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ABSTRACT

Localised overheating in aircraft structural components made from AA 7010 can occur
during machining, causing a decrease in electrical conductivity (EC), hardness (Hv) and
strength. When overheating is detected by non-destructive testing with electrical

conductivity and hardnessis slightly outside the material specification, the affected

components are scrapped.If data correlating EC and Hv with strength were available,
the severity of overheating could be assessed and the componentcould be repaired.It is

also commonly observed that the EC and Hv changenotably from the outside surface
towards the centre of the plate, even when no overheating is present. This suggests
property inhomogeneity through the plate thickness. However,little information is

available in the public domain on the property correlation and property inhomogeneity

in thick products of AA7010.

This investigation studied the evolution of properties with age hardening for AA 7010
and correlated EC, Hv, strength and ductility for a range of age hardening conditions.
The property homogeneity through the plate thickness of AA 7010, perpendicular and

parallel to the rolling direction, was also assessed. The effect of quenchingrate on the

properties, specifically the evolution of EC, Hv and strength with artificial age
hardening, was assessed for seven different quench delays.

Thetensile strength (UTS) and 0.2% proof strength (PS) have a goodlinear correlation

with hardness, regardless of the test piece thermal history. The PS gives a lower
regression correlation coefficient than UTS, but the accuracy of its prediction can be
improved by combining Hv and EC,especially for any EC values above 35.9% IACS.
The EC,Hvandstrength show inhomogeneity across the plate thickness, both in the
directions perpendicular and parallel to the rolling direction. The inhomogeneity is
inherent from segregation of alloying elements during casting, with the segregation of Zr
and Tiat the plate centre resulting in high EC and low Hv. The gradient of quenchrate

from the surface to the centre of the plate, after the solution heat treatment, is not the
main contributor to the inhomogeneity. The EC, Hv andstrength are sensitive to the
changesof heat treatment conditions such as quench delays, ageing temperature and
time. The variations of properties are a direct result of the formation of various
precipitates and the continuous changesin their sizes and volumefractions. The

combination of EC and Hvtests is found to be a reliable quality indicator to assess the
ageing process of AA 7010 and can be used in non-destructive assessment of property
homogeneity of thick products. From the network of EC - Hv curves obtained under a
wide range of age conditions, an unknownthermal condition for AA 7010 can be
estimated for any EC and Hvvalues. Fortest pieces smaller than 11x11 mm’, quench
delays shorter than 198 seconds, followed by standard artificial ageing, can produce
satisfactory properties. Longer quench delays result in mechanical properties below the
material specification. This is because high temperature heterogeneousprecipitation of
the equilibrium phases during quenching depletes the solid solution of alloying elements

available for subsequent age hardening.
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Chapter1

Introduction

1.1 Overheating during machining operation

Aluminium alloy (AA) 7010 in the T7651 temper condition is one of the main structural

aluminium alloys used in the aircraft industry, because of its high strength coupled with

good fracture toughness and highresistance to stress corrosion cracking, particularly in

thick sections (Reynolds 1976, Military Handbook 5G 1994). This aluminium alloy is

extensively used in the manufacture of structural aircraft components; a significant

numberof these components are machined on a daily basis from this alloy. During the

machining operation, overheating can be induced by an inadvertent temperature increase

at the cutter-metal interface. The temperature increase can be the result of several

factors: inadvertent use of blunt / damaged cutters, lack of lubrication at the interface

between the cutter and the material being machined, excessive removal of material in

onecut, or a combination of these.

Generally, overheating on heat treatable high strength aluminium alloys manifests itself

by a decreasein its electrical conductivity and hardness values. The extent of decreasing

electrical conductivity and hardness values dependson the attained temperature during

machining and the exposuretimeat this temperature. The higher the amountof heat

generated at the machining interface, the greater the numberof age hardening

precipitates that are likely to re-dissolve backinto the solid solution.



For the aluminium alloy under investigation, AA 7010, the temperature required to re-

dissolve mostof the strengthening alloying elements, such as Zn, Cu and Mg,back into

the solid solution is approximately 473°C (Airbus UK 2003).

1.2 ‘Inspection for overheating

To guarantee freedom from unacceptable localised overheating on main aircraft

structural components made of aluminium alloys, the machined componentsare

normally non-destructively tested (NDT) by using chromic acid anodising treatment and

visual examination. Generally, this inspection methodis also used to detect any possible

surface braking discontinuities and indications of corrosion (Airbus UK 2008).

Whenvisual examination of the anodised surface indicates a possibility of overheating,

the componentis assessed byelectrical conductivity and hardness measurements. The

electrical conductivity and hardnessresults are then compared with the values of the

non-affected areas of the components and with the values of the material specification to

determine whetheror not the affected area has been over-heated to conditions outside

the material specification requirements.

Although the presence of localised overheating on aluminium alloys, generated during

the machining operation, can be detected and analysed by the above NDTinspection

methods, the degree of its severity in termsof its effect on the properties, such as tensile

strength, is not well established.



1.3 Effect of overheating on properties

In the aircraft industry it has been observed that when AA 7010-T7651 is exposed to

slight overheating, there are decreases in electrical conductivity and hardness, associated

with a loss of strength. This suggests that some of the strengthening alloying elements

precipitated in a coherent or semi coherent mannerwithin the matrix, during standard

heat treatment, have re-dissolved backinto the solid solution. This is supported by the

fact that alloying additions in solid solution depressthe electrical conductivity to a

greater extent than whenoutof solution (Morris et al.1984). When the coherent

precipitates re-dissolve back into the solid solution, the associated strain hardening

effect also disappears, lowering the strength.

Previousinvestigations on overheating showed that the electrical conductivity and

hardness for AA 7010-T7651 decrease significantly whenit is exposed to excessive

heating or high temperatures (Brown and Heaton 1984). Otheralloys in the 7000series,

for example AA 7150-T651 and 7075, have also shown similar decreases in hardness

and conductivity (Jolley 1992).

Historical data at Airbus UK showsthat, during machining of components from AA

7010-T7651, the failure of the cutting edge of the machine tool (for example a blunt

cutter edge) causes overheating of the components in localised areas. The effect ofthis

overheating could decreasethe electrical conductivity up to 7% IACS(International

Annealed Copper Standard) in the worst cases. This was accompanied bya significant

loss of hardness when comparedto adjacent non-overheated areas. Even a small



decreasein electrical conductivity of 0.5% IACS wasfound to decrease the hardness

values below the material specification requirement. In both cases, the components were

scrapped due to the loss of hardnessorstrength.

1.4 Property homogeneity through the plate thickness

The AA 7010 plates used for structural parts are manufactured from a cast slab by

rolling. They are then solution heat-treated, control stretched andartificially aged to

peak strength, followed by slight over ageing. When these plates are machined,it is

commonly observed that, even when overheating is not detected by chromic acid

anodising, the electrical conductivity and hardness change notably from the outside

surface towardsthe centre of the plate, indicating a lack of property homogeneity

through the plate thickness. The quenching-rate gradient in the solution heat treatment

wasreported to be a major factor leading to the property differences in thick sections

(Staley et al. 1984). However, the other factors inherent from the manufacturing route

can also contribute to the inhomogeneity.

1.5 Measurementsof electrical conductivity and hardness

It is well documented that electrical conductivity and hardness of heat treatable

aluminium alloys vary with changes in chemical concentrations of certain alloying

elements within the solid solution. Due to accuracy and fast response, hardness and

electrical conductivity measurements have been used extensively to study the age

hardening processandthe associated precipitation mechanisms in manyheattreatable

aluminium alloys. Rosen et al. (1982) reported that electrical conductivity and hardness



responded in a complementary mannerto the varying microstructure that forms in

different stages of the ageing process in AA 2024. Rosen (1989) also used the eddy

current method to study the changes in the mechanical properties during the age

hardening process in AA 2024 and evaluated quantitatively the extent of removal of the

minor constituents Cu and Mgfrom thesolid solution. Brascheef al. (1989) and Koch

and Kolijn (1979) studied the correlations of electrical conductivity and hardness with

strength, fracture toughnessand stress corrosion cracking for AA 7075 and AA 2090,

respectively.

In practice, the suppliers of raw materials commonlyuse electrical conductivity and

hardness to monitor the quality consistency during the manufacturing and heat treatment

of the aluminium alloy products. The aircraft industry also uses the above NDT methods

to assess the indications of overheatinginitially detected by chromic acid anodising,

which may be induced during the machining operations.

1.6 Reasonsfor investigation

In the aircraft industry, when indications of overheating on localised areas have been

detected by chromicacid tests and the assessmentby electrical conductivity and

hardness reveals values outside the materials specification requirement, the standard

practice is to scrap the affected aircraft components.If data correlating the electrical

conductivity and hardness with mechanical properties were available for the machined

aluminium alloy, the structure design engineers could assess the severity and consider a

possible repair for the affected area, especially when the valuesof electrical conductivity



and hardnessare slightly outside the specification requirements and the affected area is

unlikely to be significantly stressed during the life span of the aircraft. However, there is

lack of correlation data in the public domain. Forthis reason, the prediction of the tensile

and proof strength for aluminium alloys with knownvalues of hardness and conductivity

would be of significant interest to the structure design engineers. This thesis intends to

address this shortfall for AA 7010.

Electrical conductivity and hardness can vary with plate thickness, without the presence

of over heating. This suggests a lack of property homogeneity throughthe plate

thickness. The factors influencing the property homogeneity mayalso, to some degree,

affect the correlation between hardnessand strength. However, verylittle informationis

available to explain property inhomogeneity on thick aluminium alloy products. This

thesis aims to identify the main factors influencing the property inhomogeneity through

the plate thickness of AA 7010.

Quenchingis one of the mostcritical steps in the manufacture of high strength

aluminium alloys. Following the quenching operation, the maximum strength attained

uponartificial ageing largely depends on the amountof alloying elements retained

within the solid solution, or on the initial amount of quench-inducedprecipitates

developed during the quenching operation. Heterogeneous formation of quench-induced

precipitates can occur whenthereis a slow or sluggish cooling during quenching

(Godard 2002). The formation of the coarse or heterogeneousprecipitates could have an

adverse effect on the hardness and strength of the final product. This investigation



attempts to determine the effect of quenching rate on the properties of AA 7010,

including electrical conductivity, hardness, ultimate tensile strength (UTS) and 0.2 %

proofstrength (PS).

1.7. Objectives

The main objectives of the present investigation are:

a) To investigate the evolution of properties with age hardening for AA 7010 and to

correlate hardness, electrical conductivity, strength and ductility for the full range of age

hardening conditions (natural ageing, artificial ageing and over ageing). It is envisaged

that the data generated could be used to determine non-destructively the mechanical

properties of a suspected area of an affected component. The knowledge could aid the

assessmentof possible repairs of certain aircraft components, which otherwise would be

considered not acceptable and wasted.

b) To assess the homogeneity of properties through the plate thickness of AA 7010 and

to identify the main contributors to the inhomogeneity. This would help to identify

whetheran areais affected by machiningor the property values are inherent of the

manufacturing route.

c) To study the effect of quenching rate on the properties of AA 7010. Specifically the

evolution of electrical conductivity, hardness and strength with artificial age hardening

will be assessed for seven different quench delays. By correlating electrical conductivity



with hardness, an unknown ageing condition of a suspected component could be

predicted from knownvalues of hardness andelectrical conductivity. The study will also

show the range of acceptable ageing conditions.

The findings and the acquired knowledge of this study would be of particular practical

benefits to the following departments of Airbus UK:

a) for the Machining Departmentto assess whether an area has genuine overheating.

b) for the Structural Design Engineering Departmentto assess the possibility of

repairing an affected area based on the NDTvalues.

c) for the Materials Laboratory to understand the combined effects of property

inhomogeneity of the plate and overheating on the materials properties, especially at

the plate centre.

1.8 Outline of thesis

Chapter2 of the thesis reviews the literature related to the studies performedin this

project. This literature review will consider the followingtopics: a brief outline of the

features influencing the cast structure; the thermo-mechanical processes employed to

manufacture aluminium plates from cast ingots; the heat treatment processes necessary

to generate the required mechanicalproperties; the metallurgical principles governing

the hardening / strengthening mechanisms; the diffusion of the alloying elements;

precipitation hardening; and the effect of alloying elementsonelectrical conductivity

of aluminium,both in and out of solution.



Chapter 3 investigates the evolution of electrical conductivity, hardness, UTS, PS and

ductility with varying age hardening conditions for AA 7010. The main objectives are to

determine non-destructively the strength of the alloy from valuesofelectrical

conductivity and hardness and to evaluate the age hardening characteristics of the alloy

to considerits practical uses.

Chapter 4 presents the assessment of property homogeneity throughthe plate thickness

of AA 7010. Electrical conductivity, hardness and tensile strength were assessed through

the thickness of the plate perpendicular and parallel to the rolling direction underthe as

received and series of re-treated conditions, including re-solution heat treatment,

quench, natural age hardening andartificial age hardening. The main objectives are to

identify the main contributors of the inhomogeneity and to establish whether the

inhomogeneityis due to the effect of machining or inherent of the previous

manufacturing route.

Chapter 5 reports the study on the effect of varying quenching rate on the properties of

AA 7010. For different quench delays following solution treatment, electrical

conductivity, hardness andstrength are assessed after artificial age hardening. The main

objective is to create a network of EC / Hv curves from whichthe thermalhistory of the

material can be estimated using values of electrical conductivity and hardness.

Chapter 6 compiles the main conclusions derived from the data presented and discussed

in Chapters 3, 4 and 5. It also outlines recommendationsfor future work and the main

benefits to the sponsorof this exploratory work.



Chapter 2

Literature review

AA 7010 is manufactured by re-melting primary aluminium,alloying to the specitic

chemical composition and casting to an ingot, whichis then subjected to

subsequent shaping processes. The ingot is homogenised,hot rolled, solution heat-

treated, stretched andfinally artificially age hardened. The mechanical and physical

properties of the resultant plate are dependent uponthe operating parameters

employed during each stage of the whole process.

Since the main objectives of the thesis are to correlate the mechanical properties of

AA 7010 with electrical conductivity and hardness, andto assess the property

homogeneity through the plate thickness, this review will considerthe literature in

the following areas: a brief outline of some aspects of solidification and the thermal

processes employed in manufacturing the aluminium plates from the cast ingots;

the heat treatment processes necessary to generate the required mechanical

properties; the metallurgical principles governing the hardening/ strengthening

mechanisms, with some emphasis on how the alloying elements diffuse, precipitate

and harden the aluminium alloy matrix; and the effect of alloying elements on

electrical conductivity of aluminium, both in and outofsolution.

2.1. Thermal-mechanical manufacturing processes of aluminium

2.1.1 Solidification

Thesolidification of metals has been extensively studied by manyresearchersandis

well documentedin literature. The followingis a brief review of the fabrication and
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structure of ingot castings, whicharelikely to influence the mechanical properties of

the aluminium alloy underinvestigation.

2.1.1.1 Factors influencing crystal size and shape

In both ingots and castings a small uniform grain size is generally desirable, as poor

mechanical properties are often associated with coarse structure. The shape andsize

of the grains depend mainly on the numberanddistribution of nuclei and the

direction andrate of crystal growth. These factors are influenced in practice by (a)

the thermal conductivity of mould material, (b) the casting temperature, (c) the mass

of liquid metal and (d) the composition of the alloy (Rollason 1973).

a) Thermal conductivity of mould material

The higher the thermal conductivity of the casting mould material, the faster the heat

dissipation and therefore the smaller the grain size of the metal solidified. It is a well-

knownfactthat the rate at which a molten metal is cooled whenit reachesits

freezing point affects the size of the crystals formed. Rapid cooling leads to a high

degree of under cooling being attained. The onsetof crystallization results in the

formation of a large numberof effective nuclei with a heterogeneousdistribution.

Consequently small equi-axed crystals result. This condition arises when metal is

cast from just above its freezing temperature into a chilled mould or by adding

inoculants to increase the numberof nucleating sites (Rollason 1973).

On the other hand, uniform slow cooling, which leads to small degree of

undercooling, promotes the formation of relatively few nuclei at the onset of

solidification. These nuclei are fairly evenly distributed and their growth is roughly
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the same along variouscrystal axes. The result is a coarse structure of equi-axed

grains, of about the samesize but differing in orientation. This condition is found

frequently in sand castings in which there is slow heat dissipation (Rollason 1973).

b) Casting temperature

When molten metal at a temperature well aboveits freezing point is cast into a metal

mold, the portion in contact with the cold surface will be almost instantly cooled

below its freezing point, while the metal at the centre will be little affected. A high

numberof seed crystals are therefore formed only on the outer layer of the cast

metal. Growth takesplacein all directions but contact is soon made with adjacent

crystals, with the result that very small equi-axed chilled crystals are formed.If the

casting temperature is very high these chilled crystals may re-melt. Quite often the

inner layer of the chilled crystals, which have a favourable growth axis, continue to

grow in the opposite direction to the heat extraction. This occurs because the chance

of crystal growth is greater than the tendency to form fresh nuclei. Side growth is

prevented by collision with neighbouring crystals, hence long thing columnar

crystals are formed, which, if the initial temperature of the metal is high enough, may

reach the center (Rollason 1973). On the other hand, with a lowercasting

temperature, the centre portion of the ingot may be cooled sufficiently to crystallize

from a large numberof nuclei before the columnargrains reach the centre. Such an

ingot will consist of an outer shell of columnarcrystals with a core of

equi-axed grains, and generally possesses good rolling and mechanical properties

(Rollason 1973).
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However, although the ingots should be cast at as low temperature as possible in

order to get good working properties,it is just as important that the metal should be

sufficiently fluid to prevent semi-solid skins forming on the surface as the metal level

rises in the mould (Rollason 1973).

c) Massofliquid metal

In a large ingot the crystal size may vary considerably from the outside surface to the

centre. This is due to the variation in the temperature gradient, which exists as the

ingot solidifies and heatis transferred from the metal to the mould. When metalfirst

makescontact with the cold mold, the chilling effect, which results in the formation

of equi-axedcrystal at the surface of the ingot, tends to be reduced due to mold

warming up. This in turn retards the formation of nuclei as solidification proceeds.

As a consequence,the crystals towardsthe centre of the ingot will be larger (Higgins

1983). In an intermediate position the rate of cooling is favourable to the formation

of elongated columnarcrystals. Therefore, in large cast ingots it is expected to

distinguish three separate zonesin the crystal structure (Higgins 1983).

d) Composition of the alloy

The solidified grain size is not only dependent on the abovefactors butis also

influenced bythe purity of the alloy (Riggs ef al. 1984). Generally the purer the

metal the larger the grains formed. Since a small and uniform grain size is generally

desirable, small additions of titanium are often made to most sand and permanent

mould castings of aluminium alloys. The objective ofthis is to refine the primary

aluminium grain structure. Boron in an amount of a few dozen of PPM is frequently

added together with titanium to improvethe degree of grain refinement and to

13



increase retention of refinement during repeated re-melting. Zirconium is also a

grain refiner, but larger quantities are needed to achieve the same effect as titanium

diborate (Riggs et al. 1984). For AA 7010, 0.032% of Ti and 0.12% of Zr where

addedto the alloy.

2.1.1.2 Solidification of aluminium alloy ingots

Once chemical analysis of the molten metal showsthat the alloying elements are

within the specified concentrations, the aluminium alloyis cast into large ingots.

From the molten stage, all commercial solidification processes involve some non-

equilibrium effects. In real casting processes, the extent of deviation from

equilibrium conditions has a significant effect on the actual microstructure

observed. For example in a large solidified ingot, the as-cast microstructure is cored

dendritic with a solute content increasing progressively from the centre to the edge.

This cored structure also has inter-dendritic distribution of second phaseparticles or

eutectics.

Non-equilibrium solidification produces non-uniform distribution of the solute

because, during solidification, the first part to freeze has a solute concentration

lowerthan the alloy composition. As the temperature drops below the liquidus

temperature, the solid forming at the freezing interface is higher in solute

concentration than the previously one frozen. To maintain a solute balance,

additional solute is presentin the liquid as a consequenceof coring (Dunnetal..

1984).
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Duringsolidification of the AA 7010,it is expected that, as well as the

solidification of dendrites with low-melting point alloying element and the

associated inter dendritic eutectic, dendrites of high melting point inter-metallic

compoundsare also formed (Dunnet al. 1984). The latter are formed bya peritectic

reaction taking place between elements such as Ti and Zr with aluminium. Atthe

start of solidification, dendrites containing peritectic inter-metallic compounds

segregate in a manner opposite to the dendrite formation of the low-melting point

alloying element. In this case, the first portion of the dendrite to be formedis richer

in Zr and Ti than the subsequently solidified portions (Dunnet al. 1984).

Consequently, the content of Zr and Ti in the dendrites is a higher at the centre and

diminishes progressively towards the edges. These dendrites, which are formed

during the early stages of solidification, tend to break away and are transported

towardsthe centre of the ingot by the liquid metal flow, induced by convection.

This leads to higher concentration of Zr and Ti at the centre of the ingot. The

presence of Al;Zr inter-metallic compoundsat the centre of the ingot lowers the

concentrations of strengthening alloying elements ofthe solid solution. At high

temperature Al3Zr inter-metallic compoundsor dispersoids will aid the formation of

equilibrium precipitates by facilitating precipitation sites to the diffusing alloying

elements (Godardet al. 2002).

2.1.1.3 Casting defects

From the preceding section it is apparent that most metals whensolidified consist of

manycrystals or grains. In an industrial scale these crystals are never perfect in

atomic scale. The most important crystal imperfections are vacancies, interstitials

and dislocations. Vacancies are simply empty atom sites and they can movewithin
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the lattice structure and therefore play an importantpart in aiding the homogenisation

of the cast core structure by diffusion at high temperature. This will be briefly

reviewed in section 2.4.3.

As well as the cored microstructure produced by the non-equilibrium solidification of

large ingots, other inherent casting features are minor segregation, major segregation

and inverse segregation.

Minorsegregation. The dendrites, which form first in solidification are almost pure

metal. This means that the impurities become progressively more concentrated in the

remaining liquid. Hence the metal that freezes last at the crystal boundaries contains

the remaining impurities, which were dissolved in the original molten metal (Higgins

1983).

Majorsegregation. As the columnar crystals begin to grow inwards, they

progressively push in front of them someof the impurities. In this way there is a

tendency for manyof the impurities to become concentrated in the central pipe

(Higgins 1983).

Inverse segregation. With very large ingots the temperature gradient may decrease

towardsthe endof the solidification process. Therefore it is common for a band of

metal, which acquires highly level of impurities just in front of the advancing

columnar crystals, to solidify last. Hence this band of impure metal has a much lower

freezing point than the relative pure metal at the centre. Since the temperature

gradientis slight, this metal at the centre may beginto solidify in the form of equi-
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axed crystals, so that the impure molten metal is trapped in an intermediate position.

This impure metal therefore solidifies last and causes inverse- segregation (Higgins

1983).

During the homogenising processof large ingots, these regions of major segregation

are expectedto be totally dispersed in orderto yield uniformity of property through

the thickness of the products. However, variations of chemical composition of

alloying elements in a single plate have been reported, typically due to segregation

carried forward from the original ingot (Rummel and Arbegast 1981). According to

Morris (1984), the variations in chemical composition can result in variations in

electrical conductivity values within the plate.

2.1.2 Homogenisation

Prior to homogenisation the ingots are frequently surface scalped to remove dross

and dirt inclusionsat the surface. Cored structures are most commonin as cast

metals. From the previous discussion of the origin of the cored structure, it is

apparentthat the last solid formed along the grain boundaries andin the

interdendritic spacesis very rich in the lower-melting- point metals. Depending on

the properties of these lower-melting-point metals, the grain boundaries mayact as

planes of weakness. Becauseofthe relatively low ductility of the inter-dendritic or

intergranular second phaseparticles, the non-uniform caststructure of aluminium

alloys generally has inferior workability (Staley et al. 1984). The cast structure can

also result in serious non-uniformity in mechanical and physical properties.

Therefore, for most applications, cored structure is objectionable (Avner 1974).
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The preferred industrial method to achieve homogenisation of composition of the

cored structure is by diffusion in the solid state (Avner 1974). Most metals have a

slow diffusion rate at room temperature. However, whenthealloy is reheated to a

temperature below the solidus, diffusion will be more rapid and homogenisation will

occur in relatively shorter time (Avner 1974).

Rapid solidification, because it deviates more from equilibrium, producesrelatively

smaller dendrites with high level of micro segregation across the dendrite walls.

On the other hand, coarse dendrites have smaller initial composition differences

across the thickness than fine dendrites, however they take a longer time for

homogenisation because of the greater distance through which the solute atoms have

to diffuse in the coarse structure (Avner 1974).

Using electron microprobe analysis of unidirectional solidified castings, for Al-2.5%

Mgalloy, Staley et al. (1984) reported that the degree of micro segregation was

greater in the coarser, more slowly solidified structure, and that the approach to

uniform solute distribution during heating at 425°C was more rapid for the finer

structure Therefore, homogenisation of ingots containing smaller dendrites will be

much quickerthan in ingots with larger dendrites.

2.1.2.1 Homogenising temperature

From examination of the phase diagram it can be seen that the ingot

homogenisation temperature range can be selected anywhere between the solvus
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and solidus temperatures (Dunnef al. 1984). However, to avoid the possibility of

non-equilibrium melting, the upper limit of the temperature range should be below

the eutectic temperature and the holding time should be of sufficient duration to

produce complete diffusion of the elements comprised in the eutectic (Dunnetal.

1984). Generally cast ingots are preheated to a homogenising temperature of

approximately 425°C and heat treated for sufficient time, prior to the hot rolling

(Staley et al. 1984).

2A2d Purpose of homogenising

The homogenising operation is only one step towards providing maximum

workability by dissolving the intermetallic phases rejected inter- dendritically during

solidification. Because most of the solute is in solid solution after this heat treatment,

further softening and improvementin workability can be obtained by slow cooling,

in order to re-precipitate and coalesce the solute in an intradendritic distribution of

fairly large particles (Stalet et al. 1984). After homogenisation or redistribution of

solute elements is accomplished, a higher rate of workability and improve surface

appearanceof the product can be obtained by extending the homogenisation periods.

Secondary effects of homogenisation are also achieved by precipitation of additional

transition elements, such as Zr and Ti, from solid solution and by aiding the

completion of delayed peritectic transformation that could not be fully formed during

solidification. Aluminium alloy ingots containing peritectic intermetallic compounds

are designedto induceprecipitation, resulting in the formation of particles of

equilibrium phases during homogenisation; AA 7010 underinvestigation falls in this

category. The high temperature precipitates, which are frequently called dispersoids,
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occur within the original dendrites, with a distribution essentially the sameas that

established during solidification; this is thought to be becausethe diffusion rates are

too slow in the solid state to permit any substantial redistribution (Stalet et al. 1984).

2.1.3 Hot rolling

Aluminium alloy cast ingots after homogenising are hot rolled to improvetheir

mechanical properties. This is because the inherent characteristics of a cast metal, in

particularly coarse grains and segregation of impurities, are such that its mechanical

properties are alwaysinferior to those of a wrought product (Higgins 1983).

Aluminium plates are manufactured from cast ingots by hot rolling. Commercially,

the initial reduction is carried out with the material at an elevated temperature, which

is above the re-crystallisation temperature and the final reductions are done at lower

temperatures because of better surface finish (Avner 1974). Hot rolling can be

defined therefore as an operation where the material is worked aboveits re-

crystallisation temperature and where a simultaneous occurrence of deformation and

recovery processes takes place. The amount of deformation is large enough to break

downthe original coarse grains and also to prevent grain growth from critical

amounts of strain (Avner 1974).

The effects of hot workingare:

a) refinementof crystal structure;

b) elimination of the orientated cast structure;
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c) promotion of material uniformity by facilitating diffusion of alloying

constituents and breaking upbrittle films of hard constituents or impurities;

d) improvement of mechanical properties, especially elongation. However, some

properties will be different in different directions.

e) welding up cracks and unoxidised blowholes (Rollason 1973).

2.1.3.1 Effect of hot rolling finishing temperature

The finishing temperature in hot working will determine the grain size thatis

available for further cold working. Higher temperatures are usedinitially to promote

uniformity in the material, and the resulting large grains allow more econo mical

reduction during the early working operation. As the material cools and working

continues, the grain size will decrease, becoming very fine just above the

recrystallisation temperature (Avner 1974).

If work is completed while the object is at a temperature higher than that necessary

for recrystallisation, grain growth occurs during the undisturbed cooling. The

finishing temperature should, therefore, be just above the recrystallisation

temperature, resulting in the production offine crystals. A typical hot working

temperature for aluminium is 350 to 450°C (Rollason 1973).

Rapid cooling after working at elevated temperature mayavoidrecrystallisation and

thereby preserve the previously formed sub grain structure. Whenthis occurs, the
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subsequent room temperature strength of the hot work aluminium is a function of sub

grain size (Riggs et al. 1984).

