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ABSTRACT 

FACULTY OF ENGINEERING AND APPLIED SCIENCE 

DEPARTMENT OF MECHANICAL ENGINEERING 

MASTER OF PHILOSOPHY 

THE EFFECTS OF PRE-STRAIN, BOTH UNIDIRECTIONAL AND CYCLIC 

ON THE SUBSEQUENT PRECIPITATION HARDENING AND FATIGUE 

BEHAVIOUR OF ALUMINIUM ALLOY. 

by John H.Havelock, 

Abstract 

Alimlnium alloy Ridiimiriium R£58 in the solution treated condition 

has been subjected to (a) stretching, and (b) cyclic straining, at room 

temperature before subsequent ageing treatment; its fatigue properties 

and the micro and macro structure after ageing have been compared vdth 

unstretched aged material. 

Macroscopic fracture surface examination has been carried out on 

reverse bend fatigue specimens. 

Scanning electron microscopy has been used to examine the fracture 

surfaces of rotating-bendiiig-fatigue specimens. 

Thin foil electron microscopy has been used to examine the con-

dition of the material used for the fatigue tests. 

It was found that precipitation occurred on dislocations introduced 

by pre-strain prior to ageing and that in the cyclically strained material 

a substructure was formed. 

At the stress level chosen for comparison VTith the material which 

had net been pre-strained it was found that unidirectional pre-strain 

(tensile) prior to ageing improved the fatigue properties but that the 

cycling pre-strain (r = -1) was detrimental to the fatigue properties. 

Both subgrain boundary and grain boundary fatigue cracks occurred in the 

cyclically pre-strained material. 
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Smmaary 

Aliimnium alloy Hidmiinium PiB58 is used in the forged, sheet and 

plate forms under slightly varying compositions in the supersonic air-

craft Concorde. 

During production of the sheet or plate it is usually found that 

the material has distortions introduced by the quenching operation of 

the solution treatment. 

The material is stretched in this soft condition to remove these 

distortions prior to the subsequent ageing treatment. -

It has been reported that the plastic stretching (unidirectional 

strain) changes the microstructure developed by subsequent ageing treat-

ment and alters the mechanical properties of the fully aged alloy. 

Precipitation occurs on the dislocation nuclei introduced by the 

stretch. Cyclic pre-strain before age hardening was thought to be 

possibly more effective- in nucleating precipitates than unidirectional 

strain. 

The following investigation was carried out by taking EE58 in the 

solution treated condition and subjecting separate bulk samples to no 

stretching (Zero cycle), unidirectional stretch (% cycle), 3 full cycles 

and 1000 full cycles before age hardening to the specification condition 

19 hours at 190° C. The unidirectional stretch was at a stress of 

262.5 MT/m^ (l7 tonf/in^) and the cycling stresses at t 262.5 Mtl/m̂  

(i 17 tonf/in^) (R = -1). 

Stretching and cycling loads prior to ageing were applied to the 

bulk samples using a lOSEEHAnSEK HE? 600 EN machine for which a special 

load cycling attachment had been devised and built. Each sample of bulk 

material was then cut and machined to make sets of Rolls-Royce-type 

fatigue specimens. 
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Fatigue testing in rotating bending was carried out to produce an 

S/CJ curve for the quarter cycle (unidirectional stretch) material and 

comparative values at a chosen stress level (232 Mtl/m ) were obtained 

far no stretch; 5 full cycles and the 1000 full cycles material. The 

differences in fatigue life were evaluated by a statistical method. 

Practogfaphic examination of the fractured rotating bending speci-

mens was carried out using an electron scanning microscope. In 

addition to the rotating bending fatigue tests on Rolls Royce type 

specimens, flat strip specimens were taken from the unidirection stretch, 

5 cycle and 1000 cycle bulk material after ageing and these were fatigue 

tested in reverse bending using an Avery/Carl Schenck-type machine in 

order that macro and fractographic examination of fatigue fractures 

could be made. 

The susceptibility of the unidirectional stretch (% cycle) material 

to ageing time was examined by the heat treatment of samples from 13 to 

57 hours followed by Rockwell and Vickers hardness tests. 

The electrical conductivity of the various heat treated samples was 

also investigated using a llovamlio Type 101 apparatus. Microfoils were 

prepared of the % cycle, 3 cycle, 1000 cycle and zero cycle aged material 

and these were examined in the electron microscope. 

It was found that precipitation occurred on dislocations introduced 

by pre-strain prior to ageing and that in the cyclically strained material 

a substructure was formed. 

At the stress level chosen for comparison vdth the material which 

had not been pre-strained it was found that unidirectional pre-strain 

(tensile) prior to ageing improved the fatigue properties but that the 

cycling pre-strain (R = -1) was detrimental to the fatigue properties. 

Both subgrain boundary' ahd grain boundary fatigue cracks occurred in the 

cyclically pre-strained material. 
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CHAPTER 1 

immODUOTIOF 

Alxmdniiam alloy Hidnminium ER58 was developed originally as an 

engine material capable of service at elevated temperatures. The 

composition was optimised to produce good creep resistance at 175 -

250°C in the forged alloy. • 

The advent of the Concorde Supersonic Transport application demanded 

a structural aluminium alloy required to withstand a long service life at 

temperatures significantly below the range in which ER58 had been used 

satisfactorily for many years. For this very critical application it 

was necessary to make certain modifications to both composition and 

production methods to produce a material that would satisfy the design 

requirements. This has involved a considerable amount of research and 

the present Concorde specifications represent the optimised version of 

this alloy where creep resistance has been of primary concern. 

It should be realised that as with most specifications the aircraft 

manufacturers demand preferred composition limits which certainly on some 

elements are considerably narrower than indicated in the specification. 

For example although the specification range for Cu is 1,8 - 2,7^ 

as shown in Table 1A most Concorde material would be within.the compo-

sition range shown in Table IB. This point is particularly mentioned 

because it will be seen that the composition chosen for this research 

has low copper, and although it is still within the main specification 

it is not within the manufacturers preferred range and therefore would 

be unlikely to meet the more stringent creep requirements. Nevertheless 

it was chosen for this work as being a suitable composition to respond 

to the pre-strain conditions that would be applied. 



8EE0IFI0ATI0E8 FOE THE OOEPOSITIOIf OP EE58 AIiLOYS are: 

TABILE 1 

1A 
Concord material 
specification 

IB 
Material range 
most suitable 
for manufacturer 

10 
Composition 
used for 

present tests 

m1 n:. 
vrt.̂  

max. 
wt.^ 

min. 
wt.^ 

max. 
wt.^ 

min. 
wt.^ 

max. 
. wt. ̂  

Cu 1.8 2.7 2.25 2.7 1.88 

Mg 1.2 1.8 1.55 1.65 1.74 

Hi 0.8 1.4 1.0 1.3 1.12 

Pe O' 9 0,9 1.2 0.99 

Si 0.15 0.25 0.18 0.25 0.14 

Ti 0.2 0.2 

Zn 0.1 

Fb 0.05 

Sn 0.05 

A1 remainder 'remainder remainder 

Aluminium alloy Hiduminium ER58 to the preferred composition shown 

in Table 1B is used eztensively for the Concorde structure in a variety 

of forms, plate, sheet, extrusions and forgings. The specifications 

require that plate and sheet be stretched (1.5 - 2.5^^ in order to remove 

distortion and relieve the residual stresses. This is done after solu-

tion treatment i.e. in the soft condition before it is artificially age 

hardened. 

Composition of the alloy, heat treatment procedure and prior cold 

work can considerably alter the subsequent ageing rate but in practice 

these variables are closely controlled. The present programme of work 

was undertaken to evaluate the effect of unidirectional pre-strain and 

of cyclic pre-strain (R = -l) introduced between solution treatment and 

artificial ageing on (l) Patigwe life (2) Alloy structure. 

There is evidence that cyclic pre-strain before ageing can produce 
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more effective precipitation nuclei than results from unidirectional 

pre-8traia^^ and that static strength is improved. The aim of the 

present work mas to use these effects to produce improvements in fatigue 

properties of the alloy. It was considered that prior fatigue (cyclic 

pre-strain) of the alloy in the solution treated condition would produce 

precipitation nuclei in those regions where strengthening would be most 

beneficial in resisting subsequent fatigue deformation. In order to 

produce as uniform a fatigue strain (pre-strain) as possible in the alloy 

it was decided to apply 1^ cyclic strain and this same value was used for 

the unidirectional strain applied to the control specimens. 
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OHAZPER 2 

REVIEW OP CONSTITUTION AlTD AGEING- CHARACTERISTICS OP EE58 TYPE AULOYS 

Figure 1 shows the relevant part of the Al-Cu-Mg phase diagram 

within which the ER58 compositions are situated. BR58 has approximately 

an equiatomic ratio of Cu and Mg and may be considered as belonging to 

the pseudo binary system oC + S phase whereas the usual duralumin com-

positions that have about 4^ Cu and ^ 1^ Mg by weight are + e phase 

alloys. 

Various studies have indicated the ageing sequence for these pseudo 

binary alloys representing RE58 and will now be summarised. 

2.1 Stage one hardening is associated with the formation of G P B zones 

lAich are ordered clusters of copper and magnesium coherent with the 

matrix. Above 190°0 Silcock^ found zones richer in copper (S") and she 

called these G P BZzones and has suggested that these are related to 

the compound Mg^Cu^Al^. 

