fracture.

A review by Gangloff (156) highlights the occurrence of non-steady state crack growth which 

is unique to corrosion fatigue, and the problems associated with crack closure in 

modelling corrosion fatigue cracking and the formulation of predictive models, 

maintained by other work (157,158>. Work by Evans and Lu (iso) also observes anomalous 

short fatigue crack growth behaviour under corrosion fatigue, which they attribute to crack 

closure, local chemical-electrochemical conditions at the crack tip and interaction of the
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crack with microstructural features. Gangloff 056) states that the major experimental 

problem is the 'lack of methods to probe mechanical and chemical damage processes 

local to the corrosion fatigue crack tip'.

It is as well to mention however that the acceleration of corrosion fatigue crack growth 

rates by moisture and sodium chloride solutions may not always be the case. In the 

presence of chloride ions, especially at high stress, crack blunting can occur resulting in 

a reduction of the crack growth rate by as much as a half compared to that in air (159,160).

In summary, there appear to be three categories of corrosion fatigue crack growth:

A) An interactive action of both corrosive and cyclic parameters at all but the 

most rapid crack growth rates where mechanical aspects dominate because cracking is 

more rapid than the chemical and transport processes involved in corrosion fatigue.

B) No environmental effects are exhibited below Kiscc. but above this value,

SCC effects contribute substantially to the cyclic crack growth component.

C) Intermediate and extremes of the A and B cases can be observed which 

appears to be typical of most alloy environment systems. Below K iScc> Type A is 

prevalent and above Kiscc, type B mechanisms are more evident 061).

The fatigue life of 20vol% SiC whisker reinforced MMC is an improvement on the matrix 

alloy in laboratory air and salt-laden moist air, although salt-laden moist air reduces the 

lives of both materials^?).

SiC particle reinforced MMC shows a reduced life at a given stress in air for lives below

500.000 cycles, compared with the matrix alloy. In moist air the cross-over point is

100.000 cycles. At higher cycles, similar results are observed for both the unreinforced 

and particle reinforced alloys in laboratory air.

SiC whisker reinforced MMC’s exhibit a superior resistance to fatigue in terms of stress- 

life than SiC particle reinforced MMC’s. The S-N type test is an indication of crack 

initiation and thus this study only really examines the environmental effect on fatigue crack 

initiation. The environment exhibits a far greater effect on propagation.
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If the fibre/matrix bond is strong, the fibres ahead of a propagating crack may be expected 

to fail in a brittle manner. In the case of a weak interfacial bond, the energy required to 

pull the fibres from the matrix may be sufficient to hinder crack propagation. Although a 

sensitivity to aqueous environments results in faster crack propagation, there were no 

differences in fatigue crack growth rates of 20vol%SiC whisker/AA6061 samples tested in 

distilled water and aqueous NaCI. The mechanism of crack growth in the reinforced alloy 

is therefore determined by the presence of the SiC particles which concentrate strain in 

the weaker surrounding matrix and act as crack nucleation sites (162,163).

3.7.3 Effects of Material Processing.

It seems reasonable to assume that fabrication and heat treatment affect corrosion 

behaviour of MMC’s more than conventional aluminium alloys due to strain fields and 

dislocation densities generated during the fabrication of the MMC’s. Early work, however, 

contradicts this.

The reinforcing phase has a strong influence on the dissolution and precipitation of 

secondary phases, and thus the explanation previously discussed appears to apply: 

namely, the lowering of Ep,t for MMC’s occurs as a result of enhanced second phase 

precipitation, with a corresponding depletion of copper from solid solution. The observed 

increase in the ECOrr could be due to the presence of course cathodic intermetallic 

particles on the MMC surface.

Recent work suggests that the corrosion behaviour of MMC’s is largely governed by their 

process history. Some contradictory results may be due to the degree of solution 

aeration which may be a primary factor controlling the corrosion characteristics of MMC’s. 

Exterior surfaces of extruded SiC whisker reinforced MMC’s are more susceptible to 

corrosion than the core. Elemental segregation between the surface and the core may 

account for localised attack, but not the enhanced general deterioration of the surface. It 

is possible that the internal strain energy from fabrication and sample preparation
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accounts for this anomaly

Further work in this area has lead to the conclusion that raising the weight percentage of 

the silicon carbide particles, processing at higher extrusion rates and an increase in 

solution treatment time raised ECOrr. even though void content increased. Silicon carbide 

was thus not thought to play a role in determining the pitting behaviour of MMC’s.

Increase in aging time results in a more active EPjt. This is due to a decrease in copper 

content of the matrix through precipitation of CuAl2 and CuMgAl2, i.e. EPjt is dependent on 

alloying elements present in solid solution and not precipitate particles. Unreinforced 

materials have more active EPjt potentials than MMC’s reinforced with whiskers at 

increasing aging times, except at 120 hours where they are very similar. This is probably 

due to preferential precipitation at and along the SiC/AI interface. Since SiC whiskers are 

aligned in the extrusion direction, a large number of precipitates are located away from 

the metal solute interface, reducing the corrosion sites on the MMC surface in 

comparison to the unreinforced material. At longer aging times, the larger precipitates 

generate a less protective oxide layer because of inherent discontinuities at the 

precipitate/oxide/electrolyte interface. This holds true where precipitation is largely in the 

vicinity of the reactive SiC/AI interface. Although this interface is a site of preferential 

attack, it is not exclusive. Pit initiation occurs with and without a high density of SiC in 

deaerated environments.

Rawdon(i64) found that sheet Duralumin behaved very differently for cold water quench as 

compared to hot water quench. He found that the hot water quenched material was more 

susceptible to intercrystalline attack (which has a marked detrimental effect on ductility) 

and that this form of attack predominated throughout the test, whereas the cold water 

quenched specimen initially suffered preferential attack at the grain boundaries, but this 

changed to pitting (which has a particularly marked detrimental effect on tensile strength) 

as corrosion proceeded.

Rawdon (164) stresses the importance of frequency (136,156,157,158). By using a low 

frequency, the effects of the corrosion component may be more accurately observed.
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Fatigue performance of AA2014 and 20vol% SiC particle AA2014 were compared using a 

fracture mechanics approach (156). Fatigue crack growth rate (FCGR or da/dN) is a 

function of crack tip stress intensity range, Ak. It is then independent of geometry and 

can be used effectively in design. FCGR’s were determined using compact tension 

specimens under constant load amplitude and rising Ak conditions at room temperature

in lab air and 3.5wt% NaCI and 3.5wt% NaCI + o.5wt% sodium dichromate, in both under 

and overaged conditions.

In the underaged condition, the FCGR was higher in air than the dichromate containing 

solution. In the overaged condition, the effects of the environment on MMC behaviour 

were more apparent.

At a given Ak , FCGR in chromate solution is greater than the FCGR in sodium chloride 

which in turn is greater than FCGR in air.

Intermetallic precipitates surround the SiC particles in the overaged MMC (called matrix 

shielding) which may largely account for the differences of FCGR’s in air between under 

and overaged MMC’s.

In aqueous NaCI and chromate solutions this shielding was overcome due to an 

increase in matrix environmental attack, resulting in increased FCGR’s for overaged 

MMC’s. Unreinforced alloys were more resistant to fatigue crack propagation (lower 

FCGR’s at a given Ak and higher apparent Akth) compared with the MMC samples. Thus 

it can be concluded that MMC’s are particularly sensitive to chloride ions.

In short, fabrication and heat treatment of aluminium MMC’s can exert significant 

influence on corrosion behaviour and must be carefully controlled to allow valid 

comparison with unreinforced material and to ensure that susceptibility to attack is 

minimised.
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3.8 High Temperature Degradation.

After prolonged oxidation, AA6061 alloy developed a coherent stable film of magnesium 

aluminate (MgAl204) which provided a barrier against further oxidation065). The 

respective composite material showed no evidence of magnesium aluminate, but 

magnesium oxide and silicon carbide. The combined interaction of silicon carbide and 

sodium chloride (crystal coating before soak) caused continual disruption of the oxide 

film. Thus, it appears that surface protection is necessary if an MMC is required for high 

temperature saline conditions. This is in agreement with work by Suresh (47).

3.9 Corrosion Protection.

Corrosion protection may be implemented in one of, or a combination of several ways. By 

design, environmental change and the employment of barrier coatings. Designs should 

be considered with respect to the effect of possible corrosive elements either being 

channelled in to or through areas of high stress or trapped in areas were corrosion will 

weaken an essential structure.

The basic approaches to prevention of metallic corrosion also apply to the protection of 

MMC’s. These include, the selection of a more resistant alloy, an improvement in 

component design, cathodic protection by;

a) use of sacrificial anodes

b) use of impressed current

c) use of Alclad products,

the application of coatings which can be inorganic, organic or metallic, the application of 

inhibitors, the alteration of the environment by;

a) adjustment of pH and temperature

b) agitation or movement
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c) deaeration, 

or the use of non-metallic linings

The main causes of unexpected corrosion are, improper material selection especially the 

selection of material in contact with the aluminium, and poor sealing of contact surfaces 

leading to crevice corrosion.

3.9.1 Cathodic Protection.

Cathodic protection can be implemented by various electrochemical means, involving the 

a sacrificial anode or impressed current. Although zinc is an appropriate material for 

aluminium protection, AI-SiCp composites require other means as its mechanism of 

protection restricts their useful life. Theoretical electrode potential to prevent corrosion is 

affected in practice by environmental fluctuations and cathode protection distance 

(‘throwing power’). Careful control ensures good protection and minimises 

overprotection which can lead to alkali attack (cathodic corrosion).

3.9.2 Chemical Conversion Coatings.

Aluminium oxide film is non-porous, so to increase the oxide film thickness compounds 

which slightly dissolve the film are incorporated into the solution to sustain the reaction at 

the metal surface, i.e. chromate or phosphate radicals in acid or alkaline solutions. 

These coatings are classified as oxide, chromate or phosphate, according to their 

composition and are usually followed by paint or another organic coating. In comparison 

to anodising, it is quick and cheap, but also thinner and less durable.

A chemical conversion coating is formed by means of a chemical reaction between a 

metal surface and a solution, where the metal forms a compound found in at least part of 

the coating.

On immersion of aluminium into boiling water, the porous oxide layer can thicken where
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the water can reach the metal surface. Chemical oxide coatings fo llow  this same 

principle.

Figure 12 shows a schematic representation of the structures of pretreated films, 

a) shows a chromate pretreatment and b) shows a chromate/phosphate pretreatment.

2nm

30nm

a)

Cr2U3 X H2U
CrFe (CN)6

pCr2 0 3  x H20  (x = 1 or 2)
m

Aluminium metal

b)

%CrP04 4H20
increasin g c one entrati on)

Mixture
Aluminium metal

Figure 12. Schematic representation of conversion 
coating structures.

Immersion of a com ponent in a 3% sodium carbonate and 1.5% sodium chrom ate 

solution at 90 to 1000C for three to five minutes is the basis o f what is called the Modified 

Bauer-Vogel (MBV) process.

The composition of the coating is between alumina and aluminium hydroxide,
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Al AI3+ + 3e-

3H20  + 3e" •=» 30H'+3/2H2

2A13+ + 60H- AI20 3.nH20  + (3-n)H20

Chromate inhibits alkaline solution attack on metal oxides and alloying elements, e.g. 

2H20  + 2AI + 2Cr042‘ ■=> Al20 3 + Cr20 3 + 40H”

The final coating is porous and provides a good base for paints and topcoats.

Topcoat durability can be enhanced by treating the coated surface with silicate for 

improved abrasion resistance, or chromate solution for corrosion resistance. Alkaline 

oxide coatings are rarely used compared with chromating and phosphating treatments. 

Acid chromate, acid chromate/phosphate and acid phosphate solutions are more 

complex coating processes in terms of the reactions occurring in the solution during film 

formation.

In practice, corrosion resistance of chromate coatings is superior to chromate/phosphate 

and phosphate coatings in salt spray conditions below 600C due to the chromium being 

leached from the coating to protect the metal. Above 600C the chromium compounds are 

rendered insoluble and thus protection decreases.

3.9.3 Anodising.

This is an electrochemical process which converts aluminium to aluminium oxide where 

aluminium is the anode in the electrical circuit. The low conductivity of aluminium oxide 

ensures that the metallic substrate polarises anodically leading to oxide thickening. The 

resultant oxide layer is thin and non-porous at the metal/oxide interface, but possesses a 

porous outer layer.
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Anodising is classified according to the acid electrolyte used, often sulphuric and chromic 

acids. Further improvement of corrosion resistance for surfaces anodised by these acid 

is to seal the surface by hydrating the aluminium oxide coating causing swelling, and 

thus pore closure. Organic topcoats are often used, especially where anodising is for 

decoration.

Porous outer oxide layer.