2.1.4 Rolling effect on anisotropy and texture

During rolling operations, the rolls exert a squeeze for a short interval and are used

extensively on the shaping of plates. On plates the rolls elongate the metal in one

direction only, except for slight side spread. Plates or sheets are frequently rolled in

twodirections at right angles (Rollason 1973). Cross-rolled practice employed on

AA 7010 thick products reduces the difference in longitudinal / long transverse yield

strength ratios through the thickness and tend to increase the longitudinal / short

transverse yield strength ratios (Chakrabarti et al. 1996). For these reasons the

properties of wrought aluminium andits alloys, as in most materials, are never

completely uniform in all directions, some degree of anisotropy is alwayspresent.

The exact nature of this anisotropy depends upon both alloy composition and the

thermo-mechanical processes employed during manufacturing, which can change the

crystal orientation biases, leading to texture developmentand anisotropy (Gottsteins

et al. 2007).

2.1.4.1 Anisotropy

Anisotropy is exhibited when a material showsdifferent property values when

measured in different directions. The cause of anisotropic behaviouris the

crystallographic preferred orientation (texture) of the grain in a polycrystal (Krol et

al. 1995). Many properties of single crystals such as yield strength, ductility, and

conductivity depend on the crystallographic orientation,i.e. they are anisotropic. As
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a consequenceofthis, polycrystalline samples can only behave macroscopically

isotropically when they are randomly distributed and consist of a great number of

grains (Krolet al. 1995).

2.1.4.2 Texture

In most polycrystalline materials the crystal directions of the individual grains are

not randomly(statistically) distributed in space. They show certain preferred

orientations with respect to the geometrical directions of the sample. This feature is

called (crystallographic) texture (Krol et al.1995). During metal plastic deformation

there is a tendencyfor certain crystallographic planes and directionsto orientate

themselves parallel to the rolling plane and rolling direction. Thus in a rolled sheet

certain preferred orientations or textures develop. Hot rolled aluminium alloys

generally exhibit a range of preferred orientations from {110}<112> to {112}<I111>,

together with a large spread of orientation depending on the deformation variables

(Martin 1998).

The yield strength of the metal in the direction of mechanical working may be

greater or less than that in the transverse direction, depending on the type of

preferred orientation that is produced during deformation (Chakraborty 2000).

Crystallographic textures should not be mixed up with mechanicalfibrin that occurs

on workedalloys due to manufacturing processes. Mechanical fibrin normally

consists of elongated grains, banding of small grains, alignmentof intermetallic

inclusions andpreferential precipitation, all of which can produce differences in
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mechanical properties in different directions (Martin 1998). This effect can also be as

important as crystallographic textures (Krolet al.1995).

2.1.4.3 Typesof crystallographic textures

2.1.4.3.1 Rolling texture

During the hotrolling of aluminium cast ingots deformation texture develops.

Cast aluminium tends to have a random distribution of grain orientations, exceptin

large aluminium rich casting, where columnargrains are formed (Krolet al. 1995).

The random nature ofthe cast structure is rapidly lost during hot or coldrolling.

This fabrication process replaces the random nature ofthe cast by crystallographic

textures, in which considerable numbers of deformed grains assume, or approach,

certain orientations. Such textures occur because deformation,or slip, in aluminium

is confined to certain crystallographic planes and directions (Riggs et al. 1984).

2.1.4.3.2 Recrystallisation texture

Preferred orientation developed during working is usually referred to as a

deformation texture, while preferred orientation present when a heavily worked

metal is recrystallised is called recrystallisation texture (Rollason 1973). The new

crystal formed frequently developsin orientations that are different from the

principal components of the deformation texture. However,if the heavily worked

metal is recoveredinstead of recrystallised, no significant change in preferred

orientation or texture of the deformed metal will take place (Riggs ert al. 1984).

However, Engleret al. (1996) reported for rolled plate AA 7010 that recrystallisation

takes place after hot rolling and during solution treatment with almost no change in
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texture. This was explained by the balancing effect of randomisation of the texture

during recrystallisation and texture sharpening within the recovered matrix region.

Morereetal. (1996) also reported for AA 7010 that, the cooling condition after

deformation and the heating rate for the solution treatment seem to havelittle or no

effect on the final microstructure.

Although the final texture and grain size of recrystallised components is mainly

dependenton the type of fabrication, degree of cold work and annealing conditions,

it also depends on alloy composition and distribution and size of intermetallic phases

(Krol et al.1995). In the as deformed microstructure for thick rolled plate AA 7010

recrystallisation is inhibited by the presence of dispersoids, mainly Al3Zr, which

whenpresent in the specimenscan strongly suppress the deformation of textures by

acting as barriers to the rotation of the aluminium grains (Engler etal. 1996).

2.1.4.4 Through thickness anisotropy

The influence of the production stages (casting and their subsequent thermo-

mechanical processes) on the through thickness anisotropy of properties of AA 7010

has also been researched for some time. Investigation on the effect of hot rolling and

solution treatment parameters on this alloy showed that deformation temperature has

a strong influence on the microstructure after solution treatment. Electron back

scattering diffraction measurements showed a deformation temperature dependence

of the orientation distribution of the recrystallised grains (Morere et al. 1996).

Through thickness anisotropy of longitudinal yield strength on thick rolled plates of

7000 series aluminium alloys often occurs. This has been attributed to a gradient

25



effect through the thickness of chemical composition, quench path and

crystallographic texture. The results of recent research on AA 7050 - T74 plate

indicated that, anisotropy induced byaninteraction of precipitates with

crystallographic texture also plays a role (Chakrabarti et al. 1996) and Bate etal.

(1981).

The through thickness mechanical property anisotropy for AA 7010 rolled plate has

been simulated (Solas ef al. 1996). Using an elastoplastic self-consistent simulation

model, it was shownthat the variation of macroscopic yield stress is mainly a

crystallographic texture effect. The yield stress profile calculated with elongated

grains and rolling texture was compared with the experimental results. A difference

of 40 MPabetween experimental yield stress and the one predicted by the model was

explained as been a productof poorfit in the elastic plastic transition domain

2.2 Strengthening of aluminium alloys

Aluminium alloys are classified according to whether they are heat treatable or not.

One or more of the following strengthening mechanismsincreasesthe strength of

non-heat treatable aluminium alloys: grain size hardening, solute hardening and work

/ strain hardening. Heat treatable aluminium alloys are strengthened by the

precipitation hardening mechanism. The strength of aluminium alloysis increased by

the above mechanisms because they provide barriers to the movements of

dislocations.
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2.2.1 Non heat treatable aluminium alloys

2.2.1.1 Grain size hardening

By reducingthe grain size of a wrought aluminium productits strength is increased.

The yield strength (Oy) - grain size (d) relationship is expressed by the well-known

Hall - Petch equation:

Oy =Oo+kd” (2.1)

where © , is the intrinsic yield strength and k is a constant for a given material.

The dependenceofthe yield strength on the grain size, up to a few percentofplastic

deformation, can be explainedbythe fact that for a given amountofplastic

deformation the dislocation density generated by the grain boundaries, decreases

with increasing grain size (Martin 1998).

2.21.2 Solute hardening

By adding a small amountofalloying elements, the solute atoms replace the

aluminium ones, causing the crystal lattice to distort and a local increase in the

crystal lattice energy. Dislocations passing through such a region will experience the

increase of energy, and hence additional work must be done to move them.In this

way alloying elements, such as Mg, Mnand Cu can impede the mobility of

dislocations, thereby strengthening the material. For successful strengthening, alloy

additions mustsatisfy two main criteria: a high room temperature solid solubility and

a misfit to create local compressiveortensile strains.
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2.21.3 Workorstrain hardening

Strain hardening, or work hardening, generally involves cold working at ambient

temperatures, at which the multiplication of dislocations occurs at a faster rate than

they are annihilated by dynamic recovery. The increase of dislocation density leads

to the formation of dense dislocation tangles, which can obstruct the movements of

other dislocations. Whenthestrain field surrounding a dislocation in the aluminium

lattice is sufficiently large to inhibit the passage of other dislocations gliding on the

intercepting slip plates, a stress must be applied in additionto thelattice friction

stress in order for dislocationsto intersect. In this manner, the aluminium alloys are

strengthened

2.202 Heattreatable aluminium alloys

Precipitation age hardeningis the most important strengthening mechanism ofheat

treatable aluminium alloys. The age hardening mechanism which operates in a given

aluminium alloy will depend on several factors, such as the type of particles

precipitated (e.g. whether GP zone, intermediate precipitate or stable phase), the

magnitude ofthe strain and testing temperature.

It is generally agreed that an increase in hardness is synonymouswith an increased

difficulty of moving dislocations. A dislocation musteither cut through the

precipitate particles in its path, or move between them.In either case, it has been

shownthat a stress increase is needed to movethe dislocations througha lattice

containing precipitate particles (Reed — Hill 1991). The actual cause of strength

increase is the obstruction to slip or dislocation movements set up bya critical

dispersion of fine particles sometimes with coherentstress fields around them
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(Rollason 1973, Polmear 1995). Small and finely dispersed precipitates can

significantly increase the strength of aluminium alloys.

The obstacles to the motion of dislocations in precipitation-hardening alloys may be

either the strains around GP zones,or the zones/ precipitates themselves, or both.

Clearly, if it is the zones / precipitates themselves, it will be necessary for the moving

dislocations either to cut through them or to go around them.In the early stages of

ageing, i.e. before over ageing, the coherent GP zonesare cut by dislocations moving

through the matrix and hence both internal strain hardening and chemical hardening

will be important(e.g. in alloys such as Al — Cu). In alloys such as Al — Zn, however,

the GP zonespossessnostrain field, therefore the flow stress would be entirely

governed by the chemical hardening effect (Smallman 1970). Whenthe precipitates

are incoherent with the matrix, over ageing has occurred.In this case the flow stress

is predominantly governed by the dispersion mechanism.

Three mechanismshave been suggested as the cause of precipitation hardening

(Smallman 1970), these are: (1) internal strain hardening, (2) chemical hardening,i.e.

whenthe dislocation cuts through the precipitate and (3) dispersion hardening,i.e.

whenthe dislocation goes around or overthe precipitate.

2.2.2.1 ‘Internal strain hardening

The contribution of coherency strain hardening to the overall yield strength depends

on the numberand spacingofthe zonesorprecipitates, and also on the degree of

strain produced by them. As the GP zones nucleate and grow,there is an increase in

the level of coherency strain hardening (Marshall et al. 2007). For strains around GP
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zones, it has been shownthat the maximum hindranceto the dislocation motion,i.e.

maximum coherencystrain hardening,is to be expected whenthe spacing between

the particles is equal to the limiting radius of curvature of moving dislocation lines,

i.e. about 50 atomic spacings or 10 nm (Polmear 1995). At this stage the dominant

precipitate in most alloys is the coherent GP zone. High-resolution transmission

electron microscopyhasrevealed that these zonesare, in fact, sheared by moving

dislocations (Polmear 1995). The individual GP zone has only a small effect in

impeding the gliding dislocations, however, the large increase in yield strength

caused by the zones mayarise because of their high volumefraction (Polmear 1995).

The internal strain-hardened mechanism,originally suggested by Mott and Nabarro

(Smallman 1970), is based on the knowledge that the precipitation of particles having

a slight misfit in the matrix givesrise to internal stress fields, which hinder the

movementofgliding dislocations. For the dislocations to pass through the regions of

internal stress the applied shear stress must be at least equal to the average internal

stress, and it has been shownthat for spherical particles this is given by:

T=2 ec (2.2)

where i is the shear modulus, € is the misfit of the particle and c is the atomic

concentration ofsolute.

2.2.2.2 Chemical hardening

Whena dislocation actually passes through a GP zone,an increase in the number of

solvent-solute bonds in the near-neighbours occursacrossthe slip plane. This tends



to reverse the processof clustering and, hence additional work must be done by the

applied stress to bring this about. The magnitude of the workis controlled by factors

such as relative atomic sizes of atoms involved and the difference in stacking - fault

energy between the matrix and the precipitate (Polmear 1995, Smallman 1970). This

process, known as chemical hardening, provides a short-range interaction between

dislocations and precipitates and involves bondsat the surface and inside the

precipitate; therefore it makes an additional contribution to the overall strengthening

of the alloy. As the numberandsize of coherent precipitates increases, the role of

chemical hardening becomesgreater. However, as the precipitate reach a certain size,

coherencystarts to break down (Marshall et al. 2007).

Once the GP zonesare cut, dislocations continue to pass through the particles on the

active slip planes and work hardening is comparatively small. Deformation tends to

becomelocalized on only a few active slip planes so that some intense bands develop

whichallowsdislocations to pile up at grain boundaries. The developmentofthis

maybe deleterious with respect to mechanical properties such as ductility, toughness,

fatigue and stress corrosion (Polmear 1995).

2.2.2.3 Dispersion hardening

At higher ageing times or temperatures, the precipitates become incoherent with the

matrix and dislocations are no longerable to cut trough them.In this case, dispersion

hardening becomesthe predominant mechanism.Therefore the dislocations by-pass

the precipitate by either bowing, climbing orcrossslip (Marshall et al. 2007). The

transition between chemical and dispersion hardeningis rarely abrupt; the two

mechanismscan operate within the samealloy.
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Assumingthat the dislocation by-passes the precipitates by the so called Orowan

bowing mechanism,thenthe yield stress is the stress necessary to expand a loop of

dislocation betweenthe precipitates, and is inversely proportionalto the particle

separation. This stress has been expressed (Smallman 1970) as follows:

T = 20uUB/L (2.3)

where o = 1/2, is the shear modulus, B is Burgers vector and L is the separation of

the precipitates. This process will be important in the later stages of precipitation

whenthe precipitate becomesincoherentandtheinternal lattice strains disappear. A

moving dislocation is then able to bypasses the obstacles, as shownin Fig. 2.1b, by

movingin the clean pieces of crystal between the precipitated particles. Clearly, the

flow stress will decrease as the distance between the obstacles increases, so this

effect can accountfor the over-aged condition, which occurs in these alloys.

However, even whenthe dispersion of the precipitate is coarse, a greater applied

stress is necessary to force a dislocation past the obstacles than would be the case if

the obstruction were notthere.

2.3. Aluminium alloys heat treatments

There are only two principal methodsfor increasing the strength and hardness of

aluminium alloys, these being cold working and heat treatment. The cold work

method employed on non-heat treatable aluminium alloys was described in section

2.2.1. The heat treatment method is performed on heat treatable aluminium alloys to

obtain a variation in mechanical properties by promoting precipitation hardening.
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The heat treatment methodis only effective in increasing the strength, when the

equilibrium phase diagram ofa particular aluminium alloy showsthe solid solubility

of one or more alloying elements decreasing with decreasing temperature. This effect

is one of the fundamental characteristics that provide the basis for a substantial

increase in hardness and strength, when the aluminium alloy is solution heat-treated,

quenchedand subsequently precipitation hardened (Staley et al. 1984).

The main alloying elements of AA 7010 are zinc (6.3%), magnesium (2.24%) and

copper (1.7%). The binary equilibrium diagramsfor the Al —Zn, Al-Mg and Al-Cu

systems,all exhibit the features of decreasing solubility with decreased temperature.

Fig. 2.2 shows an equilibrium phase diagram for the Al-Zn system, where the

maximum solubility of Zn in Al at approximately 275°C is 31.6% and the

concentration showsan appreciable decrease to approximately 5.6% at 125°C (Avner

1974). At room temperature the solubility of Zn in aluminium is muchless thanthis.

It has been demonstrated by researchers and wrought aluminium manufactures that

optimum mechanical properties for heat treatable aluminium alloys are usually

obtained whena suitable heat treatment cycle is employed. Fig. 2.2 illustrates this

cycle, which consists of solution heat-treatment, quenching andprecipitation

treatment. The hardening mechanismsgoverningthe precipitation hardening

processes were briefly reviewed in section 2.2.2. For now the practice of these heat

treatmentprocessstages is considered.

2.3.1 Solution heat-treatment

Solution heat-treatment is the first of the two treatment stages prior to the

precipitation hardening of aluminium alloys. For AA 7010,this treatmentis best
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explained by using as reference the Al-Zn binary system, Fig. 2.2. The solution heat-

treatmentconsists of heating the aluminium alloy to a temperature above the solvus

line or solvus temperature and holding at that temperature until a homogeneoussolid

solution a phase is produced. This operation dissolves the inter-metallic compounds

precipitated and helps to further reduce any segregation presentin the original alloy

(Askeland 1992). Position 1 of Fig. 2.2 indicates the approximate solutionising

temperature (473°C) for AA 7010.

The main purpose of solution treatmentis to put the maximum practical amount of

hardening solutes such as Zinc, Magnesium and Copperinto the @ aluminium solid

solution matrix. From Fig. 2.2 it can be seen that, after quenching the matrix will

consist of super saturated solid solution « Whenprecipitation takes place the

structure is expected to be B in a & matrix.

Solution treatment temperature

The maximumpractical level of solute elements in the matrix can be achieved by

solution treating the aluminium alloys between the solvus and the solidus

temperatures. However, in industrial practice it would be inadvisable to quote such a

large permissible temperature range. This is because an error leading to the use of a

temperature just below the solidus temperature would cause melting ofthe alloy to

begin. The use of a temperature below the solvusline on the other hand would mean

that a considerable amountof intermetallics had not been absorbedin to the solution

(Higgins 1970).
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The AA 7010, like most commercial alloys, is more complex in composition than the

simple binary Al-Zn alloy under consideration. This meansthat the available

temperature range between complete solution of the precipitated phase and the

commencement of fusion is much smaller.

For some alloys, the temperature at which the maximum amountis soluble also

correspondsto a eutectic temperature. Consequently, solution treatment temperatures

must be limited to a safe level below the maximum to avoid any possibilities of

overheating and partial melting of non-equilibrium eutectic precipitates (Staley er al.

1984). Therefore, the permissible temperature range of solution treatmentis usually

of the order of 10 to 20°C.

In accordance with Airbus UK (2003), the solution heat-treatment temperature range

for AA 7010 is 465 to 485°C.In practical terms the upperlimit of the solutionising

temperature will be set with regards to grain growth, surface effects and economy of

operation.

Somealloys of the 7000 series, such as AA 7075 and AA 7050, which should allow

a much widertemperature range for selection of the solution treatment temperature,

based on the equilibrium solvus and solidus temperatures, can exhibit incipient

melting at temperatures much below the latter under certain circumstances. AA 7075

has two soluble phases MgZn> and AloCuMg.Thelatter phase is very slow to

dissolve. Local concentrations of this phase can produce non-equilibrium melting



between 485 and 490°C if broughtto this or higher temperature too rapidly (Staley et

al. 1984). This makes accurate pyrometric control of the processa necessity.

Heat treatment time

The time required for solution heat treatment depends on the type of product,alloy,

casting or fabrication procedure used andits thickness because they influence the

pre-existing microstructure. Sand castings are usually held at the solution treatment

temperature for 12 hours; permanent mould castings, because ofthe finer structure,

may only require 8 hours (Staley et al. 1984). Thick section wrought products are

generally heated longer. Once the productis at temperature, the rate of dissolution is

the samefor a given size of intermetalic particle, regardless of section thickness. The

main consideration is the coarseness of the microstructure and the diffusion distance

requiredto bring abouta satisfactory degree of homogeneity. Thin products such as

sheet may require only a few minutes. The time specified for treatment should be

measured from the moment whenthe coldest part of the charge reaches the minimum

treatment temperature. The time to heat up to solution treatment temperature cannot

be too rapid, because soluble phases containing magnesium have the tendency to

leave behind micro-voids when they dissolve, especially whenthe particles are large

and the heating rate is very rapid (Staley ef al. 1984).

2.3.2 Quenching

The quenching processis a continuation of the solution treatment, andit is in many

ways the mostcritical step in the sequence of the heat treatment cycle. The maximum

strength attained upon natural or artificial ageing depends on the quantity of alloying



elements retained within the solid solution after the quenching operation. The

objective of quenchingis to preserve the homogeneoussolid solution formedat the

solution heat treatment temperature, by rapidly cooling to some lower temperature,

usually near to room temperature. Quenchingnotonlyretains solute atoms in

solution but also maintains a certain minimum numberof vacantlattice sites. This

assists in promoting the low temperature diffusion required for zone formation

(Staley et al. 1984). Fast quenching will produce a supersaturated solid solution,

where the atoms of alloying elements do not havesufficient time to diffuse to

potential nucleation sites and permit the formation of the second phase. After

quenching the AA 7010 microstructure is expected to consist of a super-saturated

alpha phase (a), containing excess of Zn, Mg, and Cu.

In general, the highest strength attainable and the best combination of strength and

toughnessare those associated with the most rapid quenchingrates. Resistance to

corrosion and stress corrosion cracking are other characteristics that are generally

improved by maximum speed of quenching. Someofthe alloys usedin artificial

ageing, in particular the copper free 7000 alloys, are exceptionsto this rule (Staley et

al. 1984).

The maximum attainable quenchrate decreasesas the thickness of the product

increases. Because of these effects, much work has been doneoverthe years to

understand and predict how quenching conditions and product form influence

properties (Staley et al. 1984).



Whenthe solution treatment process is complete the charge must be quenched as

quickly as possible. Rapid transfer of the charge to the quenchingtankis essential,

since any delay will allow precipitation of phases to take place during the relative

slow cooling. Precipitation of phases due to delays in quenching will lead to poor

mechanical properties and a lowerresistance to corrosion. This is because the solute

atomsthat precipitate either on grain boundaries, dispersoids, particles or vacancies

are irretrievably lost and are not available to contribute to subsequentstrengthening.

2.3.3 Age hardening heat treatment

While somealloys are required to harden naturally at room temperature,it is also

necessaryto treat others at higher temperatures in order to obtain in them their

optimum properties.

After solution treatment and quenching the aluminium alloyis very soft or ductile.

Twohoursafter this treatment some aluminium alloys, at room temperature, will

start their natural ageing process. Storing the quenched charge at a lower temperature

than room temperature, however, considerably retards precipitation hardening.

Refrigeration equipment is employedfor this purpose. A refrigerator at -14°C can

preventthe natural precipitation age hardening of aluminium alloys for up to 150

hours (Airbus UK 2004b).

The relationship between time and temperature of precipitation treatment and the

mechanical properties obtained for many aluminium alloys has been investigated by

manyresearchers. Generally the higher the temperature used, the shorter is the time
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necessary to produce optimal mechanical properties. During artificial ageing, if the

optimum time is exceeded for any given temperature, the properties begin to

deteriorate due to over ageing or the precipitation of non-coherentparticles (Higgins

1983). The time and temperature of precipitation treatment differ with the

composition of the alloy, and must be controlled accurately to give optimum results.

Artificial ageing treatment

Artificial precipitation treatment must always be planned in order to accommodate

materials of various thickness. Thin sections tend to heat up more quickly than thick

sections, so if a high-temperature and short time treatment was employed,variations

in properties between thick and thin sections would be inevitable. Therefore, it is

general practice to perform precipitation treatments at relative low temperatures for

corresponding long times. This minimises differences in properties due to the time

lag in reaching treatment temperatures of heavy sections with respect to thin sections

(Higgins 1970). The precipitation age hardening processis discussed in more details

in section 2.5.

Over ageing treatment

Over-ageing is the condition where softening results from prolonged ageing. In some

age-hardening alloys, over-ageing appears simultaneously with the loss of coherency

by the precipitate. Therefore during precipitation treatment, heating should not be

continued after the maximum properties are obtained. Otherwise the over-ageing

process in the material begins and softening of the alloy occurs. The higher the

recipitation temperature used, the sooner the maximum properties are attained, and
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the sooner over-ageing takes place (Higgins 1970). However, in the case of AA

7010, slight over-ageing is some times desired in the material to improve other

properties such as toughness, stress corrosion cracking and corrosion. This occursat

the expenseofa slight loss of strength.

Reversion

Reversion, a commonly observed phenomenonin precipitation hardening, occurs

whenanalloy hardened by ageing at low temperature is temporarily softened by

subsequently heating to a higher ageing temperature. The alloy becomesharder again

on prolonged heating (Smallman 1970). The reversion occurs because some of the

nuclei or zones precipitated at the low temperatures are very small and unstable when

raised to the higher ageing temperature. Consequently they re-dissolve and the alloy

becomessofter; the temperature above which the nuclei or zones dissolve is known

as the solvus temperature. A typical phase diagram showingdifferent solvus lines for

its precipitate variant are shownin Fig. 2.3. On prolonged ageing at the higher

temperature larger nuclei, characteristic of that temperature, are formed andthe alloy

again hardens. Clearly, the reversion processis reversible, provided re-hardening at

the higher ageing temperature is allowed to occur (Smallman 1970)

2.4 Diffusion

Diffusion is the movement of atoms within a material. Atoms movein an orderly

fashion to eliminate concentration differences and produce a homogeneous, uniform

composition (Askeland 1990). Diffusion in metals is very complex but of great

practical and theoretical importance in the manufacture and thermal treatments of
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wroughtaluminium alloys.

2.4.1 Diffusion mechanisms

Manyinvestigators have extensively studied diffusion mechanismsand their

influencing factors. This has been well documented through the years. The

interstitial, interchange and vacancy mechanismshave beenreported as possible

mechanismsto explain the diffusion in substitution solid solutions (Reed-Hill 1973).

Based on the motion of individual atoms, the vacancy mechanismis the predominant

mechanism to explaining diffusion in substitution solid solutions.

It is well documentedthat the crystal structure of industrial metals is never perfect.

Defects such as vacancies, dislocations and interstices are a normalfeature of a

crystal structure. These crystal imperfectionsfacilitate the movementof adjoining

atoms(Higgins 1983).

Fig. 2.4 illustrates a vacancy defect in the lattice. Fig. 2.5 illustrates the motion or

diffusion of a single atom by the vacancy-solute mechanism. Theassociated pair of

vacantsite and solute atom can migrate easily through the crystal in stages as

indicated in Fig. 2.5 (a)-(f) (Higgins 1993).

2.4.2 Diffusion in aluminium

It is well documentedthat diffusing of the solute atoms through the aluminium

matrix can only take place by the vacancy mechanism, because atoms of comparable

size with the aluminium atoms cannot migrate in the close packedfcc lattice

(Bergneret al. 1995). The amount, distribution and type of vacancy complexes
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present in the aluminium matrix determine the migration of the atoms. The vacancies

could exist in two forms: those in thermodynamic equilibrium at the ageing

temperature and the excess of vacancies. The latter occurs whenthe alloy is

quenchedfairly quickly from higher temperatures to room temperature (Bergneret

al. 1995, Federighi and Cotterill 1965).

Analysis of diffusion rate data for several elements in aluminium, produced by many

authors, gave reliable proof that diffusion of non-transition elements, such as Zn,

Mg, Cuetc., in aluminium is predominantly by the single vacancy mechanism

(Staley et al.1984, Bergneret al. 1995).

2.4.3 Factors influencing diffusion

The rate of diffusion of one metal in another is dependenton the diffusion

coefficient. A mathematical expression for the diffusion coefficient D has been

written (Reed-Hill 1973) as:

D=D.,e 2%" (2.4)

where D,is the pre-exponential factor, Q is the activation energy, R is the gas

constant and T is the temperature.

Whereasthe diffusion coefficient mainly depends on temperature andthe activation

energy, as shown in equation (2.4), other variables such as solute concentration,

excess vacancy and timealso influence the diffusion rate. All above factors are

briefly described bellow.
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Temperature

The dependenceofthe diffusion coefficient on temperature T can be seen from

equations (2.4). When the temperature of the material increases, the diffusion

coefficient and the flux of atoms increase as well (Askeland 1990). The diffusion

coefficient can double for every 20°C rise in temperature (Avner 1974).

The temperature is the most important variable for diffusion. This is becauseall

atomsare constantly vibrating on their equilibrium positionsin the lattice, and the

amplitude of vibration increases with increasing temperature or thermal energy. At

high temperatures, the thermal energy supplied to the diffusing atoms permits the

atoms to overcomethe activation energy barrier and more easily move to another

lattice site. At low temperatures, often below 0.4 times the absolute melting

temperature of the material, diffusion is very slow (Askeland 1990). Therefore in

aluminium thermal treatments, prolonged annealing is always necessary to remove

casting coring completely. Precipitation age hardening will take several hours

depending on the temperature selected. The time for solution treatment would be

muchshorter because of the higher temperature.

Activation energy

From equation (2.4) it can also be seen that the rate of diffusion is dependenton the

activation energy Q of the atoms. The activation energy is the energy required to

move an atom from its lattice position to anotherlocation in the lattice. Atoms

normally overcomethis energy barrier when heat is supplied to the material. A small

activation energy Q increases the diffusion coefficient and flux, since less energyis

required to overcomethe smaller activation energy barrier (Askeland 1990).
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Activation energies are usually lower for atoms diffusing through opencrystal

structures than through close-packed crystal structures.

Solute concentration

It is well documentedthatthe rate of diffusion is dependent on the concentration

gradient of the solute atoms within the solvent metal (Reed-Hill 1973). The general

tendency would befor the solute atomsto diffuse away from regions of high

concentration towards regions of low concentration (Higgins 1993). Diffusion will

ultimately cease when a uniform distribution of solute atoms has been achieved. An

alloy has the lowest free energy whenit is in a homogeneouscondition (Avner

1974). The driving force for diffusion is the reduction in strain energy. Whensolute

atoms move awayfrom regions of high concentration the overall distortion of the

crystal is reduced (Higgins 1993).