2.2 Stage two hardening is associated with precipitation of S' whilst 

G P B zones persist. Precipitation of S' also occurs on dislocation 

lines generated in the quenching operation, or by cold work before 

2 
ageing. 

The S' phase has the same structure as S but its presence is 

distinguiished from it detected by slight streaking and distortion .of the 

precipitate electron diffraction spots.^ 

Prolonged ageing results in the disappearance of the G P B zones 

and the growth of S' and its transformation to S precipitate resulting 

in softening. 
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Small amounts of cold work before ageing produce increased age-

2 3 

hardening in a wide range of ternary Al-Cu-Mg alloys. ' The tran-

sition from zones to S precipitate is accelerated by deformation since 

more favourable sites for S nucleation have been provided. 

• As the result of cold work between solution treatment and arti-

ficial ageing the driving energy of the ageing process is increased, 

and homogeneous growth of G P B zones and their transformation to 8' 

in the matrix occurs slowly whilst a more rapid heterogeneous direct 

precipitation of S' and its transformation to the non-coherent S phase 

occurs at grain boundaries and on dislocations. 

In all quenched alloys there is a high density of dislocation lines 

in quench bands and as loops and elongated helices dispersed throughout 

the grains. The appearance of the loops and helices and the relative 
A 5 

densities are associated with the excess vacancy content. ' The higher 

energy from cold working leads to the formation of helices whereas these 

are less likely to be generated in quenched alloys without prior cold 

work. 

2,3 G- P B Zones 

The composition used for this work contains + S in equilibrium 

and will follow the ageing sequence described above. G- P B zones appear 

in such an alloy. 

Silcock^ examined Al-Gu-Mg alloys of Cu : Mg ratios 2.2 : 1 by 

weight and she suggested that the G P B zones were needle shaped zones 

of length 40 - 80 A° and diameter 10 - 20 A° with a possible face 

centred tetragonal cell with a=b = 5.5 A° and C = 4.04 A°. 

Zones were in the '^001 ̂  directions in the all mi n turn matrix. The 

structure of the zones was suggested as based on the compound Mg^Al^Oa^. 



The zones increase in size with increasing ageing time and temperature. 

7 

Ceroid & Haberkorn considered the structure as ordered and con-

sisting of small spherical zones approx. 16 A° diameter. 

Zones found in alloys of high Cu : Mg ratios (3 : l) are not G P B 

but are predominantly the same as G- P zones found in binary Al-Cu alloys. 

Beedle shaped zones are found in Al-Mg-Si alloys^'^ and ordered spherical 

zones in Al-Mg-Zn alloys. 

Babarro^^ showed that a disc is a minimum energy shape for a highly 

strained precipitate. The habit plane of the disc should be 100 if 

anisotropic elasticity is taken into account and this is so for F.C.C. 

alloys except Al-Zn. 

Needle shaped zones have more strain energy than a disc but less 

than a sphere. 

The alloy used in the tests contained 0.14^ Si. 

11 

Wilson, Moore and Forsyth reported that silicon decreased the 

rate of formation of G P B zones, but the coherency strain associated 

with the formation is increased, resulting in increased hardening. Cold 

working the solution treated EE58 alloy increases the rate of the G P B 

to S precipitate transformation since there is a high dislocation density 

in which the S precipitate nucleates. 

Pe and Ni additions have significant effects on the age hardening 

of the alloy when they exist separately because the separate compounds 

take up some of the copper that would be otherwise available for harden-

ing, but the combined PeMiAlg compound that forms when both are present 

takes up to only Cu. 
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2.4 S' Hiase 

Silcock"' and BagaryatsldL^ examining Cu : Mg of 2.2 : 1 ratio foimd 

that G P B zones are formed in the early stages of ageing at 190°C and 

followed by nucleation of 5' lath like platelets and their growth as 

laths on matrix planes with the relationship to the aluminium 

matrix: 

100^7/100^ : 010^ 7/021^ : 001^ 77 012^ 

The long axis of the lath |^100^ J lies along the cube' edge in the matrix 

lattice with the large face of the lath lying on a ^210J ^ plane. 

Several "^210J^ planes are normally utilised by the laths growing from 

any given dislocation so developing composite precipitate sheets. 

1 2 

Wilson and Partridge examined the nucleation and growth of S' 

precipitates in a 2.5^ Cu 1,2^ Mg alloy. They reported that sheets of 

S' precipitates can be formed on dislocations by laths lying on the 

•|̂ 21oJ planes having common -^100^ growth direction. 

They suggested that since the formation of the S' precipitate is 

by heterogeneous nucleation at dislocations, then increasing the dis-

location density by pre-strain prior to ageing would be one method of 

refining the S' precipitate distribution. Since there would be an in-

crease in the number of nucleating sites for a given solute content, 

then the final precipitates would be smaller. 
2 

This has since been observed by Wilson & Forsyth who referred to 

1 3 

the work of Vaughan . Hardness reaches a maximum when approximately 

25^ of the S' phase has formed and a large proportion of G P B zones 

still remain. Further ageing corresponds with the re-solution of G P B 

zones and the growth of S' platelets with the final transformation of S' 



to 8. This represents an OTerageing of the alloy and is accompanied by 

softening. 

"IT 

Wilson, Moore and Porsyth examining the effect of silicon on 

precipitation in a 2.50 Cu 1.2^:Mg alloy reported that a 0.25# 5i 

addition modified the as-quenched defect distribution by reducing the 

number and size of the vacancy loops and dislocation helices. lEhis 

altered the distribution of 8' precipitate. 

While heterogeneous precipitation still occurred, a more uniform 

precipitate was noted and the density of precipitates mas increased 

'suggesting either homogeneous nucleation or heterogeneous nucleation at 
sub-microscopic sites. 

The nucleation of S' precipitates was retarded and their growth 

rate was reduced by the presence of silicon, but their average length 

after long ageing was little affected. 

The refinement of the intermediate precipitate S' by the addition 

of silicon was probably a direct consequence of its influence upon the 

formation of G P B zones. 8ilicon decreases the rate of formation of 

G P B zones, but the coherency strain associated with their formation 

was increased, resulting in increased hardening. 

Brook and Earsons^^ have observed that silver, like silicon, 

increased the hardness of an Al-Cu-Mg alloy due to G P B zone formation. 

Although silver was not present in the test alloy, reference to silver 

is included here as comments on possible benefits to be obtained by the 

addition of silver to the test alloy are made in the conclusions. 

Sen and West^^ found that the addition of silver produced a marked 

increase in proof stress and an increase in the density of the S' 

precipitates. 

A cuboid precipitate detected by Weatherley and Nicholson^^ was 
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found to be formed concurrently with the S' precipitates in the silicon 

alloys and this was possibly Mg^Si or silicon. The 8' precipitates are 

a semi-coherent form of the S phase. They are coherent with the matrix 

on ^210^ planes and are lath like precipitates of Al^CuMg. 

The properties of a dislocation may change after it has acted as a 

nucleating site for precipitates. Kelly and Nicholson^® suggest that 

if the precipitate is partially coherent the dislocation becomes a 

structural dislocation at the precipitate-matrix interface. It is thus 

part of the precipitate and cannot be torn free during plastic deforma-

tion although possibly lengths of dislocation line between precipitates 

might act as Prank-Read sources under high stress. If the precipitate 

is non-coherent ( s phase) a single dislocation line absorbs such a small 

proportion of the misfit at the interface that it seems possible that it 

could be torn away during plastic deformation. Other observations 

relating to the effects of pre-strain on creep strength also suggest that 

there is no strong bonding between the precipitate and the dislocation. 

2.5 8 Phase 

This has the same composition as the S' phase but is non-coherent 

with the lattice. 

19 

It was shown by Perlitz and Westgren to have the composition 

AlgCuMg and to be face centred orthorhombic with a = 4.00, b = 0.23 and 

c = 7.14 A°. As ageing time increases the G- P B zones disappear and 

growth of S' and its transformation to S precipitate occurs in the 

matrix leading to softening. Heterogeneous and rapid formation of S' 

and S on grain boundaries and dislocations can occur simultaneously with 

the slower ageing process in the bulk of the matrix. 
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2.6 Intermetallic Particles 

The phases present in EE 58 (the French equivalent made under licence 

is AU2G1I) have been examined by Moulins and Adenis.^*^ 

In the as-cast alloy particles of FeNiAlg, MggSi and Al^CuMg^Si^ 

are present. On homogenising at 525°C (470°C used in this test alloy) 

there is mainly PeNiAl^ and Cu^NlAlg with the silicon bearing phase 

entering into solution. After solution treatment there is mainly 

PeNiAlg with some Cu^NiAlg and only traces of others. This remains after 

20 
ageing. 

The particles of PeliAlg vary between 1 and 10ykm in diameter and 

are usually randomly distributed except when subjected to prior mechan-

ical working which often results in the particles forming layers. 

Although there is some increase in tensile strength there is little or 

no apparent effect upon the precipitation hardening process, but the 

particles do appear to stabilise the grain size. 