Thin non-porous 
oxide layer.

Aluminium
substrate.

Figure 13. Showing the cellular structure generated by anodising (43).
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4.1 Tensile Testing.

CHAPTER 4.

4. Testing Procedures.

This type of testing is generally carried out on rectangular or round cross section 

specimens, but Roebuck 065) observes that the rectangular cross section specimens in 

conjunction with two longitudinal strain gauges generally generate a more accurate 

response for MMC measurements. He also noted that the use of knife edged contact 

points on a non-ductile material such as MMC can cause inaccuracies of unacceptable 

levels and notes that the development of effective non-contacting extensometry is 

required. Care should also be exercised when setting the specimen into the test rig as 

misalignment may cause vast inaccuracies.

4.2 Corrosion Fatigue Testing.

Corrosion fatigue testing is usually carried out on samples of a specified geometry in 

order for ease of machine design and comparison of results between researchers. 

However, this is not a necessity and in some cases structural components or prototypical 

hardware has been subjected to fatigue testing. The samples upon which this type of 

testing are generally carried out are simple configurations with well defined states of 

loading (159). Most corrosion fatigue experiments load the specimen either in bending or 

uniaxially. Torsional and complex multiaxial states are uncommon.

The rotating beam machine produces a constant moment in the test section with fully 

reversed sinusoidal loading on the surface as the specimen rotates. Hourglass 

cylindrical specimens are used either with or without a circumferential groove. This type 

of testing is restricted only to cylindrical specimens for obvious reasons and the mean 

stress imposed on the specimen is always zero (fully reversed).
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A common form of testing procedure is repeated bending of the specimen with a 

cantilever 3 or 4 point bend loading. Loading is generally mechanical, using a rotating 

adjustable cam or crank, resulting in a fixed displacement of the specimen. If load control 

is required, a closed loop electro-hydraulic system may be employed. The test pieces for 

this type of procedure can be a wide variety of cross-sectional geometries and sheet and 

plate specimens of rectangular cross section are frequently used. This method is 

commonly employed because of its simplicity, versatility, reliability and simple 

implementation, however, if yielding of the specimen occurs, the peak stress and strain 

are hard to determine. Also, with fixed deflection loading, the applied tensile load 

decreases as cracking occurs in the specimen, thus reducing the propagation rate 

(compared to the application of load controlled loading) even as far as crack arrest or 

non-propagation.

Uniaxially loaded specimens are most commonly used for corrosion fatigue research. 

The specimens can have a variety of cross-sectional shapes, various mean stresses can 

be employed and axial stresses and strains within the specimens can be easily 

measured and clearly defined.

The test machines for axial loading, however, are complex, prone to breakdown and 

costly to operate, but their advantages are seen to offset these problems. Axial loading 

can be driven by a variety of mechanisms, the most common of which being mechanical 

and electrohydraulic systems. The mechanical systems are generally used to conduct 

sinusoidal axial loading (constant amplitude). Cyclic loading controlled by an adjustable 

cam, connecting rod and lever with a hydraulic load maintainer (to compensate for small 

changes in specimen length) is an economical system but is suited only to long life 

fatigue testing where the cyclic stress strain response is nominally elastic.

The most widely used however is the closed loop, servo-controlled electrohydraulic 

system. This enables programming of the variable measured by the transducer to follow 

any waveform produced by a signal generator. In this manner, variable amplitude loading 

histories may be imposed on the specimen, mimicking more closely real service
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conditions.

The most common types of axial load fatigue specimens are circular or rectangular 

cross-sections, with the test section area either a constant size (resulting in uniform axial 

stress in the gauge length) or an hour glass profile (resulting in a maximum axial stress 

at the minimum cross-sectional area). The specimens may be clamped or machined 

with threads, button-ends, pin holes or bolt holes for connection to the loading fixtures. 

The specimen may also be fabricated with welds, notches, or a variety of other 

incorporated fabrication defects and tested in the as machined state with polished or 

other surface conditions, in order to simulate service applications.

4.3 Crack Growth Testing.

Fatigue crack growth studies employ the machines as described above, with the 

exception of rotating beam machines. The standard types of specimen used in this type 

of study include compact tension (CT), centre cracked tension (CCT), single edged notch 

(SEN), double edged notch (DEN) and surface flaw specimens('*65)i all of which 

(excepting the foremost) are also suitable for corrosion fatigue crack growth testing.

Obviously with the introduction of an environmental influence there are other variables to 

be taken into consideration, th e  solutions generally employed in the studies of corrosion 

fatigue include; fresh natural seawater, seawater with the organic species removed, 

synthetic seawater solutions, brackish water and sodium chloride solutions (generally 3- 

5 percent by weight 066)). The application of these solutions may also be varied. Tests 

may involve total immersion of the specimen in the aqueous solution, dripping or 

spraying onto the specimen surface or alternating wet and dry conditions. Application 

and testing is generally carried out in polymer chambers in order to prevent 

contamination with undesired metallic ions and prevent possible oriented galvanic 

effects.
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In the test situation, important measurable variables include; solution composition, flow 

rate, temperature, percentage of dissolved oxygen, acidity, pressure and electrochemical 

potential.

The corrosive medium may be applied manually, but with the advent of automisation of 

spray/fog chambers, this is more convenient for application seven days a week and 24 

hours a day.

The polymer spray/fog chamber itself must be rigged up to both a solution reservoir and a 

compressor or compressed air supply. The chamber itself should contain an atomising 

nozzle which should not be aiming the spray or fog directly at the specimen. A more 

detailed account of the test rig and procedures may be found in A.S.T.M. B. 287-74 (167) 

and A.S.T.M. B. 117-73 (168).

4.3.1 Crack Measurement Techniques.

Many different types of procedure have been developed for the measurement of fatigue 

crack growth. Some of the advantages and disadvantages of some of the most widely 

used techniques (70,165,169) are summarised here.

4.3.2 Optical.

Using a microscope to measure the progress of the crack along the surface of a 

specimen. This is an inexpensive method with no need for calibration, however, it may 

lead to inaccurate measurement of the crack length as it does not account for crack 

curvature. It is also time consuming and requires a visually accessible surface.

4.3.3 Crack Opening Displacement Techniques.

This method is expensive for testing in aggressive environments as the clip gauges and
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transducers are not very robust. The time dependent, time independent and reversed 

plasticity effects must be small. However, it does account for crack front curvature and is 

easily automated.

4.3.4 Back Face Strain Measurements.

Strain gauges measure strain in compact tension or T-type specimens. Changes in 

crack length of 10 ^m can be resolved and the process is easily automated. The cost is

high though for aggressive environments and as for crack opening displacement the time 

dependent, time independent and reversed plasticity effects must be small.

4.3.5 Crack Tip Strain Measurement.

Surface mounted strain gauges measure the the strain close to but behind the crack tip 

on bend specimens. This inexpensive method is capable of detecting initiation, but is 

limited in thick specimens where surface events do not reflect crack growth in the interior. 

Large scale plasticity can be accounted for, but the onset of general yielding makes 

interpretation difficult.

4.3.6 Electrical Methods, 

a) Strain Gauge Filaments.

Electrically conducting wires are attached to the specimen such that the passage of the 

crack tip fractures them, producing a stepwise change in resistance. This inexpensive 

procedure is easily automated, but is not suited to aggressive environments. Difficulty 

also arises in location of the gauges such that they are broken by crack tip passage, and 

only the crack tip.
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b) Direct Current Potential Difference.

A constant direct current is passed through a specimen such that the crack length alters 

the potential difference between two contact points either side of the crack. This method 

is robust and moderately inexpensive. Average crack lengths can be produced and the 

method is well established for certain specimen sizes and geometries. The system is 

highly stable, suited to automation and small relaxations from linear elastic behaviour are 

easily accommodated. However, this method does not distinguish between crack 

extension and changes in the external surface dimensions of the specimen, as in 

general yielding. Also, although some theoretical calibrations are available, the 

relationship between the potential difference and crack length are complex and 

calibration tests are usual. There is also uncertainty over the use of this method in stress 

corrosion and corrosion fatigue studies as there is a possibility of interference with the 

electrochemical processes occurring at the crack tip. For decreasing stress 

intensity/constant crack opening displacement tests, the crack faces may also short 

electrically, producing a low crack length estimate. Similarly, crack bridging by corrosion 

products may influence results. This method is not suitable for large specimens. Finally, 

the loading grips may also have to be electrically insulated from the testing machine.

c) Alternating Current Potential Difference.

Methodology as with the direct current. The calibration for this method is simple for 

different specimen geometries as there is a linear relationship between the output and 

the crack length and no test piece size dependence. This method is robust as it does not 

require the attachment of delicate instrumentation. High sensitivity can be achieved 

compared to the direct current method and automation and average crack length values 

are achievable. The most significant advantage of the AC PD system is its ability to reject
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noise and drift during signal processing. The major drawbacks to this method are that 

connecting wire must be carefully situated and not moved during the test procedure 

because of lead interaction effects and the cost is moderately high. As with the direct 

current method, crack bridging by corrosion products may influence results and electrical 

insulation of the specimens is required.

The system has several advantages over the DC PD system. Thermally induced emf, 

resulting from dissimilar metal junctions are avoided using AC systams. A lower 

operating current is required to obtain the same measurement sensitivity as the DC 

system because of the high noise rejection and excellent signal to noise ratio at high gain 

available with the AC system. Also, the effect on electrochemical processes associated 

with cracking phenomena are minimised with the AC PD system.

d) Eddy Currents.

The eddy current probe placed adjacent to the cracked surface produces an electrical 

signal indicating the crack. One system involves a servo-system or stepping motor that 

moves the probe in such a way that a nil eddy current signal is maintained. This system 

is easily automated, but, it is expensive and only produces surface measurements.

Other methods of crack measurement include ultrasound measurements and acoustic 

emission.
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CHAPTER 5.

5. Summary of Literature Review.

Incorrect processing of SiC/AI can cause detrimental AI4C3 formation, which is readily 

hydrolysed. This can be remedied in MMC castings by addition of excess silicon.

It appears that the corrosion resistance of SiC/AI MMC’s is inferior to that of its base 

material due to the detrimental effects caused by the particles. Their action as nucleation 

sites for phase precipitation and hindrance of a coherent, non-porous oxide film growth 

are thought to be responsible for the increased occurrence of pit formation at and near 

the reinforcement and its interface.

Looking at the problem at its basest form, the effects of particle addition can be 

summarised in two different ways.

Either the high dislocation density produced from thermal mismatch yields high degrees 

of lattice strain, providing sites for preferential stress corrosion cracking, or, SiC hinders 

crack propagation by stress relaxation due to crack branching.

On the evidence presented in the literature review, it is apparent that despite the strength 

and stiffness advantages gained in the particle reinforced systems, in-service capabilities 

could be severely affected by a sensitivity to general environmental conditions and 

chloride containing conditions in particular.

This sensitivity is a realistic threat considering the known poor response of monolithic 

aluminium alloys to these conditions, and the discontinuous nature of the metal matrix 

composites: soft matrix and hard particle reinforcement.

The predictability of this type of corrosion remains a problem. There are indications that 

the electrochemical nature of the phenomenon may lead to an electrochemically 

measured predictive solution, but there are some difficulties in this method, particularly 

that there is a lack of accurate testing procedures and equipment to observe the
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processes occurring at the crack tip.

The problems encountered in modelling the processes relate to the physical problem of 

obtaining the measurements, but also the probability that accelerated testing may well 

give an inaccurate impression of the environment/component response over a long 

period of time.

On this basis it is proposed that a major area requiring research is the fatigue response 

of these materials under a variety of environmental conditions.
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Part 2, Anmg Of TCms Pr@8®©L

The project will encompass the following experimental programme:

Fatigue testing of cylindrical specimens presoaked in a salt solution for various lengths of 

time. This will determine the optimum presoak time for the specimens tested in the 

remainder of the programme.

Fatigue testing of specimens in air, salt fog and after a salt solution presoak, in order to 

determine environmental influence on fatigue performance.

Crack propagation testing in air and salt fog atmospheres employing a direct current 

potential difference crack length measurement method. The specimens employed will 

be 10mm x 10mm square cross section with a 0.3mm starter slit. From this, the Paris 

exponents may be calculated for each test to determine the influence of material type and 

the effect of an aggressive environment on crack propagation.

Testing will be carried out on base matrix material and both mechanically (Xe) and 

blended (Xh) materials.

The comparison between the base metal results and composite results will determine 

the effect of particle addition, which is significant to production as the benefits must 

outweigh the expense of particle addition.