Vacancies

Therate of diffusion depends to some extent on the numberof vacantsites. The

diffusion rate is greater in a rapidly cooled alloy than in the same alloy slowly

cooled. The reason for this is the presence of excess vacancies retained bythe fast

cooling. Increasing the speed of quenching from solutionising temperatures will

increase the numberof vacancies available for diffusion (Federighi and Cotterill

1965).

In aluminium alloys the excess vacancy concentration has been reported to enhance

the diffusion rate at room temperature (Kelly and Nickelson 1963). The excess

vacanciesplay significantrole in the formation of GP zonesat low temperatures
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(Staley et al. 1984). Vacancy migration has loweractivation energy when compared

with the other mechanisms (Avner 1974).

Time

Diffusion requires time. If a large number of atoms must diffuse to produce uniform

structure, long times may be required, even at high temperatures. Times for thermal

treatments maybe reduced by using higher temperatures or by making the diffusion

distances as small as possible (Askeland 1990).

2.5 Precipitation hardening

During precipitation in a solid solution, the changes in properties, mechanical in

particular, in a material are more significant than those produced during quenching.

For example,the tensile strength of duralumin (4.0% Cu, with Mg, Si and Mn) may

be raised from 210 to 410 MPa (Smallman 1970). Other properties, such as hardness

and electrical conductivity, also change during precipitation. All these properties are

dependentonthestructural distribution of the fine precipitate phases formed. Age

hardenedalloys usually exhibit softening as their finely dispersed precipitates

coarsen.

Heattreatable aluminium alloys (2000, 6000 and 7000series) are thermally treated to

increase the strength. The strengthening effect depends on the nature, type and

volumefraction of the precipitates formed. Artificial age hardeningis designedto

produce a uniform dispersion ofa fine, hard and coherentprecipitate in the softer,

more ductile matrix (Askeland 1990). How these precipitates strengthen the alloy by

inhibiting dislocation mobility was reviewed in section 2.2.2. The three thermal

45



treatments required for precipitation hardening (solution treatment, quenching and

age hardening) were reviewedin section 2.3. Basic aspects for the development of

the microstructure during precipitation hardening are reviewedin this section, with

emphasis on the microstructures developed andtheir effect on strength.

2.5.1 Basic requirements for precipitation hardening

The basic requirements for an alloy to have the ability to respond to age hardening

during heat treatment are (Askeland 1990):

a) The phase diagram mustdisplay a decreasing solid solubility with decreasing

temperature.

b) The alloy must be quenchable, i.e, the speed of quenchingfor the alloy must be

rapid enough to suppress the formation of the second phase.

c) The matrix should be soft and relatively ductile and the precipitate, an inter-

metallic compoundin most age hardenable alloys, should be hard.

d) The precipitate that forms must be coherent with the matrix structure in order to

develop the maximum strength and hardness. Furthermore,its size, shape and

distribution must be able to be controlled.

An alloy, which meets the abovecriteria, in the solutionised and freshly quenched

condition, is in a super saturated condition and therefore unstable. The precipitation

of the excess solute constituents can generally be controlled at will by the ageing

heat treatment to give an increase in strength and hardness. This ageing treatment can

occur at any temperature below the solvus temperature, even at room temperature.

On many aluminium alloys (including AA 7010), in the quenched condition, age
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hardening takes place to a great extent spontaneously at room temperature, although

heating to high temperatures accelerates the rate of ageing.

The rate of ageing increases markedly with increasing temperature while the peak

hardness decreases, as shownin Fig. 2.6 (Smallman 1970). Two-stage hardening

takes place at low ageing temperatures andis associated with high maximum

hardness. Single-stage hardening occurs at higher ageing temperatures.

2.5.2 Homogeneousnucleation

A precipitate particle can be nucleated either homogeneously or heterogeneously.

Homogeneousnucleation involves the spontaneous formation of nuclei, i.e., the

solute atomsclusterin the lattice of the matrix and start a second-phaseparticle

(Reed — Hill 1991). This type of nucleation occurs with difficulty, while

heterogeneousnucleation is normally easier.

However, homogeneous nucleation of GP zones will occur spontaneously provided a

critical vacancy concentration exists. At low temperatures (below 100°C)thecritical

nucleus size for a GP zone maybe so small that the incubation time for a nucleus

effectively vanishes. This would accountfor the rapid growth rates of the GP zones

at these temperatures (Reed-Hill 1991). GP zones may also form by the spinoidal

transformation, for which there is no barrier for nucleation of coherent second phase

particles with a uniform and homogeneousdistribution (Martin 1998).

The principal difficulty in the formation of nuclei homogeneously is that a surface is

created when a second-phaseparticle is nucleated. Since the free energy depends on
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the area and volumeofthe particle, assuming a spherical particle, the expression for

the free energy change haspreviously been written as (Reed-Hill 1973):

AF = - Ayr’ + Aor’ (2.5)

where A,is equal to 42Ag/3v, (Ag is the volume free energy difference per atom and

v; is the volume per atom), A» is equal to 47ty (wherey is the is the surface free

energy between the precipitate and the alpha phase) and is the particle radius. Fig.

2.7 is a plot of equation (2.5). At small radii, the surface free energy Aor’is larger

than the volumefree energy A,r’,leadingto a positive total free energy (Reed-Hill

1973).

The situation changes, however,as the radius growsin size. With large radii the free

energy becomes negative. Thereis a critical radius ro. Below this value a particle

lowersits free energy by decreasingits size, so that particles with radii smaller than

the critical radius r, tend to dissolve and go backin solution. On the other hand,

particles with radii larger than ry undergo a decrease in free energy with increasing

radius. For this reason they are stable and continue to grow (Reed-Hill 1973).

In manyalloys, the precipitation-hardening phenomenon is complicated because

nucleation occurs both homogeneously and heterogeneously. Since heterogeneous

nucleationis easier, precipitation tends to occur more rapidly at lattice defect

locations. This introduces a time lag between the ageing responsesin areas

undergoing heterogeneous and homogeneousnucleation, hence over-ageing

frequently occursat the grain boundaries long before precipitation in the matrix has
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had a chanceto developfully.

2.5.3 Coherencyof precipitate and matrix

An importantfactor in the interaction betweenprecipitate particles and dislocations

is the presenceofstress fields surroundingthe particles. This is especially true when

the precipitate particle is coherent with the matrix, as illustrated in Fig. 2.8.

The coherent or semi-coherent precipitates by nature will strain the lattice. The

degree of strain dependsonthe type of precipitate. Discs causeleast strain, needles

intermediate and spheres moststrains. The type of dispersion depends on the degree

of super-saturation of the matrix.

Over-ageing is the condition where softening results from prolonged ageing. In some

age-hardening alloys, over-ageing appears simultaneously with the loss of coherency

by the precipitate. In any case,it is connected with the continued growth of

precipitate particles. Growth will continue as long as the metal is maintained at a

fixed temperature. This does not meanthatall particles continue to grow, because

this is impossible once the solute has attained an equilibrium concentration. It just

meansthat certain particles (the larger ones) continue to grow, while others (the

smaller ones) disappear (Reed-Hill 1991).

2.5.4 Precipitate structures in aluminium alloys

In virtually all age-hardening systemsthe initial precipitate is not the same structure

as the equilibrium phase (Smallman 1970). Instead, an ageing sequenceis followed:

saturated solution —- GP zones — intermediate precipitates — equilibrium

precipitates. This sequence occurs because the equilibrium phaseis incoherent with
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the matrix, whereas the transition precipitates are either fully coherentorat least

partially coherent. Due to surface energy andstrain energy factors, the precipitation

process follows the above sequence, in order to have the lowest free energyin all

stages of precipitation.

For the incoherenttype of precipitate, the nuclei must exceed a certain minimum size

before they can form a new phase. To avoid such a slow modeofprecipitation, a

coherent type of precipitate is formed instead (i.e. GP zones), for which the size

effect is relatively unimportant (Smallman 1970). The condition for coherence

usually requires the precipitate to strain its equilibrium lattice to fit that of the matrix,

or to adopt a meta-stable lattice. In spite of both a higher volumetric free energy and

higherstrain energy,the transition structure is more stable in the early stages of

precipitation because ofits lower surface energy (Smallman 1970).

Uponsolution heat treatment of aluminium alloys, all soluble alloying elements

dissolve into solid solution. Following the quenching operation, the maximum

strength attained uponartificial ageing largely depends on the amountof alloying

elements retained within the solid solution. Controlled precipitation of the solute

elementsat low artificial ageing temperatures promotes the formation of the

homogeneousage hardeningprecipitates in 7000 series aluminium alloys (Staley et

al. 1984).

Although AA 7010 has low quenchsensitivity, heterogeneousprecipitation can occur

during slow quenchandthe equilibrium precipitate 7 forms (Godard et al. 2002).

The quenchinducedprecipitates form mainly on zirconium containing dispersoids
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(Deschampsand Brechét 1998, Godard et al. 2002). This results in a decrease of the

solute available for the fine-scale precipitation and therefore a reduction in hardness

and an increasein the electrical conductivity (Staley et al. 1984). Therefore, AA

7010 requires a rapid quenchto prevent heterogeneousprecipitation from occurring.

Dueto the importance of AA 7000series for high strength structural components, the

age hardening processin these alloys have been extensively studied (AMS Handbook

1991). According to Staley et al. (1984), from a super saturated solid solution, the

general sequenceofprecipitation reactions for the AA 7000seriesis:

n> 7

a7 GP zone
—

Pot

where @. is the super saturated solid solution, n (MgZn2) and T (Mg3Zn3 Als) are

equilibrium precipitates and n' and T' are the respective transition phases or variants

of the n and T precipitates. The precipitation sequence depends on composition.

Evidence exists for a transformation of « — GP zones — T' — in alloys with

lower Zinc — Magnesium ratios (Staley et al. 1984).

The n' and n phases have hexagonalplate like structure that grows preferentially in

the {111} plane of the matrix and have been found to be of the composition closely

approximate to MgZnp (Bigot et al. 1976). The T' and T are cubic phases with a

chemical composition close to Mg3Zn3Alz (Godard et al. 2002)

For AA 7050, whichis almost identical to AA 7010, the decomposition reaction

from a supersaturation solid solution was reported by Dixit et al. (2008)as:
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a — clusters ~ GP zones—> n'— n

Mostrecently, using differential scanning calorimetry (DSC) and transmission

electron microscopy (TEM)techniques, the above precipitation sequence wasre-

confirmed for AA 7050 (Buhaet al. 2008). Therefore, the AA 7010 in this

investigation is expected to have the same sequenceofprecipitation reactions as

above during ageing.

The strength of theartificially aged AA 7010 will depend mainly on the nature, size

and volumefraction of the precipitates. The clusters and the GP zonesare fine and

coherent precipitates formed at low temperatures or during the early stages of

artificial ageing. At early stages of ageing, GP zones are the predominantprecipitates

(Buhaet al. 2008). Due to their coherency with the matrix, the effect of these fine

precipitates is to increase the strength of the alloy with increasing volumefraction.

The 7' phaseis larger than the GP zonesandis the precursor of the equilibrium

precipitate. This transition phase (n'), which often forms by transformation of GP

zones,is also fine but is semi-coherent with the matrix becauseit has misfit

dislocations along oneinterface at least (Staley 1992). The effect of the n' precipitate

is also to increase the strength and has been associated with the peak strength in AA

7000 series. For example, the maximum hardness in AA 7075 arose mainly from the

presence ofthe fine dispersion of the n’ particles (Park and Ardell 1983). In AA 7050

—T76, the n' phase wasalso reported as the matrix strengthening precipitate (Staley

1992). In AA 7050 the n' precipitate is characteristic of the peak aged T6
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microstructure along with smaller fractions of GP zones (Staley 1992, Buhaetal.

2008).

For AA 7010,artificial ageing at low temperature (200 to 100°C) promotesthe

precipitation of fine-scale homogeneousprecipitates, where the 1phaseis the

predominant one (Deschampsand Brechét 1998, Godard et al. 2002). The

equilibrium precipitate (n), which is coarser than the transition phase n' and more

widely spaced, is non-coherent with the matrix; therefore it does not strengthen the

alloy. The equilibrium precipitate is normally formed in over ageing through

transformation from the transition phase n' or formed heterogeneously at dispersoids

and grain boundaries during cooling from solution treatment temperature.

During slow cooling of AA 7010 from solution treatment temperature, it was

reported that, at lower temperature than typically 250°C,the solid solution

decomposition promotesthe precipitation of the n phase first, and then of the S and T

phases (Godard et al. 2002). The S phase is orthorhombic with a chemical

composition close to that of Al,CuMg.It was also reported that homogeneous age

hardening can occur whenthe temperature falls to the age hardening temperature

range, leading to an increasein hardnessat the surface of the material (Tanner and

Robinson 2004). For Al-Zn alloys, it was reported that metal-stable transition phases

precipitated and grownto various sizes at 200°C can decompose at room temperature

ageing (Barttiska et al. 1979).
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2.7 Electrical conductivity

Precipitation of solute elements during age hardeningof heat treatable aluminium

alloys not only influences mechanical properties, as discussed in the preceding

sections, but also affects other properties, such as electrical conductivity. These

properties change considerably during the ageing process (Smallman 1970). By

studying the progressive changesofelectrical conductivity and hardness during

precipitation hardening, one can learn more about the development of mechanical

properties with ageing and probably predict non-destructively their expected values

with some degree of accuracy.

During the last few decades, the aircraft industry has made necessarystrides to

guaranteethe integrity of its aircraft structural components. This has been attained by

improved methods of monitoring the quality of aluminium plates. Among the most

common methodsusedis electrical conductivity, normally measured by the eddy

current technique. This section reviewsthe factors affecting electrical conductivity

and its contribution and limitations in the studies of age hardening of aluminium

alloys.

2.7.1 Factors affecting electrical conductivity

Electrical conductivity is the measure of the material’s ability to conductelectrical

current andis the reciprocalofthe electrical resistivity (Sigli et al. 2007). The unit of

electrical conductivity is Siemens per meter (Sm‘'). A commonalternative is to refer

conductivities to an agreed standard with high purity annealed copper, which gives a

high conductivity of 58 MSm'(mega Siemensper meter). This is referred to as

100% IACS(International Annealed Copper Standard) (Sigli et al. 2007). The
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accepted value for the electrical conductivity of super purity aluminium (99.99%) is

64.94% IACS(Frank et al. 1984).

The electrical conductivity arises from the motion of electrons throughthelattice.

The electron wavescattering by any kindofirregularity in the lattice arrangement

can result in decrease in electrical conductivity. These irregularities can arise from

any disturbanceto the periodicity of the lattice, due to temperature, alloying

concentration, lattice deformation, nuclear irradiation, etc (Smallman 1985).

Electrical conductivity is one of the most sensitive properties of aluminium, being

particularly responsive to changes in composition and thermal conditions (Milek and

Welles 1969). The measurementofresistivity detects the overall disturbance in the

crystal lattice. The total resistivity of a crystalline metallic specimenis the sum ofthe

resistivity due to thermal agitation of the metal ionsof the lattice and the resistivity

due to impurities in the crystal (Matthiessen’s law):

P =P,+ PB, (2.6)

where fis the total resistivity, p, is the intrinsic thermal response of the pure metal

and p, is the contribution from impurities, solute and vacancies (Sigli et al. 2007).

According to Matthiessen’s law, whenthe solid solution of an alloy undergoes

precipitation, the solutes depleted from the matrix decreasesthe resistivity as

precipitation progresses. However, equation (2.6) can only be used to estimate the
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contribution of the matrix to the measuredresistivity. It does not accountfor the

effect of precipitates on the developmentofresistivity during ageing, which will be

dealt with in section 2.7.2.

2.4.1.1 Temperature

Theintrinsic resistivity of a metal, p,, is influenced by temperature. When the

temperature of a metal increases, the thermal energy causes the atoms to vibrate and

scatter electrons. When the mobility of electrons is reduced, or the mean free path

decreases, the resistivity increases (Askeland 1992). The changeofresistivity, Ap ,

with temperature can be estimated by:

Ap = p, (1 +aAT) (2.7)

where p, is the resistivity at room temperature (25°C), ATis the temperature

difference between room and temperature of interest, and a is the temperature

resistivity coefficient (Askeland 1992).

2.7.1.2 Alloying elements

All crystallographic features that disrupt the regularity of a metal lattice tend to

increaseits electrical resistivity. Solute atoms producedistortionsin the lattice and

therefore cause scattering of the electrons being conducted, leading to an increase in

the electrical resistivity (Milek and Welles 1969). Therefore, all metallic additions to

aluminium reduceits electrical conductivity. Strengthening alloying elements added

to aluminium can have widely differing effects on electrical conductivity, depending

upon whethertheyare in or outof solid solution (Morris et al. 1984). The non-
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strengthening elements, such as vanadium, chromium, manganese andtitanium, have

a dramatic effect on conductivity with little or no contribution to strength (Rummel

and Arbegast 1981).

The effect of the additions of two or more alloying elements ontheresistivity of

aluminium dependsontherelationship of the elements. In general, if the elements

individually go into solid solution in aluminium, their effects on the resistivity are

additive. In the Al-Mg- Zn system,the effect of the combined presence of Mg and Zn

on the resistivity of aluminium is approximately additive, even when Mgand Zn are

presentin the ratio to form MgZn> compound (Morriset al. 1984).

2.7.1.3 Lattice structure

Thermo mechanical processing techniques and strengthening mechanismsinfluence

the structure of aluminium alloys, as reviewed in sections 2.1 and 2.2 respectively.

Thestructure in turn affects the electrical conductivity. The conductivity of a defect

free pure metal is determinedbythe electronic structure of the atoms. The defects in

a metal have significant effect on the mobility of the electrons (Morris ef al. 1984).

The mobility is proportional to the average velocity of electrons, which is low if the

electrons collide with imperfections in the lattice. The mean free path is the average

distance betweencollisions; a long mean free path permits high mobility and

therefore high electrical conductivity (Morris et al. 1984). A great numberof defects

reduces the mean free path of electrons and reduces their mobility. A purer material

has a longer mean free path and therefore has a higherelectrical conductivity.
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2.7.1.4 Texture, strain hardening and grain size

The electrical conductivity is isotropic unless orientated dislocations are present.

During the various types of deformation of cast ingots or semi-finished products,

textures developorthe initial textures are altered. The electrical conductivity of

metals with a texture or preferred orientation normally varies with direction, since

the meanfree path varies (Askeland 1992).

The effect of strain hardening onelectrical conductivity of aluminium is small and

generally less than that of alloying elements in solid solution or of the heat

treatments used on many aluminium alloys (Milek and Welles 1969). The electrical

conductivity of a conductor grade aluminium is decreased from a typical value of

63% IACSin the annealed condition to 62.5% IACSin the strain hardened H19

condition (Morris et al. 1984). The effect of grain size in commercial materials is

also negligible (Morris et al. 1984). Strain hardening and grain size haveless effect

on electrical conductivity than alloying, because dislocations and grain boundaries

are further apart than solid solution atoms, resulting in a longer mean free path for

electrons (Sigli et al. 2007). The dislocation tangle network does not significantly

affect the mean free path (Askeland 1992).

2.7.2 Effect of age hardening on electrical conductivity

Quenchinganalloy after a solution heat-treatment generally results in the lowest

electrical conductivity, because a large part of the alloying elements presentare

retained in solid solution. The electrical conductivity progressively changes during

the age hardening ofa freshly solution heat-treated aluminium alloy. This change is
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inducedby precipitation of solute alloying element atoms from the saturated solid

solution, which disturbs the lattice periodicity.

In general, the contribution of the ageing phenomenato the electrical conductivity of

aluminium has twodistinct effects. Firstly, when a solid solution alloy undergoes

precipitation, solutes are depleted from the matrix and hencethe electrical resistivity

decreases or the conductivity increases as precipitation progresses. Secondly, as

precipitates form, they producea scattering effect, which tend to reducethe electrical

conductivity. Overall, the precipitation can either decrease or increase the electrical

conductivity, depending on the ageing temperature and time.

2.7.21 Low temperature age hardening

In the early stages of age hardening, a large numberoffine precipitates form and

strain the lattice. This lattice strain can cause at least as muchscattering as the

original solute atoms from whichthe precipitates form (Sigli et al. 2007). This

decreasesthe electrical conductivity during the initial stages of ageing at room

temperature. The changesin electrical conductivity at low temperature age hardening

have been a subject of interest for many researchers for several decades (Kelly and

Nicholson 1963, Rossiter 1971, Hillel et al. 1975, Hillel and Rossiter 1981, Raeisinia

et al. 2006). The general view is that the increase in resistivity in the early stages of

ageingis attributed to GP zone formation and related phenomena.

From a solution heat-treated and freshly quenched aluminium alloy, on age

hardening at room or low temperatures, the main disturbance of the lattice is the

formation ofthe first forms of the transition precipitates (Polmear 1995).
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The extremely small and uniformly distributed precipitates induce a short mean free

path andincreasethe electron scattering effect. As a result, the electrical conductivity

of the alloy is decreased (Polmear 1995).

2.7.2.2 High temperature age hardening

The nature, size, morphology and distribution of the precipitates in age hardening

aluminium alloys, and their interaction with the matrix, vary with ageing

temperature. Therefore, the effect of precipitates on electrical conductivityis

complicated.

High temperature ageing hasa different effect on electrical conductivity from that of

low temperature ageing. In age hardening at high temperature,the electrical

resistivity decreases as the average particle size becomelarger, less numerous and

less coherent with the matrix. Because of the increased particle size at higher

temperature of ageing, the mean free path for electrons is much greater thanthatat

room temperature. As a consequence,the precipitate does not interfere with

conductivity as muchasthe solid solution atoms or GP zones (Askeland 1992).

Larger precipitates occupy only a small fraction of the volume, therefore are rarely

encountered bythe averageelectron. It was reported that when heavy precipitates are

formed along the grain boundaries in AA 2024, they did not affect the conductivity

of the samples (Sundberg 1989). A similar observation was reported in AA 6111

that, at high ageing temperatures (350 -560°C), the effect of precipitates on the

resistivity could be ignored (Raeisinia et al. 2006). The decrease of the precipitate

contribution to the resistivity with increasing ageing temperatureis directly related to
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the decrease in density of the precipitates. The numberdensity was reported to be

inversely related to the precipitate spacing (Esmaeili et al. 2007). Very large

precipitates and other secondphaseshavelittle influence on conductivity.

2.7.3 Contributions of electrical conductivity in ageing study

In general, the electrical conductivity of aluminium alloys can provide some

information on their chemical composition, changesin crystalline structure,

mechanical properties as well as their response to temperature changes (Suhr and

Giittinger 1993).

It is a well-knownfact that, following solution heat-treatment of aluminium alloys,

the maximum strength attained upon naturalorartificial ageing depends on the

amountof alloying elements retained within the solid solution after quenching. For

this reason, manufacturers and consumersofheat treatable aluminium alloys

commonlyuseelectrical conductivity, due to its accuracy and fast response, to check

the solution heat treatment homogeneity,the level of alloying elements within the

solid solution post quenching, and subsequent monitoring of the ageing process (The

Aluminium Association Inc. 1982). In this manner,electrical conductivity

measurementsare useful for in-process quality control.

In contrast to the precipitate characterisation methods, such as transmission electron

microscopy (TEM)and differential scanning calorimetry (DSC), electrical resistivity

measurement does not use sophisticated equipment or sample preparation methods.

Instead it measures the property in the macroscopic scale very easily and quickly. At
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the same time, it is sensitive to atomic scale changessuch as clustering and vacancy-

cluster interactions (Sato 2000).

Dueto this sensitivity, electrical conductivity or resistivity has been used extensively

for the assessments of the ageing phenomenaofheat treatable aluminium alloys by

many researchesfor several decades. It has provento be very useful in giving

information regardingthe initial clustering reactions which occur during natural

ageing orin the early stages of precipitation hardening (Panseri and Federighi 1966).

Correlations betweenelectrical conductivity and hardness havealso been established

for several aluminium alloys (2014, 2024, 6061 and 7075 alloys) of various ageing

heat treatments (Hagemaierand Kleint 1964). Electrical conductivity was also used

as a tool for verifying that AA 7000series was in the T7 age hardened condition,

whichis an early stage of over ageing to provide good corrosion resistance (The

Aluminium Association Inc. 1982). The values of electrical conductivity changes in a

sheet of aluminium alloy D16,in the naturally aged condition, could be used to

determine the depth ofinter-crystalline corrosion (Naumovet al. 1976).

Electrical conductivity has been combined with a numberofdifferent analytical

techniques to gain the required understanding of age hardening. By usingelectrical

conductivity, hardness and microstructural analysis, it was shownthat an appropriate

short time heat treatment (retrogression treatment) of AA7150 can reduce the

susceptibility to stress corrosion cracking, while maintaining the peak aged strength

of the alloy (Matthew ef al. 1994).
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A modelwasestablished in terms of composition and heat treatment to determine the

electrical resistivity of most commercial aluminium alloys (Olafson et al. 1996).

Using Matthiessen’s law andthe calculated solubility (using thermo dynamical

computer programs), the resistivity was predicted with a good accuracy (Olafson et

al. 1996). Natan and Chihoski (1983) used electrical conductivity, hardness and

TEManalysis to study the microstructural evolution of AA 2219 during ageing. They

confirmedthat hardnessand electrical conductivity values were uniquely related to

the microstructure. They also showedthat, for a fast quenching, the precipitation

sequence upon ageing wasthat as expected,i.e., supersaturated a phase - GP — 6"

— 0'. This age hardening sequenceled to an increase in hardness, until the

transformation of 8" — 6' took place. However, by increasing the quenching time,

primary 0' and 0 phases(stable precipitates) can be precipitated as well as

coarsening, leading to low hardness.

Non-destructive evaluation of electrical conductivity using the eddy current

technique has been applied to steels for studying recovery duringthe initial ageing

stage. A decrease in resistivity during the recovery of maraging steel M250 was

attributed to the reduction in scattering of conductive electrons at point defects and

vacancies (Tajkumaret al. 2007). Complemented with hardness, the eddy current

method was found to be suitable to study the ageing and over ageing processes. This

non-destructive evaluation method was considered to hold good promise for shop

floor assessmentof heat treatment adequacy for maraging steel M250 (Tajkumarer

al. 2007). The eddy current technique has also been successfully used in studying

porosity of porous metals (Ma and Peyton 2004).
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In spite of the continued use ofelectrical resistivity measurements in recent years to

gain better understanding onthe precipitation phenomenaand to quantify the

microstructural evolution in aluminium alloys (Esmaeili et al. 2000a, Esmaeili etal.

2005, Raeisinia et al. 2006), the sensitivity of the technique is not capable of

differentiating the changesin the structure, chemical and electronic nature of the

precipitates, particularly during the early stage of decomposition (Panseri and

Federighi 1966). Anotherlimitation of the methodis that it is difficult to assure the

mechanical properties using electrical conductivity alone. The final decision on the

acceptanceofa heat treatment still depends on mechanicaltesting (The Aluminium

Association Inc. 1982).
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associated with vacant sites (Higgins 1993).
Fig. 2.5 The diffusion of a solute atom, which is

 
lattice (Higgins 1993).

Fig. 2.4 Vacantsite in a crystal
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Chapter 3

Evolution and correlation of properties in age hardening of AA 7010

3.1 Introduction

The prediction of strength on many aluminium alloys has been researched for many

years and by manyinvestigators. More recently, the prediction of strength of

aluminium alloys by modelling or by correlating it with measurements of hardness

has been reported with exceptionally good results. For example, a quench factor

analysis model has been applied successfully to predict the post-quench physical

properties in aged aluminium alloys (Flynn and Robinson 2004). Furthermore, a

modelto predict the yield strength based mainly on micro-structural data, which

could predict proof strength with an accuracy of 14 MPa,wasreported (Starink and

Wang 2003).

For Al-Cu-Mgalloys, an age hardening model was also developed to describe the

evolution of strength and microstructure (Yan ef al. 2004). The model was applied to

fit and predict the yield strength data from the literature. The predictions were

consistent with experiments for both natural andartificial ageing curves of AA 2024.

Using anelasto-plastic self-consistent simulation model Solas (1996) showedthat the

yield stress calculated was in agreement with the experimental results. A difference

of 40 MPabetween the experimental and the predicted values wasattributed to be a

productof poorfit in the elastic-plastic transition domain.
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Manyotherinvestigators have showncorrelations of hardness with strength and of

electrical conductivity with strength for many aluminium alloys, e.g., AA 7075

(Koch and Colijn 1979) and AA 2219 (Natan and Chihoski 1983). Undoubtedly the

above modelling approachesto predict strength offer useful tools to assist in the

improvementof ageing treatments of existing alloys or on the design of newalloys.

Theprediction of static strength for AA 7010 using non-destructive measurements of

hardness andelectrical conductivity becomes important when components made

from this heat treatable aluminium alloy are inadvertently exposed to overheating.

Earlier investigations showed that when AA 7010is overheated from the T7651

tempercondition,it exhibits decreasesin electrical conductivity and hardness,

indicating a loss of strength (Brown and Heaton 1984). At present, the prediction of

strength from corresponding valuesofelectrical conductivity and hardnessis

difficult due to lack of data available in the public domain.