2.7 Hardness 

It is generally accepted that the behaviour pattern of EE58 alloy 

follows that suggested by Silcock for an Al:Ou:Mg alloy (2.2 Cu 1.0 Mg):-

Ageing sequence 

.At 30°C G P B only 

At 110-190 C G P B — P B + diffraction streaks without change of 

hardness 

• — ^ G P B + S' (the highest hardness obtained v/hen about 

25^ of the 8' has formed and a great deal of G P B remains) 

- — ( G P B decreases and S' increases as the hardness 

decreases) 

—""-8 (final decrease in hardness). 

{Lt#R*mY 
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Figure 2 shows the properties of various alloys including an ER58 

of A1 2.5Cu 1.2Mg I.ONi 1.0Fe 0.25Si there was little variation 

between 12 and 24 hours. Por 0.66 day ageing time a VHIT of about 140 

was obtained. The Fe + Hi alloy.had higher hardness than one v/ith just 

Pe or Hi but all contained Si. All alloys containing Si were harder 

than those without Si. The RR58 used for the present tests contained 

low Si. 

# lOO 

Al -2 5% Cw — 12% Oq 
40& —N— A1-2 5% Co - 12% Wg-I%NI - \'U H 

Al - C« - 12% Mg - l*r.Ni-0-2S%Si ̂  
4ol ' ' 
O W I 

AGCWC TIME,DAYS AT WO'C 

Effect o/ 0 25% silicon on the age-hardening at !90^C 
o/" X/-2 5%Cu-l aW on /(/-2 5%C«-] 

(Eef.2) 

FIG.2 

Silcock found a hardness of 140 at peak for Al 3.15Cu 1.52Mg aged at 

190 C for about 19 hours. 

11 
Forsyth, Wilson & Moore suggest that a higher density of smaller 

S' precipitates in the alloy were produced by the addition of silicon but 

that much of the hardness must have been the result of the improved 

strength of the G P B zones. 

The alloy used in the present work had 1.88Cu instead of 2.5 and 



13 

Mg 1.74 instead of 1.2 but both alloys are within the ER58 composition 

range. The results are similar to reported values; 130 VHK in present 

tests compared with 138-140 for similar compositions as given below. 

A peak hardness of 138 VHE for Efi58 aged 30 hours at 190°C v/as 

pi 

reported by Dewey. A peak hardness of 142 THE after ageing 11 hours 

at 190°C was found by Hardy^^ for an alloy with Cu:Mg ration of 2.2:1. 

Many workers have reported that cold working an aluminium alloy 
23 

brought about general precipitation more rapidly. Gayler reported 

that cold rolling and then ageing at 200°C reduced the time to reach 

peak hardness from 8 hours to 55 minutes. Gayler also found that the 

rate of quenching of an Al-4^Cu alloy influenced the hardness and inter-

rupted quenching is now well known to vary precipitation behaviour in a 

24 

number of alloys. 

In the present tests a check on ageing hardness was carried out on 

the % cycle material (unidirectional stretch) at 190°C over a time scale 

of 13 hours to 72 hours. Very little variation was found in the VEK. 

This suggests that the major change in hardness with ageing time occurred 

at less than 13 hours, and that in keeping with the findings of Gayler on 

a different alloy there had been a considerable reduction in the time to 

reach plateau hardness. 

Application of the 19 hours ageing time in the present test material 

suggests that the % cycle, 3 cycle and 1000 cycle material were all fully 

aged. The susceptibility of subsequent precipitation to quench rates, 

stepped quenching and time held at room temperature for the pre-straining 

together with the influence of additions of varying amounts of Si and Cu 

makes prediction of a general pattern of hardness behaviour complex. 

Very careful control of these aspects is necessary and more investigation 

necessary to determine the interaction of variables. 
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2.8 Ihe Role of Vacancies 

A vacancy is an atom site unoccupied by an atom. A number of 

vacancies may condense in one zone to form a pore or sheets of vacancies 

may collapse to form sessile dislocation loops. 

Vacancies are closely connected with diffusion processes i.e. the 

movement of atoms from one lattice site to another. Diffusion is im-

portant in such processes as homogenising, annealing and recrystalli-

Bation, phase changes and precipitation processes in age hardening. 

Work using radio-isotopes has confirmed that diffusion of sub-

stitution atoms involves vacant sites and that diffusion of vacancies 

in one direction is accompanied by diffusion of atoms in the opposite 

direction. Increasing the number of vacancies in an alloy increases the 

diffusion rate. 

Diffusion rates may be increased by (l) Temperature increase, (2) 

Cold work. An increase in temperature increases the number of vacancies 

and quenching rapidly from a high temperature retains large numbers of 

vacancies thus creating a vacancy supersaturation compared to a slowly 

cooled alloy.25'26,27 

The excess vacancy concentration accelerates the subsequent 

metallurgical processes such as precipitation hardening. Cold working 

of an alloy introduces more imperfections into the lattice and diffusion 

rates are raised, although the increase may be due mainly to the imper-

fections acting as sinks. The rate of quenching, stopping the quench at 

an intermediate temperature and then continuing the quench have important 

28 

influences on the subsequent behaviour of an alloy. 

The supersaturation of quenched in vacancies is locally reduced by 

diffusion to sinks, such as grain boundaries, free surfaces, dislocations 

or by clustering together of vacant sites to form dislocation defects as 
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described earlier. In dilute aluminiim alloys (A1 - Cu) vacancies tend 

to cluster together on close packed planes and then collapse to form 

dislocation loops.^ 

Structural instability can be introduced by a high concentration 

29 
of vacancies and Broom has considered many possibilities 

(1) The moving of dislocations may create vacant lattice sites and 

thereby increase the diffusion rate. This results in localised 

overageing comparable with isothermal behaviour at higher ageing 

temperatures. 

(2) Multiplication of dislocations and an associated increase in diffu-

sion rate can lead to increased possibilities of "short circuit" 

diffusion paths (pipe diffusion). 

(3 ) Mobile dislocations may interact with sessile dislocations forming 

the boundaries of coherent precipitates causing the precipitates to 

become non-coherent with subsequent reduction in local elastic 

strain. 

(4 ) The nucleation of stable precipitates may occur which is a process 

of overageing. The S phase is the stable precipitate in the test 

alloy, the S' stage being meta-stable. 

(5) Within slip bands the moving dislocations may generate sufficiently 

high temperatures for normal ageing to take place leading to 

softening and cracking, although there is some doubt about the 

temperature that' may be achieved by this mechanism. 

(6) It has been suggested that dislocations may drag solute atoms from 

precipitate, thereby causing resolution. 
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OEA?TER 3 

FATIGDE 

3.1 Introduction 

Engineering components fail under repeated loading and unloading 

or under reversal of stress, often at stresses smaller than the ultimate 

strength of the material of the component under static loads. The 

magnitude of the stress required to produce failure decreases as the 

number of cycles of stress increases. This phenomenon-of the decreased 

resistance of a material to repeated stresses is called fatigue. 

Fatigue is a complex phenomenon, involving both microscopic flow pro-

cesses and macroscopic crack extension. 

A vast amount of research and investigation has been carried out, 

the earlier work consisting of the accumulation of fatigue test results 

for particular materials and components and the use of these to con-

struct diagrams for the prediction of performance. 

Microscopic examination of specimens began just after 1900 and were 

30 

concerned with iron. Fatigue became an increasing problem with the 

advent of higher speed travel, the need to reduce weight of components, 

new materials and environments. These investigations are broadly 

divisible into the following:-
(a) Testing of full size components or structures. 

(b) Testing of standard plain or notched specimens to establish 

data for comparison and prediction. 

(c) The crack initiation process. 

(d) The crack propagation process. 
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(e) The formation of rules relating to cumulating damage and more 

empirical work establishing the crack initiation period And 

the subsequent crack propagation rate. 

There is difficulty in relating the test results on standard plain 

or notched specimens to the performance of the material in an engineering 

component or structure. This is in part due to the many variables v/hich 

influence the service result in practice, although it is clearly desirable 

that the fatigue data used for design shall have been produced under 

conditions similar to those anticipated in practice. The value of tests 

•on standard plain or notched specimens is that the effects of various 

influences may be examined and the knowledge is of value in selecting 

materials for particular practical situations. There is also a problem 

related to the chance occurrence of defects and therefore a basic size 

effect may appear. 

Variables which effect test results include 

(a) Engineering surface condition. 

(b) High stress levels that introduce special effects. 

(c) Temperature. 

(d) Environment. 

(e) Shape and size of specimen and type of test (stress gradients). 

Other variables, some related to>microstructure or material quality 

which effect the test results are:-

(f) Prior load history. Cold work. 

(g) • Grain size. 

(h) Second phase instability.. The appearance of metallurgical 

flaws or defects may increase the scatter in fatigue results. 

The above are extensively reviewed in the literature^'' 
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There was considerable emphasis on the crack initiation process at 

one time but interest then shifted to the crack growth processes. 

Particularly in the aircraft industry with the advent of fail-safe 

design philosophy. 

Improvements in the fatigue resistance to crack initiation have 

been made by the use of such techniques as shot peening, nitriding and 

carburizing. There are however many situations in which the overriding 

weakness is a point of stress concentration such as a notch or hole, or 

fretting occurs. In such circumstances the crack initiation stage is 

overwhelmed by the crack growth stage and 'fail safe' techniques are 

evolved based on the acceptance of a cracked engineering component in 

service conditions, and its removal from service when the crack has 

reached a certain length. 