The comparison between the results of the two alloying techniques will determine their 

effect. The possible difference in dispersion of the particulate within the base material, 

the effect of the breakdown of the Si02 particles in the mechanically alloyed material and 

whether these S1O2 particles have a detrimental effect on the corrosion fatigue properties 

of the composite materials. There is a significant difference in the cost of production 

between mechanically alloyed and conventionally powder blended materials, hence the 

importance of investigation into the benefits of the more expensive processing route in 

terms of fatigue life in an aggressive environment.
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P a rt S. E m artros rrta ll PrQisndlyirdg.

i .  Materials.

All the materials were supplied by DERA/Aerospace Metal Composites Ltd. and were of 

commercial grade. AMC metal matrix composites are formed by powder metallurgy 

methods. They are high quality, inert gas atomised, aluminium alloy powders plus ultra 

fine silicon carbide particles with an average diameter of 2-3 \xm. The powders are either 

blended (Xh) or mechanically alloyed (Xe). Both processes allow thorough mixing of the 

silicon carbide particles with the matrix material and thus a high degree of uniformity of the 

properties throughout the final product. Consolidation of the material is achieved through 

solid state compaction by hot isostatic pressing, avoiding the formation of aluminium 

carbides (eg. AL3C4) which can be detrimental to the mechanical properties of the end 

product. The manufacturing process is carried out in a controlled inert atmosphere to 

reduce oxidation and maintain the purity of the product.

Secondary processing by conventional wrought methods, such as forging, rolling, 

machining and extruding, may be carried out to form near net shape of the final product.

The material studied, AA2124, is an aerospace alloy. AMC200 is the matrix material, 

AA2124, with no further additions. AMC225 is a silicon carbide reinforced material with 25 

volume % silicon carbide particles in an AA2124 matrix. Table 1 shows the composition of 

a typical AA2124 alloy and the AMC200 base material.

The material was supplied in the form of 25mm diameter extruded bar stock. 

Representative sections were prepared and examined using optical and scanning electron 

microscopy to confirm particle size, volume fraction and distribution were within the 

manufacturers specifications.
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Element Cu Mg Mn Others Al
AA2124 weight % 3.8-4.9 1.2-1.8 0.3-0.9 <1.1 Remainder
AMC200 weight % 3.86 1.51 0.59 <0.18 Remainder

Table 1.

1.1. Heat Treatment of the Materials.

The bars of material in the as supplied (T1) condition were cut to length, typically 80 and 

110mm length blanks, and some were given a T4 heat treatment. This required heating to 

5050C for 2 hours, followed by cold water quenching and natural aging at room 

temperature for 5 days.

This resulted in the six conditions of alloy summarised in table 2.

Alloy designation Processing route Heat treatment SiCp
AMC200 Mechanical alloying T1 and T4 -

AMC225Xe Mechanical alloying T1 and T4 25%
AMC225Xh Powder metallurgy T1 and T4 25%

Table 2.

Z  Pit Characterisation.

Discs were cut transversely from the bars and half were ground using 240, 320, 600 and 

1200 grade grit paper for three minutes each, then polished to a mirror finish on a 

polishing cloth with 1mm diamond dust. All the discs were then degreased and soaked in 

3.5wt% sodium chloride (NaCI) dissolved in distilled water, for various lengths of time, from 

zero up to 168 hours (1 week). The discs were rinsed in ethanol on their removal from the
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solution and dried in warm air. These discs were examined on the Reichart light 

microscope which is calibrated so that measurements of the pit depths can be taken by 

focusing between the surface of the material and the pit bottom. Pit depths were noted and 

recorded for each of the soak times and photographs taken of the surfaces of the 

specimens.

Blended BP217 material, from an earlier batch of I. R. C. material, was also examined. 

This material is similar in composition to the AMC225 material, with SiC particles typically 

of 2-3 pm in diameter and at a volume fraction of 17 vol%. Some of these disc specimens 

were also cut in half diametrically and polished to a mirror finish. These specimens were 

then cleaned and examined using the J.E.O.L. JSM6100 scanning electron microscope 

and photographs taken of the pits found in cross-section.

3̂  Test piece Design.

Two test piece designs conforming to relevant testing standards and commonly used at 

IRC Swansea were employed during this investigation. A plain cylindrical specimen, as 

shown in figure 14, was used to investigate load controlled low cycle fatigue response.

A square cross-section corner crack design (figure 15) was used to investigate fatigue 

crack growth response.

All the specimens were machined using poly-crystalline diamond tooling under CNC 

machine control.

Fatigue Testing Procedure.

Each of the material types underwent fatigue testing under varying conditions. The sample 

type is depicted in figure 14. The R-value (minimum stress/maximum stress) was 0.1 and 

the frequency was 1 Hz, under a simple sinusoidal waveform on an Instron servo-hydraulic
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testing machine. Additional testing included frequencies of 10Hz, 0.1 Hz and an R-value of

0.5.

Tests involving prior soaking of the specimen were degreased, completely immersed in 

the 3.5wt% sodium chloride solution (as previously specified) at laboratory
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ENGINEERING FATIGUE 
GROUP
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spec ime n/ mo noto n ic te ns i le spec ime n

Figure 14. LCF specimen design

temperature and under zero load. They were then rinsed in ethanol, immediately dried in 

warm air and tested. The intention of the soaking treatment was to introduce 

environmental damage in the form of corrosion pitting. The testing procedure employed 

complies with British standard B S 3518080).
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Tests involving a fog atmosphere were also degreased before testing in a salt spray 

chamber from C & W  specialist equipment Ltd., (model SSHC). The test rig complies with 

ASTM B 117, BS 390 F12 and DIN 50.021 standards. The cham ber monitored and 

controlled the flow rate of the salt solution (as previously specified) at 0.1 litres per minute

and a temperature of 20° C (±1° C).
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SLIT DETAILS

0.25

UNIVERSITY OF WALES, SWANSEA 
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Rolls Royce "corner crack" specimen, 
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Figure 15. Corner crack specimen design.

P1- The reference wire position. P2- The slit wire position.
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4.1. Summary of the Fatigue Testing Programme.

AMC225Xe T1, tested in air, a salt fog atmosphere and in air after a 24 hour salt presoak.

AMC225Xe T4, tested in air, a salt fog atmosphere and in air after a 24 hour salt presoak.

AMC225Xh T1, tested in air, a salt fog atmosphere and in air after a 24 hour salt presoak.

AMC225Xh T4, tested in air, a salt fog atmosphere and in air after a 24 hour salt presoak.

AMC200 T1, tested in air.

AMC200 T4, tested in air and a salt fog atmosphere.

AMC225Xe T4, tested in a salt fog atmosphere at an R-value of 0.5.

AMC225Xe T4, tested in a salt fog atmosphere at 10 Hz and 1 Hz.

Another set of tests involved soaking AMC225Xe T4 specimens in the NaCl solution for 8 , 

24 and 72 hours, and each of these soak times was fatigue tested at 450 MPa and 350 

MPa on a Mayes servo-mechanical “screw” testing machine at a frequency of 1 Hz using a 

simple sine wave form and an R value of 0.1. These results were plotted as life to failure

(number of cycles completed) against the soak time. Similar tests examining the fatigue

behaviour of the blended BP217 material, from the earlier batch of I. R. C. material, was 

also examined and the fracture surfaces observed as above.

5̂  Crack Propagation Testing.

The comer crack (CC10) specimens were tested in compliance with BS6835(181). Potential 

drop monitoring was carried out using 0.3mm diameter, insulated probe wires which were 

attached to the specimen by means of a 50 Watt spot weld (Hughs Aircraft Company VTA- 

60) The welding current was set at 2-2.5 amps. The specimen dimensions and probe 

wire positions for the potential drop techniques are shown in figure 15. Electrical 

connections were checked using a resistance meter on an Avometer multimeter. This was 

repeated after the specimen had been placed in the servo-hydraulic set-up. Crack growth 

was monitored from the starter split with the aid of a pulsed direct current potential drop
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wavetorm at K = u .i was emDiovea exclusively throughout these tatiaue crack arowth tests 

wmcn w ere  conauctea in laDoratorv air ana j.s 'Y o  Naui roa. A  ranae of maximum stress 

levels ( 1 / 5  to ZbUMFa) were used. A  record or Hd voltage as a function of cycles was 

recorded throuahout each test. Cracks were interrupted prior to complete specimen 

rupture and acetone replicas were employed to measure the crack lengths. Since the 

potential difference monitorina system beina employed reasonably insensitive with resoect 

to the specimen design using the materials under consideration, there was a minimal 

difference between life to total failure and any arbitrarily defined cycles to initiation, 

especially since the stress levels involved are at the upper limitations of the fatiaue 

properties of the materials.

Optical measurements were taken in some cases in order to assess crack oath-oarticle 

interactions, grain size-crack oath interactions secondary cracks and crack path 

deflections. Other advantages of this system are that it is relatively inexpensive and does 

not reauire complicated calibration. However, there are disadvantages. The svstem onlv 

provides surface crack measurements which does not account for crack curvature and may 

be unrepresentative of the behaviour, particularly in inferior specimens. The method is 

also time consumina and reauires the specimen surface to be accessible and in a well 

cleaned condition. It is usually necessary to stop the test to take photographs and to clean 

the surface of the specimen with grinding paper and acetone. This may affect the crack 

propagation process and provide invalid data. The optical system used consisted of an 

Olympus OM2 35mm camera mounted on a Zeiss metallographic microscope. From the 

negatives, crack length could be obtained from an enlarged image of the crack profile, 

using a standard 35mm enlarger. The optical system was used in the detection of crack 

initiation, crack growth and crack particle interactions using CC10 specimens.
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(L Fractoaraphv.

All fatigued specimens were kept in a desiccator until they could be examined in the 

electron microscope. The fractured specimens underwent sonic cleaning in ethanol for 

several minutes. They were then rinsed and dried in warm air before insertion into the 

electron microscope. Particular attention was paid to the initiation points and pitting on the 

sides of the specimens. Some photographs were taken as a permanent record of any 

interesting features.

It is important to note that due to the testing procedure used for the fog atmosphere tested 

specimens, it was not always possible to prevent the fracture surfaces from corroding after 

the failure of the specimen. In many cases this was severe enough to make fractographic 

analysis difficult or impossible as it is difficult to remove the corrosion product without 

damaging the underlying structure. Even where corrosion product removal was possible, 

however, the surfaces show little of the original fracture features as these were obscured 

by the subsequent corrosion process.

Tensile Testing.

These tests were carried out using the SC1 specimens (figure 14) on a Mayes Servo- 

mechanical "screw" testing machine, using a surface mounted extensometer set to a 

10mm gauge length on the central region of the specimen gauge. The specimens were 

tested to failure when loaded at 1mm per minute.
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1. Results of Mechanical Testing.

The individual stress/strain graphs for each of the alloys can be seen in appendix 1. 

Figure 16 below summarises the stress/strain response of all of the materials tested.

Stress/Strain Graph for all Materials
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200T1

100

0  1—
0.2 1.6 1.8 21.20.8 1.40.4 0.60 1

Engineering Strain

Figure 16.

The key information measured from these graphs is recorded in Table 3.

Material E (GPa) UTS (MPa) Y.S. (MPa) strain to failure
200a-T1 78 290 142 2.00
200a-T4 74 570 405 2.00

Xe-TI 119 500 220 0.43
Xe-T4 160 700 470 0.04
Xh-T1 12 2 400 140 0.69
Xh-T4 119 640 360 0.23

Table 3.
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2. Results of Load Controlled LCF Testing.

The results for all load controlled LCF tests are tabulated in . LCF testing was carried out in 

air, after soaking in a saline solution or in a saline fog atmosphere under 10, 1 and 0.1 Hz 

sine waveforms and R values of 0.1 and 0.5. The data have been plotted in the form of S-N 

curves in order to make relevant comparisons between the data sets. The peak stress is 

plotted against the number of cycles undergone by the specimen. Where R-ratio is variable 

between data sets, a stress range graph has been plotted in order to accommodate the fact 

that stress range is the driving factor in fatigue crack growth.

2.1. Results for Baseline Data. AMC225Xe Material.

The results from AMC225Xe T4 heat treated material have been plotted in figure 17 (p.88). 

The best fit curve has been superimposed "by eye" as the number of data points available
I
I is too few to enable a meaningful statistical fit.
f

This data describes a typically sloping curve with an endurance limit of approximately 

465MPa.
j

2.2. Heat Treatment Effects.

The effect of heat treatment has been illustrated in figure 18 (p.88), where data for air tested 

T1 and T4 materials have been plotted. The T4 material shows a stronger fatigue response 

at the high stress/low cycle end of the fatigue curve. This becomes less apparent at lower 

peak stresses. The T1 material was found to have an endurance limit of about 350 MPa, 

approximately 75% that of the T4 condition.

Figure 19 (p. 89), showing Xh response to heat treatment displays a similar response to 

heat treatment as the Xe material, with the T4 condition exhibiting a stronger fatigue
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resistance, and an endurance limit below 400 MPa. The endurance limit for the T1 material 

is about 300 MPa.