Theloss of strength indicated by lowerelectrical conductivity and hardness,after

overheating or temperature increase, suggests that some of the strengthening alloying

elements,initially precipitated by a controlled age hardening process, have been re-

dissolved backinto the solid solution. This suggestion is supported by the fact that

alloying elementsin solid solution depress the electrical conductivity to a greater

extent than whentheyare out of solution (Morris et al. 1984).

It is a well-knownfactthat the dissolution of coherent or semi coherentprecipitates

inducesa loss of matrix strain and therefore a loss of strength. For the above reasons,

the correlation of strength with hardness and electrical conductivity is essential to

gain understanding of the degree of strength loss and thus to provide an accurate
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assessmentof the areas affected by overheating. The exploratory investigation in this

thesis intends to address this shortfall and to gain an understanding of the

metallurgical phenomena underlying the response of hardnessandelectrical

conductivity to the age hardening process of AA 7010.It is envisagedthat this data

could be used to predict non-destructively the strength of AA 7010 and to obtain an

approximation of the unknownthermalhistory of a given area of a component

suspected of overheating.

The properties of hardness, electrical conductivity, UTS, PS and elongation of AA

7010 with different age hardening conditions were investigated in this chapter. The

main aim is to determine non-destructively the strength of the alloy from values of

electrical conductivity and hardness, and also to establish the approximate temper

condition.

3.2. Experimental

3.2.1 Material

The investigation wascarried out on AA 7010 - T7651 temper condition. The

material was supplied by one of the aluminium suppliers to Airbus UKin the form of

a plate. The chemical composition ofthe plate is listed in Table 3.1.

The plate was manufactured from cast slab by rolling. The T7651 temper condition

implies that the plate after rolling was solution heat treated (473 °C), control

stretched between 1.5 to 3% (for stress relieving) andartificially aged to peak

strength, followed by slight over ageing (120°C for 10 hrs and 172°C for 8 hrs) to

improve fracture toughness and stress corrosion cracking properties.
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In the T7651 temper condition, the alloy exhibits a high strength coupled with good

fracture toughnessandstress corrosion properties (Reynolds ef al. 1976). In the civil

aircraft industry, this aluminium alloy is mainly used for structural parts, such as

spars andribs of aircraft wings.

3.2.2 Test pieces

Flat dog-bonetensile test pieces (Fig. 3.1) were used in the investigation to correlate

strength with non-destructive properties of electrical conductivity and hardness.

The flat dog-bonetensile test pieces were machinedto the dimensional requirements

of British Standard BS 4A — 4 (196), with a width of 12.5 mm, a minimumparallel

length of 71 mm, a gauge length of 50 mm,a minimumtransition radius of 25 mm

and a thickness of 3 mm.

Fig. 3.2 illustrates the plate under investigation and how it was cut to produce the

required test pieces. The plate, which weighed 980 kg and wastapered along the

length, had a length of 3403 mm,a width of 838 mm at its widest end and 482 mm at

the other end, and a thickness of 157 mm. From this plate, a numberof cross

sectional or transverse slices (5.0 mm thick) were saw-cutas indicated in Fig. 3.2.

Each of these 5 mm thick transverse slices was further cut into five strips and each

strip represented a different depth across the plate thickness, with strip number3

corresponding to the plate centre. Then eachof the five strips was cut to make the

dog-bone type test pieces as shownin Fig.3.1.
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3.2.3. Thermal treatment

3.2.3.1 Overview

The test pieces were all solution heat-treated and quenched using parameters

recommended for AA 7010. The subsequent age hardening treatments were

performed differently, in order to create a diversified range of ageing conditions.

Solution heat treatment of the aluminium alloy, before the precipitation age

hardening, was performed using a Caltherm electric air furnace. Fig. 3.3 showsthe

inside of the furnace with a typical setup of test piece distribution and thermocouple

arrangement used to measure the temperaturesandto calculate the ageing and

quenchingtimes.

The solution heat treatment operation consists of heating the alloy to a suitable

temperature above the solvus, holding at that temperature long enough to allow

alloying elements to enter into the solid solution, and then cooling rapidly enough to

retain the elements in solution. After quenching, the alloy is in a supersaturated and

unstable condition, whichis the required pre-condition for precipitation age

hardening (Avner 1974).

Precipitation age hardening was completed in twostages: the first stage was natural

ageing at room temperature and the second stage was high temperatureartificial

ageing. Natural ageing in aluminium occurs due to spontaneousprecipitation of

alloying elements, such as Zn, Mg and Cu, from a supersaturated solid solution at

room temperature, and no specific equipment wasusedonthis ageing stage.

Artificial age hardening was performed above room temperature using a Townson &

Mercerelectric air furnace. The arrangementof test pieces was similar to that shown
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in Fig. 3.3.

Fig. 3.4 shows a schematic representation of the overall heat treatment procedure

applied to the flat dog-bone test pieces. The applied treatments were solution heat

treatment and quenching (stage A), natural ageing (stage B), artificial ageing (stage

C) and over ageing (stage D).

3.2.3.2 Solution heat treatment and quenching

The solution heat treatment temperature and ageing time were chosen to be

consistent with the requirements of AA 7010 (Airbus UK 2003). The solution heat

treatment was performedat 473°C for 50 minutes as shownin Fig. 3.4, stage A. The

test pieces were quenched in water at room temperature. To guarantee the required

minimum ageing time the temperature of the test pieces was monitored with attached

thermocouplesas illustrated in Fig. 3.3. The ageing time started to be counted only

whenthe temperature of test pieces attained 473°C. The quenching rate was

calculated to be approximately 95°C/s. After quenching,all test pieces were

immediately refrigerated at a temperature of ~18°Cto retard the onsetof natural

ageing.

3.2.3.3 Naturalageing

Someofthe test pieces, which were already solution heat-treated, quenched and

frozen, were taken from the freezer and allowed to be age hardened at room

temperature. The test pieces were naturally age hardenedatdifferent time intervals

before they were subjected to hardness, electrical conductivity and mechanical
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testing.

For test pieces with natural age hardened condition, the testing was performed

immediately after room temperature ageing. The ageing times ranged from 0.25 hrs

to 16 days; a total numberof 27 test pieces were treated in this manner. The

remaining test pieces were all natural aged beyond the 16 days for conditioning at

room temperature for future artificial age hardening.

3.2.3.4 Artificial age hardening

The remaining natural age hardenedtest pieces were artificially aged as indicated in

Fig. 3.4, stage C. In a full cycle, the temperature wasfirst increased to 120°C for 10

hours, and then increased to 172°C for 8 hours.In this investigation, the test pieces

wereartificially age hardenedat different time intervals. At 120°C 22 test pieces

were removedfrom the furnace at different times ranging from 8 minutes to 10

hours. At 172©. a further 22 test pieces were removed from the furnaceat different

time intervals, ranging from 10 minutesto 8 hours.

3.2.3.5 Over ageing

Over ageing is a condition that develops during artificial ageing when the age

hardening time and / or temperature exceed the parameters required to obtain the

maximum peakstrength. At a fixed ageing temperature, when the maximum strength

has been attained, furtherartificial ageing will induce a decreased strength. This loss

in strength is attributable to an over ageing effect.
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As shownin Fig. 3.4, stage D, the over ageing conditions were obtained by

prolongingthe artificial ageing time up to 100 hours,at 172°C. During the over

ageing stage, the remaining test pieces were removed from the furnace at various

time intervals, ranging from 9 to 100 hours. A total of 28 test pieces were over aged

underthis condition.

3.2.4 Electrical conductivity testing

The electrical conductivity measurementis based on the eddy current method, which

works on the electromagnetic induction principle. It involves the measurement of

change in coil impedancein the same exciter coil placed over a material. The coil

impedance changes whenthe excitercoil is placed on different materials, due to the

changein electrical resistivity and magnetic permeability of the material over which

the coil is placed.

The electrical conductivity measurements were carried out using a Forster

SIGMATESTEc 2.068 electrical conductivity meter. These measurements were

performed in compliance with the Airbus UKprocessspecifications (Airbus UK

2005).

All the test pieces were polished for electrical conductivity measurements prior to the

heat treatments. The measurements were performed after completion of each

individual precipitation age hardening treatment. On flat dog-bonetensile test pieces,

the electrical conductivity measurements were performed immediately before

hardness andtensile tests. The locations of measurements were onthe centre of the

parallel length, one side only.
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In order to minimise any possible errors during the electrical conductivity

measurements, the following actions were taken (Suhr and Guttinger 1993):

a)

b)

d)

The electrical conductivity measurements were carried out at ambient

temperatures. Because the change in ambient temperature influences the probe

response and therefore the conductivity of the material being tested, the

instrument wasfrequently re-calibrated against copper and nickel based

reference blocks of knownelectrical conductivity values. This was done to

compensate for any change in temperature within the laboratory environment.

Although the standard procedure of the instrument requires re-calibration for any

5°C of temperature change,in this investigation to ensure best possible accuracy,

re- calibration was in fact performed every time a 1°C temperature change was

detected.

To avoid the influence of temperature increases on the probe caused by

handling, an insulated handling probe was used and manual contact with the

cable probe was avoided.

The surfaces for electrical conductivity measurements were machinedflat to

eliminate the effect of curvatures on the measurements.

The instrument wasoperated at 60 kHz, which means the eddy current

penetration will not be deeper than 1.6 mm for the alloy under investigation

(Mil-STD-1537B 1988). In order to avoid errors in the measurements, the

thickness of the test pieces was chosen to be 3 mm orthicker.

There are other possible errors. However, they are negligible as described below:

a) Thelift-off effect error during this investigation was negligible. Full contact
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betweenthetest piece flat surface and the probe was always maintained. For

aluminium alloys with a conductivity range up to 51% IACS,the instrument

used has lift-off effect less than 0.19% IACS, on spacing between zero to 0.51

mm.

b) Since AA 7010 has a ferromagnetic impurity of 0.05% Fe, a theoretical

electrical conductivity measurementerror will be present. However, the error

due to this effect will be constant throughoutthe investigation.

c) The edge and geometry effect can be ignoredin this investigation. The

instrument’s probe (8 mm in diameter) was electro-magnetically screened with

respect to the edges. The areas to be tested on test pieces were designed to be

have a width of 12.5 mm.

3.2.5 Hardnesstesting

All the test pieces were polished for electrical conductivity and hardness

measurementsprior to the heat treatments. The measurements were performed after

completion of each individual precipitation age hardening treatment. Onflat dog-

bone tensile test pieces, the hardness measurements were performed immediately

before tensile tests. The locations of measurements were on the centre of the parallel

length, one side only.

Hardness measurements were carried out using a Vickers HTM 8313 hardnesstester,

with a 5 kg load. The measurements were performed in compliance with Airbus UK

process specification (Airbus UK 2004a, BS ES ISO 6507-1-2006). The hardness

tester was constantly calibrated to British Standard EN ISO 6507-2 (2006) and

checked on a weekly basis with reference standard blocks of known values, which
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were also calibrated in accordance with British Standard EN ISO 6507-3 (2006). The

standard blocksandthetester were certified with traceability to the National Physical

Laboratory. A stage binocular microscope was used to measure the hardness

indentation; the indentation results were converted into Vickers’s hardness values

using standard tables (BS ES ISO 6507-4-2006).

In order to minimise any possible errors during Vickers hardnesstesting, the

following precautions were taken (BS EN ISO 6507-1- 2005):

(1) Prior to the start of the hardness measurements, the accuracy of the machine was

verified using standard reference blocks.

(2) Thetest pieces werelaid firmly on the support, so that no movementtookplace

whenthe testing load wasapplied.

(3) The distance between the centre of the indentations produced andthe edge of the

test piece was considerably larger than the minimum specified (3 times the

mean diagonal of the indentation for light alloys).

(4) The distance betweenthe centre points of two adjacent indentations waslarger

than the recommended6 times the mean diagonal of the indentation produced.

(5) The hardness tests were always carried out on a | um surface finish.

(6) The difference between the horizontal and vertical readings of the diamond

indentations was always guaranteed to be < 5%.

3.2.6 Tensile testing

Mechanicaltesting of standard flat dog bonetensile test pieces was performed using

a Denison Mayes Grouptesting machine, model 6157. It works with a 100 KN

servo-hydraulic load frame, and wasfitted with an IBM stem/2 and a 50 mm—gauge-
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length extensometer 7609 DC1/7902 DC2. The load cell and extensometers were

calibrated annually to the requirements of British Standard EN ISO 7500-1, 2004.

Thetensile tests were carried outat a strain rate of 4x 10° s‘in compliance with

test pieces and test methods for metallic materials (British Standard 4A- 4 1966).

In order to minimise any possible errors during the tensiletests, the following

precautions were taken:

(1) On the parallel portion of the tensile test pieces, 71 mm long, several gauge

length marks of 50 mm were inscribed on each respective parallel portion, to

ensure that the test piece fracture occurs between two gauge marks,so that

accurate elongation values were guaranteed.

(2) The thickness and width of the test pieces were measured using a calibrated and

certified electronic digital calliper to an accuracy of 0.01 mm.

(3) The fracture face of every test piece tested was examinedwith the aid of a

magnifying glass, to detect any possible defects likely to influence premature

failure.

3.3. Results

3.3.1. Response of electrical and mechanical properties to age hardening

The numerical data of electrical conductivity (EC), hardness, PS, UTS and

percentage elongation, obtained for the various stages of age hardening (natural

ageing,artificial ageing and over ageing) (Fig. 3.4) have been compiled in Tables

3.2, 3.3 and 3.4.

Fig. 3.5 shows the changes of the hardness and electrical conductivity during natural

ageing from a supersaturated solid solution for AA 7010. The electrical conductivity

81



changed in a reciprocal mannerto hardness with ageing time.Inthe initial stage of

natural ageing (first 24 hrs from quenching) the electrical conductivity decreased

dramatically (31. 56 to 28.78% IACS), while the hardness increased with similar

response (78.8 to 124 Hv). In the remaining time (up to 386 hrs) of natural ageing,

the electrical conductivity continued to decrease while the hardnessincreased.

However, the change of properties was less pronounced thanin the earlier stage of

natural ageing, with electrical conductivity decreasing from 28.78 to 27.26% IACS

and hardnessincreasing from 124 to 146 Hv. The variations of hardness and

electrical conductivity with ageing time, during natural ageing, appear to obey a

logarithmic relations and powerlaw, with correlation coefficients of R° = 0.9459 for

hardness and R* = 0.8192 forelectrical conductivity.

Fig. 3.6 showsthe changesof the hardness andelectrical conductivity during

artificial and over ageing for AA 7010, from the natural aged condition. In the

artificial age hardening stage, the electrical conductivity increased progressively with

temperature and ageingtime. Theincreaseofelectrical conductivity during the under

ageing stage (up to 10 hrs) was moderate (27.26 to 30.17% IACS). However, at the

higher temperature of 172°C,the increase of the electrical conductivity with ageing

time became more pronouncedforthe first 8 hrs (30.17 to 38.13% IACS). The

electrical conductivity increased furthermore in the next 100 hrs at 172°C from 38.13

to 44.65% IACS.The hardness, on the other hand, when aged at 120°C, experienced

a notable drop from 146 to approximately 120 Hv. Followingthis, it increased

significantly up to the onset of over ageing, when a maximum hardnessof 192 Hv

wasattained. Duringthe latter stage of over ageing at 172°C, the hardness dropped to

120.6 Hv.
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3.3.2 Electrical conductivity and hardness

Fig. 3.7 showsthe overall response of hardness andelectrical conductivity to the age

hardening process of AA 7010, from a supersaturated solid solution. In this graph,

the hardness andelectrical conductivity vary progressively with natural ageing,

artificial ageing and over ageing.

In the region of natural ageing and over ageing conditions (Fig. 3.7) electrical

conductivity and hardness showeda reciprocal effect, i.e. an increase in one resulted

in a decrease in the other and vice versa. Although the natural and over ageing

treatmentsresulted in a nearly linear correlation, the overall relationship between

hardness andelectrical conductivity is not linear. It is therefore impossible for either

of these variables to be predicted from one another without the consideration of

further information.

During natural age hardening at room temperature, the hardness increased from 78.8

to 146 Hv. Simultaneously, the electrical conductivity showed a decreasing trend

from 31.5 to 27.26% IACS.During the artificial age hardening, overall, the hardness

further increased from 146 to 192 Hv. However, with the onset of over ageing it

decreased from 192 to 120 Hv. Duringartificial and over ageing, the electrical

conductivity experienced a reversal reaction to that observed in natural ageing.In

these ageing regions, conductivity increased from 27.26 to 44.65% IACS.

The reciprocal effect of electrical conductivity and hardness observedin the natural

and over ageing conditions wasnotevidentin the artificial age hardening region.

Instead an overall increasing trend for both hardnessandelectrical conductivity was
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registered.

In the initial stage of artificial ageing at 120°C (Figs. 3.6 and 3.7) there is a decrease

in hardness from 146 to 120 Hv and anincrease in electrical conductivity. This

effect, which has been termedreversion, has been observed in manyother aluminium

alloys (Riontino and Abis 1991, Ferragut ef al. 1996).

3.3.3 Electrical conductivity and strength

Figs. 3.8 showscorrelations of electrical conductivity with UTSand PS. Strong

similarities exist between the correlations of electrical conductivity with hardness

(Fig. 3.7) and with strength (Fig. 3.8).

Fig. 3.8 presents a non-linear correlation of strength with electrical conductivity up

to a value of approximately 35.9 % IACS, where the onset of over ageing condition

appears to commencewiththestart of a near linear correlation. For electrical

conductivity above this value, the PS shows a regression value of R° = 0.9392.

Figs. 3.9 shows a non-linear correlation of electrical conductivity with the strength

ratio of PS / UTS.This correlation is non-linear up to an approximate value of 35.9%

IACS,wherethe onset of over ageing condition commenceswiththe start of a near

linear correlation. Strong similarities exist between the correlations ofelectrical

conductivity with hardness (Fig. 3.7) with strength (Fig. 3.8) and with strength ratio

(Fig. 3.9).
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3.3.4 Hardness and strength

Fig. 3.10 showsthe correlation of hardness with strength for all three temper-

conditions, i.e. natural ageing,artificial ageing and over ageing. The graph showsa

linear relationship of hardness with UTS,with a correlation coefficient R’ of 0.9765,

suggesting a good correlation. On the other hand, the correlation of PS with hardness

gives a lower R’of 0.8983, indicating a more pronouncedscattering of proof strength

values. Fig. 3.10 also showsdifferent gradients of PS and UTS,i.e. 3.7162 and

2.4664 respectively, indicating a difference response of these properties to the age

hardening process.

Fig. 3.11 showsthe variation of hardness with strength ratio (PS/UTS). For a given

value of hardness, the strength ratio can be different for different ageing conditions

of natural ageing,artificial ageing and over ageing. For the same hardness, the over

ageing conditions gave a higherstrength ratio than the natural andartificial ageing

conditions. The different strength ratios for the same hardness, appears to be inherent

of the strain hardening responseofthe test piecesin tensile tests.

3.3.5 Hardnessand elongation

Fig. 3.12 showsthe relationship between hardnessand elongation. In the natural

ageing andartificial ageing conditions, the elongation decreased with increasing

hardness. At the onset of the over ageing condition, the hardness started and

continued to decrease and the elongation began to show somerecovery during the

over ageing stage. However, the elongation remainedat a lowerlevel indicating a

loss of ductility.
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3.4 Discussions

3.4.1 Responseof electrical conductivity and hardness to age hardening

It is well documentedthat hardnessandelectrical conductivity are sensitive to the

ageing process. The response of these properties to the variation of temperature and

time can be interpreted as their dependenceonthestructural changesof the matrix

with the age hardening process. Theprecipitates andtheir strain fields influence the

electrical conductivity and hardnessby scattering the conducting electrons and

offering obstacles to the motion of dislocations. Therefore, the variation of hardness

and electrical conductivity could be directly attributed to precipitation of different

precipitates, their volume fraction and the purification effect of the matrix.

The decrease in electrical conductivity during natural ageing from the supersaturated

solid solutions, as indicated in Fig 3.5, is common to other aluminium alloy systems

(Kelly and Nicholson 1963) and has been associated with the formation of very small

solute clusters and the GP zones (Rossister 1976, Hillel and Rossister 1981).

Therelatively fast response of hardness andelectrical conductivity to the ageing

process at low temperature during natural ageing (Fig 3.5) is a direct consequence

from fast diffusion rates of solute atoms, aided by a high concentrations of solute

atoms and quenching vacancies. In this work, it appears that the diffusion rate has

been enhancedbythe fast speed of quenching (less than 95°C / seconds) from

solution heat treatment temperature (Fig. 3.4), which generated a higher

concentration of solute atoms and an increase in the numberof vacancies available

for natural ageing. This view is supported by the fact that a rapid quenching of heat

treatable aluminium alloys from the solution heat treatment temperatures leads to

high vacancy concentrations in the as quenched materials (Kelly and Nicholson
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1963, Federighi and Cotterill 1965). The excess of vacancy concentration was

reported to play an importantrole in the enhanced diffusion coefficients, which lead

to significant clustering to occur, at room temperature, in aluminium alloys (Kelly

and Nicholson 1963). There is also strong evidence suggesting the importance of

binding between solute atoms and vacancies during the formation of clusters and GP

zones (Federighi and Thomas 1962, Léffler 1995). Furthermore it has been reported

that, GP zone formation in aluminium alloys at low temperature occurs at rates of

seven to eight orders of magnitude greater than expected from extrapolation of high

temperature diffusion data, because of the presence of these quenched-in vacancies

(Bergner 1995, Staley et al. 1984).

It has been well documentedthat the factors affecting diffusion in metals are solute

concentration, activation energy, temperature, vacancies and time with the diffusion

coefficient, D, expressed as in equation 2.4, chapter 2:

D=D,e 2!"oO

where D,is the pre-exponential factor, Q is the activation energy, is the gas

constant and T is the temperature (Reed-Hill 1973). The diffusion of the solute atoms

and the formation ofprecipitates are mainly influenced by the ageing temperature.

The concentration of solute atoms and vacancies also play an important role on the

diffusion rate, especially at room temperature. Fig. 3.5 and Fig. 3.6 show a

significant change in hardnessandelectrical conductivity in the early stages of

ageing at room temperature and when the temperature was increased from room

temperature to 120 °C respectively, this is believed to be due to a fast diffusion rate
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aided by high concentrations of solute atoms and vacancies. However, when the

temperature was increased from 120 °C to 172 °C,at the early stages of ageing, a

moderate changein hard andelectrical conductivity was observed, Fig. 3.6. This

suggests that, the concentration of solute atoms and vacancies,at this ageing stage,

has considerably decreased with ageing time and temperature, reducing the diffusion

rate.

The increase of electrical conductivity with increasing temperature (room

temperature — 120°C— 172°C), Fig.3.6,is believed to be associated with the

purification effect of the matrix and the decrease in the numberdensity of the new

precipitates formed. This view is supported by the well established Matthiessen’s law

and by reports on AA 6111 which showedthat: (a) the numberdensity of precipitates

is inversely related to the precipitate spacing (Esmaeili 2007), (b) during the late

stages of aging at high temperatures, there was an inverse correlation between the

precipitate spacing andits contribution to resistivity (Raeisinia 2006).

3.4.2 Natural age hardening

3.4.2.1 Electrical conductivity

The electrical conductivity, which is a measure of the ability of a material to conduct

electrical current (Sigli et al. 2007), is reduced by the addition of alloying elements.

The presence of these elements in solid solution depresses the electrical conductivity

to a greater extent than whenout of solution (Morris ef al. 1984). The electrical

conductivity is therefore largely determined bythe contentof alloying elements in

the solid solution and the amountandnature of the precipitates formed during the

manufacturing and thermal processes.
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Since the electrical conductivity of a material is the reciprocalof its electrical

resistance, the steady decrease of electrical conductivity during room temperature

age hardening (Figs. 3.5 and3.7) can be explained in terms of a progressive increase

of electrical resistance of the aluminium alloy. This resistance increase, in solution

heat-treated aluminium alloys from a supersaturated solid solution, has been

attributed by many investigators to gradual increase in the numberandsize of very

fine and coherentprecipitates and GP zones.It is well documented that the GP zones

are very effective in scattering electrons, leading to the decreasein the electrical

conductivity of the matrix (Matthew et al. 1994). The electron scattering effect is

induced bythe coherentstrains associated with the G.P. zone precipitates (Martin

1998).

During room temperature age hardening of AA 7010, the diffusion of solute atoms

from the solid solution, to form the GP zoneprecipitates, will cause a purification

effect of the matrix, leading to an increase of electrical conductivity. However, the

net decreasein electrical conductivity (31.5 to 27.26 % IACS)observed on the

natural ageing region (Figs. 3.5 and 3.7) is attributed to the electron scattering effect

of the GP zones being more predominantthan the purification effect.

3.4.2.2 Hardness

It is well documented that, the hardening mechanism which operates in a given

aluminium alloy will depend on the type of particles precipitated (e.g. whether G.P.

zone, intermediate meta-stable precipitate or a stable phase), the magnitude ofthe

strain aroundthe particles and the temperature oftesting.
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In the natural ageing region (Figs. 3.5 and 3.7) the existence of a decreasing trend of

electrical conductivity suggests that the precipitates formed are of the GP zone type,

whichare coherent with the matrix by creating coherentstrain field. This implies that

during natural ageing, the alloy under investigation has becomeharder by both the

internal strain hardening and the chemical hardening mechanisms. This hypothesis is

supported bythe fact that, in the early stage of ageing, there is evidence that the

coherent zonesare cut by dislocations moving through the matrix (Polmear 1995).

The internal strain-hardening mechanism is based onthe fact that precipitation of the

coherentparticles having a slight misfit in the matrix gives rise to internal stress

fields, which hinder the movementof gliding dislocations (Smallman 1970, Rollason

1973, Polmear 1995). On the other hand, the chemical hardening mechanism

contributes to the increase of hardnessor strength by providing a short-range

interaction between dislocation and precipitates (Polmear 1995, Smallman 1970).

However,it has been reported that, in alloys such as Al — Zn, the zones possess no

strain field and the flow stress would be entirely governed by the chemical hardening

effect (Smallman 1970). Although Zn (6.3% nominal) is the main alloying element

of AA 7010,the alloy also possesses a nominal copper content of 1.75%. The

electrical conductivity decrease at room temperature indicates that, the precipitates

formed at room temperature contained G.P. zones with strain fields. The increasing

trend of hardness at room temperature from 78 to 146 Hv (Figs. 3.5 and 3.7) can be

summarised as the productof a progressive increase of internal stresses due to strain

fields around the GP zonesandthe precipitates themselves, which hinder the

movementof gliding dislocations (Polmear 1995, Rollason 1973).
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The contribution of coherencestrain hardening and chemical hardeningto the overall

hardness and strength depends on the numberand spacing of the zones or

precipitates, and also on the degree of strain produced by them (Marshall etal.

2007). As the GP zones nucleate and grow anincrease in hardness and strengthis

expected. The maximum coherencystrain hardening and therefore the maximum

hindrance to the dislocation motion is to be expected when the spacing between the

particles is equalto the limiting radius of curvature of moving dislocationlines,i.e.

about 50 atomic spacing or 10 nm. Atthis stage, the dominantprecipitate in most

alloys is the coherent GP zone (Polmear 1995).

3.4.3 Artificial age hardening

3.4.3.1 Reversion effect

The temporary decrease in hardness from 146 to 120 Hv andthe increase in electrical

conductivity detected at the beginning oftheartificial ageing stage at 120°C (Figs 3.6

and 3.7) are believed to be inherent from a reversion effect or retrogression. The

reversion effect has been a commonly observed phenomenonin age hardened

aluminium alloys. A numberof early investigations to the reversion in aluminium

(Smallman 1970, Rollason 1973) have shownthat reversion occurs when the GP

zones, which have precipitated at room temperature,partially re-dissolve back into

the matrix at higher ageing temperature, makingthe alloy softer. On prolonged

heating at the artificial ageing temperature, the alloy becomesharder again. For AA

7010 underinvestigation reversion is expected to occur on those nuclei or zones,

which are very small and unstable when the ageing temperatureis raised to 120°C.

From a free energy point of view,the particles with radii smaller than the critical

radius tend to re-dissolve back into the solid solution. A consequenceofthis is that
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the strains associated with the coherencyofthe precipitate are reduced or lost. With

further heating new phases,that are less coherent or non-coherent, form. This point

of view is consistent with the fact that multiple precipitate structures are observed in

AA 7010 (Godard 2002).

In this investigation, when the GP zonesre-dissolve back into the matrix, the

expected decrease in electrical conductivity, due to the increase in solute content of

the matrix, appears to have been offset by the removal of the particle coherency

strain.

Recent studies also reported the reversion effect in AA 7075 and Al-Cu alloys.

Studied using hardness, positron lifetime and transmission electron microscopy on

AA 7075 showed that GP zonesdissolve during the initial stage ofartificial age

hardening (Ferragutet al. 1996). A drop in hardness and a decrease in the positron

lifetime were associated with the dissolution of GP zones. With further age

hardening, the hardness and positron lifetime increased with the appearance and

grow of new precipitates. The dissolution of the coherentstructure in the Al-Cu

alloys wasalso studied using differential scanning calorimetric (DSC) and scanning

electrical resistivity techniques (Riontino and Abis 1991). The dissolution of the

coherent structure was detected by DSC technique. Thenetresult of resistivity

change was explained by considering the contribution of the matrix and the decrease

of the scattering on the conducting electrons, due to the removalofstrain fields

associated with dissolved precipitates.
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3.4.3.2 Hardnessandelectrical conductivity

Forthe alloy underinvestigation, the overall increase of hardnessandelectrical

conductivity in the artificial ageing region (Figs. 3.6 and 3.7) can be attributed to the

formation of the coherent and semi-coherentprecipitates and their intermediate meta-

stable precipitates.