Fatigue may be represented by a number of stages which may involve 

different mechanisms. Models of such stages were proposed by Forsyth 

and R y d e r a n d extended by Porsyth^^ and their terminology has been 

31 
common in the literature since that time. 

3.2 Crack Initiation 

Patigue crack initiation in smooth specimens of ductile crystalline 

materials often occurs in slip bands. Porsyth^^'^^ had observed the slip 

band extrusion effect, and Cottrell and Hull^^ and Porsyth^^ had dis-

covered the inverse process, slip band intrusion. Cyclic straining 

produces changes in the surface by the formation of slip bands. Some 

slip bands become persistent which cannot be removed by annealing. 

Intrusions may form from a slip band groove and extrusions may develop 

from a ridge. (Pig. 3). Slip bands produced by unidirectional stress are 

usually surface steps, while fatigue bands may be either grooves or ridges 

having 'saw tooth' form. (Pigs. 4 and 5). 
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Slip bands associated with holes were found by Forsyth to form in 

age hardened aluminiiun 7.5^Zn 2 . a l l o y . Subsequent solution 

treatment eliminated the persistent slip zones but failed to heal the 

holes. 

When crack initiation starts at a surface it has been found that 

the specimen may be returned to its original condition of life by 

machining off the crack. It has been found possible to repeat this 

process time and time again on the same specimen. Slip band intensi-

fication occurs in grains favourably orientated to the maximum shear 

"stress and at a free surface the intrusions finally develop into cracks 

along the shear bands. 

In age hardened alloys localised resolution or precipitate over-

ageing may o c c u r . T h e r e may be changes such as polygonisation, 

recrystallisation, changes in mechanical properties and lattice defect 

52 
c one entration. 

Cross slip occurs readily in aluminium alloys and it has been 

reported that for another material in which cross slip occurred easily 

the crack initiation was at the grain boundary. This weakness of the 

grain boundaries is occasionally observed in a variety of alloys. 

3.3 Stage I Crack Growth 

The initial crack may deepen on a plane or planes of high shear 

stress. Stage I may be absent in highly stressed specimens but in low 

stressed specimens may represent 90% of the life. Transgranular, inter-

granular and mixed mode Stage I cracks have been reported in aluminium 

alloys (Forsyth et al 54,55)^ stage I cracks, associated with local 

bands of substructure produced by loading, have also been noted by 

Forsyth but the way in which the sub-structure is associated with the 
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crack is not clear. The large amount of plastic deformation associated 

with the crack tip is thought to account for the substructure cell 

formation. 

The Stage I initiation and early growth in precipitation hardened 

alnmininm alloy is Clearly associated with some precipitate destruction 

along slip planes. Stage I fractures are often featureless except for 

damage arising from the rubbing of mating surfaces. Pigs. 6 and 7 are 

representative models of the processes. 

Stage II Crack Growth 

Following Stage I which was associated with shear stress there 

arises Stage II cracking producing a general surface normal to the 

principal tensile stress. This generally forms the largest part of the 

fracture surface although the crack growth period in this mode possibly 

represents not more than 10^ of the total life for a smooth ductile 

specimen. 

The characteristic markings of fatigue failure known as striations 

may occur in this stage. They are more pronounced in some materials 

e.g. aiumininm alloys, than in others such as steels. Striations were 

observed in the electron microscope in the present work are shown in 

Plates 1 to 6. Striations are commonly classified into ductile and 

brittle striations. These are illustrated in Figs. 8 and 9. 

Type A are ductile striations which have the form of ridges lying 

on irregular non-crystalline plateaux, generally orientated normal to the 

principal tensile stress. 

Type B are brittle striations lying on crystallographic facets. 

They are joined by regions of ductile tearing which appear as steep cliffs 

which often exhibit a fan-like appearance. 



22 

lip band extrusion 
(not always evident) 

M n X i m u m 
Shear direction 

Extension of Stage I 
w i t h no further association 
of extrusion 

Slip plane crack 

Cleavage crack 

Stage H crock exhibit ing 
s t r i a t i ons 

FIG. 6 DIRECT STRESS FATIGUE CRACK GROWTH 
(Forsyth,Ref.^-5) 

S t a g e l s l i p plane crack 

Cleavage cracks 

Plastic enclave 
Combined s l ip 
,plane &c leavage 
c r a c k s 

Onset of duc t i l e s t r i a t i dns 

S tagq I Stage n 

Final 45® f racture 

FIG.7 SCHEMATIC ILLUSTRATION OF MODES OF FATIGUE 
FRACTURE IN STRONG ALUMINIUM ALLOYS (REF.lf^) 
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Several forms of striation have been observed^^ and these are shown 

in Fig. 10. 

(a) And (b) are the type produced in ductile metals and alloys at 

high stresses. 

(c) and (d) are the type produced at lower stresses in the same 

materials. 

Stubbington showed the existence of saw-tooth striations in which the 

peaks of one fracture surface coincide with valleys on the matching 

fracture surface. He considered one wall of the striation to be produced 

by brittle cleavage but the other by plastic flow. 

A number of mechanisms have been proposed to account for the profiles 

and the characteristics of crack propagation. These include those of (l) 

Forsyth & Ryder^"^ in which a void ahead of the main crack joins up to it 

by void coalescence. (Pig. 11). (z) The 'Plastic Blunting' mechanism as 

described by laird^^ and shown in Fig. 12. Hertzberg^^ proposed an 

intersecting slip mechanism to explain why striations may be absent or 

minor. The problem of microcrack propagation has been discussed in terms 

of dislocation flow and fracture mechanics but no universal connecting 
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law has been evolved. 

There has been emphasis on the use of the stress-intensity factor 

for the correlation of data for widely varying combinations of loading 

and crack geometries. This approach has not proved satisfactory at high 

cyclic stresses due to the influence of plasticity and fracture in-

stability. 

There are many cases in which cracks nucleate at specific sites but 

not necessarily going through the classic model of Stage I crevice 

31 
formation. These include 
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FIGURE 11 A meohaniaa of fatigue crack propagation involviog 
— true fracture ahead of the crack tip (fief .44) 
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FIGURE 12 The plastic blunting process of fatigue 
crack propagation in the Stage 2 inode(Ref.55) 
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the greater width of slip bands at the crack 
in these stages of the process. The stress 
axis is vertical. 
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59 

(a) In alloys, particles of second phase, especially if frag-

mented by prior mechanical working, can initiate cracks, as 

may weak particle/matrix interfaces. 

(b) Grain boundaries. 

(c) Annealing-twin/matrix interfaces in f.c.c. metals. 

(d) Twin/matrix interfaces^^"^^ and fragmented deformation twins 

in other crystal structures. 

(e) Sharp corners, machining marks etc. in components often promote 

the initial crack. 

3.4 Fatigue in Akminium Alloys 

Precipitate hardened alloys of aluminium do not have good fatigue 

properties and their fatigue strength/tensile strength ratio is normally 

in the range 0.2 to 0,3. 

Much of the weakness in fatigue has been attributed to the presence 

of large inclusions^^ but fatigue induced precipitate free zones or 

precipitate depleted zones must play an important part in this special 

fatigwe w e a k n e s s . I t has been found that precipitate free zones 

adjacent to grain boundaries provided a region of easy crack Initiation 
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and growth and also that large boundary particles produced by overageing 

started intergranular fracture. 

There is a tendency for a continuous cellular structure to be formed 

if the cyclic strain is large or if the alloy has a high stacking fault 

energy. This is due to increased tendency for cross slip. Ease of cross 

slip, stacking fault energy, work hardening and substructure are related 

variables. Sub-structure and the association of fatigue with a type of 
71 —73 

substructure have been reported by many workers. Grosskreutz and 
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Waldow examined the substructure and fatigue fracture in aluminium and 

found at low strain amplitudes ( £ - 3 x 10 both subgrains and loop 

patches depending upon the orientation of a particular grain. In a high 

stacking fault energy material like aluminium some subgrain formation 

always exists at the tip of a fatigue crack. 

Propagation of the crack occurs along the subgrain boundary because 

the hi^er energy of this region will lower the total work necessary to 

fracture. The other choice with which the crack is presented is to 

propagate through the matrix along slip planes. Such slip plane cleavage 

was not observed in the experimental results of Chin, Backofen and 

Grosskreutz^^*^^ who worked with bi-crystals and single crystals of 

aluminium. At low cyclic strain amplitudes the type of substructure 
72 

formed was found to vary from grain to grain and must therefore be a 

function of the orientation of the grain with respect to the tensile axis. 

Because the formation of sub-boundaries along low crystallographic planes 

requires the interaction of dislocations on more than one slip system, it 

follows that those grains orientated for multiple slip are most likely to 

form sub-grain structures first, and, therefore, the substructure distri-

bution may be heterogeneous. 
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CHAPTER 4 

DEVEIOE'/IMT OF TEST APPARATUS 

Slow Cycling Attachment to losenhausen UHP 60 Machine 

The existing Losenhausen UHP 60 testing machine was converted into 

a slow cycling machine by devising a pumping circuit to supply the 

existing tensile piston and a new compression piston alternately. The 

tensile piston is shown at A in Pig. 13 and the compression piston 

cylinder was fitted into space B. The compression cylinder is omitted 

from the set up for clarity. The attachment gave alternating loads up 

to 600 kN tension and 300 kN compression. Figure 14 shows the layout of 

the pumping circuit. The system is supplied by the pump from the static 

control panel through two solenoid valves (3 and 4), which are in turn 

operated by pressure switches (l and 2) when the set hydraulic pressure 

is reached. 