The effects of heat treatment on fatigue resistance for the base alloy are shown below in 

figure 20 (p.89). Again, it is clear from the graph that the T4 heat treatment confers a greater 

fatigue resistance on the base alloy.

2.3. Effect of Processing.

The effects of processing presented in figure 21 (p.90) show a close correlation between the 

powder blended and mechanically alloyed materials. The blended T4 material shows a 

slightly weaker response at high values of peak stress which is reflected in the T1 material, 

compared with its mechanically alloyed counterpart. The base material is significantly 

weaker when compared to the corresponding heat treated composite materials, with 

endurance limits of 200 (T1) and 350 (T4) MPa.

The T1 treated alloys, all of which display a lower fatigue strength than the T4 treated 

materials, show a similar trend with the blended material exhibiting a slightly higher strength 

than the base alloy and the mechanically alloyed material.

2.4. Environmental Effects.

Figure 22 (p. 90) shows the fatigue response of mechanically alloyed T4 composite tested in 

air, salt fog and after a salt solution presoak. The fatigue strength of the alloy is significantly 

reduced on exposure to saline conditions. The presoak data display a considerably greater 

degree of scatter than those in the fog environment. Table 15 in appendix 2 summarises the 

fatigue lives of specimens tested after a presoak in saline solution. This data also 

demonstrates this effect and shows that there is a marked effect on fatigue strength after 

only 4 hours soak time, and reaches a peak effect by 24 hours. The unpredictability of the 

severity of the pits is discussed later in the chapter.

The Xh material shows a similar response (figure 23, p.91), with respect to environmental
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effects, as the Xe material. The test specimens exposed to saline conditions display a 

marked reduction in fatigue strength. In the low cycle region, the fatigue strength for the fog 

tested data shows a stronger fatigue response than the presoaked specimens. This 

response is reversed in the high cycle region, where the fog tested samples have a weaker 

fatigue response than the presoaked samples.

The Xe T1 material (figure 24, p.91) displays comparable fatigue strength between fog and 

air tested samples in the low cycle region with a significant reduction in strength in the high 

cycle region.

The fog tested data also crosses the presoak data, as with the Xh T4 material. It should also 

be noted however that the Xe T1 material was tested twice at 350MPa after a 24 hour 

presoak in salt solution. These data points are plotted and it can be seen that there is some 

degree of scatter (17000 cycles and 55000 cycles) in this data.

Figure 25 (p.92) shows a dissimilar pattern to the previous data, with the presoaked data 

exhibiting a greatly reduced fatigue resistance compared with the air tested data at the low 

cycle end of the curve, but a very similar response in the high cycle region.The effect of 

environment on the base material was also examined. This gives a baseline for comparison 

in order to examine the effects of the particulate addition in the matrix materials with respect 

to environmental factors.

The T4 base material tested in air (figure 26, p.92) displays the strongest response. The rest 

of the data display very similar, significantly reduced fatigue response. The T4 base 

material tested in a salt fog atmosphere has a significantly reduced response with respect to 

the air tested data. This effect is not so marked in the T1 data.

Figure 27 (p.93) shows a summary of the overall effect of the salt fog environment on each 

of the alloy type. All the material tested in a fog atmosphere display comparable fatigue 

strength, irrespective of heat treatment, alloy type and processing route. All of the data lie 

within a narrow band in the graph, and allowing for scatter in the results, it then appears that 

there is no significant difference in fatigue response in a saline fog atmosphere.
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2.5. Frequency Effects.

The effects of various waveform frequencies are shown in figure 28 (p.93). Mechanically 

alloyed (Xe) T4 material was tested in a saline fog atmosphere at 10Hz, 1Hz and 0.1 Hz. 

These data are well below the fatigue strength of the air tested baseline data. There is a 

negligible effect of frequency on fatigue life with respect to the number of cycles to failure.

2.6. Effects of R-ratio Variation.

On examination of R-ratio effect, it was noted that an R value of 0.5 in a fog atmosphere 

generates a higher S-N curve than that of 0.1 under the same conditions (figure 29, p.94). 

Figure 30 (p.94) shows the effect of R-ratio where stress range is plotted against the number 

of cycles to failure. As would be expected, the higher the stress range, the lower the fatigue 

strength of the material.
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Baseline Data, AMC225Xe T4, Air Tested,  
R=0.1 , 1 Hz Sine.
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Figure 17.

Heat Treatment Effects for AMC225Xe Tested
in Air.
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Heat Treatment Effects For AMC225Xh, 
Tested in Air.
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Heat Treatment Effects For AMC200, Tested
in Air.
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Effects of Processing and Alloy Type.
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Environmental Effects on AMC225 Xe T4 
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Environmental Effects on AMC225Xh T4  
M ate r ia l .
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Environmental Effects on AMC225Xe T1
Material.
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Environmental Effects on Xh T1 Material.
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Environmental Effect on AMC200, Base
M ateria l.
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Effects of Processing and Alloy Type on NaCI 
Fog Tested Materials.
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Frequency Effects on Fatigue in AMC225Xe T4  
Material, Tested in 3.5% NaCI Fog.
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Effects of R-Ratio Variation on AMC225Xe
T 4.
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Figure 29.

Effects of R-Ratio Variation on AMC225Xe
T4 Material.
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3. Corrosion Effects.
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3.1 Pit Formation with respect to Immersion Time.

Figure 31 shows a histogram of pit depth frequencies in AMC225Xe T4 material, measured 

after various NaCI solution presoak times. There is a large degree of uncertainty in the 

prediction of pit depth with respect to soaking times. Longer soaking times produce more 

pits overall with more deeper pits. It should be noted that deep pits can be observed in as 

little as 24 hours. At 48 hours, no pits deeper than 20 [im  were observed and the greatest 

frequency of pit depths was found to be 5-10 p,m. This histogram was produced from small 

areas on a number of test pieces and as such can only give an indication of the results 

expected from a more comprehensive survey.

It should also be noted that the pitting frequency can be influenced by polishing. It was 

found that polished samples tended to initiate more pits than unpolished samples. This is 

most likely to be due to the cleaning effect that polishing and subsequent washing has on 

the sample. Although the unpolished samples were subjected to cleaning with soap and 

water with a subsequent rinse in ethanol, the process was likely to have been less effective
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Figure 31.
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on the unpolished specimens due to the rough undulating nature of the machined surface. 

This probably left some lubricating residue on the surface of the specimen which was liable 

to impart some protection from the saline solution. Also, the thickness of any protective 

oxide layer would be reduced in the polished samples.

Figure 32. XeT4, 24hr presoak, polished. Figure 33. XeT4, 24hr presoak, unpolished. 

The figures 32 and 33 show the surface appearance of both polished and unpolished 

specimens of AMC225Xe T4 material after a 48 hour soak in 3.5% sodium chloride solution. 

The polished specimen has more apparent initiated pits which exhibit circular pit mouths 

and a smooth inner surface.

3.2. Pit Morphology.

The shape of a surface pit may also vary. The dunked samples exhibit round pit mouth 

morphology, whereas the fog tested samples show directional effects. Figures 32 and 33 

above show typical dunked response to saline solution of a cross sectional section of 

material soaked with no stress applied. It was also found however that the sides of these 

samples exhibited a similar pit mouth profile, in that no directional response was observed. 

This seems to imply that the directional effect is principally stress induced.

This phenomenon was investigated and the figures 34 and 35 overleaf show the response 

obtained.
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Figure 34.

These figures illustrate a marked response to the extrusion/stress direction.

Figure 35.

3.3. Compositional Analysis of Surface Pitting.

Table 4 shows the composition of AMC200 (base alloy) material.

Element Reading (%)
Magnesium 1.51 (1.2-1.8)
Manganese 0.59 (0.3-0.9)
Copper 3.86 (3.8-4.9)
Aluminium rem

Table 4.
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Element Reading
1(%)

Reading 
2 (%)

Reading 
3 (%)

Reading 
4 (%)

Reading 
5 (%)

Reading 
6 (%)

Reading 
7 (%)

Carbon 4.37 4.98 5.62 5.44 5.06 4.04 5.32
Oxygen 0.79 0.58 0.72 1.35 1.37 1.18 0.69
Magnesium 0.50 0.24 0.65 0.90 0.96 0.83 0.13
Aluminium 88.87 90.31 89.07 88.43 87.22 88.13 90.09
Silicon 0.46 0.56 0.47 0.45 0.53 0.58 0.52
Manganese 0.84 0.44 0.28 0.51 0.78 0.19 0.35
Copper 4.18 2.89 3.19 2.91 4.08 5.05 2.89

Table 5.

Table 5 above shows typical readings from base material at a pit initiation site after soaking 

in a saline solution for 24 hours. It is apparent that the magnesium content of the material is 

significantly reduced in the initiation region, although the other alloying elements appear to 

be within the tolerance limits for this material.

4. Crack Propagation.

The measurements of fatigue crack growth rates were made for each of the six alloy 

variants, both in laboratory air and in 3.5% NaCI fog environments. The data presented 

here are in the form of da/dN vs. AK graphs.

Material Type Air tested (MPa) Fog tested (MPa)
XeT4 250 200
XeTl 250 200
XhT4 250 200
XhTI 250 200
200T4 175 175
200T1 175 200

Table 6.

Table 6 summarises the peak stress under which each material was fatigued.

Figure 36 (p.99) shows associated crack length (a in mm) vs. number of cycles (N) tested at 

a strain rate of 1 mm/minute for each of the samples tested.

A potential drop method was used, as described in the experimental section. As expected, 

crack length increases with the number of cycles at a progressively faster rate. Since the 

peak test stress was not the same in all cases (table 6) the crack growth rates are not 

directly comparable from this graph.
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Figure 36.

The baseline data (AMC225Xe T4 material) tested in air and sa lt fog conditions are 

presented in figure 37 (p. 100). It can be seen that the data correlate very well above AK 

values of 8, which corresponds to the Paris regime and e ffec tive ly  describes the 

performance of m icrostructurally "long cracks". Below this value however, there is apparent 

divergence of the data. The fog tested samples exhibit a slightly faster rate of crack growth 

in this "short crack" growth regime. This effect is not observed in the Xh and base materials 

(figures 38 and 39).

Figure 38 (p. 100) demonstrates good correlation between the data sets throughout the AK 

range, with a small amount of divergence in the m icrostructurally short crack growth region, 

similar to the Xe material, although to a markedly lesser degree.

The scatter observed in the the fog tested T4 base material data (figure 39, p. 101), is due to 

true m icrostructurally "short crack growth" effects probably in the threshold region. In a 

similar way to the composite materials, the data correlates very well above AK values of 8. 

The T4 air tested material appears to have a markedly slower rate of crack growth in the 

range of AK between 5-8. This advantage appears to be lost in the saline environment.
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5 . Fractography.

Results of fractographic analysis of fatigued samples and 3.5% NaCI solution soaked 

samples are shown in the discussion and in appendix 3 for ease of reference.

Figure 40 below shows a typical pit from which a fatigue crack initiated. Figure 41 shows 

this pit in more detail.

Figure 40. Figure 41.

Figure 42 shows the area just behind the crack initiation site of a 24 hour salt solution 

presoaked Xh T1 sample, tested at a peak stress of 300MPa. The flat appearance of the 

fracture surface suggests a transgranular fracture mode, indicating corrosion fatigue failure. 

This may be due to some residual moisture in the base of the initiation pit.

Figure 42.
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Figure 43 shows the area approximately 50 

microns from the point shown in figure 40 

above, in crack propagation d irection. 

Flere, the dimples formed during fatigue 

cycling are large, indicating slow rupture or 

tearing. The features appear rounded due

Figure 43.

to corrosion product on the surface.

Figure 44 depicts the stepped region of 

fatigue fracture surface. Flere SiC particles 

can be seen in the bottom of the dimples 

w hich are sm alle r than in figure  43,

Figure 44.

indicating more rapid crack growth.

The fast crack growth region of a fatigue 

fracture surface is shown in figure 45. Flere 

there is a mixture of very small and slightly 

larger dimples. The overload region (figure

Figure 45.

46) exhibits very small dimples. This typical 

pattern of fatigue crack progression, where 

dimple size decreases as crack growth rate 

increases in the direction of crack growth, 

was evident on all the samples examined 

during the course of this study.

Figure 46.



1. Mechanical Testing.

From table 7, AMC225Xe T4 material has the highest yield stress, ultimate tensile strength 

and elastic modulus and all have higher values for yield stress and U.T.S. than the T1 

materials. The elastic moduli of the T4 materials appear to be more dependent on the type 

of material than the heat treatment. The Xe material exhibits the greatest value for Young's 

modulus, Xh material a slightly lower value, and the base material exhibits much lower 

values than either of the composite materials.