The hardness is mainly dependent on the amountof coherent and semi-coherent

precipitates formedin the alloy; the higher the volume fraction of the new

precipitates formed the higher hardnessattained. The increasing trend of hardness

from 146 to 192 Hv (Figs. 3.6 and 3.7) can therefore be summarised as the product of

a progressive increase of internal stresses due to strain fields around the coherent

precipitates and the precipitates themselves, which hinder the movementofgliding

dislocations. The hardening mechanism mostlikely to be active in this alloy, for

artificial aged samples, is expected to be a combination of the coherencystrain and

the chemical hardening mechanisms. The continuousincreaseofelectrical

conductivity with ageing suggests that, during the progressofartificial ageing, the

chemical hardening mechanism is likely to become more predominantthan the

coherencystrain hardening mechanism.

The maximum hardnessorstrength attained, consistent with the fully aged

condition, can be found within a wide rangeofelectrical conductivity values, that is

between 32 to 36.5% IACS(Figs. 3.7 and 3.8). This clearly suggests that, if this alloy

wasto be heat treated to peak hardness at ageing temperature of 120°C for 10 hours

followed by 172°C,the ageing time for the second ageing temperature could exist

within a wide tolerance range.

93



The increase of electrical conductivity registered during the artificial ageing stage is

consideredto be the contribution of two effects: the purification effect of solute

elements from the solid solution andthe effect of formation of a new precipitate

which gradually becomesless effective in scattering the conducting electrons. The

purification effect arises when the alloying elements such as Zn, Mg and Cu diffuse

out from the solid solution to form the precipitate. The result is an increase in the

electrical conductivity due to a more pure matrix. The precipitates formedatartificial

ageing temperatures have beenreported to be coarser(transition phase n') than the

room temperature precipitate (Ferragut ef al. 1998) and less effective in scattering the

electrons than the GP zones (Raesignia 2006). The hardness plateau attained before

the onset of over ageing (Fig. 3.7) can be understood in terms ofthe net result of two

age hardening mechanisms with opposing effects on hardness. The continuous

nucleation and growth of new particles ensure the presence of either the coherence

strain mechanism or chemical hardening mechanism or both, which increase the

hardness. On the other hand, the over ageing of large precipitated particles has been

related to the dispersion hardening mechanism, by which continuous growth of

precipitates lowers the hardness. Since the continuous growth of both large and small

particles has different effects on hardness, the effect of these opposing ageing

mechanisms mustbe balanced on the plateau region. With prolongedartificial

ageing, the over ageing mechanism becomes predominantandthe hardnessstarts to

drop. This is due to the fact that the loss of coherence betweenthe large particles and

the matrix is more predominantthan the coherency produced bythe new precipitated

particles.
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3.4.4 Over ageing

The progressive decrease in hardness (192 to 120 Hv) and the continuous increase in

electrical conductivity (36.5 to 44.65% IACS)observed in the over ageing region

(Fig. 3.7) are due to the formation of incoherentprecipitates. The beginning of the

hardness droptrend is in agreement with the generally accepted conceptthat the

over-ageing of aluminium alloys starts when the intermediate or fully formed

precipitate begins to becomeincoherent with the matrix andthe internallattice

strainsare lost. It has been well documented (Matthewef al. 1994) that on prolonged

heating at ageing temperatures, precipitation hardening leads to over-ageing, when

the precipitates increase in size, become less numerousand lose coherency with the

matrix.

Within the over ageing region (Fig.3.7) the inversely proportional correlation

between hardnessandelectrical conductivity is in agreement with the works reported

by Raesignia (2006) and Orowan (1948), which showeddirect correlation of the

precipitate particle spacing andelectrical resistivity (Raesignia 2006) and a direct

correlation betweenthe precipitate particle spacing and the flow stress (Orowan

1948). Orowan (1948) demonstrates that, when moving dislocations by-pass the

precipitates by the bowing mechanism,the yield stress, which is the stress necessary

to expand a loop of dislocation betweenthe precipitates, is inversely proportional to

the particle separation. This clearly infers that the flow stress decreases as the

distance between the precipitates increases. Therefore, the dispersion hardening

mechanism accounts for the over-aged condition on this alloy. This view is further

supported bythe fact that, when the precipitates become incoherent with the matrix

and dislocations are no longerable to cut trough them, the dispersion hardening
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mechanism becomes predominantover the chemical hardening mechanism (Marshall

et al. 2007). In this case, the dislocations by-pass the precipitate by either bowing,

climbingorcrossslip.

Furthermore, recently reported studies for AA 6111 (Raesignia 2006) showedthat

the precipitates formed during high ageing temperatures (350 — 560°C) have

insignificant contribution to the resistivity. However, at lower temperatures, the

effect of precipitates must be taken into account. Raesignia (2006) proposed a

modified Matthiessen’s law, which includedthe resistivity contribution due to the

scattering by the precipitates:

P = Ppure (T) + LpiCj + Pppt (3.1)

where p is overall resistivity, Ppure (T) is the temperature dependentresistivity, pj; is

the resistivity specific of the ith solute, C; is the concentration of the solute and Ppp

is the resistivity contribution due to the scattering of the precipitate. Raesignia (2006)

showedthat the contribution of resistivity from the precipitates does decrease as the

precipitate spacing increases.

Therefore, the inversely proportional correlation between hardnessandelectrical

conductivity in the over ageing region (Fig. 3.7) can be interpreted as a direct

correlation betweenthe precipitate particle spacing with hardness andelectrical

resistivity.

Whentheprecipitation has reached an equilibrium, the over ageing treatmentis
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completed. Further precipitation of alloying elements from the solid solution is not

possible andthe final equilibrium precipitate structure n (MgZno) is attained. With

prolonged heating the larger precipitated particles continue to grow at the expense of

the smaller ones (Reed — Hill 1991). However, the hardnessand electrical

conductivity values attained for the most extreme case of over ageing 120 Hv and

44.65% IACS(Fig. 3.7) suggest that the equilibrium state has not been fully attained.

3.4.5 Strength correlations

The overall lack of a linear correlation of strength with electrical conductivity (Figs.

3.8 and 3.9) is mainly dueto the different nature of precipitates (GP zones, coherent

and semi-coherentprecipitates) formed during the age hardening process. Dueto the

presenceof these precipitates, the electrical conductivity and strength responded with

different and sometimes contradicting trends. In two out of three age hardening

stages, each property showed opposing effects during age hardening. During natural

ageing the strength increased andthe electrical conductivity decreased; during

artificial ageing both properties increased; and during over ageing the strength

decreased and conductivity increased.

The observed increasing trend of strength and the decreasing trend ofelectrical

conductivity in the room temperature age hardening stage (Fig. 3.8) can be explained

by the gradual increase of the volume fraction of the GP zones. As the volume

fraction of the coherentprecipitate increases, the degree of the strained matrix also

gradually increases, resulting in a progressiveincrease of resistances to the motion of

dislocation and to the electron flow.
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In the artificial age region (Fig. 3.8), the precipitates formed are expectedto be larger

and less coherent with the matrix than those formed at room temperature. The

continued increase of strength in this region is mostlikely due to the new precipitates

being larger andstill coherent with the matrix, which have a more effective chemical

hardening mechanism and maintain a further contribution from the strain hardening

mechanism. The moderate increase of electrical conductivity, between the ends of

room temperature ageing to peak strength, appears to be due to a nearly balanced

opposing effects of the electron scattering of the strained matrix and the purification

of the matrix on electrical conductivity. The purification effect of the matrix appears

to be slightly predominantoverthe scattering effect of the strained matrix.

The constant high strength maintained with a continuedincreasing trend of the

electrical conductivity (the plateau effect observed in Figs. 3.8 and 3.9) in the

artificial ageing region is due to a balancedeffect of the strength hardening

mechanism in operation.In this region, it appears that the dispersion hardening

mechanism, whichinfers a loss of strength due to some over ageing, negates the

beneficial effects on strength of the chemical hardening mechanism.In the over

ageing stage (Fig. 3.8 and 3.9), the strength decreased and the electrical conductivity

continued increasing. The decrease in strength can be explained bythe onset of over

ageing.In this ageing stage, the dispersion hardening or the Orowanstrengtheningis

the predominant hardening mechanism. This view is supported by the fact that, when

the dispersion hardening mechanismis in operation, the flow stress is inversely

proportional to the spacing between the precipitates (Orowan 1948).
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The continuedelectrical conductivity increase is inherent from the loss of coherency

of the precipitate with the matrix and a continuedpurification effect of the matrix.

Non-coherentprecipitates do not significantly affect the electrical conductivity

(Raesignia 2006).

The overall non-linear correlations of electrical conductivity with hardness and with

strength (Figs. 3.7, 3.8 and 3.9) are the result of the different responsesofelectrical

conductivity and hardnessto the precipitation age hardening process. However, the

over ageing region showedan inversely proportional correlation between hardness

and electrical conductivity (Fig. 3.7) and between strength and electrical conductivity

(Figs. 3.8 and 3.9). The correlations appear to be the consequenceofthe inverse

relationship between the precipitate particle spacing with electrical resistivity

(Raesignia 2006) and the precipitate particle spacing with strength (Orowan 1948)

respectively.

3.4.6 Strength prediction

The difference in gradients of the strength-hardnesscorrelations (Fig. 3.10) indicates

that the PS is more responsiveto the age hardening process than the UTS. Therefore,

as the alloy age hardens with time and temperature, the gap between 0.2 % PS and

UTSdecreasesand the strength ratio (PS / UTS)increases with increasing hardness

(Fig. 3.11). The pronouncedgradient of PS, in comparison with that of UTS, appears

to be influenced bythe strain hardening characteristics of the alloy. This view is

supported by the simultaneously loss of ductility observed (Fig. 3.12) where the

percentage elongation of the alloy simultaneously decreases with the age hardening

process. Theabilities of the alloy to strain harden is reduced during the age
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hardening process, since the strain hardeningis related to the ductility and strain

hardening exponent (Riggset al. 1984).

The goodliner relationship between UTSandhardness (Fig. 3.10) as indicated by the

high regression R’value of 0.9765, suggests that the prediction of UTS from a given

hardness value can be made with a reasonable degree of accuracy. On the other hand,

the prediction of PS is less accurate due to a lower R° value (0.8983). Other

investigators have reported similar correlation of yield strength with hardness, for

example, for AA 7075 (Koch and Colijn 1979), AA 2090 and binary Al 2.2% Li

alloy (Brascheef al. 1989), for AA 2219 (Natan and Chihoski 1983). For Al-7 wt%

Si alloys with different levels of Mg, the strength-hardnessrelationship, on both

yield and tensile strengths, changes linearly with Mayer hardness (Tiryakiogluefal.

2000).

The lack of accuracy in predicting 0.2 % PS from hardnessvalues, in comparison to

the prediction of UTS, appearsto be a result of different ductility or strain hardening

characteristics between test pieces with the same hardness. This assumption is based

on observations made from Figs. 3.11 and 3.12. From Fig. 3.11 it can be seen that for

the same hardnessthe strength ratio can be different. The over ageing conditions

gave higher values of strength ratio than the under-aged conditions. Fig. 3.12 shows

that for a similar hardnessa different ductility can be obtained depending on the

ageing condition of the test pieces.

However, the accuracy in predicting the PS can be improvedbyassessing the

hardnessandelectrical conductivity simultaneously. Specifically, the age condition
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can be determined by examining both the hardness andelectrical conductivity values

from Fig. 3.7. With the established ageing condition, the UTSandthe strength ratio

for the corresponding age condition the PS can be determined with better degree of

accuracy for any given hardness value. Furthermore, the PS can also be determined

from the electrical conductivity-strength ratio correlation (Figs. 3.9) or from the PS —

EC correlation (Fig. 3.8b) for any ageing condition with electrical conductivity value

greater than 35.9% IACS. For example, in the over ageing region (Fig. 3.8b) the

regression value R*is 0.9392.

During this investigation, before the re-heat treatments commenced,a lack of

property uniformity was noticed on test pieces from different plate thicknesses. A

notable difference in electrical conductivity and hardness was observed betweentest

pieces in the as received heat treatment condition. The inhomogeneity acrossplate

thickness will be studied in Chapter4.

The findings from the correlation of hardness with strength for AA 7010 should not

be extrapolated to other aluminium alloys. Each alloy should be assessed on its own

merit, as non-consistency betweendifferent alloys is possible.

3.5 Summary

In the present work,electrical conductivity and hardness measurements were

combined to evaluate the age hardening phenomenain AA 7010.

The properties are sensitive to processing parameters such as temperature and ageing

time. When ageing conditions are changed, differences in hardnessandelectrical

conductivity are detected.
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The response of hardness and electrical conductivity to the age hardening processfor

AA 7010 can be interpreted as their dependenceonthe structural changes of the

matrix. The precipitates formed andtheir strain fields influence the electrical

conductivity and hardnessbyscattering the conducting electrons and offering

obstacles to the motion of dislocation. The variation of hardness andelectrical

conductivity could be directly attributed to the formation of different precipitates,

their volumefractions and the purification effect of the matrix.

The formation of the precipitate is mainly dependent upon the diffusion and

precipitation rate, which in turn depends mainly on temperature. The fast speed of

quenching before natural ageing enhancesthe diffusion rate because of the inherent

high concentration of both solute atoms and vacanciesretained in the matrix. This

wasevidencedby the dramatic speed of response of hardnessandelectrical

conductivity to the age hardening process during theinitial stage of natural ageing.

Forthe full range of ageing conditions, there is an overall non-linear correlation of

electrical conductivity with hardness (Fig. 3.7) and with strength (Figs. 3.8 and 3.9).

It is possible to have two different hardness and strength values for the same

electrical conductivity value, or vice versa. Therefore, the prediction of strength or

hardnessfrom electrical conductivity value alone is not possible. However, the over

ageing region of Figs. 3.7, 3.8 and 3.9 showedan inversely proportional correlation

betweenelectrical conductivity with hardness or strength. Therefore, the hardness or

strength can be determined with reasonable accuracy on AA 7010for anyelectrical

conductivity value beyond 35.9% IACS.
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Forthe full range of age hardening,a linear correlation was established between the

strength and hardness of AA 7010, where the strength can be predicted with a

reasonable accuracy. The linear relationship of hardness with UTS gave a correlation

coefficient R’ of 0.9765, suggesting a good correlation. On the other hand, the

correlation of PS with hardness gives a lower R’of 0.8983, indicating a more

pronouncedscattering. However, whenthe hardness and conductivity properties are

assessed in combination, they can provide the initial step to non-destructively predict

the PS with an improved accuracy for any age condition for AA 7010.
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Table 3.1 Chemical composition of AA 7010

 

 

 

 

 

Chemical Zn |Mg| Cu Zr Fe |Si Ti Ni |Mn Cr
elements

Nominal 6.30 2.34 1.75 0.12 0.05 0.04 0.03 0.01 0.00 0.00

Wt %

Minimum
5.7 2.1 1.5 0.10 - -

Wt %

Maximum
6.7 2.6 2.0 0.16 0.15 0.12 0.06 0.05 0.10 0.05

Wt %            
 

Table 3.2 Properties of specimens after solution heat treatment at 473°C for 50
minutes, quenchedin water (>95°C/s) and naturally aged at different times

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Ageing
Test Time EC __|Hardness\0.2% PS| UTS |Elongation|

Piece ID} (hrs) ((%IACS)) (HV) (MPa) (MPa) (%)

1A 0.25 31.56 78.8 104 303

IB 0.5 31.24 86.7 307 31.2

2A 1.25 30.86 88.9 107 327 31

2B 1.5 30.74 91.1 334 32

3A 2 30.5 92.3 95.5 323 30

3B 3.25 29.4 104 133 361 30.5

4A 4.5 29.28 101 169 357 28

4B 5.25 28.76 104 222 374 31

5A 6 28.79 102 221 368

5B 7 28.74 113 224 373 30

6A 8 28.54 111 230 376 28

6B 9 28.33 11] 244 399 28

7A 11 28.19 115 258 408 26

7B 13 28.03 118 254 409 27

8A 16 29.86 107 240 389 25

8B 18 27.88 118 252 403 a7

9A 20 29.74 106 248 402 24

9B 24 27.88 124 276 431 30

10A 33 27.68 131 270 418 29.5

10B 46 27.52 130 291 446 28

LIA 63 27.38 133 299 450 29

11B 91 27.45 133 266 457 25.5

12A 116 27.26 138 302 446 26

13A 163 27.31 141 312 475 25

13B 199 27.26 139 288 484 24.5

14A 247 27.2 140 325 486 24.5

15B 386 27.26 146 308 496 pss)  
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Table 3.3 Properties of specimens after solution heat treatment at 473°C for 50

minutes, quenched in water (>95°C/s), naturally aged for 16 days andartificially

aged at 120°C and 172°C for different times

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

  

 
 

 
 

  

 
 

  

  

  

  

  

  

  

  

  

  

  

           

Test Piece Agei Time EC Hardness| 0.2% PS UTS Elongation

ID seing temp. (ars) (%IACS) (Hy) (MPa) (MPa) (%)
21A 0 27.47 135.7 317.9 468 23:5

21B 0 29.74 119.7 322.4 452.7 22.5

22A 0.02 30.29 124 300 443 22.5

22B 0.03 28.9 147.3 308 470 2h

23A 0.07 29.26 157.3 324.4 508 20

23B 0.1 29.62 162 311.9 505 19

24A 0.13 29.51 165.7 434 530 19

24B 0.26 29.65 163.7 415 515 18

25A 0.36 29.66 169 320.8 539 20

25B 0.5 29.5 170.3 404 539 18

26A 0.45 29.63 170.5 345 523 19

26B 120°C I 31.4 160.7 400 524 17

27A 1.5 29.78 176 407 552 19

27B 2 29.77 176.3 366 538 20

28A 3 29.36 181.2 465 562 18

28B 4 30.01 180.6 402.3 574 18.5

29A 5 31.7 170 540 553 17.5

29B 6 31.88 170.3 479 554 14.5

30A 7 30.21 182.6 469 554 17

30A 8 30.05 182.3 492 574 17.5

31A 9 30.14 183.3 481 553 18

31B 10 30.17 187 417.1 S77 18

32A 0.16 31.4 184 492 565 15.5

32B 0.25 31.72 191 459 567 16

33A 0.33 33.4 178.7 498 555 15

33B 0.41 32.1 186.7 532 576 14

34A 0.75 32.5 192 531 568 13.5

34B 0.58 32.26 190.3 508 565 13.5

35A 1 34.64 182 525 570 12

35B 172°C 1.25 35.15 177.3 527 567 11.5
36A 15 36.22 178.8 540 515 11.5

36B 2 35.2 191.8 563 589 12.5

37A 2.5 35.9 187.3 549 587 12.5

37B 3 36.22 187 542 584 12.5

38A 3.5 36.41 191 521 585 12.5

38B 4 36.53 190.3 535 572 11

39A 4.5 36.81 186.7 530 572 11

39B 5 37 186.7 538 582 13

40A 55 37.17 187.3 514.7 568 13

40B 6 37.14 187.7 526 569 12.5

41A 6.5 38.33 180.7 515 558 11.5

41BC 7 37.41 180.7 508.3 556 13

42A T3 37.29 185.3 516 566 12.5

42B 8 38.13 176.7 508 558 12.5
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Table 3.4 Properties of specimensafter solution heat treatment at 473°C for 50

minutes, quenched in water (>95°C/s), naturally aged for 16 days,artificially

aged at 120°C and 172°C and over aged at 172°C for different times

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Test Ageing 0.2%
Piece Time EC |Hardness} PS UTS| Elongation

ID (hrs) (%IACS) (CHV) (MPa)| (MPa) (%)

43A |Std. H/T) 37.44 188 530 581 10.5

43B | 37.88 185 512 563 10.5

44A 2 38.14 181.3 501 556 13

44B 4 38.89 179 490 549 12

45A 6 40.05} 164 467 527 11.5

45B 8 40.91 158.7 448 513 11

46A 9 40.95 154 440 507 11

46B 10.5 40.63 164.3 429 507 11

ATA i2 40.9 161.3 426 509 14

47B 13.3 41.77 130.3 406 482 13

A48A 15.25 41.17 155 407 494 13

48B 17 41.4 156.3 407 489 13

49A 19 41.55 157 407.7 489 [2

49B 21 41.83 148 339 489 13

SOA 23 42.02 151.2 403 492 13.5

50B 25 41.97 146 385 483 14

SIA 24 42.06 146.3 380 476 14

51B 29 42.22 152.3 380 474 13

52A 31 42.21 147.6 384 478 13

52A 34 42.25 147.3 380 472 13.5

53A 37 42.61 147.7 374 475 13.5

53B 40 42.41 141 369 465 12

54A 44 42.71 143 368 464 12

54B 48 42.71 140.8 359 456 12

S55A 56 43.16 144.6 354 455 13.5

55B 64 42.91 141 358 447 11.5

S56A 77 44.21 124.7 325 421 11.5

56B 100 44.65 120.6 312 409 12 
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Fig. 3.1 Geometry of flat dog-bonetensile test pieces
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Fig. 3.2 Schematic of rolled plate indicating location and

orientation of flat dog-bonetensile test pieces. L, Lt

and ST indicate the rolling direction, long transverse

and short transverse directions, respectively.
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Fig. 3.3 Arrangementoftest blanks on the solution heat treatmentrack.

Arrowsindicate positions of thermocouples, which were

numbered | to 6 and were equally spaced on the charge
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AA 7010 from a supersaturated solid solution during

natural age hardening
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Fig. 3.7 Electrical conductivity and hardness response of AA7010 age
hardened from saturated solid solution. Arrows indicate the progress

of the different age hardening stages with temperature and time.
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Chapter4

Property assessmentacross plate thickness of AA 7010

4.1 Introduction

The mechanical properties of high strength aluminium alloys are influenced by

their chemical composition and the heat treatments. Whenselecting these alloys for

structural parts, careful consideration is also given to the product form. The

minimum valuesoftensile properties are governed not only by the section

thickness butalso by the direction of the wrought product, from which the

components are made from (Nielson et al 1984).

AA 7010 in the T7651 temper condition is one of the aircraft industry standards for

thick plates, due to a combination of good strength, good fracture toughness and

high resistance to stress corrosion cracking (Reynolds 1976, Military Handbook 5G

1994). It is well documentedthat the anisotropy of properties becomes very

importantas the plate thickness increases. Normally, tensile properties are higher in

the longitudinal than in the transverse direction. The properties are dependent upon

the test direction in relation to the rolling direction of the plate or the orientation of

grain structure and second phase constituents.

The suppliers of thick plates of AA7010 commonly use NDTofelectrical

conductivity and hardness to monitor the quality consistency during manufacturing.

Dueto their accuracy and fast response, hardnessandelectrical conductivity

measurements have also been used extensively to study the age hardening process
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and the associated precipitation mechanism in manyheattreatable aluminium

alloys.

In the aircraft industry these non-destructive inspection techniques are also used to

assess the indications of overheating due to machining operations, when previously

detected by chromic acid anodising. AA 7010 underinvestigation, it has been

observed that, even when noindication of overheating is detected by chromic acid

anodising, the electrical conductivity and hardness change notably from the outside

surface towardsthe centre of the plate. This suggests a lack of property

homogeneity through the plate thickness. For AA 7050, through-thickness

anisotropy of tensile yield strength was reported (Chakrabarti 1996). For AA 7075

the quenching-rate gradient from solution heat treatment temperatures was reported

to be a major factor leading to the property differences in thick sections (Staleyet al

1984). The property inhomogeneity throughthe thickness can also be a result of

other factors, such as the segregation of alloying elements during solidification and

the subsequent thermo-mechanical processing, especially when subjected to

prolonged high temperature during rolling. This view is supported bythe fact that

the orientation dependence of mechanical properties in aluminium alloys can arise

for several reasons, e.g. mechanicalfibrin, internal stresses and crystallographic

texture. Mechanicalfibrin results from changes in grain shape or alignmentof

second phaseparticles in a heavy worked material (Polmear 1995).

However,verylittle information is available to explain the lack of homogeneity of

properties for thick products of AA7010. This chapter aimsto identify the main

contributors to the property inhomogeneity throughthe plate thickness of AA 7010
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and to gain an understanding of the metallurgical phenomenainvolved, with the

objective to improve the manufacturingefficiency of the structural aircraft parts.

4.2 Experimental

4.2.1 Material

The material assessed in this investigation was a plate of AA 7010 with the T7651

temper condition. Details of the thermo-mechanical manufacturing route, the

dimensions and the chemical composition of the plate have been specified in

section 3.2.1.

4.2.2 Test pieces

A total numberof 11 test pieces were taken at different locations from the AA7010

plate for electrical conductivity, hardness, chemical analysis, metallography and

tensile tests. Fig. 4.1 shows the locations andorientations of the test pieces. Test

piece | wasselected at a random location as shownin Fig 4.1 and was used for

assessing the homogeneity of electrical conductivity, hardness, chemical

composition and microstructure through the plate thickness. Test pieces 2-5 were

taken at different locations along the long transverse (LT) direction in a slice cut

from the end ofthe plate. Test pieces 6 and 7 were taken at two different locations

along the LT direction, at a distance of 200 mm from eachother, in twoslices

parallel to the rolling (L) direction. Test pieces 8 and 9 were taken at two different

locations alongthe rolling direction, at a distance of 340 mm from eachother, in

twoslices perpendicular to the rolling direction. Test pieces 10 and 11 were taken

at two different locations along the LT direction, at a distance of 200 mm from each

other, in two slices parallel to the rolling (L) direction.
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Test pieces 1-7 were used to study the property homogeneity of electrical

conductivity and hardness perpendicular (1-5) and parallel (6-7) to the rolling

direction. Test pieces 8 - 9 and 10 - 11 were used to study the property

homogeneity oftensile strength, electrical conductivity and hardness perpendicular

and parallel to the rolling direction. Test pieces 8-11 were also used for making

samplesfor tensiletests.

Test piece | is rectangular with dimensions of 157x100x3 mm, as shownin Fig.

4.2. The longest dimensionrepresents the original thickness of the plate. The test

piece was marked near the centre into 31 different areas of 25 mm‘forelectrical

conductivity and hardness measurements. Chemical analysis was performed by

taking milling samples at different depths of the plate, starting from the outside

surface towardsthe centre of the plate, as illustrated in Fig 4.2. Metallographic

examinations were performed on six different areas across the plate thickness, as

indicated in Fig. 4.2.

Tensile test samples were cut from test pieces 8-11 as shownin Fig. 4.1. Fig. 4.3

showsthe geometry ofthe tensile test samples and the locations from which these

samples were taken. A plate of 250 mm in length and 157 mm in width was cut

from each test piece (11 mm thick) and wasfurther cut along the length into 13

rectangular bars (1111x250 mm), representing 13 different depths across the plate

thickness with Bars No. | and No. 13 representing the outside areas of the plate and

Bar No 7 the centre of the plate. From each rectangular bar, a tensile test specimen

was machined. The specimen has a diameter of 7.98 mm, a minimum parallel

length of 65 mm, a gauge length of 40 mm,a minimumtransition radius of 8 mm,
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and wasconsistent with the requirements of British Standard BS 4A — 4 (1966).

The square ends of the specimen used for gripping were also used forelectrical

conductivity and hardnesstests.

The specimensare taken parallel to the rolling direction for test pieces 10 and 11

and perpendicularto the rolling direction for test pieces 8 and 9.

4.2.3. Thermal treatment

Re-heat treatment was performed ontest pieces 1-5, meanwhile test pieces 6-11

were tested in the as received condition (heat treated by the supplier), the locations

of which in the plate are shownin Fig. 4.1. Fig. 4.4 is a schematic diagram of the

re-heat treatment process. The re-heat treatment included solution heat treatmentat

473°C for 50 minutes and quench in water (Stage A), natural age hardening at room

temperature for 30 days (Stage B), and artificial age hardening at 120°C for 10

hours and then at 172°C for 8 hours (Stage C).

4.2.4 Electrical conductivity

The electrical conductivity measurements were carried out using a Forster

SIGMATESTEc 2.068electrical conductivity meter. These measurements, which

are based on the eddy current method, were performed in compliance with the

Airbus UKprocessspecifications (Airbus UK 2005). The precautions taken to

minimise any possible error during the electrical conductivity measurements have

already been discussedin section 3.2.4.
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Electrical conductivity was measured onall test pieces | to 11, the locations of

whichin the plate are shownin Fig. 4.1. Howeverfor test pieces 1, 4, 6, 7, 8, 9,10

and 11 the measurements were conductedin the as received condition. Test pieces

1, 2, 3, 4 and 5 were tested after every stage of the re-heat treatment. All the test

samples were polished before the electrical conductivity assessments.