The tension load is measured on the pendulum gauge P^ (existing) and 

the compression load on the small manometer gauge P^ which was added. 

Throttle valves (5 and 6) are used to restrict the flow in the exhaust 

line so altering the wave shape. Two shut off valves are provided to 

protect the gauges when the machine is cycling. The cycling range could 

be varied between 50 M compression to 600 kN tension, the cycling speed 

depending upon the range chosen but of the order 10 to 60 Hz. 

The attachment was found to be simple to operate but one difficulty 

was encountered; the construction inside the cross head, above piston B 

was unknown and Losenhausen stated that this was capable of taking com-

pression. It was found that this was not the case and a bridging piece 

had to be manufactured in the workshops to bridge the lower end of piston 

A and transmit compression forces to the main cross- head above piston B. 
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The machine as adapted was suitable for the purpose of applying 

cyclic pre-strain to large bulk specimens of ER58 alloy. The speed of 

cycling was limited by the use of the existing pump to alternately 

supply the tension and compression pistons. This was done because of 

cost but the introduction of a separate pump to supply the compression 

piston would increase the cycling speed. 
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CHAPTER 5 

5.1 ER58 Alloy (see Table 1 for composition comparison) 

Test alloy composition:-

&1I . 8 8 Mg1.74 Hi 1.12 PeO.99 Si 0.14 

The test alloy was degassed and grain refined and then water chill 

cast in 150 mm (6") diameter ingots using mains water. It was then 

homogenised at 470°C for 16 hours. The ingot was machined to remove the 

surface irregularities, forged and hot rolled into plates of 16 mm (§") 

thickness and 275 mm (II") width. 

5.2 Cutting, Pre-strain and Ageing Details 

The plate was cut into large specimens which were pre-strained in 

the solution treated condition in the following manner 

Specimen 1 Unidirectional stretch (% cycle) 

Tensile only to 266 M/m^ (l 7 ton/in^) 

Specimen 2 3 cycles (32 performed as necessary to unload from the 

tension side) 

Stress plus or minus 266 ( r = -1) 

Specimen 3 1000 cycles 

Stress plus or minus 266 MH/m^,(R = -1) 

Specimen 4 No pre-strain (Zero cycle) 

The large specimens used for pre-straining in the solution treated 

condition were samn from the rolled plate and were approximately 

297 mm X 59 mm x 16 mm for the 3 and 1000 cycle specimens. 
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Cycling pre—strain was carried out in a Losenliausen UHP 60 testing 

machine of capacity 600 EN (60 ton) which had been specially conrerted 

for the purpose by adding an additional ram and a cycling control 

mechanism. A diagram of the circuit and photograph of the Losenhausen 

as converted is included. (Pigs. 13 and 14). 

In the commercial use of EE58, refrigeration or a stabilising treat-

ment have been used to restrict ageing of the material at room temperature 

prior to its artificial ageing. The stabilising of the commercial alloy 

consists of heat treatment at 150°C for a short time after solution 

treatment. 

The test alloy was not stabilised as it was thou^t that this would 

add an additional complexity to the variables influencing the test 

results. The test alloy was kept in a refrigerator whenever possible but 

the 1000 cycle pre-strain of specimen 3 was carried out over a period of 

25 hours at a room temperature of 16 to 17°C at 40 cycles per hour and 

natural precipitation during deformation cannot be ruled out. 

Any specified pre-strain of the large specimens was followed by 

artificial ageing treatment consisting of 19& hours at 190°C. 

5.3 After Pre-strain and Ageing 

The large specimens were then sawn into small rectangular blocks as 

shown in the cutting diagrams Pigs. 15 to 18 from which Rolls-Royce-Type 

fatigue specimens were machined. The fatigue specimens were marked in 

blue at the end facing the anchor block and the longitudinal axes of 

specimens lay along the length of the plate and parallel to any pre—strain 

force. The pattern of the test pieces in each large specimen was 

recorded to check possible variations due to the position of the fatigue 

specimen in the large specimen. 
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CHAPTER & 

ROTATING OAMTIIEVER FATIGUE TEST RESULTS 

6.1 Fatigue Test Pieces 

Rotating bending fatigue tests were carried out using Rolls-Royce-

Type specimens (Fig. 19) and S/N curves plotted for the unidirectional 

pre-strain (% cycle). (Figs. 20 and 21). At a stress level of 232. MU/m^ 

(l5 ton/in^) batches of each of samples from specimens 2,3 and 4 were 

fatigue tested. Fatigue results are given in Tables 2A, B, C and D and 

these have been analysed by a statistical method. 

The stress level of 231. M/m^ (15 ton/in^) was chosen for comparison 

as this appeared to be in a region in which changes in performance would 

be revealed without possible effects from discontinuities in the cirrve. 

(Figs. 20 and 21). 

I 

4.06 mm. 

50 mm. 

T TlTN m 

FIG. 19 ROLLS-ROYCE-TYPE FATIGUE SPECIMEN 
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FATIGUE TEST RESULTS 

6.2 TABLE 2A % Cycle (Unidirectional Stretch Prior to Ageing) 

Rotating Bending Fatigue 

SPECIMEN NO. 

A1 

B1 

CI 

D1 

El 

F1 

A2 

B2 

02 

D2 

E2 

P2 

A3 

B3 

E3 

F3 

A4 

B4 

F4 

A5. 

B5 

05 

D5 

E5 

F5 

A6 

B6 

06 

D6 

E6 

P6 

m/n' 

190.68 

239.32 

223.9 

208.44 

231.6 

231.6 

231.6 

231.6 

231.6 

231.6 

324.24 

262.5 

278 

309 

401.44 

293.36 

401.44 

370.56 

355 

463 

386 

447.8 

416.9 

401.44 

301 

339.68 

324 

STRESS 
IQR/in' 

12.35 

15.5 

14.5 

13.5 

15 

15 

15 

15 

15 

15 

21 

17 

18 

20 

26 

19 

26 

24 

23 

30 

25 

29 

27 

26 

19.5 

22 

21 

CYCIES TO FAIIMRE 
(x 103) 

3064 

749 

6893 

1733 

2054 

no test 

532.7 

1174.8 

417 

1330 

12.3 

63.9 

39.5 

39.3 

3.7 

34.7 

no test 

5.3 

8.6 
3.2 

7.8 

2.4 

2.4 

5.1 

442 

9.9 

208 
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PATIGOE TEST BZ3UI,TS 

6«3 TA"RTiTi; 2B 3 Cycle Fre-strain Prior to Ageing and Fatigue 

Rotating Bending Fatigue 

SEEOIMEN HO. STRESS . CYCiaS TO FAILURE 
MH/m2 TCM/ia^ (% 103) 

A1 231.6 15 237.6 

A2 231.6 ' 15 145.4 

A4 231.6 15 270.5 

A5 231.6 15 441 

B1 231.6 15 251.7 

B5 ' 231.6 15 549 

6'4 20 1000 Cycle Pre-strain Prior to Ageing and Fatigue 

Rotating Bending Fatigue 

8PE0IMEM NO. , STRESS , OYCIES TO FAILURE 
MN/b TOW/in (x 10^) 

CI 231.6 15 2610 

02 231.6 15 . 195.6 

C3 231.6 15 263.3 

C4 231.6 15 273.5 

05 

D1 

D5 

231.6 15 412.5 

231.6 15 220.5 

231.6 15 357.1 
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FATIGUE TEST EBSHITS 

6.5 TA'RT,?: p-n Fo Ere-strain (Zero Cycle) Prior to Ageing and Fatigue 

Rotating Bending Fatigue 

SPECIMEN HO. _ STRESS ^ CYCLES 10 FAILURE 
MK/m TOR/in (% lO^O 

A1 251.6 15 411 

A2 231.6 15 432.7 

A3 231.6 15 463.4 

A4 - 231.6 15 495.8 

A5 231.6 15 503 

B1 231.6 15 495 

Statistical analysis of fatigue test results are given separately in. 

this report. 
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CHAPTER 7 

TENSILE TEST RE3UI,TS 

7.1 Solution Treated Condition 

At the start of the work a tensile test was carried out on the ER58 

test alloy in the solution treated condition to ascertain the proof 

stress. (Pig. 22). This value of 262.5 MN/m mas used for the pre-strain 

of the test alloy prior to artificial ageing. 

7.2 Pre-strained and Aged Condition 

Tensile test specimens were made from some of the pre-strained and 

aged material of the large specimens 1, 2 and 3 (item 5.2). These were 

restricted in size by the need to machine them from the same size 

rectangular blocks used for the Rolls Eoyce Type fatigue specimens. 

Tensile test results for prestrained and aged material 

TABI,E 3 

Initial Final Diameter Max. U.T.S. io 
length length load MN/m^ Elong. 