Material E (GPa) UTS (MPa) Y.S. (MPa) strain to failure
200a-T1 78 290 142 2.00
200a-T4 74 570 405 2.00

Xe-TI 119 500 220 0.43
Xe-T4 160 700 470 0.04
Xh-T1 12 2 400 140 0.69
Xh-T4 119 640 360 0.23

Table 7.

The extremely high value for Young's modulus of the Xe-T4 material (160 GPa) is probably 

a result of experimental error as it appears to have no correlation to either the Xe-T 1 value 

or the Xh-T4 value. It should also be noted that the typical modulus expected from this 

materiall is 115 GPa, with the base material expected to be in the region of 70 GPa 

according to AMC official figures.

The composite materials exhibiting high values of Young's modulus is not unexpected with 

consideration of the rule of mixtures, which states that:

Assuming, 8p=8m=8Ci, where, S=strain,
p = particulate, 
m = matrix, 
cl = composite.

then, CTd = vp. ap+( 1 - vP) ,am a  =stress

vp=volume fraction of particulate.
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Since where E = Young's modulus

and

then Eci-VpEp+(1- Vp)Em,

Since the Young’s modulus of silicon carbide is much greater than that of the matrix 

material, then

Hence the higher values of Young's modulus in the composite materials. This also 

indicates that the composite materials should exhibit similar values for young's modulus, 

supporting the assumption that this value is a result of experimental error.

In the case of the base material and the Xh material, the Young's modulus value is slightly 

lower for the T4 heat treated material than for the T1 counterpart.

The U.T.S. and yield strength of the material is thought to give a comparative indication of 

fatigue strength. This is also evident with the present alloys. The relevant data is illustrated 

in figure 21 (p.90) It is clear that the fatigue strength is higher for the T4 heat treated alloys, 

irrespective of the alloy variant, and that the Xe processed MMC is superior to the Xh 

variant.

It is interesting that the T1 and T4 heat treatments in both the Xe and Xh MMCs produced 

comparable yield strengths to those of the base material. Yield behaviour presumably 

occurs when dislocations start to move in the metal matrix material. The ultimate tensile 

strengths however, are noticeably larger than the base alloy. This is indicative of a steeper 

stress/strain graph caused by a higher level of strain hardening. The strain hardening is 

caused by dislocations interacting with the silicon carbide particles. In contrast, the failure 

strain is much lower in the MMCs. This is because the carbide particles act as preferential 

sites for the formation of ductile voids. Failure mechanisms are therefore enhanced in the 

MMCs.

EC| => VpEp
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2. Corrosion Effects.

2.1 Pit Characterisation.

The key factor in controlling the impact of salt solution or salt fog on fatigue lives is the 

development of pits. The pits act as a focal point for the subsequent propagation of cracks. 

Figure 31 (pg. 95) indicates that short soaking times tend to produce many shallow pits. 

Longer soaking times produce more pits overall with many deep pits and fewer shallow pits. 

It should be noted however that deep pits can be observed in as little as 24 hours. None of 

the pits observed in this survey exceeded 25 microns in depth. This is due in part, to the 

method of measurement used. Since the measurements were attained using a microscope 

calibrated to determine the distance between focussing on the base of the pit and the 

corroded surface, it was intrinsically essential that the base of the pit was visible. It is also 

true that the build up of corrosion product at the pit mouth stifles the transport of the active 

species into the pit, preventing further corrosion.

Due to the unpredictable nature of the pitting process as well as the difficulties in measuring 

pit depths, (mainly due to the build-up of corrosion product at the pit mouth over time), it is 

only possible to give a general overview of the pitting initiation frequency and depth with 

respect to soaking time. That is, as soaking time increases, so does the frequency of 

initiated pits and the depth of the pits. As time continues however, the initiation frequency 

continues to increase, but the pits depth tends to reach a maximum. This maximum depth is 

defined by the amount of corrosion product which builds up at the mouth of the pit as this 

stifles the chemical reactions which produce it. Hence the pit depth may also be related to 

the temperature, the motion of the solution (ie. stirring in solution or spray rate and direction 

in humid/foggy atmospheres) or any other variable which may effect the reaction rate.

In addition to the morphology observations, it was noted that pitting frequency was effected 

by polishing. From figures 32 and 33 (pg. 96), it is clear that the polished sample has many 

more apparent initiated pits than the unpolished sample. It is difficult to identify pits from the 

photographs of unpolished samples and this, in part, may account for the apparent lack of
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pits on the unpolished specimen. This may also have been a consequence of the cleaning 

action of the polishing process and subsequent washing, causing disruption of the 

protective oxide layer.

The shape of the pits is also relevant to this form of measurement. The samples used in this 

case produced pits with a round hole on the surface and appeared to form a roughly 

hemispherical pit with a smooth interior (figure 32, p. 96 is a typical example), which is 

indicative of a rapid corrosion rate (Trzaskoma ref. 126). This was not the case in most 

instances on the fatigued specimens tested in a fog atmosphere, which tended to produce 

far more irregular morphologies. This suggests that the pit morphologies are influenced by 

the microstructure/texture of the materials.

Figures 34 and 35 (p. 97) and figure 47 show the surface of AMC225Xe T4 heat treated 

sample after a 96 hour exposure to 3.5% NaCI fog atmosphere with no stress applied. The 

pits are very large, of the order of 0.5 mm on the surface with deep, narrow pits intruding into 

the sample from these initiation sites. The extrusion direction is indicated with arrows.

These samples demonstrate a marked preference for corrosive attack in the extrusion 

direction, indicating that this is a textural phenomenon since there was no stress applied 

during exposure to the saline environment.

Figure 47.
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Figures 48 and 49 are AMC225Xe T4 heat treated material after a 24 hour exposure to a 

3.5% NaCI fog atmosphere whilst subject to a static load of 450MPa. It can be seen from 

these photographs that the pitting occurring here is not only less advanced than the 96 hour 

exposure, but also is less directionally oriented to the stress and extrusion direction. This 

could be due to a slight initial preference for corrosive attack to be oriented in the machining 

direction.

Figure 48.

Figure 49.
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It should also be noted that corrosion was only apparent on this sample on one side, the 

side facing the spray nozzle in the fog chamber. Samples which which were exposed to the 

salt fog atmosphere for longer periods however, showed no apparent preferential corrosion 

on the nozzle facing side. This may mean that the spray side of the samples begins to 

corrode slightly earlier, but is unlikely to determine the side on which a fatigue crack may 

arise due to the nominal difference at longer exposure times and the unpredictability of the 

pitting process.

The fact that the fatigue response of the base alloy and the MMCs is similar in both pre

exposed and salt fog conditions, suggests that pit formation is confined to the matrix regions 

of the alloys. This was confirmed by metallographic sections and through EDAX 

! measurements on the electron microscope. These indicated compositional variations within

| the matrix.
!
Ii

2.2 Metallurgical Analysis.

This section focuses on the compositions of the material surrounding corroded regions as 

well as the composition of the material in pitted regions. The object is to compare the 

constituent percentages in order to determine the elements associated with this process. Of 

particular interest in this investigation is the distribution of copper, manganese and 

I magnesium. These measurements were taken from base metal alloy, AMC200 (2124), by 

X-ray diffraction techniques after the sample had been polished and soaked in 3.5% NaCI 

solution for 24 hours.

The result of compositional analysis of the base material before corrosion showed the 

average values to be within expected ranges. Individual readings for Mn, however ranged 

from 0.84-0.19%, indicating the presence of Mn rich and Mn depleted regions. Similarly for 

copper (2.89-5.05), rich and deficient areas are apparent. Also of interest is an increased 

magnesium content in the initiation region, together with a lower than average matrix Mg 

content, in agreement with work by Imeson and Bartlettooo). From these results, it can be 

assumed that the existing areas of compositional variation are associated with sites for
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preferential corrosive attack.

Figure 50.

Results obtained from the centre of the pit in the centre of figure 50.

Elmt Element% Atom ic%
0 20.51 30.62
AI 75.83 67.13
Si 3 .37 2 .87
Mn 0 0
Cu 1.18 0 .44

Table 8.

Results from general area surrounding the central corrosion pit of figure 50.

Elmt Element% Atomic%
0 15.17 23.74

AI 79.29 79.29

Si 1.77 1.58
Mn 0.74 0.34

Cu 3.63 1.43

Table 9.

Figures 51 and 52, overleaf, show the texture of the material. The light grey patches are 

surface silicon carbide particles. Some of these stand proud of the surface because they 

are much harder that the surrounding matrix material which was polished away more
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quickly. In figure 51, the extrusion direction can clearly be identified, horizontally.

Figure 51.

AMC225XeT1 heat treated material. Ground and polished 

sample with extrusion direction running from left to right of the

picture.

Figure 52 exhibits no such features and is more isotropic, although the polishing direction 

may be identified.

Figure 52.

AMC225Xe T1 heat treated material. Ground and polished sample 

cut in the transverse direction, perpendicular to the extrusion direction.

This textural difference has an effect on the pit morphology observed on the sides of the 

specimens and the soaked transverse sections of the material. Round pits are observed in
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the transverse sections, and elongated pits in the longitudinal (side) specimens.

Also of some significance is the apparent clustering of SiC particles in the blended material. 

Transverse disk specimens were examined under a light microscope after polishing. This 

demonstrated that the blended material consisted of uniformly distributed, very small (15- 

20p,m), clusters of silicon carbide particles, whereas the mechanically alloyed material 

tended to have a more uniform distribution of particles throughout the microstructure and no 

obvious clustering.

3. Load controlled LCF.

The results of the load controlled LCF testing are tabulated in tables 14-31 in appendix 2. 

The data has been plotted in the form of S-N curves in order to make relevant comparisons 

; between the data sets (figures 17-30, p. 88-94).

The results from AMC225Xe, T4 heat treated material tested at 1Hz under a sinusoidal 

waveform in air, have been plotted in figure 17 (pg. 88). This data has been superimposed 

on subsequent graphs for the purpose of comparison.

3.1 The Effect of Heat Treatment.

i

| The effect of heat treatment of this material has been illustrated in figure 18 (pg. 88), where

data for air tested T1 and T4 materials have been plotted. In agreement with the U.T.S. 

results, the T1 material is weaker at the high stress end of the curve.

This phenomenon becomes less apparent at lower peak stress and longer life. It should be 

noted that the final point on the Xe T1 curve and the final two points on the Xe T4 curve may 

be above the endurance limits of the materials as these samples were not tested to failure 

due to time constraints.
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Figure 52.

Figure 52 shows the normalised response to heat treatment, for Xe material, where the peak 

stress divided by the ultimate tensile stress (UTS) has been plotted against the cycles to 

failure. The difference between the two sets of data is markedly decreased and the T1 

material now shows a slightly better response at the high cycle end of the curve. The 

endurance limits are 65% (T4) and 70% (T1) of the respective material's ultimate tensile 

strength.

From the results presented previously for the effect of heat treatment (figures 18-20, pgs. 88- 

89), it appears that the T4 heat treatment confers greater fatigue resistance when tested in 

air. This is not the case however when measured with respect to the respective ultimate 

tensile strength. It then appears that the increase in fatigue resistance is not proportional to 

increase in ultimate tensile stress conferred by a T4 treatment. If the peak stress is 

normalised with respect to Young's modulus (figure 53, overleaf), the fatigue resistance is 

largely the same for both heat treated and untreated alloys in the high cycle and low cycle 

areas of the graph. This data demonstrates that the fatigue resistance is largely dependent 

on the modulus of the material.
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2.2 The Effect of Processing Route.

The effect of processing route and alloy variants has been illustrated in figure 21 (pg. 90), 

where a relatively close correlation is found between mechanically alloyed and powder 

blended materials.
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With respect to the UTS an inverse response is observed (figure 54). Again, it should be 

noted that the UTS obtained experimentally was used in this case and that the resulting 

data obtained for the Xe T4 material was erroneous and significantly higher than expected. 

From the summary of the alloy responses in figure 21 (pg. 90) and figure 54, it can be seen 

that the relative UTS of the alloy is the major determining factor in its position on the stress 

axis. The T4 condition alloys having undergone a solution heat treatment at 5050C for one 

hour and a cold water quench, followed by natural aging at room temperature therefore 

provide the best fatigue response for each of the alloy types. The difference between the Xe 

material and the Xh material is small and probably within the bounds of experimental 

scatter. The base material is not dramatically weaker. This is indicative that the particulate

| additions do not play a significant role in the initiation and growth of cracks. At a life of 105 

cycles, the average peak stresses are approximately 430MPa (T4 base alloy), 460MPa 

(XhT4) and 470MPa (XeT4). In contrast to this, the average peak stresses for the Tt alloys 

is significantly reduced, 270MPa (T1 base alloy), 300MPa (Xh T1) and 390MPa (XeT1). 