4.2.5 Hardness

Hardness measurements werecarried out using a Vickers HTM 8313 hardness

tester, with a |Okg load. The measurements were performed in compliance with

Airbus UKprocess specification (Airbus UK 2004a) and British Standard BS ES

ISO 6507-1 (2005). Details of calibration and the precautions taken to minimise

any possible errors during hardness testing were discussedin section 3.2.5.

Hardness was measured onall test pieces | to 11, the locations of whichin the plate

are shown in Fig. 4.1. Howeverontest pieces 1, 4, 6, 7, 8, 9, 10 and 11 the

measurements were conductedin the as received condition. Test pieces 1, 2, 3, 4

and 5 werealso tested after every stage of the re-heat treatment. Hardness

measurements were conducted after electrical conductivity measurements.

4.2.6 Chemical analysis

Samples of 0.2 grams of millings were extracted from test piece | in the 10

different areas from one surface to the centre of the plate, as identified in Fig 4.2.

These areas were adjacentto the locations where the electrical conductivity and

hardness measurements were made. Bulk chemical analysis was performed on each

sample using the ion couple plasma technique.
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4.2.7 Tensile Testing

Tensile tests, on the cylindrical tensile test specimensasillustrated in Fig. 4.3a,

were performed using a Denison Mayes Group testing machine, model 6157. The

test machine worked with a 100 KN servo-hydraulic load frame and wasfitted with

an IBM stem/2 computer and a 50 mm gaugelength extensometer 7609 DC 1/7902

DC2. Thetensile tests were carried outat a strain rate of 4x10™ s"' in compliance

with British Standard BS 4A — 4 (1966). Details of calibration and the precautions

taken to minimise any possible errors during tensile tests were discussed in section

SoM.

4.2.3 Results

4.3.1 Numerical data

The numerical values of electrical conductivity, hardness, chemical composition

and tensile strength of the test pieces across the plate thickness are compiled in

Tables 4.1 (1), 4.2 (1), 4.3 (2,3, and 5), 4.4 (4), 4.5 (6 and 7), 4.6 (8), 4.7 (9), 4.8

(10) and 4.9 (11). The numbersin the brackets indicate the identification numbers

of the test pieces.

4.3.2 Variation of hardness and conductivity with plate thickness

Fig. 4.5 shows how the hardnessandelectrical conductivity change acrossthe plate

thickness oftest piece 1 in three different temper conditions. The hardness and

electrical conductivity vary in a reciprocal manner,i.e., an increase in oneresults in

a decrease ofthe other and vice versa. Figs. 4.5(a) showsthat the hardnessin the as

received condition generally decreases with increasing distance from the edge

towardsthe centre acrossthe plate thickness. The respective reciprocal change of
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electrical conductivity is also observed. Fig. 4.5(b) showsthat the hardness and

electrical conductivity of the plate in the re-solution heat treated and naturally aged

condition do not changesignificantly in the first 40 mm from either side of the

plate; however, notable changesare evidentat the plate centre, where a drop in

hardness is accompaniedbyan increasein electrical conductivity. Fig. 4.5(c) shows

a gradual increase in hardness up to 6.5 Hv and a respective conductivity drop of -

0.3% IACSfrom the surface to approximately one-quarter of plate depth in the

artificially aged condition. The differences in hardness andelectrical conductivity

from approximately one-quarter of the plate depth from the edgesto the plate centre

are approximately -9.5 Hv and +0.7% IACS,respectively.

Three repeated heat treatment cycles of re-solution heat treatment andartificial age

hardening of test piece | gave the same profiles for hardness andelectrical

conductivity as in the single heat treatmentcycle (Fig. 4.5c). However, three heat

treatment cycles with prolonged soaking time and full age hardening resulted in

higher hardness values and lowerelectrical conductivity values than those in the

single heat treatment condition.

Fig. 4.6 showsthe variation of hardnessandelectrical conductivity across the plate

thicknessin test pieces 4, 6 and 7,all in the as-received condition. Comparing Figs.

4.5(a) and 4.6 showsthat there exist no significant differences in the hardness and

electrical conductivity trends between the four plate locations. The profiles of

hardnessandelectrical conductivity across the plate thickness betweenthetest

pieces perpendicular (Figs. 4.5(a) and 4.6(a)) and parallel (Figs. 4.6(b) and (c)) to

the rolling direction are also very similar.
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Fig. 4.7 showsthe variation of hardness andelectrical conductivity across the plate

thicknessin test pieces 2-5, all in the re-solution heat-treated andartificially aged

condition. Comparing Figs. 4.5(c) and 4.7 showsthatall five test pieces from

different locations on the plate (Fig. 4.1) have similar, but not identical, variation

profiles in the re-solutionised andartificially aged condition. The hardness

generally increases progressively from either edge of the plate towards

approximately one-quarter of plate thickness and then deceases towardsthe plate

centre. The respective reciprocal change ofelectrical conductivity is also observed

through the thickness. Fig. 4.5c is equal to Fig.4.7c, on the other hand Fig. 4.7ais

equal to Fig. 4.7d.

The hardness values for the re-solution heat treat and artificial ageing condition,

Figs. 4.5(c) and 4.7, are higher than those for the as received condition, Figs. 4.5(a)

and 4.6. On the other hand,the electrical conductivity values for the re-treated

condition were lowerthan those for the as received condition. Althoughtest pieces

in the as received andin the re-treated conditions show different hardness profiles

through the plate thickness, they have very similar electrical conductivity profile

patterns.

The variations of hardnessacrossthe plate thicknessin all the test pieces in the age

hardening conditions showed consistent “M”shapedprofiles, with that in the re-

solution heat treated andartificially aged condition being more pronounced. The

variations of electrical conductivity across the plate thickness inall the test pieces

with different ageing conditions, including natural aged condition (Fig. 4.5b)

showedessentially the same flattened “W” shapedprofile.

122



Variations of hardness andelectrical conductivity for test pieces 8-11 are shownin

Figs. 4.8-11. The electrical conductivity values of the test pieces tested in the as

received condition are within the material specification requirements. However, the

hardnessvaluesat the centre of the plate were marginally below the minimum (160

Hy) on six test pieces out of eight. The test pieces with hardness below the

specification were: 4, 6, 7, 8, 9 and 11.

4.3.3 Variation of strength with plate thickness

Figs. 4.8-11 show variations of hardness, electrical conductivity, UTS and PS with

plate thickness in test pieces 8-11. Thereis little correlation between the hardness

profile and PS or UTSprofile across the plate thickness. Generally,in all the four

test pieces, the hardness, UTS and PS decreased from the outside faces towards the

centre of the plate. The strength variation through the plate thickness showsa

flattened “M”shaped profile, specifically between the plate locations of

approximately 40 to 115 mm from one edge.

It most be bore in mind that, on each test piece (Figs. 4.8 to 4.11) a single

measurementofthe tensile properties (proof strength and ultimate tensile strength)

was performedat different depths from the plate surface. The fluctuation in tensile

properties across the plate thickness may be dueto statistical / experimentalerrors,

as well as other factors discussed in section 4.4.5

Figs. 4.8-11 show thatall test pieces have similar hardnessandelectrical

conductivity profiles. However, the profiles of UTS and PS show noticeable

differences between the long transverse direction (Fig. 4.8b and 4.9b) and the
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rolling direction (4.10b and 4.11b). The strength in the rolling direction shows a

sharper “M” shapedprofile than that in the LT direction. This is particularly

noticeable towardsthe centre of the plate, where the strength is higher than that at

the one-quarter depth ofthe plate.

4.3.4 Variation of chemical composition with plate thickness

Fig. 4.12 showsthe variation of chemical composition of test sample 1 from the

outside surface to the centre of the plate. Fig. 4.12a showsthe variations in

concentrations of the major alloying elements Zn, Cu and Mg. Theyincrease

slightly from the surface to approximately a depth of 32 mm ofthe plate thickness

and then decreaseslightly towards the centre. Fig. 4.12b showsthe variations in

concentrations of the minor alloying elements Zr, Fe, Si and Ti. There are some

changes of Fe and Si concentration through the plate thickness, but the variation of

Si in particular may be due to possible experimental scattering in measurements.

The maximum changesof Zn, Cu, Mg, Fe and Si between the surface andthis

depth were 0.3%, 0.15%, 0.13%, -0.01 and -0.01%, respectively. The remaining

elements Ti, Zr and Mndid not change much throughthe thickness, except for

higher Ti and Zr concentrationsat the centre ofthe plate.

4.3.5 Microstructure

Fig. 4.13 shows typical microstructures of the AA7010 plate. The samples for the

metallographic examinations were taken from test piece 1, the location of which is

shownin Fig. 4.1. The micrographs of the microstructure perpendicular to the

rolling direction (Fig. 4.13a - 4.13d) of the plate show that the mean grain size

varies acrossthe plate thickness, with the grains at the centre being coarser than
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near the edge. This grain structure also showsindication of grain spread in the long

transverse direction. The average grain sizes, measured by quantitative

metallography, are approximately 90 Um at the outside edge and 120 um at the

centre, respectively. The micrographs of the microstructure perpendicular to the

long transverse direction (Fig. 4.13e — 4.13h) of the plate show that the grains are

elongated on the rolling (longitudinal) direction and the grains gradually coarsen

from the edge of the plate to the centre. The change in shape andorientation of the

grains throughthe plate thickness indicate slight fibrin effect due to the rolling

operation.

The micrographs showedthat primary coarse inter-metallic particles or

constituents are predominantly irregular in shape and are mainly confined to the

grain and sub-grain boundaries. There is an apparent gradual change in the number

and size of these constituents through the plate thickness. They appearto be larger

and slightly less numerousat the centre than towardsthe edgeofthe plate.

4.4 Discussion

4.4.1 Relationships between composition, microstructure and properties

The hardnessandelectrical conductivity of an aluminium alloy are dependent upon

the composition and microstructure of the aluminium alloy. The alloying elements

can exist in the matrix as solute or form coarse primary intermetallic particles or

dispersoids and fine precipitates. The intermetallic constituents, which are

relatively large particles and formed during solidification, cannot be dissolved

completely during homogenisation, high temperature rolling and solution heat

treatment, or in the age hardening treatment (Morris et al. 1984, Hamerton 2000).
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They are presentin the natural andartificially aged conditions. In the 7000 series

aluminium alloys, Fe, Si and Mn containing dispersoids and other micro

constituents have a constantor little contribution to the hardnessand electrical

conductivity (Morris et al. 1984).

It is well established that the hardness and strength are largely determined by the

amountoffine precipitates in the alloy formed during age hardening; the higher the

volumefraction of the fine precipitates, the higher the hardness and strength would

be. All known metallic additions to aluminium reduce its electrical conductivity;

metals in solid solution depress the conductivity to a greater extent than out of

solution (Morris et al. 1984). The electrical conductivity is therefore largely

determined by the amountof alloying elements in the solid solution and the amount

of fine precipitates. The effect of grain size on electrical conductivity for

commercial materials is negligible (Frank et al. 1984). However, grain size

influences the strength of aluminium alloys (Orowan 1948).

4.4.2 Variations in hardness and conductivity

The variations in hardness and electrical conductivity across the plate thickness are

normally in a reciprocal relationship, i.e. higher hardness corresponds to lower

electrical conductivity and vice versa. This is because higher hardnessis associated

with GP zonesorfine strengthening precipitates generating more distortion or more

strain in the crystal lattice, which also leads to more scattering to electron

movementand thus lowerelectrical conductivity.
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The general differences in hardness and electrical conductivity between the as-

received, the re-solution heat treated / naturally age hardened and the re-solution

heattreated / artificially age hardened conditions, as shownin Fig. 4.5, can be

explained by the amountof alloying elementsin the solid solution and the amount

of strengthening precipitates. In the naturally age hardened condition, only a small

fraction of the alloying elements are precipitated as fine and coherentparticles (GP

zones). Becauseofthis, the aluminium alloy in the naturally age hardened condition

has much lowerhardnessthanin the as received and the re-solution heat-treated /

artificial age hardened conditions. Because a large fraction of the alloying elements

are still dissolved in the solid solution, the aluminium alloy in the naturally age

hardened condition has much lowerelectrical conductivity than in the as received

and the re-solution heat-treated / artificial age hardened conditions.

The high hardnessand lowelectrical conductivity values across the plate thickness

in the re-solution heattreated / artificially age hardened condition (Figs. 4.5c and

4.7), in comparison with the as-received condition (Figs. 4.5a and 4.6), are mainly

due to the difference in quenchingrate after solution heat treatment. With a

thickness of only 3 mm,the laboratory re- solution heat-treated and artificially aged

test samples have a higher quenchingrate than that of the as received plate (157

mm thick). The test samples will therefore have reduced quench-induced

precipitates, increased solute content and quenched-in vacanciesin the solution.

This in turn leads to a moreefficient artificial age hardening and an increase in the

amountof strengthening precipitates. This re-solution heat-treated andartificially

age hardened condition will lead to higher hardness. In comparison, the as-received

condition is expected to have a greater level of quenching induced precipitates than

127



the laboratory-retreated test samples, due to the low quenchingrate and prolonged

manufacturing operations at high temperature (Martin 1998). A low quenchingrate

from solution heat treatment temperatures leads to heterogeneousprecipitation on

primary dispersoids and at grain boundaries (Godard ef al. 2002). As a

consequence,the amountof alloying elements available for age hardeningis

reduced.

The differences in electrical conductivity and hardness values and profiles though

the plate thickness betweenthe as received andthe re-treated conditions are also

affected by the absence of controlled stretching on the re-treated samples. It was

reported that the stretching could introduce uniformly distributed dislocations into

the alloy prior to age hardening, which leads to a more uniform distribution of

coherent and semi - coherent precipitates and therefore more homogeneous

properties (Martin et al. 1989).

In the present investigation, the stretching effect was removed during re-solution

heat treatments. For this reason, the re-treated andartificial age hardening samples

showed more pronouncedchangesin hardnessandelectrical conductivity than the

as received condition. However,the net result of higher hardness and lower

electrical conductivity values, for the re-solution heat-treated andartificially aged

condition, is a direct consequence of the faster quenchingrate.

It was reported that the quenching-rate gradient in the solution heat treatment was

the majorfactor leading to the property differences in thick sections of AA 7075

(Staley 1984). In the presentinvestigation, the quenching rate for the re-solution
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heat-treated test pieces | to 5 (3 mm thick) were muchhigherthan that of the as

received condition. However, the profiles of hardness and electrical conductivity

through the plate thickness remainedessentially the same as those of the received

condition. Furthermore, repeated re-solution heat treatments, with longer soaking

time, and full ageing of test piece 1 showed the sametrend of properties. Therefore,

the quenchrate gradient from the surface to the centre of plate is not a major

contributing factor for the low hardnessat the plate centre in the present

investigation.

The variations in electrical conductivity and hardness throughthe plate thickness of

test pieces | to 7, for AA 7010, showed “W”and “M”shapedprofiles, respectively

(Figs. 4.5-7). The variations are considered to be inherent from the parameters

governing the ingot casting, which lead to some degree of segregation of the

alloying elements, and partly dueto the rolling process parameters and the thermal

gradients in the heat treatments. The variation in electrical conductivity is mainly

due to changes in chemical composition, the nature of the precipitates formed,or

both (Morris et al. 1984). The variation in hardness, on the other hand, is most

likely due to a combination of chemical composition change andthe effects of the

thermo-mechanical processes.

Since the chemical composition of the plate is very similar between the outside face

and the centre (Fig. 4.12), the drop in hardness and the correspondingincrease in

electrical conductivity at the plate centre, in the three different age harden

conditions, are mainly due to the depletion of alloying elements from the solid

solution at mid-plate. This occurs because the formation of equilibrium precipitates
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(n) on the primerdispersoids during the high temperature manufacture ofthe plate

and duringtheartificial age hardening. A similar effect was reported on Al-Li-Cu-

X alloys, where decreases in the UTSandyield strength in the T6 and T86 temper

conditions were attributed to the formation of coarse heterogeneousprecipitates,

which consumed Cu and thereby reduced the numberdensity ofthe fine

strengthening precipitates (Csontoset al. 2000).

4.4.3 Microstructural inhomogeneity

Optical microscopy examination through the thickness of the AA7010 plate showed

that the grains at the plate centre are much coarserthan at the surface (Fig. 4.13). A

notable difference in the size and numberof primary constituents between the

surface and centre of the plate was also observed. It is indicated that the centre part

of the plate was subject to low cooling rate during solidification and prolonged high

temperature during the homogenisation and thermo-mechanical manufacturing

operations. During the solidification of a large ingot, the dendrites containing

peritectic and eutectic intermetallic compounds can be broken awayand transported

towardsthe ingot centre by the liquid metal flow, resulting in the formation of

primary dispersoids containing elements such as Zr, Fe, Mg and Si (Morris et al.

1984, Hamerton 2000). High temperature precipitates can also form

heterogeneously on the dispersoids during the thermo-mechanical operations.

The difference in the content of dispersoids also supports the view that the hardness

drop andelectrical conductivity increase at the plate centre are inherentof the

solidification and thermo-mechanical processes of the product. The majority of the

dispersoids are mostlikely Al;Zr, which forms very rapidly in solidification due to
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its similar crystallographic structure and low misfit with the aluminium matrix (Nes

1972). The formation and growth ofthe dispersoids at the centre could decrease the

amount of solute elements within the solid solution, which otherwise would be

available for artificial age hardening. The lack of strengthening alloying elements

(Zn, Cu and Mg) within the solid solution may have resulted in the lower hardness

and higherelectrical conductivity observed at the centre of the plate. This view is

supported by the findings of Deschamps (1998) and Godard (2002). They reported

for Al-Zn-Mg-Cualloy that, during slow quench, extensive nucleation of

precipitates occurs. The quench inducedprecipitates occur mainly on Zr containing

dispersoids. This induced a decrease of the solute available for the fine-scale

precipitation.

The fibrin effect (change in shape andsize of grains) observed through the

thicknessofthe plate is due to the nature of mechanical deformation during hot

rolling. The mechanical deformation also influenced the differences in size and

numberofthe constituents present through the microstructure. The constituents

have been broken downinto smaller sizes near the surface of the plate than at the

centre.

4.4.4 Effect of chemical composition changes

The difference in hardness andelectrical conductivity values throughthe plate

thickness (Fig. 4.5c) is considered to be influenced bythe slight variations in the

major alloying elements throughthe plate thickness (Fig. 12a) and bythe nature of

the precipitates formedby the strengthening alloying elements (Zn, Cu and Mg). At

the plate centre, the level of non-strengthening precipitates would be higher than at

131



the surface.

Variations of chemical composition of alloying elements can occur within a single

plate, typically due to macro segregation carried forward from the original ingot

(Rummel and Arbegast 1981). The variations in chemical composition can result in

variations in electrical conductivity values within the plate. According to Morris

(1984), a 1 wt% increase in Zn, Cu, Mg, Zr, Fe, Ti, Mn or Si in solid solution in

aluminium alloys would result in an increase in resistivity of 0.094, 0.344, 0.54,

1.74, 2.56, 2.88, 2.94 and 1.02 uQ cm,respectively. The measured concentrations

of Zn, Cu, Mg, Zr, Fe, Ti, Mn andSi at the surface and at 32 mm from the surface

of the AA7010 plate were (6.1%, 1.69%, 2.26%, 0.1%, 0.06%, 0.03%, 0.01% and

0.05%) and (6.64%, 1.84 %, 2.39%, 0.1%, 0.05%, 0.03%, 0.01% and 0.04%),

respectively. Using the aboveprinciple, these alloying elements would result in

increases in resistivity of pure aluminium (2.65 wQ.cm at 20°C) by approximately

2.87 1Q.cm for the outside face and 3.01 1Q.cm at 32 mm from the surface. The

corresponding valuesofelectrical conductivity for these locations would be

estimated to be 31.24% IACS and 30.48% IACS,respectively. Although the

estimated values are different from the measured values, because of ignoring the

precipitation effects, they clearly demonstrate the possible cause of the difference in

electrical conductivity between the two locations.

The change of chemical composition registered at the location 32 mm from the

surface is mostlikely inherent from the cast ingot from whichthe plate wasrolled.

Duringthe solidification of a large ingot, the microstructure changes from equiaxed

to columnarand to equiaxed again from the surface to the centre (Higgins 1983).
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As a consequence,the alloying elements are pushed inwardsuntil a new

solidification mode becomes dominant. The subsequent homogenisation and hot

rolling operations cannot remove the compositional inhomogeneity completely. The

registered increases in the major alloying elements at 32 mm from the surface

might coincide with the transition zone between the equiaxed and columnarregions

(Higgins 1983). The high levels of Ti and Zr concentrationsat the plate centre, as

shownin Fig. 4.12b, are also a result of the solidification-induced inhomogeneity.

4.4.5 Variations in strength

The UTSand PS values showed noticeable differences in the longitudinal and long

transverse directions (Figs. 4.8-11). The anisotropy appears to be dueto the fibrin

and texture in the AA7010 plate, the fibrin is evidenced in Fig. 4.13. It has been

reported that anisotropy can also be influenced bypreferred precipitation during

age hardening on specific crystallographic planes. Bate er al. (1981) showed that

the habit plane of the precipitates are importantin relation to the orientation

dependenceoftheir strength effects. Precipitates can impart a directionality in

properties, which either enhancesor diminishesthe effect attributed to texture

alone.

The main reasonsfor the variations in UTS andPS acrossthe plate thickness are

similar to those discussed, for the variation in hardness, in section 4.4.2. However,

the fluctuation in tensile properties across the plate thickness mayalso be

influenced bystatistical / experimentalerrors.
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The contributing factors to the through thickness anisotropy of strength are most

likely the gradients of crystallographic texture and thermal history from the surface

to the centre. This view is supported by a report on AA 7050, which showedthat

the texture gradient from the surface to the centre contributes strongly to the

differing yield strength pattern through the thicknessin the longitudinal, long

transverse and short transverse directions (Chakrabarti 1996). Other investigators

have drawn similar conclusions. Solas et al. (1996) showed that the variation of

macro yield strength was mainly a crystallographic texture effect for AA7010.

Chenet al. (2008) observed a pronounced texture variation through the plate

thickness for AA 7055, with B fibre texture at the centre and shear type texture at

the surface.

4.5 Summary

The investigation on the variations of hardness, electrical conductivity and strength

across the thickness of an AA 7010 plate under the temper condition of T7651

showedconsiderable inhomogeneity in these properties. Whereas the hardness and

strength varied simultaneously through the thickness, the electrical conductivity

respondedin a reciprocal mannerto hardnessandstrength. A test piece from the

plate subjected to re-solution heat treatment/ natural age hardening and re-solution

heat treatment/ artificial hardening showedsimilar tendencies in property changes

as in the as-received raw material. This suggested that the lack of property

homogeneity across the plate thickness wasinherent of the manufacturing route.

The differences in properties through the plate thickness were due mainly to the

changesin the concentrations of the strengthening alloying elements in the solid

solution and the associated changes in microstructure. These changes were due to
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the different thermal histories experiencedat different locations across the plate

thickness during solidification, homogenisation androlling operations.
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Table 4.1

Hardnessandelectrical conductivity of test piece 1, in the as received,

re-solution heat-treated naturally aged andartificially aged conditions.

The thermal re-treatments were performed asindicatedin Fig. 4.4.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Asreceived Naturally aged Artificially aged
Location on} Distance Electrical Hardness Electrical Hardness} Electrical Hardness

thickness from edge conductivity conductivity conductivity

mm %IACS Hv1l0kg %IACS |Hvl0kg| %IACS Hv 10 kg

1 5 39.84 172.5 27.38 147 38.69 179

2, 10 39.74 174.5 27.34 145.5 38.63 180.5

3 15 39.62 171.5 27.4 146 38.59 181

4 20 39.6 174 27.4 146 38.52 183

5 25 39.62 174 27.4 147.5 38.52 184

6 30 39.67 171.5 27.4 145.5 38.5 185

7 35 39.76 170 27.42 146 38.47 186

8 40 39.78 171.5 27.36 147.5 38.52 185.5

9 45 39.85 169 27.42 145.5 38.53 185

10 50 39.97 171 21aT 145.5 38.57 184

1] 55 40.09 167 27.72 143.5 38.64 182

12 60 40.21 166 27.81 144.5 38.84 180

13 65 40.31 165 27.98 145 38.93 177

14 70 40.57 164.5 28.12 140.3 39.05 178

15 75 40.79 164 28.51 139.3 39.19 177

16 80 40.69 163 28.65 137 39.22 176

17 85 40.81 163.5 28.6 139 39.29 175.5

18 90 40.76 164.5 28.35 140 39.14 177

19 95 40.52 166 27.91 139.5 38.88 178

20 100 40.22 168.5 Abele 144 38.8 178.5

21 105 40.1 168.5 27.67 144.5 38.72 180.5

22 110 40.02 171 27.64 143.7 38.74 180.5

23 115 39.88 171 27.45 145.5 38.62 181

24 120 39.8 171.5 27.34 144.5 38.62 181.5

25 125 39.66 172 27.36 145.3 38.59 184

26 130 39.57 173 27.32 146 38.6 185

27 135 39.53 172.5 27.34 146 38.67 184.5

28 140 39.52 171.5 27.35 146.7 38.67 183

29 145 39.64 170.5 27.34 146 38.71 181

30 150 39.76 171.5 27.36 146 38.76 179.5

3] 155 39.76 171.5 27.41 147 38.81 178.5    
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Table 4.2

Chemical composition through half the plate thickness in test piece 1.

Thelocations of chemicalanalysis are indicated in Fig. 4.1.

 

 

 

 

 

 
 

 

 

 

 

 

         

Depth

of plate Zn Mg Cu Zr Fe Si Ti Mn

mm Wt% Wt% Wt% Wt% Wt% Wt% Wt% Wt%

0.1 6.1 2.26 1.69 0.1 0.06 0.05 0.03 0.01

15.7 6.3 2.34 1.79 0.1 0.06 0.04 0.03 0.01

23.6 6.3 2.35 1.81 0.1 0.06 0.04 0.03 0.01

31.4 6.4 2.39 1.84 0.1 0.05 0.04 0.03 0.01

39.3 6.3 2.33 1.81 0.1 0.05 0.05 0.03 0.01

47.1 6.2 2.32 1.78 0.1 0.06 0.04 0.03 0.01

55.0 6.2 2.3 1.72 0.1 0.05 0.04 0.03 0.01

62.8 6.1 2.29 1.72 0.1 0.05 0.04 0.03 0.01

70.7 6.1 2.24 1.68 0.1 0.04 0.04 0.03 0.01

78.5, 6.1 2.21 1.64 0.11 0.04 0.04 0.04 0.01

Uncertainty

Wt % 0.02 0.07 0.04 * 0.04 . 0.03 0.01
 

* Values were not supplied by chemical test house

 



Table 4.3

Hardnessand electrical conductivity of test pieces 2, 3 and 5, in the

re-solution heat-treated and artificial aged condition, as indicated in Fig. 4.4.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Test piece 2 Test piece 3 Test piece 5

Location Distance Electrical Hardness Electrical Hardness Electrical Hardness

on from edge|conductivity conductivity conductivity

thickness

mm %IACS Hv10kg| %IACS Hv10kg| %IACS Hv 10kg

1 5 38.36 185.5 38.31 182 38.81 177

2 10 38.41 183.5 38.22 184 38.79 178

3 15 38.36 182.5 38.19 181 38.78 178.5

4 20 38.34 183 38.22 182.5 38.72 180

5 25 38.16 186.5 38.24 181.5 38.67 179

6 30 38.09 186.5 38.16 180.5 38.67 180

7 35 38.21 185.5 38.1 180.5 38.66 179

8 40 38.22 183 38.03 183.5 38.67 179

9 45 38.28 185.5 38.02 184 38.71 178.5

10 50 38.26 185 38.1 185 38.71 178.5

11 53 38.28 184 38.19 183 38.78 177.5

12 60 38.4 182.5 38.19 182.5 38.84 175

13 65 38.47 179.5 38.43 181.5 38.95 174

14 70 38.66 177 38.62 177.5 39.02 173

15 75 38.62 175.5 38.95 176.5 39.05 172.5

16 80 38.67 176 38.9 176 39.07 173.5

17 85 38.55 178 38.88 177 39.12 173

18 90 38.59 176.5 38.71 177.5 39.1 173.5

19 95 38.5 179 38.43 178 39 174

20 100 38.43 178.5 38.36 180.5 38.86 177

21 105 38.47 180 38.29 181.5 38.83 178.5

22 110 38.38 182 38.21 184.5 38.66 181

23 115 38.34 184 38.14 182 38.6 181.5

24 120 38.29 183.1 38.19 184 38.62 182

25 125 38.29 185.5 38.14 184 38.69 180

26 130 38.33 184 38.12 186 38.72 178.5

PH 135 38.31 184.5 38.14 184.5 38.67 180

28 140 38.31 185 38.21 181.5 38.69 179

29 145 38.29 182.5 38.28 183.5 38.76 178.5

30 150 38.34 182 38.33 182 38.78 178

31 155 38.38 183.5 38.4 181.5 38.81 177.5         
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Table 4.4

Hardnessandelectrical conductivity of test piece 4 in the as
received condition, and re-solution heat-treated and artificially

aged condition as indicatedin Fig. 4.4.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Asreceived Artificially aged

Location|Distance| Electrical |Hardness} Electrical Hardness

on from |conductivity conductivity

thickness} edge

mm %IACS |Hv 1l0kg} %IACS |Hv 10 kg

1 5 39.63 172.5 38.48 179

2 10 39.52 174.5 38.41 180.5

3 15 39.34 173 38.31 182.5

4 20 39.39 174 38.28 183

5 25 39.27 172.5 38.17 182.5

6 30 39.29 171.5 38.12 184

7 35 39.43 169.5 38.14 185.5

8 40 39.35 17] 38.09 185

9 45 39.35 169 38.03 185

10 50 39.52 169.5 38.12 182.5

11 55 39.69 168.5 38.24 184.5

12 60 39.71 166 38.34 180

13 65 39.97 165.5 38.59 178.5

14 70 40.33 164 38.81 178

15 75 40.53 161 38.93 176

16 80 40.42 159 38.95 172

17 85 40.68 160.5 39.16 172.5

18 90 40.53 159 38.91 172.5

19 95 40.33 163 38.69 175.5

20 100 39.83 164 38.41 179

21 105 39.69 167.5 38.31 182.5

22 110 39.57 169 38.29 184.5

23 115 39.42 172 38.16 187

24 120 39.3 171 38.12 187

25 125 39.26 173.5 38.19 185.5

26 130 39.13 172 38.16 184

27 135 38.9 174 38.05 184

28 140 39.14 175 38.29 183.5

29 145 39.31 173 38.38 182.5

30 150 39.33 174 38.33 182.5

31 155 39.29 172.5 38.34 180.5     
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Table 4.5

Hardness andelectrical conductivity of test pieces 6 and 7 in

the as received condition, thermally treated by the manufacturer.