Unidirectional stretch 
(i cycle) 50mm 54.75 4.32mm 4.7EN 320.8 9.5 

(20.46) 

3 cycle pre-strain 50mm 54 3.75 4.3 389 8.0 
(24.8) 

1000 cycle -ore-strain 50mm 52.5 4.05 4.8 .372.6 5.0 
(23.8 

It should be noted that the tests were not carried out on British 

Standard specimens and the percentage elongation was measured on overall 

length. Comparison should not therefore be made with percentage 



-i-1-
-tf 

>+5 

O 

50 

4.0 

35 

30 

25 

20 

15 

10 

FIG.22 

TENSILE TEST 
BR58 SOLUTION TREATED ONLY 
Cross section 15,7^ x 11.8 mm 
Ifo proof streso = 262.5 MN/m^C 17T/ln2^ 
Ultimate stress = 37^ MN/m2(2^-.2T/in2; 

0.1 0.2 0.3 0.4 0.5 
EXTENSION mm. 



46 — 

elongations on British Standard gauge lengths; the values obtained did 

however confirm loss of ductility with increased cold work. The increase 

in U.T.S. of the cyclically pre-strained specimens compared with the 

less cold worked % cycle was also confirmed. No significance was 

attached to the lowering of U.T.S. from 389 Mf/m^ (24.8 ton/in ) to 

572.6 MN/mf (23.8 tbn/in^) for the 3 cycle to the 1000 cycle pre-strain 

respectively as imperfections in machining these small specimens may 

account for the fall. 
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CHAPTER 8 

E&ECTRIOAl CONPnCTITITY MEASHREMEHTS 

Age hardening of the test alloy was carried out for 191" hours at 

190°C. In order to examine the sensitivity of the material to the age 

hardening time the unidirectional stretch (4 cycle pre-strain) sample 

was aged at various times. The 3 cycle and 1000 cycle samples could not 

be examined as all of the sample had been used in fatigue tests and 

tensile tests. For the i cycle pre-strained material the variation in 

hardness and conductivity was measured. 

Hardness measurements were made using VOT and Rockwell. 

The io lACS conductivity was measured using an Electrical Conduction 

Novamho Type 101 machine made by Novalec Ltd. Twickenham, England. 

TABLE 4 Artificial Ageing Time - ^ lACS (i cycle pre-strain) 

at 190°0 # IA08 VHN 
conductivity 

13 129 

15 40i 129 

16 129 

17 40§ 130 

18 41-3- 130 

19 4ii 131 

20 42& 130 

23 42 131 

42& 42& 129 

The values appeared to be .on a plateau over the time tested. If 

the peak hardness had been brought forward in ageing time by pre-strain 

then it is possible that all values were obtained for material at about 



48 

peak hardness. Further investigation is warranted since it is well 

known that cold working alters ageing characteristics and this was a 

eomowhat Burpriolng roRUlt, Ad reforrea to in the aioQuooion Gayler 

found for an aluminium alloy subjected to cold work a reduction of ageing 

time to peak value from 8 hours to 55 minutes. _ , 
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CHAPTER 9 

MIGR0500?ICAIj EXAmMTION 

9.1 General 

The artificially aged specimens of unidirectional stretch, 3 cycle, 

1000 cycle and Zero cycle (no pre-strain) ER58 were mounted both cold 

and in bakelite and polished using a Disa Electropol machine. Etching 

was carried out by Kellers Etch, 2^ HP +10^ 50/50 HCL/water. 

These were examined in a Vickers Microscope. 

The small size of the Rolls-Royce-Type fatigue specimens necessi-

tated mounting. Heat associated with the mounting as used with bakelite 

was not considered satisfactory as it introduced another factor. With 

cold mounting using the rotating bending fatigue specimens there was 

difficulty in associating the fracture with the macro structure. It was 

therefore decided to examine the fractures using an electron scanning 

microscope (Stereoscan), and to examine the effects of any pre-straln on 

ageing and the structure using an Electron Microscope and thin foils. 

9.2 Preparation of Specimens for Electron Microscopy 

Thin foil microscopy was used throughout. 

The ends of the fatigue specimens in rotating bending were used to 

examine the unfatigued as well as the fatigued regions. Due to the 

round shape of the fractured fatigue specimens and the need to machine 

to a flat disc, the irregular fracture surface could not be examined by 

this technique and the Stereoscan electron scanning microscope was used 

for examining of the actual fracture surface. 

Thin foils could however be prepared for the area adjoining the 
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fracture in the rotating bending specimens. The circular cross section 

at the fatigue fracture was first machined flat and then reduced to 3 inm 

diameter. 

Thin microfoil slices were then cut off this cylinder using a 

MICEOSUCE made by Metals Research ltd. Cambridge, England, longitudinal 

strips running into the fracture surface were also prepared and after 

thinning by abrasion 3 mm diameter discs were punched from these. 

Final thinning of r1 1 discs was carried out using a STRUERS TSICEPOL 

machine made in Denmark (Agent : Vickers,Coulsdon, Surrey) until per-

forations appeared. 

The electrolyte used consisted of 20% nitric acid by volume in 

ethyl alcohol. The microfoils were washed in acetone. The foils were 

kept in a dessicator until examined in the electron microscope. Micro-

graphs were taken and are referred to in the discussion. The electron 

microscope used was a JEOL (jEM 200A) EM-BGMZ. The use of the electron 

microscope is well described in current literature. 

9.3 Electron Micrographs of Fine Microstructure 

Thin foil electron microscopy confirmed the formation of a sub-

structure and indicated the grain boundaries in detail as shown in 

Elates 7 to 10. Plate 11 shows a precipitate depleted zone. The inter-

pretation of these features and their importance to the subsequent 

fatigue behaviour are discussed later. 

9.4 Electron Scmnntns Microscope (STEREOSCAN) Practographs 

Typical features revealed by the electron micrographs are shown by 

Plates 1-6, 12-15. These include striations and secondary cracks, the 

interpretation of which are discussed later. 
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9.5 Optical Microscopical Examination of Fatigue Features 

It was considered that on a macro scale the examination of the 

fatigue fractures in relation to the structure of the alloy could be 

carried out more favourably using strip specimens in reverse bending 

fatigue. Plat strips of the unidirectional (% cycle), 3 cycle and 

1000 cycle pre-strained and aged material were therefore polished, 

fatigue tested and examined in the Vickers Microscope and photographed. 

The ends of the fractures were also examined using the electron scanning 

microscope. The flat strips were polished using a Disa Electropol 

machine and the additional programme of fatigue testing (in reverse 

bending) was carried out using a Carl Schenck/Avery type machine. 

Plate 16 shows the irregularity of the fracture surface. Optical 

examination of the aged material in the Vickers Microscope showed that 

precipitated slip bands as normally observed in stretched plate liad 

developed in the material with unidirectional stretch i.e. % cycle but 

the material pre-strained with 1000 cycles had developed a substructure 

as shown in Plates 17 and 18. 
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CHAPTER 10 

STATISTICAL EXAIgMTIOU OF FATIGUE RESULTS 

There are various recommendations for the statistical examination 

of test results (B.8.3518; B.8.600., Revue de Soudure 1958, Vol. 14, 

p. 24-32). 

10.1 Types of Error 

In fatigue testing since generally a relative small number of test 

pieces are used to represent a much larger grou^ precautions must be 

taken to control the effect of error on the test material and on com-

parisons to be made. 

Errors are likely to arise to some extent at stages of sampling, 

test piece preparation and testing. Statistical techniques are used to 

(l) estimate the parameters once having assumed that log life has normal 

distribution. (2) examine the causes predicted by the engineer. Two 

types of errors which occur at stages of selection, heat treatment, 

processing and the preparation and testing of test pieces are systematic 

errors and random errors. 

Systematic errors are those which persist irrespective of the 

number of samples e.g. when material A is given treatment 1 and material 

B receives treatment 2 it is not possible to establish whether differences 

in the two sets of results are due to differences in the materials or due 

to differences in the treatments. 

Random errors are those arising by chance events over which the 

experimenter has no control. For these statistical methods are most 

appropriate. 
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It is necessary for the experimenter to evaluate the relative 

importance of the various sources of variation. Randomisation and 

replication are used to control the effects of error. Randomisation is 

used to safeguard against unsuspected patterns of variation e.g. along 

a bar of material. For this reason a record was kept of the pattern of 

fatigue specimens cut from the bulk sample. Randomisation may be used 

to allocate the order of preparation and treatments given to samples. 

This was considered unnecessary in the preparation of test specimens 

as use was made of refrigeration to restrict variation. 

The need to pre-strain the bulk samples restricted the size of the 

bulk sample to the capacity of the losenhausen Machine (600 KN). The 

number of fatigue specimens and tensile specimens that could be machined 

from each of the different pre-strain samples was therefore restricted, 

but as far as possible replication was used. Replication permits the 

estimate of random error from the comparison of different test pieces 

exposed independently to the same conditions so reducing the effect of 

random variability. For this reason sets of fatigue specijmens in 

rotating bending were used for each of the unidirectional stretch 

(4 cycle), 3 cycle, 1000 cycle and no pre-strain samples at a comparison 

level of 231.6 M / n stress (15 ton/im ). 

Accuracy 

Whatever statistical technique is applied it cannot give results 

any more accurate than the original accuracy of the test data. The 

accuracy required should thus be decided when planning the tests. In 

the tensile tests on the pre-strained and aged material larger test 

specimens to B. Standards were preferable but limitations on the size 

of the bulk samples used for cutting into fatigue specimens, due to-the 
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capacity of the Losenliausen machine for pre-strain cycling (600 EN-60 

ton), restricted the size of the test specimens. 