This demonstrates that the matrix and precipitation hardening process plays a dominant 

role in the fatigue process. The fatigue initiation, involving the formation of slip bands and 

consequent separation of these slip bands under tensile and shear stresses may occur 

independently from any interaction with the silicon carbide particles. The slip band
i
| formation, separation and ensuing cracking will follow the path of least resistance, in the 

weaker regions.

The T1 microstructure is produced by cooling from the elevated temperature (where, during 

the production process, any shaping is carried out), and naturally aged. This produces a 

more overaged and weaker condition compared to the T4 material. The lower average 

stresses observed in the T1 materials are a consequence of the overaged precipitates 

produced.

In summary, the major determining factor influencing the fatigue response of the material, 

tested in ambient conditions is the heat treatment and subsequent mechanical strength, not 

the composition or production route.
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2.3 Environmental Effects.

Graph of Exposure Time vs. Cycles to Failure for 

presoak and fog specimens.
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Figure 55.

Figure 55 shows a plot of AMC225 Xe T4 material tested at 350 MPa, 0.1 Hz and R=0.1 after 

various presoak times. The equivalent stress for a fog tested sample has been 

superimposed on the graph to demonstrate that when a sample is fatigued at 0.1 Hz, R=0.1 

in a saline environment, the time to failure is reduced. In other words, while an 8 hour 

exposure to a saline solution and subsequent fatigue cycle result in failure after 32 hours, 

(116,535 cycles), the sample tested in a saline fog atmosphere failed in under 7 hours 

exposure (at 24,916 cycles). This suggests that a fatigue cycle imposed during exposure 

accelerates environmental damage. From this graph, it should also be noted that a vast 

reduction in fatigue life occurs between 1 and 12 hours exposure time (106 to 17000 

cycles), but at longer exposure times there is no significant further reduction in fatigue life, 

suggesting that a saturation point in terms of environmental damage has been reached. 

Environmental effects are demonstrated in figure 22 (pg. 90), showing the fatigue response 

of the mechanically alloyed T4 composite tested in air, in fog and after a salt solution 

presoak.

The strength of the alloy is significantly decreased on exposure to saline conditions. It 

should be noted however that the presoak data demonstrates a greater degree of scatter
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than those of the fog tested data. This phenomenon is also demonstrated by comparing 

tables 15, 16 and 19 in appendix 2. Table 15 shows that soaking in a salt solution has a 

marked effect after only 4 hours and has reached a peak effect by 12 hours, in agreement 

with the data presented in figure 55. The unpredictability of the severity of pits introduced 

during the soaking process will be discussed in further detail later in this chapter.

From figures 22-26 (pgs. 89-91, showing environmental effects on fatigue), it can be seen 

that the reduction in fatigue life on introduction to a saline environment is common to all 

materials. The presoaked specimens tend to have lower fatigue responses than the fog 

atmosphere tested samples at the high stress/low cycle end of the curve. This is not entirely 

unexpected as at these stresses, the fog atmosphere tested samples have a short exposure 

duration (1000 cycles is approximately 15 minutes of exposure time, 10,000 cycles, 2hrs 

45mins and 100,000 cycles, 27 hrs). Since the detrimental effects of the saline conditions 

typically reach a peak at about 12 hours exposure to solution the 24 hour exposed 

presoaked specimens would be expected to be weaker. As the exposure time increases (at 

the low stress/high cycle end of the fatigue curve), the presoaked specimens tend to have 

comparably better fatigue responses than the fog tested specimens. It can be concluded 

that the presoaking introduces defects which reduce the fatigue life of the specimen at high 

stresses, but an endurance limit may still be identified at lower stresses. In the case of the 

fog tested samples, there was an obvious decrease in fatigue life, even at short exposure 

times (high stresses) which demonstrates significant immediate environmental influence. 

Also, all of the specimens tested in a salt fog atmosphere failed, regardless of the stresses 

imposed. In other words, an endurance limit was not identified even at relatively low 

stresses, suggesting that the corrosion/fatigue process is more damaging than either fatigue 

or corrosion process alone in agreement with other work (refs. 137, 138, 139).

Figure 27 (pg. 93) shows the response of all the materials tested in a salt fog atmosphere. 

Since the response of all the alloy variants falls in the same narrow band, it can be 

assumed that the processes involved are common to all the materials, irrespective of the 

production route or heat treatment. Since the base material contains no silicon carbide 

particles, it can be assumed that these play no significant role in the corrosion/fatigue
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process. Furthermore, since the metal matrix composites behave in an almost identical 

fashion to the base matrix material, the damage events must be occurring in the matrix. The 

similarity between the T1 and T4 heat treated alloys also suggests that the precipitate 

morphology does not influence their progression.

2 .4 Effects of Frequency.

The effects of various waveform frequencies are shown in figure 28 (pg. 93). This data falls 

well below the fatigue strength of the air tested baseline data. A negligible effect on fatigue 

life due to the waveform frequency effects is demonstrated by the fact that the fog tested 

data fall within the same narrow band, despite a two order of magnitude change in testing 

frequency (0.1-10Hz). This demonstrates that crack growth or crack advancement per cycle 

is similar, regardless of the exposure time of the new fracture surface to the saline 

environment. This implies that the damage initiation period is short, well within the testing 

time of the various testing frequencies evaluated. On this basis it is relevant to compare the 

alloy variants tested in salt fog at 1 Hz with the corresponding alloy variant, tested after a 24 

hour exposure to salt solution (figures 22-26, pgs. 90-92).

I
2.5 Effects of R-ratio Variation.

Effects of R-ratio variation (mean stress effects) were examined (figure 29, pg. 94) and show 

that an R value of 0.5 in a fog atmosphere generates a higher S-N curve than that for R=0.1 

under the same conditions.

Figure 30 (p. 94) shows a plot of stress range against cycles to failure. This demonstrates 

the effects of mean stress on the fatigue life of AMC225Xe T4 material tested in air and salt 

fog. This plot shows that the samples tested at the higher mean stress of R=0.5 have a have 

a much shorter fatigue life than those tested at R=0.1. This result is not an unexpected. A 

Goodman and/or Gerber plot would give a better visual image of the role of the mean stress 

and stress amplitude on these materials, and hence further testing would be advisable.
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To summarise, the fact that fatigue response of the base alloy and the metal matrix 

composites is similar for both the presoaked and salt fog tested conditions, suggests that pit 

formation is confined to the matrix. The EDAX measurements on the electron microscope 

confirm this, indicating the presence compositional variation within the base matrix material. 

There were magnesium, manganese and copper rich and depleted regions. The 

magnesium content of the region surrounding a pit initiation site was found to be 

significantly lower than average. Manganese was found to be within tolerance limits in the 

initiation region, whereas the pit itself was found to be significantly manganese deficient. 

Copper was found to be decreased in the region of initiation and significantly depleted in 

the pit itself. Individual readings for copper taken from base matrix material after a 24 hour 

soak in saline solution (table 5, pg. 97) range from 2.89% to 5.05%. This indicates regions 

of depletion and regions of deposition

It is argued that pit initiation occurs in the matrix at locations where there are compositional 

variations which allow anodic and cathodic regions to develop, promoting anodic 

dislocations and pit formation.

4. Crack Propagation.

4.1. Fatigue Crack Growth.

The results for each alloy type tested in air and salt fog conditions are plotted in figures 37- 

39 (pgs. 100-101).

The baseline data (T4 heat treated condition for each alloy) measured in laboratory air are 

shown in figure 56.
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Figure 56.

There is very good correlation between the data sets between AK values of approximately 

8 to 16 M N m -3/2, which suggests that the previous data also correlate well with each other in 

this region. At lower values of AK, however, distinct differences in the growth rates are 

apparent with the AMC200 material showing significantly slower growth.
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Crack Propagation for T1 and T4 Materials tasted bt NaCI Fog.
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Figure 58.

The data for all material variants tested in a saline atmosphere are presented in figure 58. 

This graph demonstrates very good correlation between the data sets, indicating a similar 

response to corrosion fatigue throughout. The Xh T4 material appears to exhibit a slightly 

slower crack growth rate at low values for AK which is probably due to statistical scatter.

4.2 Crack Propagation Prediction For Design.

Pitting due to corrosion is increasingly, a major concern for the aircraft industry. It is widely 

recognised that the 2000 and 7000 series aluminium alloys from which most airframes are 

constructed are susceptible to pitting corrosion. In the past this was not considered to be a 

major design problem, but increasingly airframes are being kept in service for much longer 

tim es and pitting corrosion is becoming much more extensive in these aging aircraft. 

Reliable design criteria are required to allow the impact of corrosion pits on mechanical 

integrity to be safely predicted.

The presence of defects as a consequence of exposure to the salt environments might imply 

that the lives of the test-pieces are controlled by the rate at which the cracks grow to failure. 

On this basis, it should be possible to calculate the lives to fa ilure through a fracture 

mechanics integration based on measured growth rates. To support the calculation, growth
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rate measurements were made in air and salt fog environments at R = 0.1 and a cyclic 

frequency of 1 Hz, for each of the six alloy variants. The data presented here are in the form 

of da/dN vs. AK graphs. The results are recorded in figures 37-39 (pages 100-101).

The data generally follow a Paris law relationship of the form:

da/dN = CAKm

with C a constant, m the Paris exponent and AK the stress intensity factor range (AK = Kmax

”  Kmjn).

Interestingly, there is generally little difference in the growth characteristics between the 

different MMC alloy variants and environmental states for the tests conditions used. The 

deviation from the linear (on a log-log basis) Paris law at low stress intensity factors is an 

anomaly of the test technique and reflects the period when the crack is growing out of the 

influence of the initial starter slit. The similarity in growth rate response is clear from the 

measured m and C values as recorded in Table 10 below.

Material Test condition 'm' exponent ’c' exponent
Xe T4 air 3.51 3.47e-l 1

fog 3.86 1.38e-l 1
Xe T1 air 3.51 3.46e-11

fog 4.58 5.04e-12
Xh T4 air 3.89 9.70e-l 2

fog 3.89 9.53e-l 2
Xh T1 air 4.73 1.51 e-12

fog 3.69 2.18e-11
Base T4 air 3.20 9.73e-12

fog 3.34 6 .02e-ll
Base T1 air 2.76 1.42e-10

fog 3.56 2.56e-11

Table 10. Paris constants and exponents.

The data suggests however, that complicated interactions may be occurring at low growth 

rates. This is particularly evident in the data for the 2124 base alloy. A more detailed set of 

experiments, which were beyond the scope of the present programme, is required to define 

the nature of such small crack interaction mechanisms. It is important to appreciate also that 

the deductions made above are specific to the testing conditions employed. Previous work 

(ref. 189) clearly demonstrated, for similar MMC materials in salt solution, that the relative



response to a salt environment compared with air is strongly dependent on test frequency 

and R value. While this may have far reaching consequences for the design and operation 

of engineering structures, it was not taken into consideration in the present work as 

insufficient testing was carried out under these various conditions.

4.2.1 Pits as stress concentrators.

The metallographic examination has shown that the pits have an irregular geometry but 

that, in general, their morphology is semi-ellipsoid. For the purpose of the finite element 

stress analysis (P.J.Nicholas -  private communication of unpublished work), the pits were 

modelled as regular, semi-ellipsoid shapes. The general geometry is illustrated in figure 59. 

The analysis explored the effect of variations in the a:b:c ratio on the elastic stress 

concentration factor, Kt, at the free surface and the deepest point (normal to the free surface) 

of the ellipsoid. The a, b and c dimensions used in the analysis were based on 

measurements made on real pits.

Stress Axis

Stress Axis

Figure 59.

Figure 59 is a schematic diagram of a pore showing ’a’, ’b' and ’c' directions, where, ’a’ and 

’b’ are surface measurements of a pore, while 'c' is the depth. While a range of pore sizes 

was covered in the stress analysis, it is the relative values of these dimensions which is of
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importance.

The calculated Kt factors derived from polynomial fits to the stress fields at the simulated pits 

are recorded in table 11.

Pore shape max/nom max/nom
a: b: c ratio Normal to surface Parallel to  surface

1:1:1 1.8 1.69
4:4:4 (Four times size) | 2.05 1.94
4:1:1 (Elongated perpendicular to snom); 2.44 1.85
1:1:4 (Elongated towards the specimen centre); 1.89 2.07
1:4:1 (Elongated parallel to  the loading direction); 1.16 1.18
2:2:2 (Double size) 1.96 1.85
2:1:1 (Elongated perpendicular to snom) 2.18 1.84
1:1:2 (Elongated towards specimen centre) 1.94 1.92

Table 11, where max/nom denotes amax/an0m-

These are idealised shapes which were not meant to represent the more complex pitting 

observed in practice. However, it is believed that the values quoted are representative of 

the average stress concentration arising at the real defects. Locally, there could be stress 

peaks significantly different to these measurements. However, it is argued below that such 

variations may not be significant in relation to the overall fatigue performance of the flaws.