Thetest pieces are parallel to the rolling direction and 200 mm apart.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Test piece 6 Test piece 7

Location on} Distance Electrical Hardness Electrical Hardness

thickness from edge |conductivity conductivity

mm % IACS |Hv 10 Kg| %IACS |Hv 10 Kg

] 5 40.95 164.5 40.10 167.5

2 10 40.79 166 39.83 169

3 15 40.66 166 39.72 168.5

4 20 40.64 167 39.69 168.5

5 25 40.66 166.5 39.76 169

6 30 40.64 164.5 39.81 167

7 35 40.79 164.5 39.86 166

8 40 40.86 162 39.91 166.5

9 45 40.93 163.5 40.03 165

10 50 40.98 162 40.10 168

1] 55 41.12 161.5 40.26 166

12 60 41.34 160.5 40.41 164.5

13 65 41.45 159 40.59 163

14 70 41.67 159.5 40.84 159.5

15 75 41.74 158.5 40.97 155

16 80 41.81 156.5 40.81 156

17 85 41.79 159 40.97 155.5

18 90 41.78 159 40.91 157.5

19 95 41.55 160 40.53 159

20 100 41.36 162 40.36 161.5

21 105 41.14 162 40.26 162

2d, 110 40.98 164 40.05 166.5

23 115 40.98 166.5 39.97 163

24 120 40.84 167.5 39.91 165

23 125 40.60 168 39.81 165.5

26 130 40.66 167 39.79 166.5

27 135 40.60 167.5 39.72 168

28 140 40.55 169.5 39.71 169

29 145 40.66 167.5 39.78 168.5

30 150 40.74 167 39.93 168

31 155 40.98 166 40.17 165.5    
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Table 4.6

Mechanicalproperties of tensile test piece 8

 

 

 

 

 

 

 

 

 

 

 

 

 

       
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Test piece decih UTS |0.2% PS|Elongation| Hardness| Conduct.
location mm MPa MPa % Hv10 %IACS

1 6 538.108 482.3376] 12.2037 170 39.72

2 18 530.5977 480.5827 12.8341 174 39.45

3 30 518.2068 467.6686} 10.3743 172 39.59

4 42 518.3943 465.0464} 11.4329 171.25 39.69

5 54 524.6134 465.8518 3.1907 166.25 40.03

6 66 528.1587 471.2668} 6.3974 164 40.62

7 78 523.2226 464.1392} 8.3459 160 40.76

8 90 527.1202 469.2275 8.5765 163.25 40.74

9 102 522.3163 462.9197} 10.8229 168.25 40.29

10 114 519.8116 465.8433 10.0478 171.75 39.74

1] 126 518.9666 467.6108} 11.4394 172 39.69

12 138 528.7204 478.8449 10.1989 173.25 39.52

13 150 533.7147 477.4883} 12.1884 172.5 39.79

Table 4.7

Mechanicalproperties of tensile test piece 9

a Plate A
Test piece depth UTS |0.2% PS Elongation Hardness Conduct.

locations mai MPa MPa % Hv10 %IACS

1 6 538.5239 477.5091 12.5632 172 40.42

2 18 531.3614 479.2471} 10.9658 174.5 40.18

3 30 522.5788 471.0835] 11.9114 172.5 40.29

4 42 521.5664 467.1235 10.5767 169 40.78

5 54 528.6685 469.8949 8.9789 164 41.14

6 66 534.8448 477.3001} 7.6943 165.5 41.24

7 78 528.4593 469.5948} 9.1254 159.5 41.34

8 90 538.3787 479.3783 13.9183 165.5 41.19

9 102 529.1253 470.8485 8.5369 168.5 40.78

10 114 527.2493 473.0614] 11.6574 170 40.5

11 126 528.368 477.594 11.1364 172 40.25

12 138 532.9723 480.4958 13.3468 174.5 40.18

13 150 529.2444 470.967 10.1614 172.75 40.76      
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Table 4.8

Mechanicalproperties of tensile test piece 10

 

 

 

 

 

 

 

 

 

 

 

 

 

         
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

radi denth ue ee Elongation |Hardness/Conduct.

% Hv 10 |% IACS

] 6 545.63 473.94 13.5 169.5 39.99

2 18 559.03 474.4 12.11 169.5 39.83

3 30 534.3 466.42 10.69 166.25 39.9

4 42 525.64 457.9 9.72 165.25 40.1

5 54 521.19 455.13 8.32 164 40.37

6 66 529.63 461.18 8.17 160 40.66

7 78 524.56 455.58 9.79 158.5 40.8

8 90 529.51 447.93 8.62 159.25 40.71

9 102 530.68 447.47 8.79 161.25 40.28

10 114 529.34 460.85 10.64 164.75 40.07

1] 126 537.66 470.92 11.67 168 39.88

12 138 552.35 474.67 12.16 170 39.8

13 150 545.84 472.84 11.76 170.5 40.05

Table 4.9

Mechanicalproperties of tensile test piece 11

Tete late UTS (025Ppogenn Hardnes Conc
% Hv10 |%IACS

1 6 555.5 484.1 9.04 172 40.22

2 18 545.8 479.4 10.12 169.8 40.1

3 30 528 461.9 9.72 166.3 40.22

4 42 523.7 456 9.91 166.3 40.35

5 54 527.7 460 13.97 166.8 40.64

6 66 530.6 462.5 12.32 163.8 40.99

7 78 525.6 458.6 13.34 159.5 41.09

8 90 529 460.8 13.45 159.5 41

9 102 535.8 467 14.13 162 40.63

10 114 535 466.6 12.91 165.5 40.36

11 126 544.3 473.3 12.76 166.5 40.16

12 138 555.5 487.5 13.1 168.8 40.09

13 150 546.9 474.7 14.72 166 40.39       
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Fig. 4.1 Schematic diagramsindicating the locations and orientations
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respectively.

143



Chemical Hardness and

analysis conductivity Metallographic

UY

LT
1

2

3
4

2

6

7

Thickness

157 mm

    L-

3mm

|
|

I

tH_ 5mm

|
|

< —————————— FKa S_—

Fig. 4.2 Schematic diagram of test piece 1 showing the locations of

the test samples forelectrical conductivity, hardness,

chemical analysis and metallographic tests. The letters L, LT

and ST indicate the rolling, long transverse and short

transverse directions, respectively.
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Fig. 4.3 Schematic diagrams showing (a) geometry of a

typical cylindrical tensile test sample and (b) the

locations of the samples across the plate thickness
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Chapter 5

Effect of quench rate on properties

5.1 Introduction

In solution heat treatment of heat treatable aluminium alloys, all soluble alloying

elements are expected to dissolve into the solid solution (Staley ef al. 1984). The

quenching operation will retain these elements in the supersaturated solid solution,

provided that the quenching operation is rapid enough to prevent diffusion and

precipitation at high temperature. On slow cooling from the solution heat treatment

temperature, however, the alloying elements willstart to precipitate heterogeneously

at a temperature just below the solvusat locations of easy nucleation, for example,

grain boundaries (Reed — Hill 1991). The alloying elements precipitate out of

solution and form stable or equilibrium precipitates, which are coarse particles and

non-coherent with the matrix. In this case, nearly all of the solute finds its way to the

second phaseat the grain boundaries (Reed — Hill 1991). The solute concentration in

the matrix is continually reduced. Therefore, the alloying elements will be

unavailable for strengthening (Aluminium Association Inc. 1982).

In AA 7010, zirconium is addedto control the grain size and to lower the quench

sensitivity. The low quenchsensitivity makesthis high strength aluminium alloy

particularly suitable for thick plates and large forgings (Reynolds 1976, Martin

1998). At low artificial ageing temperatures, the precipitation in AA 7010is

predominantly homogeneous. However, heterogeneous formation of quench-induced

precipitates can also occur whenthereis a slow or sluggish cooling during quenching
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(Godard 2002). The heterogeneous equilibrium precipitate phase (n) nucleates on

dispersoids and at grain boundaries (Staley et al. 1984). The temperature range for

rapid formation of n precipitates was determined to be from 350 to 250°C (Goddard

2002). For most aluminium alloys the temperature range where quenchrateiscritical

is approximately 400 — 290°C (Staley er al. 1971).

Natan and Chihoski (1983) reported that when a sub-standard quench delay operation

was employed for AA 2219, quench-induced precipitates were formed and

coarsened, leading to low hardnessand highelectrical conductivity. The effect was

found to be associated with increasing amounts andsizes of primary @' and 8,

developed during quenching. These high temperature precipitates were minimised by

faster quenching.

After the quenching operation, the maximum strength attained uponartificial ageing

largely depends on the amountof alloying elements retained within the solid

solution, or on the initial amount of quench-inducedprecipitates developed during

the quenching operation. The quenching operation following the solutionising

treatmentis therefore considered to be one of the most critical steps in the

manufacture of high strength aluminium alloys.

This chapterreports the study on the effect of quenching rate on the properties of AA

7010, including electrical conductivity, hardness, UTS and PS.
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5.2. Experimental

5.2.1 Test Pieces
The material assessedin this investigation was an AA 7010 plate with the T7651

temper condition. The details of the thermo-mechanical manufacturing route, the

dimensionsand the chemical composition of the plate were specified in section 3.2.1.

The test pieces for electrical conductivity, hardness and tensile tests were

manufactured from a location near the wide end ofthe plate, as shownin Fig. 5.1.

From this location, a numberofslices (11 mm thick), which were perpendicularto

the rolling direction, were saw-cut. Each slice was further cut along the long

transverse direction into thirteen rectangular bars, representing different depths

across the plate thickness, with bars No | and 13 representing the outside areas of the

plate and bar No 7 representing the centre of the plate. From each bar, a numberof

test blanks were cut to length, to approximate dimensionsof 11x11x228 mm.

The test blanks were then machinedto tensile test pieces with a cylindrical gauge

length and square ends,asillustrated in Fig. 5.2. The tensile test specimens were

machinedto be consistent with requirements of British Standard BS 4A — 4 (1966),

with a diameter of 7.98 mm, a minimum parallel length of 65 mm,a gauge length of

40 mm and a minimumtransition radius of 8 mm. Theelectrical conductivity and

hardnessof the test pieces were first measured beforetensile testing.

5.2.2 Thermal Treatments

Seven groupsoftensile test pieces, 31 in each, were thermally treated. Fig. 5.3

showsthe applied thermal treatments, which consisted of solution heat treatment,
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cooling in air at different cooling times followed by quenching, natural age

hardening at room temperature andartificial age hardening at various temperatures

and ageing times. Each groupoftest pieces wassolution heat treated in an individual

run. In each run, six thermocouples (type K) were attached to the middle of the six

test pieces, as illustrated in Fig.3.3, so that the cooling history was monitored and

recorded.

Fig. 5.4 showsthe cooling curves for the seven groupsoftest pieces. Each group of

test pieces wasfirst solution heattreated at 475°C for 75 minutes. Afterwards they

were removed from the furnace and allowed to coolin air for a different delay time

and then fast quenched in water at room temperature. The cooling delay times of the

first six groups were 3, 71, 113, 198, 474 and 813 seconds, correspondingto pre-

quenching temperatures of ~475, 394, 363, 324, 240 and 200°C,respectively. The

cooling condition of the group with a delay time of 813 seconds wasslightly

different from the others. Instead of cooling in air at room temperature, the cooling

was performed with the test pieces placed on the heat treatment rack and covered

with a metal hood,so that a lower cooling rate before quenching was maintained.

The last group of test pieces were cooled in air to room temperature without

quenching.

The seven groups of test pieces were then all allowed to naturally age hardenedat

room temperature for more than 30 days,as illustrated in Fig. 5.3. These test pieces

weresplit into 31 sets, each of which contained onetest piece from each of the seven

groups. The test pieces in each set represented different cooling delays asillustrated

in Fig. 5.4, i.e. 3, 71, 113, 198, 474 and 813 seconds plus complete air-cooling. All
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the 31 sets of test pieces were then artificially aged, with each set representing a

different condition. The full cycle of the artificial age hardening treatment, as

indicated in Fig. 5.3, was 120°C for 10 hours, 172°C for 24 hrs, 190 C for 4 hrs and

200°C for 12 hrs. During eachartificial ageing temperature stage, several sets of test

pieces were removed from the ageing furnace, each at a different time interval. Eight

sets of test pieces were removed from the furnace at 120°C, nineteen sets at 172°C,

one set at 190°C and three sets at 200°C. By removinga setoftest pieces at a

different time at each ageing temperature, a wide range of ageing conditions could be

studied. Table 5.1 summarises the age hardening treatments for the 31 sets of test

pieces, including the ageing temperatures and the ageing timesat these temperatures.

A set of test pieces without anyartificial ageing is also included and designated as

Set 0.

Hardness andelectrical conductivity tests were performed onthetest pieces

immediately after the artificial age hardening treatmentin order to avoid any possible

secondary ageing. The test pieces were then left at room temperature for around nine

months. Hardnessandelectrical conductivity tests were performed again, followed

by tensile testing.

5.2.3 Electrical Conductivity

The electrical conductivity measurements were carried out using a Forster

SIGMATESTEc2.068 electrical conductivity meter. These measurements, which

are based on the eddy current method, were performed in compliance with the Airbus

UKprocess specifications (Airbus UK 2005). The precautions taken to minimise any

possible error during the electrical conductivity measurements have already been
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discussed in section 3.2.4.

5.2.4 Hardness

The hardness measurements were carried out using a Vickers HTM 8313 hardness

tester with a 10kg load. The measurements were performed in compliance with

Airbus UKprocessspecification (Airbus UK 2004a) and BS ES ISO 6507-1 (2006).

Calibration of the hardness tester, standard reference blocks and the stage binocular

microscope was performed to the respective British standard and with traceability to

the National Physical Laboratory. Details of this and the precautions taken to

minimise any possible error during hardnesstesting have already been discussed in

section 3.2.5.

5.2.5 Tensile Testing

Mechanicaltesting was performed using a Denison Mayes Grouptesting machine,

model 6157. The tensile test machine worked with a 100 KN servo-hydraulic load

frame and wasfitted with an IBM stem/2 and a 50 mm gaugelength extensometer

7609 DC1/7902 DC2.Thetensile tests were carried outata strain rate of 4 x 10° s"

in compliance with British standard BS 4A — 4 (1966). The details of calibration of

the load cell and extensometers and the precautions to minimise any possible errors

during tensile testing have already been discussedin section 3.2.6.

5.3 Results

5.3.1 Numerical data

The numerical values of electrical conductivity and hardness for the test pieces with

different quench delays, measured immediately after the artificial ageing treatment,
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are compiled in Tables 5.2. The numerical values of electrical conductivity and

hardness together with mechanical properties for the test pieces with different quench

delays, measured nine monthsafterthe artificial ageing treatment, are compiled in

Tables 5.3 to 5.9.

Comparingthe electrical conductivity and hardness values measured immediately

and nine monthsafter the artificial ageing treatment showsthat they do not change

very much.This indicates that secondary ageingis insignificant.

5.3.2 Variation of hardness andelectrical conductivity

Fig. 5.5 showsthe variations of hardness andelectrical conductivity, measured

immediately after the artificial ageing treatment (Table 5.2), with artificial age

hardening for the seven groupsoftest pieces with different quench delays. The

hardnessandelectrical conductivity are sensitive to changes of cooling rate and

artificial age hardening condition. Both hardnessandelectrical conductivity gave

similar trends of response for different quench delays. However, the values of the

properties were very different between the different quench delays. The salient points

evident from Fig. 5.5 are described as follows.

After having been solution heat-treated and naturally aged but before the artificial

age hardening, the test pieces with different quench delays showeddistinct

differences in the electrical conductivity and hardness values. The group oftest

pieces with the shortest quenching delay exhibited the lowest electrical conductivity

and the highest hardness values. On the other hand, group oftest pieces with the

longest quench delay showedthe highest electrical conductivity and the lowest

163



hardness values. In general, decreasing quench delay,i.e. increasing coolingrate,

reducesthe electrical conductivity values and increases the hardness values.

The groupsoftest pieces with short quench delays (3 to 198 seconds) showed a

typical response of age hardening of aluminium alloys. Generally, the hardness

increased rapidly with increasing ageing time and temperature. The increasing trend

in hardness was maintained until the ageing temperature changed from 120 to 172°C,

at which a sudden drop was experiencedin all the ageing curves. The drop in

hardnessis believed to be inherent from a retrogression effect of GP zonesorfine

precipitates formed duringthefirst stage of artificial ageing at 120°C . This drop was

immediately followed by a second rapid increase in hardnesstrend up to the peak

hardness. There wasa short plateau around the maximum hardness on each curve.

Following this plateau region wasthe onset of over ageing and the hardness

experienced the downwardtrend.

The groups of test pieces with long quench delays (474 to 813 seconds) showed

different behaviour. Although the hardness also increased with ageing time and

temperature, their curves exhibited three drops in hardness.In addition to the

hardness drops at the ageing temperature change from 120 to 172°C andthe onset of

over ageing, there was a hardness drop at the beginning oftheartificial age

hardening at 120°C. This additional drop (first drop) was also dueto the retrogression

effect of GP zonesandfine precipitates formed during cooling and duringthe first

stage of artificial ageing at 120°C.

Uponartificial ageing, the electrical conductivity increased with increasing age

hardening time and temperature forall quench delays. As ageing progressed,the
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difference in electrical conductivity between the curves became smaller, especially

so towards the end of the over ageing region, when the equilibrium steady state

condition was approached.

Whenthetest pieces wereartificially age hardened up to the material specification

requirements (120°C for 10 hrs followed by 172°C 8 hrs) (Airbus UK 2003),

satisfactory values of hardness andelectrical conductivity were obtainedforall the

curves with quench delays between 3 and 198 seconds. Theresults indicate that a

wide range of quench delays orcooling rates are allowed for AA7010test pieces

with a limiting ruling section less than 11x11 mm’.

For the sameartificial age hardening treatment, different quench delays resulted in

different responses of hardnessand electrical conductivity values to the ageing

condition. The hardness-conductivity curves in a wide range of ageing conditions

thus formed a network. From a combination of hardness andelectrical conductivity

values, it is possible to identify a unique approximate temper condition from this

networkof curves. In other words, the combination of hardness and electrical

conductivity can be used as a non-destructive inspection tool for thermal treatment

quality.

5.3.3 Variation of strength

Fig. 5.6 showsthe correlation of hardness with strength for all the test pieces with

seven different quench delays. There was a goodlinear correlation of hardness with

both UTSand PS,with the correlation coefficients of R’= 0.96 and R*=0.94

respectively. Thefitted lines for UTS and PS had different gradients of 2.43 and 3.10
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respectively, indicating different responses of these properties to the age hardening

process. It was also clear from Fig. 5.6 that both UTSand PS increased with

decreasing quenchdelay time.

5.4 Discussions

5.4.1 Precipitation during quench delay

The metallurgical mechanismsinvolved in solution heat treatment, quenching and

subsequent age hardening for aluminium alloys are summarised in Sections 2.3 and

2.5. It is a well-knownfact that heterogeneous precipitation can develop in

aluminium alloys during quenching. The impactof this precipitation on mechanical

properties after ageing has been widely studied (EvanchoandStaley 1974). For

example, 7000 series alloys generally require a rapid quench to prevent

heterogeneousprecipitation from occurring at elevated temperatures, which can lead

to a reduction of strength after age hardening (Hugheset al. 1984).

For the Al-Zn-Mg-Cualloy, extensive nucleation of precipitates occurs during slow

quench (Deschamps 1998, Godard 2002). The quench-induced precipitates form

mainly on zirconium containing dispersoids. This results in a decrease of the solute

available for the fine-scale precipitation during ageing and therefore a reduction in

hardness and anincreasein electrical conductivity. For AA 7010,it is also expected

that the increase in the amounts andsizes of high temperature precipitates during

quenchingwill lead to a decrease in hardness andan increasein electrical

conductivity. Similarly, the opposite effect is expected when the amountandsize of

these incoherent precipitates are diminished by faster quenching.
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Indeed, Fig. 5.5 showsthat the hardness and electrical conductivity values are

sensitive to the changes of quench delays. The differences in hardness andelectrical

conductivity between the test pieces with different quench delays can be attributed to

the differences in the heterogeneous quench-inducedprecipitates formed during

cooling and the homogeneousprecipitates formed duringartificial age hardening.

The contribution from excess vacancies can be important with fast quench or short

delay conditions (Kelly and Nicholson 1963).

During cooling from solution heat treatment temperature, various amounts of

alloying elements can diffuse away from the solid solution to form precipitates. The

concentration of alloying elements remaining within the solution in turn depends on

the extent of diffusion that takes place during cooling, whichis a function of

temperature and time (Reed Hill 1973, Askeland 1992). The extent of retained

quench-in vacancies during the coolingis also related to the cooling path. It is well

established that rapid quenching of heat treatable aluminium alloys from the solution

treatment temperatures leads to a concentration of excess vacancies in the as

quenched materials (Kelly and Nicholson 1963, Bergner 1995). Therefore, the

thermal history of cooling from the solution treatment temperature to room

temperature has a strong effect on the formation of both quench-inducedprecipitates

and vacancies. The effect of quench delay on the properties of the test pieces can be

explained based onthiseffect.

5.4.2 Electrical conductivity

The electrical conductivity of aluminium alloys is mainly determined by the

distribution of the alloying elements in the alloys. Alloying elements affect the
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electrical conductivity more when theyare in solid solution than when they are

precipitated (Morris et al. 1984). The lower the impurity within the solid solution,

the higher the electrical conductivity and vice versa. For each curvein Fig. 5.5, the

electrical conductivity increases with ageing temperature and ageing time, because of

the reduced alloying elementin solution accompanying the precipitation. Under the

same ageing condition, the difference in electrical conductivity between the curves,

as shownin Fig. 5.5, is a consequenceofthe initial different levels of alloying

elements within the solid solution prior to ageing, which is inherent from the cooling

path of the quenching operation. In other words, significant differences in alloying

element concentration within the solid solution must have existed betweenthe test

pieces with different quench delays.

Fig. 5.5 showsthat there is a significant difference in electrical conductivity between

the 7 groups oftest pieces before artificial ageing. Because the natural ageing

process wasthe sameforall sets of test pieces, the difference in electrical

conductivity between the test pieces with different quench delays can only be

inherent from two conditions: different concentrations of solute alloying elements

and quench-in vacancies within solid solution before ageing; and different

concentrations of primary dispersoids inherent from the manufacturing history of the

plate. As the seven groupsoftest pieces were taken from different locations of the

plate, the amounts of primary dispersoids were likely to be slightly different among

the seven groupsoftest pieces, especially at the plate centre where high

concentrations of Zr and Ti elements were determined. However,this effect is

considered to be small. The main causeis believed to be the different concentrations

of solute and quench-in vacancies simultaneously induced in the test pieces when
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they were exposed to different cooling paths before quenching.

The progressive increase of electrical conductivity with artificial age hardeningis a

function mainly of the purification effect of the solid solution (Morris etal. 984).

Therelatively fast increase in electrical conductivity following the increase of ageing

temperatures from 120°C to 172°Cislikely to be an effect of the initially high

concentration of vacancies, which are in equilibrium with the previous temperature.

Diffusion of alloying element during precipitation age hardening can be enhanced by

the presence of high-concentration quench-in vacancies, which quickly decrease with

increasing ageing temperature and ageing time (Morris er al. 1984).

With increasingartificial ageing time, the differences in electrical conductivity

between the seven curves becamesmaller. This is because, as precipitation age

hardening progresses with time, less alloying elements are left in solid solution and

the difference in the amountof alloying elements in solid solution between the seven

groups also becomes smaller. When the equilibrium steady state conditionis attained

at the end of the over ageing condition, the concentration of alloying elementsin the

solid solution will not change and the conductivity will remain constant (Reed Hill

1991). In theory, there should belittle difference between the seven groupsoftest

pieces. Any differencein electrical conductivity between the curves in the steady

state condition is mostlikely dueto the slightly different nature of the precipitates

formed during high temperature precipitation and the inherent segregation or texture

from solidification.
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5.4.3 Hardness

Like electrical conductivity, the variation of hardness under normal age hardening

conditionsis also a function ofthe kinetics of precipitation of the aluminium alloy.

Because of the same underlining mechanisms,the variations of hardness and

electrical conductivity are often related, as discussed before in Section 4.4.2. Under

normal age hardening conditions, the effect of quench delay on hardness evolution is

reciprocal to that on electrical conductivity, as shown in Fig. 5.5. This can be

explained in a similar wayas in the previoussection for electrical conductivity.

The hardnessof the seven groups of test pieces with different quench delays

responded with a similar trend as age hardening progressed with time and

temperature, as shownin Fig. 5.5. However, there are considerable differences in

hardness response between the curves. Becausethe natural andartificial ageing

conditions were identical for all the different quench delay curves, the differences in

hardness valuesattained are inherentoftheinitial differences of alloying elements

and quench-in vacancies within the solid solution after the quenching operation. Fast

quenchingleads to higher contents of alloying elements and quench-in vacancies

within the solid solution, which promote the formation of a large volumeoffine-

scale n' precipitates during artificial ageing. As a consequence, there is a higher

hardness response during ageing. For long quench delays, i.e. slow quenching, the

reverse was observed.

The curves with short quench delays showeda fast response of hardnessatthe early

stagesofartificial ageing at 120°C and when the temperature changed from 120to

172°C. The fast responses appear to be the effect of the high level of solute elements
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and excess of quench-in vacancies within the solution, which promoted fast

precipitation age hardening reaction.It is well knownthat diffusion of alloying

element during precipitation age hardening is enhancedby the presence of high

contents of quench-in vacancies (Staley et al. 1984). Early research postulated that

vacancy concentration mightaid the precipitation hardening processat low

temperatures by binding with solute atomsor solute-vacancy clusters and zones

(Federighi and Thomas 1962). More resent work (Bergner 1995) confirmedthis

theory in aluminium, where diffusion is predominantly supported by the single

vacancy mechanisms.

The fast response in hardnessis not observed on the curves with long quenchdelays.

This can be explained bythe presence of low solute elements and low vacancy

concentration within the solid solution before ageing. The low solute content is a

result from heterogeneousprecipitation of solute elements at point defects during

slow cooling from the solution treatment temperature. Another cause for the low

vacancycontentis that excess vacancies anneal out by migrating to the vacancy sinks

such as grain boundaries and dislocations (Hirsch et al. 1958).

For curves with long quench delays (474 seconds, 813 seconds and complete air

cooling in Fig. 5.5), the hardness decreased instead of increased with increasing

ageing timeat the start of the artificial ageing at 120°C. This notable anomaly in

hardness evolution is due to the effect of the retrogression phenomenon,whichis the

reversion or dissolution of the strengthening precipitates and the relaxation of the

associated strain fields. The retrogression process leads to loss of hardness and an

overall increase in electrical conductivity.
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In slow cooling, an unexpected age hardening effect could have occurred when the

temperature droppedto the range of approximately 240 to 200°C. During this

temperature range, homogeneousor coherentprecipitation took place, slightly

strengthening the matrix. This view is supported by previous work of Tanner (2004),

which showedthat age hardening can occur during slow cooling in AA 7010 when

the temperature falls to the age hardening temperature range. Coherent precipitates1

and s' have been reported to be present in AA 7010 in the 240 — 200°C temperature

range (Godard 2002). The s' whichis the precursor of the equilibrium S phase is

orthorhombic with a chemical composition close to Al,CuMg.

At the beginningofartificial ageing at 120°C, the strengthening precipitates formed

during cooling before the final quenching are relatively small due to a short ageing

time (Reed Hill 1973). These small and coherentparticles can re-dissolve back to the

solid solution, removingthe related strain field. This is supported by the work of

Barttiskaet al. (1979) for Al-Zn alloys that metastable transition phases precipitated

and grownto various sizes at 200°C can decomposeat room temperature ageing.