Distribution Curves 

Many facts and test results can be fitted to a curve called a 

distribution curve. There are a number of such curves such as:-

10.2 (l) The Normal Frequency Distribution 

(or Gaussian Frequency Distribution) 

Natural phenomena often suit this distribution which is widely used. 

An appropriate statistical distribution for fatigue data is one 

with a tail extending over a great range of cycles forming a displace-

ment from the normal (Gaussian) distribution. This is called a skew 

distribution and a number of theoretical distributions give this shape. 

A commonly used method for the analysis of skew distributions when 

all test pieces fracture is to use the logarithm of the cycles to 

failure and use 'log-life' as if distributed normally. This is an 

empirical technique. 

A commonly used method for determining whether a frequency distri-

bution is acceptable as a normal distribution is to plot results of 

cumulative frequency distribution on normal probability paper and to 

check that it gives an approximate straight line.^^ The goodness of 

fit of the test results to the normal distribution is measured using the 

'Chi-Square' test. 

10.3 (2) Students 't' Distribution 

When a small number of samples (n less than 25) is used then 

Students 't' distribution analogous to the normal distribution but 
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allowing for a greater element of uncertainty due to the small number of 

test results is often used. Values of the 't' distribution corresponding 

to different degrees of freedom and significance levels were first worked 

out by (student) W.S. Gosset and proved by R.A. Fisher. 

For small samples it is found that an unbiased estimate of the 

variance and hence the standard deviation is found by using (n - 1) as 

the denominator in the variance instead of 'n' (size of sample) as is 

done with the normal distribution. The symbol 'S' is often used for the 

standard deviation when (n - 1) is being used. 

The degrees of freedom = (n - 1) where n is the size of sample, 

't' distribution values for various levels of significance (e.g. 5%) are 

available in various publications. (Biometrika Tables; Statistical 

Methods for Research Workers by R.A. Fisher published by Oliver & Boyd 

Ltd. Edinburgh). The 't' distribution was used in the analysis of test 

data in this report. 

10.4 (3) Weibull Distribution 

The distribution for which there is most theoretical justification 

is called the Weibull distribution which resembles the cumulative distri-

bution curve of the normal distribution but has a finite lower limit. 

It is sometimes used to describe the yield strength distribution of 

steel and fatigue life at constant stress. It is quoted as being par-

ticularly well suited to describing the distribution of the fatigue life 

of bearings^^'^^. 

It was not considered appropriate in the present tests due to the 

pmrnl1 size of the sample and Students 't' distribution which corrects for 

the small size of sample,as explained earlier, was used. 
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(4) Other Distributions 

There are a number of other distributions including the Poisson, 

the Binomial, the Rectangular and the Cauchy. The Poisson and the 

Normal Distribution referred to above are special cases of the Binomial 

Distribution which has the fundamental distribution from the theoretical 

point of view, 

10.5 Terms Used in Statistical Analysis 

(Chi-squared) test - a statistical test used to discover whether 

the observed frequencies of events differ significantly from their 

expected, values. The significance of the relation between two members 

of the sample is established by setting out a contingency table and 

applying the chi-squared distribution and the (or other) significance 

level. 

Degrees of Freedom - if there are 'n' observations the quantity 

(n - 1) is used for the degrees of freedom. It is equal to the number 

of observations minus the number of linear relations between the obser-

vations. Since although the test results are independent they are linked 

by the arithmetic mean which is one linear relation between them and 

hence one is taken from the number of observations to give (n - 1). 

Measures of position on a curve are the mean (arithmetic mean) and 

the median. 

The M E M (AEITHMETIO MEAN) of a set of readings ... 

n 

where n = number of readings or test pieces. 
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The MEDIAE is the middle value of the readings Eg etc. if 

n is ODD but is the average of the two middle readings if n is EVEH. 

MEASURES OP SCATTER are the variance, the standard deviation and 

the range. 

STANDARD DEVIATION is a measure of the dispersion of a frequency-

distribution (the square root of the variance). 

The TARIANCE is the mean of the deviations from the mean (mean = 

The variance of a group of 'n' measures ... etc. is 

CN̂  - N)2 + (N _ 

n 

2 v-i - + ("2 
cr- = 

n 

- ^ w 
where N = arithmetic mean 

n 

when n 30 this is written 

2 (N, - + (%2 -
8 

(n - l) 

O"" being renamed S to indicate that (n - 1) is used as the 

denominator. 

This modification to the formula allows for greater possible errors 

due to the use of a small sample. 

n - 1 
Thus sf = — - = VARIANCE 

STANDARD DEVIATION = /VARIANCE 

2 
8 can also be calculated from the formula 

2 ^ —2 
8 = - N which can be shown to be the same as 

n - 1 

the above. 
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RANGE. If the range is (a - b) then N = a and N = b are the smallest 

and largest values of the variate in the measurement. 

10.6 Analyses of Fatigue Results of Tables 2A, B, C, D-

The stress level used for comparison was 231.6 (l 5 ton/in^) 

and there were six readings for each of no pre-strain (Zero cycle), 

unidirectional stretch (% cycle), 3 cycle and 1000 cycle pre-strain for 

the analyses. 

The Log-normal distribution was used based on Revue de Soudure 1958 

Vol. 14, p. 24-32 the formulae being 

ARITHMETIC MEAN (Mean value) LOG F = 
n 

= \ 2 
VABIMCES= = =£(I0S N - LOG 5) 

n. — I 

FT STANDARD DEVIATION 0 - = r 
n 

The square root quantity in the standard deviation is equivalent to the 

using of n instead of n - 1 in the variance as frequently used where the 

sample is small. The normal answer is corrected for the very small 

sample by dividing by the value b which appears in the publication 

referred to earlier, used in conjunction with STUDENTS 't' values. 

N = number of cycles to rupture 

n = number of test pieces 

O = standard deviation 
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Effect of plastic deformation prior to ageing on the fatigue strength 

of aluminium alloy BR58 

Table 5 i (unidirectional tensile) and 3 cycles pre-strain 

^ N 

^ log N 

^ N/n 

:2r(log M/h) 

Endurance N 
% cycle 

(x 10^) 

Log N 
t cycle 

Endurance H 
5 cycles 

(x lof) 

%og N 
3 cycles 

13.55 6.12585 2.7 5.45156 

11.7 6.06819 1.45 5.16157 

5.52 5.72591 2.52 5.40140 

4.17 5.62041 4.4 5.64545 

20.5 6.51175 2.57 5.57475 

27.8 6.44404 5.49 5.75957 

82.79 

56.2956 

18.95 

52.7516 

15.798 

6.0489 

5.155 

5.4586 

0.5586 0.2165 

When n = 6 
n ^ 

= 0.915^ 
n 

where b = 0.869 for 6 
n 

specimens 
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Table 6 1000 cycles and no pre-strain 

Endurance 11 log N Endurance N Log N 
1000 cycles 1000 cycle No pre-strain lie pre-strj 

Ocio^) (x 10^) ' 

2.74 5.43775 4.11 5.61384 

2.63 5.41996 4.327 5.63649 

1.96 5.29226 4.634 5.6656 

3.57 5.55267 5.958 5.77525 

2.2 5.34242 5.03 5.7016 

4.1 5.61278 4.95 5.6946 

^ IT 17.2 29.0 

^ log N 32.6575 34.0874 

^ N/n 2.867 4.8348 

^(Log N/n) 5.4429 5.68 

cx- 0.128 0.0613 

where ^ with b 
"n 

0,869 for 6 specimens 

as previous table 

Table 7 Summary 

Average endurance 
(z 106) 

Standard Deviation 

% cycle 3 cycles 

1.3798 

0.3386 

0.3155 

0.2163 

1000 
cycles 

0.2867 

0.1280 

No 
pre-strain 

0.484 

0.0613 
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PROaABIIiITIES 

B.8.5418 page 14 Probability of failure given by 

Table SA % Cycle (Unidirectional Stretch) 

INDEX i 

1 

2 

3 

4 

5 

6 

Number of cycles 
to rupture N 

(z 10^) 

4 . 1 7 

5.32 

1 1 . 7 

13.3 

20.5 

27.8 

lOG N 

5.62041 

5.72591 

6.06819 

6.12385 

6.31175 

6.44404 

n + 1 

0.142 

0,284 

0.426 

0.568 

0.710 
0.852 

Table 8B 3 Cycle Ere-strain 

IimEZ i 

1 

2 

3 

4 

5 

6 

Number of cycles 
to rupture N 

(z 10^) 

1.45 

2.37 

2.52 
2.7 

4.4 

5.49 

]X)(} N 

5.16137 

5.37475 

5.40140 

5.43136 

5.64345 

5.73957 

n + 1 

0.142 

0.284 

0.426 

0.568 

0.710 

0.852 
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Table 80 1000 Cycle Ere-strain 

INDEX i Number of cycles LOG N y 
to rupture E 

Cciof) 

1 1.96 5.29226 0.142 

2 2.2 5.34242 0.284 

3 2.65 5.41996 0.426 

4 2.74 5.43775 0.568 

5 3.57 5.55267 0.710 

6 4.1 5.61278 0.852 

Table 8D No Ere-strain 

INDEX i Number of cycles LOG N ^ ^ 
to rupture N 

(z 10^) 

1 4.11 5.61384 0.142 

2 4.327 5.63649 0.284 

5 4.634 5.6656 0.426 

4 4.95 5.6946 0.568 

5 5.03 5.7016 0.710 

6 5.958 5.77525 0.852 
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CHAPTER 11 

Discussion 

The statistical analysis showed that for a given stress the fatigue 

life increased with unidirectional pre-strain but was reduced by cyclic 

pre-strain, and in this respect 3 cycles were almost as damaging as 

1000 cycles. Whilst these effects were significant but not sufficiently 

great to be of immediate interest it was hoped that some explanation 

might be forthcoming from differences in macrostructure and micro-

structure in relation to fatigue mechanisms. 