It is clear that irrespective of pit shape or dimensions, the maximum stress concentration 

factor is in the range 1.8 to 2.18 except for the 4:1:1 morphology where it rises to 2.44. This 

last shape is the least likely of the geometries observed in practice. On the basis of these 

observations, it was assumed that the real pits have a general Kt factor of 2. This value is 

used below in an analysis of the fatigue response of the MMC alloys in salt environments.

4.2.2 Predicting the fatigue response of pitted test pieces.

There are two important ways in which the fatigue response of damaged test-pieces and 

structures can be predicted. These are:

a. To apply a ‘safe life’ approach based on S-N (stress-life) curves in which the 

corrosion pits are treated as stress concentrations.

b. To adopt a ‘damage tolerant’ approach by assigning the pits an Equivalent Initial
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Flaw Size (EIFS) as a means of calculating residual crack propagation lives.

Each of these is considered below.

4.2.2a Safe life design.

In a previous programme of work, the effect of notch geometry on the low cycle fatigue 

response was explored for similar MMC alloys to the present work (ref. 182). The earlier 

measurements were carried out in air on machined notches. It was found that the notch 

results could be correlated with strain control data on plain specimens. This was achieved 

by plotting round cylindrical notch (RCN with Kt = 1.92) and double edge notch (DEN with Kt

= 1.92) specimen lives in terms of KtA a  with A a  the applied nominal stress range. The plain

specimen lives were expressed in terms of the measured stabilised stress range (ref. 183).

A typical graph based on this earlier work is presented in figure 60. This graph 

amalgamates strain control data on plain specimens at R = 0 and -1, strain control torsion 

data and notch measurements from tests on RCN and DEN geometries. The interesting fact 

is that the graph also includes measured lives obtained on pitted specimens. These are 

introduced by taking the FE calculated average Kt factor of 2 for the pits. Using the derived

KtAa for the exposed samples, it is clear that there is good correlation with the mechanically

notched specimens. The correlation applies irrespective of whether the pits are produced 

progressively in salt fog or introduced prior to fatigue testing by immersion in salt solution.
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Figure 60.

An additional important piece of information from the graph of KtA a  against life, figure 60, is

the observation that the stabilised stress range from strain control experiments on plain 

specimens also correlates with the notch and pit data. This correlation is consistent with the 

critical strain lifing approach which is often used to predict the behaviour of stress raisers
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from plain specimens. In the critical strain approach it is assumed that if the strain at the root 

of a notch and in a plain specimen is the same, then they will develop a crack in the same 

number of cycles. Generally, the stress range in the strain control test stabilises to a 

constant value after a small fraction (5-10%) of the overall fatigue life. In the present 

materials, it has been shown previously that there is a strong tendency to cyclically harden 

and that the stress range moves towards an essentially elastic state. The cyclic hardening 

will curtail the degree of plasticity at notch roots. It is not surprising, therefore, that the plain 

specimen ‘elastic’ stress range provides a good prediction of the peak elastic stress range 

at the notch root.

Defining the pits in terms of a stress concentration factor offers an interesting design curve 

approach for establishing the impact of corrosion pits on fatigue performance. It might be 

argued that the assumption of a regular ellipsoidal shape is not strictly representative of the 

real geometry of the corrosion pits. This may countered, however, by stating that the 

irregularities will generally lead to localised Kt factors that are significantly higher than 2. On

a KtAa basis, this is advantageous as machined notches with Kt > 2 demonstrate. Plotted 

this way, the higher Kt notches have longer lives for a given KtAa stress level (ref. 183). This 

‘improvement’ in fatigue performance is attributed to a smaller critically stressed volume for 

the initiation of fatigue cracks at high KtAa. In the present case if the cracks at the pits 

initiate in regions of lower stress concentration factor due to a larger stressed volume of 

material they will quickly grow into adjacent regions at higher KtAo and rapidly surround the 

pit thereby negating the irregular pit shape.

4.2.2b Damage tolerant design.

The alternative damage tolerant approach for defects assumes that the life of the test-piece 

or component is determined by the rate of crack growth from the initial defect dimensions to 

a crack size at which failure occurs. The calculation method assumes there is no crack 

initiation. It is based on the integration of the Paris power law relationship between the initial
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and final crack sizes. The general form of the resultant expression is (ref. 184)

iii
N = 1 / CYmF(Acr)rnn m/2 {af(i -m/2) - 3,3(1 -m/2) / (1 -m/2)}

l

The C and m are the constant and exponent from the Paris relationship. The ‘Y’ term is the 

geometry factor from the expression below for the stress intensity factor. For through section 

cracks in simple structures such as thin plates, Y is usually expressed as a polynomial
i

I function of crack size ‘a’ and width, 'w\ of the structure i.e. Y = f(a/w). In the present case,

: however, the cracks have a part through form and the test-piece has a cylindrical geometry.

This requires a more complicated expression for Y of the form:

Y = MGMsMB<t>

With Mq, Ms and MB general, side-face and back-face geometry correction factors and a

relationship that accounts for elliptic crack shape. The stress function F(Aa) is also from the 

expression for stress intensity factor. The functional form is used in recognition of the fact 

that the cracks might be growing in a stress gradient. In the present case, a plain specimen 

geometry is used and a simple tensile load is applied so that F(Aa) = A a. On this basis, the 

expression for the stress intensity factor can be expressed as:

AK = YA(na)i/2

With AK = Kmax-Kmin, the applied maximum and minimum stress intensity factors in the 

fatigue cycle.

Knowing the applied range of stress, Aa, and C and m from the crack growth data, the 

requirement is to establish ‘Y’ for the present pit/specimen geometries, ao the initial crack 

size and at, the final crack size, in order that the number of propagation cycles to failure can
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be calculated. There is relevant published information on Y factors for sem i-circular and 

semi-ellipitical cracks in cylindrical test-pieces. A graphical presentation of such work is 

reproduced in figure 61 ( re f . 185). The graph shows Y values in terms of the ratios a/D, with 

‘a ’ the crack depth and D the specimen diameter, and a/l with ‘21’ the crack length along the 

specimen circumference.
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Figure 61.

The maximum measured pit depths were approximately 100 p,ms. The specimen diameter 

was 5 mms, so that a/D < 0.05 (c.f. figure 61). The pit shape also tended to be either slightly 

elongated along the specimen diameter or approximately semi-spherical in form. On this 

basis, a/l = 1 is not an unreasonable approximation. These two pieces of information yield Y 

= 0.7. Sensitivity studies confirmed that variations between 0.6 and 0.8 do not alter the 

calculated lives significantly. Figure 61 shows that for the range of a/D encountered, the Y 

value is virtually constant.
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The calculation approach was to assume specific initial flaw sizes, a0, that cover values

typically found in test-pieces (i.e. 20, 40, 60, 100 pms). Then to calculate propagation lives,

Np, for stress ranges, A a, which span the values applied to the test-pieces. From this base,

direct comparisons with the experimental measurements were made. The final crack size at 

which failure occurred, af, was calculated from the fracture toughness for the MMC alloys

which previous crack growth work (ref. 183) suggested was approximately 20 M N /m 2 (m )i'2 . 

Some typical results from this calculation are recorded in table 11. These particular results 

are based on the salt fog crack growth rate data for the XE T4 variant.

Max. Stress, (Jmax 200 MPa 300 MPa 400 MPa 500 MPa

Stress Range, A a  180 MPa 270 MPa 360 MPa 450 MPA

a0 = 20 pm Np = 275024 Np = 26790

ao=40pm Np = 119612 Np=5157

ao= 60 pm Np = 65682 Np = 9500

a0 = 100 pm Np = 233074Np = 21156

Table 12. XE T4 material, m = 3.86, C = 1.38E-11, R = 0.1

Lines based on this table are superimposed on figure 62 alongside the salt fog and pre

exposed S-N results for all the alloy variants. It is clear that the trend in the S-N data is 

consistent with the crack propagation results and that the measured lives are predicted by 

pit sizes in the range 40 to 100 pm. This range reflects the pit sizes measured in practice. 

The fact that the calculation based on the XE T4 growth rates is consistent with the 

measured behaviour of all the alloy variants is due to the similarities in Paris constants and 

exponents. The consistency is confirmed by the sensitivity study recorded in Table 13.

Stress range (MPa)! XET4 XH T4 XET1 XH T1 Defect size
450 5157 7175 5442 4088 40 microns
270 119612 168041 159629 90000 40 microns

Table 13. Relative crack propagation lives, Np, for alloy variants.
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Figure 62.

4.3 Overview.

An important implication from the calculations carried out is that the corrosion pits develop 

more rapidly under the action of the cyclic stress. The application of the fracture mechanics 

approach to pre-existing flaws caused by prior exposure to the salt solution is plausible and 

consistent with the analysis of defects arising for other reasons e.g. foreign object damage 

and casting flaws. However, the success of this method with the pits arising from cyclic 

testing in salt fog is more difficult to justify. The explanation must be that the pits develop at 

a much faster rate under those conditions. A fter all, the experimental testing on pre

exposed samples suggested times of 48 hours for pits of 20 pm. This is far longer than 

many of the fatigue tests in salt fog. The pre-exposure work, however, did reveal a large 

number of small pits after 8 hours or less time. The acceleration under cyclic loading may 

be a consequence of the action of the stress on such small pits. It would tend to remove 

corrosion debris from the vicinity allowing fresh metal to be available continually. It would
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also cause localised plasticity which could accentuate the tendency for corrosion cells to 

develop and may promote the ingress of corrosive species such as hydrogen into the metal.

Another important implication is the equivalent success of both the KtAa and fracture

mechanics in predicting the effects of pits on fatigue performance. This may be fortuitous 

but it could imply that they are alternative views of the same event. This event is effectively 

growth of cracks to failure from a very early stage in the fatigue process. Interestingly, the 

stress analysis of idealised pit shapes has shown that there is little variation in Kt factor for a 

wide range of pit sizes or shapes. Clearly once a pit develops with a Kt approximating 2, 

crack initiation could be rapid so that the overall life is controlled by the growth rate. There 

is a requirement here for further work in order to establish the precise relationship between 

the stress concentration and stress intensity approaches to fatigue in corrosive 

environments.

5  ̂ Fractoaraphv.

Optical and scanning electron microscopy showed that for all composite LCF samples, 

cracks were initiated from surface or near surface locations. In the case of the presoaked 

samples the initiation site of the fatigue cracks was invariably associated with a corrosion 

pit. A typical plan view of of this type of fracture surface is shown in figure 63, with the 

initiation sites and associated corrosion pits visible to the left and lower edges of the picture. 

There are clearly two initiated fatigue cracks in figure 63, with the most severe defect 

eventually leading to the failure of the specimen. Figure 64 shows a magnified image of the 

initiation region, with a pit depth of approximately tOOp,m. Many additional pits are 

apparent on each individual specimen. Pitting on the sides of the specimen typically has an 

elongated profile, generally in the stress and extrusion direction in the specimens exposed 

to saline conditions for more than 16 hours. This is demonstrated by the appearance of the 

pits in figure 64 at the bottom left of the picture.
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Figure 63. Figure 64.

The following figures (65-70) are all taken from AMC225Xe T1 material tested at 350 MPa 

after a 24 hour presoak.

I Figure 65.

In figure 65, it can be seen that the major defect in the initiation region is actually about

20 [im  below the surface of the specimen. The surface of the specimen showed little

disruption creating d ifficulty in predicting the presence of a defect of this size. This is 

referred to as undercutting or subsurface pitting attack and is typical of pitting which occurs 

in an aggressive environment (ref. 128).

In figure 66, the illustrated initiation site is probably the site from which the fatigue crack 

grew, leading to eventual failure. This is supported by the fact that this appears to be the 

area of convergence of the fatigue markings.
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The region shown in figure 67 appears to have a coating of corrosion product, resulting in 

the less defined appearance of the fracture surface features.

Figure 67.

It should be noted that although any of these three sites may be the flaw which lead to crack 

propagation and failure, initial microscopic fatigue cracks would probably have initiated in 

each of these areas and then coalesced to form one large initial flaw. This is probably why 

the fatigue life for this specimen (16931 cycles) was somewhat shorter than for a similar 

specimen tested under the same conditions (54846 cycles), in which a single pit developed 

into the final failure flaw. This supports the theory that there is significant scatter within the 

salt fog tested data and that more research is required to statistically define this scatter. 

Figure 68 presents an area in the slow growth rate region showing large dimples as 

expected.
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Figure 68.

Figure 69, taken from the fast crack growth rate region, shows much smaller dimples as 

expected due to the higher crack growth rate in this region.

Figure 70 shows typical ductile fracture features from the overload region.
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Figure 73 shows a fracture surface morphology typical of T1 air tested specimens. It shows 

ripples running perpendicular to the crack growth direction, increasing in width with 

increasing distance from the initiation point.

Figure 73.

Figures 63 and 74 are typical of T4 air tested fracture surfaces. The ripple effect is much 

less pronounced in these samples.

P S ft*

Figure 74.

Initiation of fatigue fractures occurred at the site of a pit in all cases of presoaked and fog 

tested samples. These pits vary enormously in size so it is not possible to estimate a 

satisfactory pit size or range for these initial crack propagation flaws.

It can be very difficult to assess the severity of a pit before fracture. Figure 65 shows a good 

example of a subsurface or undercutting pit. This would not appear to be a severe defect 

from the surface, but corrosion below the surface was severe enough to cause initiation of a
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fatigue crack and subsequent failure. Other defects, such as large shallow surface pits, may 

appear larger but be less severe. All composite samples tested in air have a similar fracture 

surface appearance. The sequence of figures 75-82 show typical examples of the features 

apparent in these samples.

Figure 75. This picture shows the 

presence of a m icro crack in the 

AMC225Xh T1 sample, approxim ately

50(Lim from the initiation point.

Figure 76. Taken from 90|am into the

fracture surface from the initiation point 

in the propagation direction.

Figure 77. Taken from 1mm behind the 

initiation pit, this shows a micro crack 

running from the elongated hole at the 

bottom of the picture, all the way to the 

top of the frame. Also many small 

dimples are apparent.
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Figure 78. Approxim ately 2mm in, the 

d im ples have become more apparent. 

Particle cracking is mostly perpendicular 

to the d irection  of m axim um  stress, 

although a few were fractured parallel to 

the stress direction.

Figure 79. 3mm into the fatigue crack 

surface, particle cracking (indicated by 

the arrow) is still very much in evidence, 

especially in the larger particles.

Figure 80. 4mm into the fatigue crack 

surface, particle cracking is evident only

in the large particles (greater than 5pm,

shown by arrows) with the prevalent 

c ra ck  a d va n ce m e n t m ode be ing  

particle/matrix debonding.
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Figure 81. 5mm from the initiation pit into 

the fa tigue  crack surface. Sm aller 

dimples are evident.

Figure 82. Over load region. Here there 

is a marked prevalence of debonding as 

opposed to partica l cracking. The 

dimples of the ductile fracture mode are 

smaller and more prolific in this region.
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1. Tensile strength is increased substantially by a T4 heat treatment, and the 

AMC225Xe T4 material has the highest tensile strength of the materials tested. 

The elastic modulus of the material is more dependent on alloy type than heat 

treatment.

2. Pits form, some rapidly deepening, when the material is exposed to 3.5% NaCI 

solution. A maximum pit depth was recorded after a 12 hour exposure. Pit 

depth is self limiting due to the build up of corrosion products at the pit mouth. 

Longer exposure times produce more initiated pits with the frequency of deep 

pits rising.

Copper, manganese and magnesium concentration was found to vary 

throughout the matrix material. It is speculated that this leads to electrolytic cell 

formation and to preferential corrosive attack.

In agreement with work by I meson and Bartlettooo), an increased magnesium 

content in the initiation region, together with a lower than average matrix Mg 

content is associated with pit initiation. In addition, the initiation region is 

deficient in copper and, to a lesser extent, manganese. Further research is 

required to determine which of these elements is of major importance in the 

initiation process.

It was noted that silicon carbide was not evenly distributed throughout the 

matrix material. Grouping/clumping of the particulate reinforcement was 

recorded, particularly in the blended mix process.

Preferential corrosive attack occurs in the extrusion direction of the matrix 

material

3. Under ambient lab conditions, the T4 heat treated material has a greater 

fatigue resistance than the respective untreated (T1) condition alloys.
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The blended material has higher fatigue resistance than the mechanically 

alloyed material when tested in air. It is speculated that this is due to the more 

even distribution of silicon carbide particles.

4. On the introduction of samples to a salt atmosphere (solution or fog), pits 

create fatigue intolerant defects and a consequent shortening of fatigue life in 

all cases. Upon immersion in saline solution the majority of life reduction 

occurred in the first 12 hours, while first deep pitting takes place.

The fatigue responses of the blended and mechanically alloyed materials are 

found to be comparable. Hence, any increase in fatigue resistance conferred 

by production methods is lost.

5. Stress range variation (R ratios of 0.1 and 0.5) and waveform frequency (in the 

range 0.1 to 10 Hz) has no evident influence on LCF response in a fog 

atmosphere, although further investigation is required in this area.

6. All of the materials examined were found to behave in a similar manner when 

tested in a salt fog atmosphere.

A "microstructurally long crack" trend has been defined for AK>8MNm"3/2 

which is independent of the alloys evaluated, heat treatment or environment.
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Part 7. Fyrfther Work.

Composite materials used in industry are subjected to a 1.5% strain in order to straighten 

heat treated material. The effect of this straightening process has not been addressed by 

this project.

Further work into pit initiation is required. The exact location of pit initiation has not been 

identified. Research into the miro-constituents, precipitate composition and location and the 

electrochemical processes involved, is necessary to do this. Further, it is important to 

establish the precise relationship between the stress concentration and the stress intensity 

approaches to fatigue prediction in corrosive environments.

Corner crack specimens may not be the most sensitive test piece design for characterising 

short crack growth in such fine grained alloys. Further research on short crack effects and 

the influence of environment on them, may be necessary to allow accurate defect tolerant 

calculations.
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Appendix 1.



Appendix 2

Unless otherwise stated, LCF testing was carried out in air under a 1Hz sine 

waveform and R value of 0.1. Columns headed MPa represent peak stress
!

applied. The columns headed Nf represent the number of cycles completed to 

failure. Where a H+" appears after a number, the sample has not been tested to 

failure and was stopped due to time constraints.

Results for AMC225Xe Material.

Xe-T4, tested in air at 1 Hz sin, R=0.1

MPa Nf
450 785597+
464 335942+
475 54080
500 46018
559 18033
575 15499
600 9542

Table 14.

Xe T4 material, tested in air, R=0.1, 1Hz sin.

Soak Time (hrs) 1 Peak Stress (MPa) ! Cyles to Failure
4 350 349387
8 350 116535
12 350 18967
24 350 15064
72 350 17897
0 450 7895597+
8 450 6580

24 450 6626
72 450 4328

Table 15.



Xe-T4, 24 hour 3.5% NaCI pre-soak, tested in air at 1Hz sin, R=0.1

MPa Nf
250 710590+
300 35313
350 15064
375 47624
450 6626

Table 16.

Xe-T4, tested in 3.5% NaCI fog atmosphere at 1Hz sin, R=0.1

MPa Nf
250 181317
300 101024
350 24916
400 30411
450 12019
500 6838
575 4148

Table 17.

Xe-T 1, tested in air at 1 Hz sin, R=0.1

MPa Nf
350 249200+
375 125904
400 87791
425 15129
450 12488
470 2078

Table 18.

Xe-T1, 24 hour 3.5% NaCI pre-soak, tested in air at 1Hz sin, R=0.1

MPa Nf
350 54846
350 16931

Table 19.



Xe-T1, tested in 3.5% NaCI fog atmosphere at 1Hz sin, R=0.1

MPa Nf
200 342538
250 136665
350 49290
400 25435
450 7385

Table 20.

Results from AMC225Xh Material. 

Xh-T4, tested in air at 1 Hz sin, R=0.1

MPa Nf
425 298435
475 85263
500 32287
559 5332

Table 21.

Xh-T4, 24 hour 3.5% NaCI pre-soak, tested in air at 1Hz sin, R=0.1

MPa Nf
350 101137
400 16805

Table 22.

Xh-T4, tested in 3.5% NaCI fog atmosphere at 1Hz sin, R=0.1

MPa Nf
250 212816
250 36863
400 25783
450 9694

Table 23.
Xh-T 1, tested in air at 1 Hz sin, R=0.1

MPa Nf
200 I 1275500+
250 1 1718900+
300 157979
350 56075

Table 24.



Xh-T1, 24 hour 3.5% NaCI pre-soak, tested in air at 1Hz sin, R=0.1

MPa Nf
200 I 1302500+
250 ! 1060230+
300 125482
325 19155
340 4698
350 6411

Table 25.

Results from AMC200 (base ) Material. 

200-T4, tested in air at 1 Hz sin, R=0.1

MPa Nf
250 I 1062700+
350 I 2465226+
400 334035+
450 25428
450 22350
500 11388

Table 26.

200-T4, tested in 3.5% NaCI fog atmosphere at 1Hz sin, R=0.1

MPa Nf
250 131910
400 30359
450 9198

Table 27.

200-T1, tested in air at 1 Hz sin, R=0.1

MPa Nf
250 155476
275 151265

Table 28.



Frequency Effects.

Xe-T4, tested in air at 10Hz sin, R=0.1

MPa Nf
300 75640
450 9315

Table 29.

Xe-T4, tested in air at 0.1 Hz sin, R=0.1

MPa Nf
300 54038
350 34617
400 10618
450 6721

Table 30.

R Value Effects.

Xe-T4, tested in fog at 1 Hz sin, R=0.5

MPa Nf
375 142000
425 47500
475 4500
600 5900

Table 31.



Appendix 3.



a) Area just behind initiation site of 24 

hour presoak XH-T1 sample, peak stress 

300M Pa. The fla t appearance of the 

fracture surface suggests a transgranular 

fracture mode, indicating corrosion fatigue 

failure. This may be due to some residual 

moisture in the base of the initiation pit.

b) Area approx. 50 microns from a) in crack 

propagation direction. Here, the dimples 

form  during fa tigue  cycling are large, 

indicating slow rupture or tearing. The 

features appear rounded due to corrosion 

product on the surface.

c) Stepped region of fa tigue fracture  

surface. Here SiC particles can be seen in 

the bottm of the dimples which are smaller 

than in b), indicating faster crack growth.

d) Fast growth region of fatigue fracture 

surface. Here there is a mixture of very 

small and slightly larger dimples.

e) Overload region. Here the dimples are 

very small.

Dimple patterns seen in b)-e) are typical 

of all fracture surfaces examined.



3mm into the fatigue crack surface, 

particle cracking (indicated by the 

arrow) is still very much in evidence, 

especially in the larger particles.

4mm into the fatigue crack surface, 

particle cracking is evident only in the

large particles (greater than 5pm) with

the p reva len t crack advancem ent 

mode.being particle/matrix debonding

Over load region. Here there is a 

marked prevailance of debonding as 

opposed to partical cracking. The 

dimples of the ductile fracture mode are 

smaller and more prolific in this region.

5mm from the initiation pit into 

the fatigue crack surface.



Taken from 90pm into the fracture

surface from the initiation point in the 

propagation direction.

Taken from the surface of the guage 

length of the sample, approxomately

120pm from the initiation pit, showing

in itia l e rosion  in the m ach in ing  

direction.

Taken from 1mm behind the initiation 

pit, this shows a m icrocrack running 

from the elongated hole at the bottom of 

the picture, all the way to the top of the 

frame. Also many small dimples are 

apparent.

Approximately 2mm in, the dimples 

have becom e m ore appa ren t. 

P a rtic le  c ra c k in g  is m o s tly  

perpendicu lar to the d irection of 

maximum stress, although a few 

were fractured parallel to the stress 

direction.



P ic tu re  to show  the  o v e ra ll 

appearance of the fracture surface of 

an A M C 225xh T4 heat trea ted  

sample, tested to failure in air.

This picture shows the presence of a 

m icrocrack in the AM C 225xh T1

sample, approximately 50pm from the

initiation point.

Photograph of the initiation piont, 

taken from a perpendicular angle to 

the fracture surface.

The initiation point taken from a 45° 

angle from the fracrue surface.



This picture shows shearing of a 

T1 heat treated base m ateria l 

sample tested after a 24 hour salt 

solution presoak at 275MPa. The 

direction of fatigue crack growth is 

from left to right of the picture. This 

picture was taken at the transition 

from fatigue cracking to overload.

Taken from the same sample. 

This shows a subsidiary fatigue 

c rack , a lso  in itia te d  at a 

corrosion pit.



a) Initiation point on the fatigue surface 

of AMC225xh T4 heat treated material, 

fa tigue tested in air at a maximum 

stress of 350MPa after a 24 hour soak 

in 3.5% NaCI solution.

b) Initiation site as a) at a 45° tilt, 

a lso show ing the side of the 

specimen with corrosion/erosion in 

the machining direction as shown by 

the double headed arrow.

c) Enlargement of indicated area
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Appendix 
1. 

Figure 
1d.
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Appendix 
1. 

Figure 
1e.
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Appendix 
1. 

Figure 
1f.
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