An optical microscopical examination of aged material with the three 

conditions of pre-strain showed that the unidirectional i.e. % cycle 

pre-strained material had developed precipitated slip bands as normally 

observed in pre-stretched plate, but the material that had received 1000 

cycles pre-strain had developed a substructure as shown in Plates 17 and 

18, Thin foil electron microscopy confirmed the presence of this sub-

structure and showed the nature of the subgrain boundaries in some 

detail. Examples are shown in Plates 7 to 10 where it can be seen that 

precipitation has occurred, although presumably because of the small 

disorientations, this is less clearly defined than the coarse main grain 

boundary precipitates such as are illustrated in Plate 11. 

Fatigue deformation is known to produce unique dislocation defect 

structures not observed with unidirectional strain. One characteristic 

of fatigue at relatively low strain levels is the localisation of the 

heaviest deformation into well defined bands, but at higher strains, par-

ticularly in high stacking fault energy materials, the deformation 

becomes more uniformly spread and a substructure may be formed with 
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boundary walls containing dislocation loops etc. surroiinding practically 

dislocation free subgrains. 

In order to produce the most homogeneous deformation a h i ^ fatigue 

pre-strain level was chosen although the principle was that the fatigue 

strains would in any case act preferably at metallurgical stress concen-

trations and thereby provide maximm benefit by inducing more effective 

precipitation hardening in these places that might otherwise be weak in 

fatigue. 

17 

The idea behind the work of Stubbington was to induce more effec-

tive precipitate nuoleation which was particularly advantageous with his 

Al-Mg alloy. It is clear that if a substructure is produced by the high 

fatigue strain, although the general deformation has been homogenised, 

it has produced a cellular structure involving the defects which are 

effectively partitioned from the defect free cells. This structural net-

work may have properties, independent of the matrix, and differing from 

a more loosely tangled dislocation structure such as produced by the 

unidirectional strain. There is evidence that this is so e.g. creep. 

Nevertheless the precipitated structure does increase the tensile 

strength but fatigue, always picking on the weak points, would be more 

sensitive to any inhomogeneity. It appears that the evidence of the 

present work reveals that sub-boundaries and main grain boundaries are 

weak paths along which fatigue crack can develop easily as shown in 

Plate 19. 

The regions in the vicinity of grain and sub-grain boundaries often 

become a precipitate free zone or a precipitate depleted zone and there 

is some evidence of this in the micrographs (Plate 11). The boundaries 

consisting of a brittle precipitate may themselves form a favourable 

path for a crack. The precipitate depleted zone, being softer, may 
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encourage local plastic strain that would, increase the boundary stress 

at local points. 

The sub-grain boundary path accounts for the irregularity of the 

fracture surface shomi in Plate l9 (optical fractograph) and ELates 12 

and 20. Ductile growth striations were evident where the crack growth 

rate was h i ^ as shown in Plate 15, but at lower rates the fracture 

appeared typically as shown in Plates 12 and 13, the latter also showing 
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secondary crack evidence as described by Gauthier et al (Engineering 

Fracture Mechanics 1973, Vol. 5, p. 977-981). 

Patterns of lines called striations are often exhibited by fatigue 

fractures as shown by the electron micrographs (Plates 1 to 6). These 

striations represent the successive positions of the crack front during 

propagation. One striation is formed per cycle and its presence indi-

cates that the material at the crack tip has deformed plastically. It 

is necessary to distinguish true fatigue striations from other features 

which have a somewhat similar appearance e.g. slip bands and so called 

'tyre marks'. 

little can be said about the effect of the pre-strain on the rate 

of age hardening because the 'plateau' hardness appeared to be quickly 

reached in less than 13 hours and this was confirmed by the almost con-

stant conductivity measurements. This was somewhat surprising a&d no 

explanation was found for this behaviour. 

Haying stated that the production of substructure appears to be a 

detrimental feature as reg&rds subsequent fatig^^ strength it is of 

interest to speculate on what the properties would have been (a) if the 

pre-strain fatigue had been less or (b) a shorter ageing time had been 

used. 
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COHCLUSIOIS 

1. nnidirectional tensile stress of value equal to the proof stress, 

applied between solution treatment and artificial ageing slightly 

improved the fatigue strength of the ER58 aluminium alloy, and therefore 

the practice of straightening the alloy during manufacture, in the 

solution treated condition, would not appear to be harmful to fatigue 

life provided that this is achieved by tensile stress. 

2. Cyclic pre-strain (E = -l) of the same stress value, introduced 

between solution treatment and artificial ageing produced a significant 

loss in fatigue resistance of the material, and in this respect 3 cycles 

were almost as damaging as 1000 cycles pre-strain. 

3. fre-strain introduced between solution treatment and ageing 

influences the subsequent precipitation in such a manner that the ageing 

times and temperatures to produce optimum fatigue life may need adjust-

ment. 

4. Cyclic pre-strain and subsequent artificial ageing produced sub-grain 

boundaries containing precipitates and with associated precipitate 

depleted zones. 

5. The grain and sub-grain boundaries with their adjoining precipitate 

depleted zones offered lower resistance to fatigue crack growth than the 

matrix. 

6. The cyclically pre—strained material wnich exhibited substructure 

had a higher U.T.S. than the unidirectionally stretched material, which 

is a reversal from the fatigue strength. 
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SUGGESTIONS FOR FURTHER WORK 

Further work is necessary to determine the effects of varying the 

pre-strain and the subsequent ageing conditions. There may well be an 

optimum combination that woiold improve fatigue properties. Perhaps 

some thought could be given to alloying conditions. 
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PLATE 1 1000 CYCLE PRESTRAIN BETV-ffiEN S.T. 
AND AGEING.FATIGUED.(STEREOSCAN x 2.2K) 

PLATE 2 1000 CYCLE PRSSTRAIN BETWEEN S.T. 
AND AGEING.FATIGUED.CSTEREOSCAN % 5*5^) 
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r r 

PLATE 1 1000 CYCLE PRESTRAIN BETWEEN 8.T. 
AND AGEING.FATIGUED.(STEP£OSCAN x 5.5K) 

PLATE 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AI® AGEING.FATIGUED.(STEREOSCAN x 5.6K) 
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PLATE ^ 1000 CYCLE PRESTRAIN BE'DVEEN S.T. 
AND AGEING.FATIGUED.(STEREG3CAN x 2.2K) 

PLATE 6 1000 CYCLE PRESTRAIN BETWEEN S.T. 
Aim AGEING/PATTGUKn.fRTRMROSCAN % IIK) 
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PLATE 7 1000 CYCLE PEESTRAIN BETWEEN S.T. 
AND AGEING, NON-FATIGUE, 
(ELECTRON ItECROGRAPH x 7OK) 

PLATE 8 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING.NON-FATIGUE.SHOWING 
SUB-GRAIN BOUNDARY.(ELECTRON MICROGRAPH 
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H 

PLATE 9 1000 CYCLE PRESTRAIN BETWEEN 8.T. 
AND AGEING.NON-FATIGUE.(ELECTRON MICROGRAPH 

X 70K) 

a k 
1*̂  '4f»; 

' 

PLATE 10 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING.NON-FATIGUE.(ELECTRON MICROGRAPH 

X 20K) 
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PLATS 11 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING.NON-FATIGUE. 
(ELECTRON MICROGRAPH x 60K) 

, A 
PLATE 12 1000 CYCLE PRE3TRAIN BETWEEN S.T. 

AND AGEING.FATIGUED.(STEREOSCAN X 2.2K) 
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PLATE 11 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING,FATIGUED.(STEREOSCAN x 550) 

PLATE Ik 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING.FATIGUED.(STEREOSCAN X I.IK) 
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/ / 

PLATE I'? 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING.FATIGUED.(STEREOSCAN x 2.2K) 

PLATE 16 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING.FATIGUED.OPTICAL MICROSCOPE. 
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PLATE 17 1000 CYCLE PRESTRAIN BETWEEN S.T, 
AND AGEING.NON-FATIGUED.OPTICAL 
MICROSCOPE X 1000. 

PLATE 18 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING.NON-FATIGUE.OPTICAL 
MICROSCOPE X 250. 
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PLATE 19 1000 CYCLE PRESTRAIN BETWEEN 8.T. 
AND AGEING. FATIGUED.OPTICAL 
MICROSCOPE X 250. 

i 

PLATE 20 1000 CYCLE PRESTRAIN BETWEEN S.T. 
AND AGEING,FATIGUED,(STEREOSCAN x 2.2K) 