Retrogression largely follows the inverse process of the formation of the GP zones

(Shimizu and Kimura 1969). When the temperature is increased from room to

artificial ageing temperature, the stability of the GP zonesor the strengthening

precipitates is dependentontheparticle size or the length of ageing at the previous

temperature. The time for the dissolution of particles during reversion seems to

depend uponthe previous ageing conditions. The longer the age hardeningat a given

temperature, the more stable the GP zoneorfine precipitates formed will be at the

new ageing temperature.
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The sudden drop in hardness when the ageing temperature was increased from 120°C

to 172°C is also a consequenceofthe dissolving of the smaller strengthening GP

zones and precipitates. The smaller the GP zones, the more thermally unstable they

will be at the new increased temperature. The dissolution of these precipitates is

accompaniedby the disappearance oftheir associatedstrain fields, leading to the

drop in hardness. Once the new thermally stable and coherentprecipitates start to

nucleate and grow at the new ageing temperature, the hardnessstarts to increase

again.

A contradicting feature of this supposition needs somediscussion. The dissolution of

the strengthening precipitate should not only lead to a decrease in hardness, but also

to a decreasein electrical conductivity; however,the latter is not observed. The

reason forthis is the existence of two possible mechanisms with opposite effects on

electrical conductivity. On the one hand, the dissolution of the precipitates should

decrease the electrical conductivity due to the increase of impurity in the solid

solution. On the other hand, the increased temperature will removethe strain field

and purify the solid solution due to the induced precipitation hardening, both of

which increase the conductivity of the matrix. The latter is apparently the

predominant mechanism,so the overall conductivity increased with temperature.

This assumption is supported by the work of Matthew er al. (1994) on AA 7010.

Theyreported that particle dissolution during retrogression is accompaniedbylittle

changesin conductivity, because the increase in the matrix solute contentis offset by

the removalofthe particle coherencystrain. In addition, when the temperature is

raised during artificial ageing, retrogression occurs rapidly and is accompanied by

precipitation hardening leading to an increase in the size and spacing of the



precipitate particles (Matthew er al. 1994). Large particles affect the electrical

conductivity less than small particles (Raesignia 2006).

Forall curves, the maximum hardnesswasattained during ageing at 172°C anda

plateau profile was observed (Fig. 5.5). The hardness plateau is a manifestation of

two different effects of the continuous age hardening process: the over ageing of

already large precipitate particles; and a continuous nucleation and growth of new

particles. In the plateau region, these two ageing mechanisms, which have opposite

effects on the hardness, are balanced. With increasing ageing time further, the over

ageing mechanism becomespredominantand the hardnessstarts to drop. Thisis

because the loss of coherency betweenthe large particles and the matrix is more

pronounced than the coherency gain by the newparticles formed.

5.4.4 Strength

The causes behind the effect of quench delay on strength are the sameas those for

hardnessas discussed in the previous section. Regardless of the thermal history of

the test pieces, there is a goodliner relationship between hardness and UTSor PS as

indicated by the high regression correlation coefficients, as shownin Fig. 5.6.It

suggests that different quench delays and the resultant different types of precipitates

do not affect the linear correlation between hardness and strength. Therefore, UTS

and PS can be predicted from a given hardness value with a reasonable degree of

accuracy for this aluminium alloy. However, the prediction of PS isslightly less

accurate than the UTS. The lowerlinear correlation of hardness with yield strength

has also been reported in other aluminium alloys, e.g. AA 7075 (Koch and Colijn
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1979), AA 2090 and Al-2.2% Li (Brasche et al. 1989), and AA 2219 (Natan and

Chihoski 1983).

5.4.5. Quenchsensitivity

Whenthe age hardening temperatures and ageing times were consistent with the heat

treatment parameters of the required material specification ABM 3-1030 (Airbus UK

2003), all the curves with a quench delay up to 198 seconds yielded satisfactory

hardnessandelectrical conductivity values. This suggests that the quenchsensitivity

for this aluminium alloy with a ruling section of 11x11 mm” is within 198 seconds.

The wide range of quench delays, or low quenchsensitivity, of AA7010 is largely

due to the addition of zirconium as a dispersoid former, whichis less effective in

aiding the nucleation of the high temperature precipitates of the alloying elements

(Reynolds 1976, Aluminium Association Inc. 1982, Martin 1998).

5.4.6 Thermal history

With the samesolution treatment andartificial age hardening conditions, different

quenchdelaysresulted in different hardness and electrical conductivity values. As

explained previously, the differences in hardness andelectrical conductivity are a

function of the different concentrations of alloying elements within the solid solution

before age hardening, which are inherently related to the cooling path before

quenching. The higherthe initial concentration of alloying elements within the solid

solution, the higher the hardness plateau and the lowerelectrical conductivity

attained uponartificial ageing. On the other hand, the lowerthe initial concentration

of alloying elements within the solid solution, the lower the hardness plateau and the

higher the electrical conductivity values. A network of curves of the wide range of
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values under different quench delays demonstrated the interdependence between

hardness, electrical conductivity and quenchingrate.

This network of curves, as shownin Fig. 5.5 for AA7010, can give useful

information about the thermal history of the alloy when both the hardness and

electrical conductivity are assessed simultaneously. With a knownset of values of

hardnessandelectrical conductivity, the unknown temper condition could be

estimated for an AA 7010 product using Fig. 5.5. However, caution must be

exercised with respect to attempts to establish direct correlations between hardness

and electrical conductivity values. Although both properties are a function of the

precipitation process, a value ofone of the two variables can give multiple results of

the other, and vice versa.

5.5 Summary

The effect of quench delay on electrical conductivity, hardness and mechanical

properties for AA 7010 wasinvestigated. The electrical conductivity and hardness

values are sensitive to the processing parameters such as ageing temperature and

ageing time. The variations of hardness and electrical conductivity are attributed to

the formation of precipitates and their continuous change of size and volumefraction

whenageing conditions are changed. The evolution of electrical conductivity,

hardness and strength was foundto be sensitive to the variation of quench delays. In

general, short quench delaysleadto higher hardnessor strengths and low electrical

conductivity; long quench delays resulted in low hardnessorstrength and high

electrical conductivity. The dependence of these properties on quench delay appears

to be dictated by the extent of high temperature diffusion of alloying elements from
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the solid solution and their subsequent heterogeneousprecipitation as an equilibrium

phase prior to quenching.

7000 series aluminium alloys normally requires a rapid quenchto preventdiffusion

and heterogeneousprecipitation from occurring during cooling (Staley et al. 1984).

For AA 7010, however, a cooling path with quench delays up to 198 seconds,

followed bya final fast quench into water at room temperature and subsequent

artificial ageing to the thermal requirements of the material specification, produced

satisfactory properties. Cooling paths with quench delays longer than 198 seconds

resulted in properties below the material specification requirement.

For all quench delays, the variations of electrical conductivity and hardness with age

hardening have very similar trends before over ageing. They both increase through

the regionsofartificial under ageing and peak age hardening up to the onset of over

ageing. Afterwards, the hardnessstarts to decrease and the electrical conductivity

continues to increase with increasing ageing time, whichis characteristic of over

ageing.

The network of hardness versuselectrical conductivity curves under a wide range of

ageing conditionsis the result of different kinetics of precipitation induced by the

different quench delays. Although direct correlations between hardness and

electrical conductivity values are not possible, useful information can be obtained

from the network of curves when both hardnessandelectrical conductivity are

assessed simultaneously. With a knownset of values of hardnessandelectrical

conductivity, the history of temper conditions could be estimated.
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Thereis a linear correlation between hardness and strength for AA 7010. The

correlation coefficient for hardness with UTSis 0.96 and for hardness and PSis 0.94.

The strength can be predicted with a reasonable accuracy independentof its temper

condition.
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Table 5.1 Artificial ageing conditions for the 31 sets of test pieces

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Artificial Ageing timesat specified age hardening

Ageingsets temperatures, hrs

120 °C 172 °C 190 °C 200 °C
0 - - - -

1 0.25 - - -

2 0.5 - - -

3 1.5 - - -

4 3 - - -

5 4.5 - - -

6 6 - - -

Ej 8 - - -

8 10 - - -

9 10 0 - -

10 10 0.17 - -

11 10 0.33 - -

12 10 0.5 - -

13 10 0.75 - -

14 10 1 - -

15 10 2 - -

16 10 3 - -

17 10 4 - -

18 10 5 - -

19 10 6 - -

20 10 7 - -

21 10 8 - -

22 10 10 - -

23 10 12 - -

24 10 14 - -

25 10 16 - -

26 10 20 - -

27 10 24 - -

28 10 24 4 -

29 10 24 4 4

30 10 24 4 8

31 10 24 4 12    
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Table 5.2 Electrical conductivity and hardness for the test pieces with different

quench delays, measured immediately after the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

‘vuench 71s to 394°C 113s to 363°C 198s to 324°C 474s to 240°C 813s to 198°C Air cooling

Set EC EC EC EC ,
IAC] Hv IAC] Hy SIAC] Hv |%IAC) Hy |p frost BY lectacs BY lectacs! BY

0 27.24 162.5 27.65 158.5 28.39 157 29.69 140.5 31.63] 135 33.08] 126 32.91 131

1 28.25 163.5 28.79 162 29.36 159.5 30.45 149 32.34 136.5 33.74 123.5 33.3 130

2 28.66} 168 29.11 168 29.61 162 30.88] 153 32.85 137 34.27 123.5 33.72 129.5

3 29.05 174 29.49] 176 30.18 166.5 31.57] 156 33.32] 134 34.85] 123 34.12 129

4 29.28 181.5 29.71 180 30.49] 169 31.87] 159 33.7 138 35.12] 127 3442] 136

5 29.55} 184 29.96] 185 308 173.5 32.17] 1625] 34.1 141 35.48 129 34.74 141.5

6 29.8 186 30.19} 186 30.9 175 32.33 168.5 34.25] 145 35.58] 131 34.81 144

7 29.95 188.5 30.43 188 31 180 3249} 171 34.56] 148 35.78 135.5 34.88 145.5

8 30.08 190.5 30.5 189 31.12] 181 32.63} 172 34.74] 150 35.81 137 34.93 147.25

9 31.08} 185 3146] 183 32.12 177.5 33.86] 164 35.15 146 36.43 134.5 35.44] 145

10 31.57] 193 31.85 190 32.53 183.5 34.3 163.5 35.62 147 36.79 136.5 35.81 146

1 31.94 193.5 32.11 191 32.89 187 34.56] 166 35.86 148 37.08} 138 36.22} 147

12 32.36 196 32.47] 193 33.38] 187 349 170 36.22] 150 37.34] 138 36.44] 147

13 32.55 196 32.79} 193 33.61 187.5 35.32 171 36.42] 151 37.63 139 36.74] 148

14 33.08 197 33.32] 194 34.25] 188 35.54] 172 374 152 38.07] 140 37.25] 151

15 34.04 198.5 34.23 195.5 35.17] 188 36.64 172.5 37.92 152 38.77 140.5 37.96 150

16 35.18 195 35.25] 195 35.84] 189 37.48] 172 388 149 39.67 138.5 38.81 150.25

17 35.82 194.5 35.9 192 36.66 186.25] 37.71 171 39.17] 148 40.08 138 39.29 149.5

18 36.17] 193 36.29] 191 36.79 185.5 38.03 170.5 39.59 147 40.4 137 39.65 147

19 37.03 188.5 37.06 190.5 37.73 179.5 38.83 167.5 40 145.5 40.71 135. 39.93 146.25

20 37.48 185.5 37.55 187 38.29 178 39.22 167.5 40.46 143.5 41.06 134.5 40.63 143.5

21 38.35 179 38.48 181.5 39.05 176.5 39.77 162 40.91 143 41.54] 133 41 1415

22 39.02 174.75] 39.01 175.5 39.73 168.5 39.97 160 41.13 140 42.03 131 41.41 136

23 39.56] 171 3948] 171.5} 40 167.5 40.35] 159 41.61 137.5 42.53] 129 41.89 135

24 39.86] 167 39.76] 169 404 161 40.75 157 41.86 135.5 42.71 127 42.13 133.5

25 40.2 165.5 40.26 164.5 40.84 158.5 41.23 153.5 42.34 134 43.03] 125 42.37] 132

26 40.57 161.5 40.61 164 41.14 153.5 41.61] 151 42.5 133 43.15 123.5 42.52] 131

27 40.93 160.5 40.92 160.5 41.51 152.5 41.96 147.5 42.96 131 43.59 122.5 43.02 129

28 41.79 147 41.93 148 42.77] 140 42.52 135.5 43.56 120.5 44.03 116 43.67 117

29 43.17 129 43.25 127.5 43.5 121.25] 43.81 115.5 44.14 107 44.73 102.5 44.26 106.5

30 43.48 123.5 43.69 123.5 43.85 115.5 44.06 113 44.5 105 44.89 97.8 44.48 104

31 43.85 120 44.04} 116 44.13 |106.85] 44.42] 96 44.79 89.8 45.22 86.7 44.81 89.55       
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Table 5.3 Properties for test pieces with a quench delay of 3 seconds,

measured nine monthsafter the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Set EC Hardness UTS 0.2% PS Elongation.

%IACS Hv MPa| MPa %

0 27.65 158.5 |547.7| 402.3 20.1

1 28.25 168 553.5] 421.5 19.87

2 28.56 173. |554.1| 425.3 20.45

3 29.1 175 |578.8| 459.1 21.61
4 29.51 180 |578.4| 472.5 21
5 29.67 185 587.4] 483.8 21.46

6 29.83 187 1588.4] 489.6 18.95

7 29.98 187 590.8} 497.7 18.53

8 30.04 188 593.2] 500.6 21.28

9 31.1 184 |5714] 511 14.86

10 3161 185 575.3] 495.7 19.06

11 31.99 187 |575.3| 523.6 14.07

12 32.42 192 |586.9] 519.5 16.77

13 32.6 196 1592.4] 541.3 16.99

14 33.21 195 582.9] 541.1 14.06

15 34.11 190 592 553.2 15.36

16 35.38 190 592.8] 550.9 16.57

17 36.06 187 586 543.4 15.61

18 36.42 185 |590.5| 546.3 15.28

19 97.99 185 |577.2| 529.9 17.63

20 37.69 183 [562.7] 512.4 14.59

21 38.34 179 1553.3] 502.6 15.86

22 38.94 176 |559.7| 500 16.84

23 39.46 174 540 478.5 19.99

24 39.72 168 538.2| 473.7 16.59

25 40.1 167 524.7] 456.2 16.12

26 40.5 163 514.1] 442.6 15.36

27 40.86 162 509.3] 437.1 15.63

28 41.69 148 468.7| 378.4 16.97

29 43 129 |421.9] 317.4 18.67

30 43.22 126 407.6] 301.6 17.14

31 43.51 122 392.2] 287.4 15.89         
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Table 5.4 Properties for test pieces with a quench delay of 71 seconds,

measured nine monthsafter the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Set EC__| Hardness UTS 0.2 % PS Elongation

GIACS Hv MPa MPa %

0 27.54 160.25 |520.3| 373.4 23.04

1 28.6 167.75 |539.2]| 412.5 26.69

2 28.86 169 |537.5| 413.5 19.82

3 29.61 173 |544.2] 435.2 18.53
4 29.95 177.5 |548.8] 450.3 17.99
5 30.17 181.75 |563.5| 467.6 19.64

6 30.34 184 |562.7| 465.3 16.8

7 30.46 185.75 566.1} 474.9 16.55

8 30.6 185.75 |574.8] 487.2 16.89

9 31.48 183. 561.1] 485.2 15.73

10 32 186.5 |563.1| 496.2 15.59

11 32.3 185.25 |564.9| 504.6 11.78

12 32.75 189.5 |575.8| 524.2 13.7

13 32.98 192 576 527.3 12.06
14 33.48 193 583.9} 543.9 11.23

15 34.50 193.25 |585.4| 548.5 12.14

16 35.4 194 |593.1] 554.8 11.54

i? 36.11 192 1579.2] 538.9 11.84

18 3643 189.5 |574.3] 532.6 12.58

19 37.22 185.8 |570.9| 526 12.38

20 37.76 184.75 |567.7| 519.6 9.8

21 38.57 178.25 |555.5| 504 12.53

22 39.18 175.25 551 495.4 11.08

23 39.67 173. 538.2] 478.9 12.63

24 39.95 167.8 |530.4] 467.8 12.63

25 40.36 164.75 |519.7| 452.5 16.82

26 40.8 159 |513.5| 442 14.6

27 41.18 158.75 |508.5| 436.9 15.02

28 42.21 148.25 |470.7| 379.2 15.68

29 43.62 1265 420 3162 12.03

30 43.99 122.5 409.1] 300.8 13.35

31 44.29 118.5 |391.8] 282.7 17.23
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Table 5.5 Properties for test pieces with a quench delay of 113 seconds,

measured nine monthsafter the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Set EC |Hardness}| UTS 0.2 % PS|Elongation

GIACS Hv MPa MPa %
0

1 29.46 168.60 535.6 421.7 19.97

2 29.67 170.60 542.2 408.9 18.66

3 30.40 169.80 539.5 418.5 16.38

* 30.84 171.90 542.3 433.1 15.12
3 31.15 175.00 552.3 446.8 15.71

6 31.16 177.00 556.5 455.7. 15.89

7 31.32 181.30 556.3 459.8 15.52

8 31.32 182.10 561.3 470 15.97

9 32.34 180.40 549.8 473 16.18

10 32.75 183.50 556.7 487.5 13.07

11 33.17 184.60 559.1 495.4 13.02

12 33.80 186.00 561.5 503.3 13.04

13 33.91 188.00 562.1 5073 13.2
14 34.61 189.50 566.2 515.7 12.79

ES 35.57 189.50 566.5 520.2 10.83

16 36.33 188.50 574.7 533.2 12.41

17 37.24 186.00 562.2 511.5 12.9

18 37.44 185.80 561.8 512.8 14.09

19 38.17 182.30 552.8 499 9.65

20 38.69 179.50 543.2 486.7 10.99

21 39.32 173.80 534.2 474.4 12.16

22 40.01 171.30 522.7 459 11.86

23 40.25 170.30 522.6 456.9 13.04

24 40.64 164.80 510.9 441.8 12.99

25 41.09 161.80 501 427.6 11.42

26 41.30 158.80 494.6 418.5 10.81

27 41.72 157.80 490.9 414.3 14.37

28 42.44 142.50 453.4 361.1 13.15

29 43.76 125.00 400.9 297.2 14.91

30 44.18 119.50 388.7 285.3 14.06

31 44.33 115.50 380.1 273.1 15.32
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Table 5.6 Properties for test pieces with a quench delay of 198 seconds,

measured nine monthsafter the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Set EC Hardness UTS 0.2 % PS [Elongation

%IACS Hv MPa MPa %

0 30.06 153.5 496.8] 437.9 11.79

1 30.54 156 |507.5| 370.5 10.66

2 30.9 155 |510.5| 376.8 14.07

3 31.62 156 504.1] 385.2 10.55

4 31.87 160 512.7| 400.4 1.11
5 32.12 162 |513.4| 407.9 11.45

6 32,33 163 1515.5] 415.9 9.53

7 32.55 167 |524.6| 428.2 9.02

8 32.67 169 531 442.4 6.84

9 33.54 163 504 421.9 5.7

10 34.46 164 |513.6| 432.3 6.23

11 34.91 165.5 |517.5| 440.3 6.63

12 35.39 168 520.2] 448.9 5.1

13 35.7 169 |528.3| 465.2 6.2

14 36.02 167 |518.3| 448.5 6.21

15 37.01 169 527 460.9 5.51

16 37.87 172 1533.6] 469.9 6.9

17 38.21 171.5 532.8] 472.2 7.48

18 38.5 171 -|531.9] 471.3 7.88

19 39.15 168 |521.1| 457.1 6.6

20 39.51 166 515.7} 449 7.35

21 39.9 164 |516.7| 449.6 8.39

22 40.13 163.5 [521.1] 456 8.15

23 40.59 159.5 |514.5| 446.7 7.9

24 40.95 159 |501.7| 429.8 8.39

25 41.41 154 492.9] 413.7 10.74

26 41.89 149.5  |480.6| 397.4 10.2

27 42.1 149 480.4] 397.3 10.6

28 42.16 135 445 348.2 12.07

29 43.86 117.5 |390.1| 279 13.49

30 44.14 112.5 |379.5| 266.6 13.89

31 44.43 110 |371.6| 256.6 13.53
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Table 5.7 Properties for test pieces with a quench delay of 474 seconds,

measured nine monthsafter the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Set EC Hardness| UTS 0.2 % PS|Elongation
%IACS Hv MPa MPa %

0 31.92 1409 464 317.6 7.315

| 32.28 144.5 480 337.8 7.403

2 32.64 147 474.3 337.3 7.188

3 33.23 148.5 475.7 346.6 8.308

2 33.68 147.25 477.3 353.8 7.273
a 34.07 146.5 477.2 360.6 8.094

6 34.21 150 478.6 366.4 8.202

7 34.53 152.25 479.8 3714 6.784

8 34.64 153 481.2 372.1 6.69

2 35.33 150.5 477.9 377.4 6.969

10 35.77 149 469 376.1 4.348

11 36.15 150.6 479.7 383 7.197

12 36.55 152 477.2 384.6 5.872

13° 36.71 152.5 479.7 389.9 6.402
14 37.44 151.8 476.3 385.2 6.209

15 38.12 153.25 482.9 395.4 5.68

16 38.89 152.8 482 388.7 6.996

17 39.37 149.25 474.4 384.1 7.097

18 39.67 147.5 480.2 388.7 7.651

19 40.11 147 477.8 386.2 6.861

20 4061 1465 473.7 383.4 7.661

21 40.97 145.5 469.9 380.3 7.645

22 41.2 144.2 467.4 376.1 6.92

23 41.72 141.25 460.4 367.6 9.767

24 41.82 139.5 459.4 366.3 8.971

25 42.33 134.8 446.6 352.6 9.51

26 42.62 132.8 442 346 10.06

27 42.93 131.25 438.5 340.7 9.742

28 43.47 119.5 408.9 305 10.72

29 44.23 109.5 372.6 260 12.38

30 44.4 106 364.2 250.1 12.91

ai 44.67 102.25 358.6 242.8 13.66
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Table 5.8 Properties for test pieces with a quench delay of 813 seconds,

measured nine monthsafter the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Set EC Hardness UTS 0.2 % PS Elongation
%IACS Hv MPa MPa %

0 33.18 133.25 481.3] 319.8 9.49

1 33.74 134.25 |480.3| 331.9 8.88

2 34.00 134.00 472 327.4 9.93

3 34.60 133.50 |470.8| 328 10.31

4 35.10 135.75 466.3] 330.2 11.09
5 35.40 136.00 |471.2| 342.9 10.85

6 35.55 136.25 469 342 11.6

7 35.79 137.75 |460.6| 341.7 9.95

8 35.94 139.00 |461.2| 344.7 9.99

9 36.61 136.75 456.5} 340.4 113

10 3694 138.75 |457.9| 348.2 9.78

11 37.22 137.75 |456.5| 350.4 10.77

12 37.49 137.00 [458.3] 351.6 10.56

13 37.69 135.50 |459.5| 355.7 9.82
14 3808 136.00 |454.2| 357 9.91

IS 38.78 135.25 |456.7| 353.4 8.451

16 39.59 133.25 452.4] 353.6 8.224

17 39.99 132.00 454 354.2 7.07

18 4036 131.75 |446.8| 353.6 5.53

19 40.67 132.75 454.2] 356.6 5.31

20 41.03 131.00 441.4] 348.4 5.634

21 41.50 129.50 436.8] 344.9 6.816

22 41.94 130.00 443.8] 350.4 5.934

23 42.31 127.75 |433.7| 340.5 9.907

24 4255 127.25 |427.7| 329.1 8.352

25 42.68 125.25 424 326.4 9.909

26 43.03 124.00 420 323.4 10.3

27 43.38 121.25 |416.7| 319.3 10.96

28 43.84 112.25 |390.8| 286.5 13.3

29 44.42 100.75 357 244.5 13.42

30 44.69 98.08 346.5] 236.9 14.69

31 45.00 96.58 |341.9| 230.1 15.38
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Table 5.9 Properties for test pieces air cooled to room temperature,

measured nine monthsafter the artificial ageing treatment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Set EC Hardness UTS 0.2 % PS |Elongation
GIACS Hv MPa| MPa %

0 32.87 140.25 |497.7| 350.3 8.26

I 32.97 139.75 495 352.5 9.83

2 33.15 138.5 |492.2| 350.3 9.24

3 33.85 138 483.4] 350.4 10.18

4 34.2 140.75 488.4] 362.4 10.5
3 34.3 144.75 487 376.7 8.24

6 34.51 145.75 494.7] 383.2 8.93

7 34.54 146 498.9] 391.2 7.67

8 34.77 148.5 498.4] 401.3 6.69

9 35.28 146.5 |484.9| 387.2 4.16

10 35.6 147 489.1] 392.3 7.95

11 36.06 147.5 |492.2} 401.1 8.31

12 36.4 146.5 484.8] 402.8 6.7

13 3664 1465 [4911] 408.4 6.98
14 37.07 147. |494.5] 411.7 7.44

1S 37.87 149.25 |488.6| 414.7 7.28

16 38.55 147.25 494.8] 413.8 7.89

17 39.28 148.25 485.4] 405.9 6.85

18 39.5 146 488.5| 410.1 8.97

19 3997 143.75 485.8] 405.9 751

20 40.52 142 |476.4| 397.6 7.21

21 40.91 140 469.4] 388.4 8.03

22 41.3 137. |460.7] 379.9 8.81

23 41.74 1365 455.1] 371.5 7.53

24 41.99 133.25 |451.5| 368 8.98

25 42.14 132.25 |448.1] 361.5 10.07

26 42.47 130 443.1] 356.3 10.76

27 42.79 129 435.9| 347.1 9.83

28 43.6 118.5 402.3] 303.1 10.67

29 44.17 107.25 |368.8| 262.1 12.7

30 44.39 102.75 |357.5| 250.2 15.67

31 44.67 99.25 |349.2] 240.3 14.53   
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Fig. 5.1 Schematic diagram indicating the locations ofthe slices in the

plate from whichtensile test pieces were machined.
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Fig. 5.2 Geometry of the tensile test pieces with

cylindrical gauge length and square ends
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

6.1.1 Electrical conductivity and hardness

The electrical conductivity and hardness valuesare sensitive to the changes of

processing parameters such as temperature and ageing time. When ageing conditions

are changed,the variations of electrical conductivity and hardnessare a direct cause

of the formation of precipitates and the continuous changeof their size and volume

fraction. Therefore, the combination of electrical conductivity and hardnesstests is a

reliable quality indicator to assess the ageing process of AA 7010 and can be usedin

non-destructive assessment of property homogeneity of thick products.

In the full range of age hardening conditions, a unique correlation betweenelectrical

conductivity and hardness or betweenelectrical conductivity and strength does not

exist. It is possible to have two different hardness and strength values for the same

electrical conductivity value, or vice versa. Therefore,it is not possible to predict

hardnessor strength from electrical conductivity values alone. However, in the

natural ageing and over ageing regions, there exists a nearly linear correlation of

electrical conductivity with hardness or strength, in agreement with the previous

workin the literature.

In the over ageing region, the hardness and strength of AA 7010 decrease nearly

linearly with increasingelectrical conductivity, due to direct correlation between the

precipitate particle spacing andelectrical conductivity, hardnessor strength.
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Hardnessand strength can be determined from the electrical conductivity values with

a reasonable accuracyfor any electrical conductivity values above 35.9% IACS.

In the peak ageing condition, namely 120°C for 10 hours followed by 172°C for 8

hours, the maximum attained hardness and strength can be found within a wide range

of electrical conductivity values between 32 and 36.5% IACS.This clearly suggests

that, if this alloy is to be age hardenedto peak hardnessor strength, the ageing time

for the last ageing temperature (172°C) could be selected from a wide tolerance

range.

6.1.2 Strength prediction

When AA 7010 wassolution heat treated to standard conditions, a linear correlation

between hardness and UTS wasobtained with a high regression correlation

coefficient value, R’, of 0.98 for the full range of age hardening conditions,i.e.

natural ageing,artificial ageing and over ageing. For heat treatments including non-

standard conditions, with varying quench delays and age hardening temperature

above the design requirement up to 200°C,a liner relationship resulted between

hardness and UTSwith a high R? value of 0.96. The UTS canbe predicted from a

given hardness value with a reasonable degree of accuracy for AA 7010, regardless

of its thermal history.

Onthe other hand, the prediction of PS from hardness valuesis less accurate. The

reason of the lower accuracy appearsto be dueto its different responses to under-

ageing and over-ageing conditions. The accuracy of this prediction can be improved

using its correlation with electrical conductivity for any electrical conductivity values
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greater than 35.9% IACS.

6.1.3 Property homogeneity

There is evident inhomogeneity of properties across the plate thickness of AA 7010,

specifically, low hardness and high electrical conductivity at the centre and the high

hardness and lowelectrical conductivity at a depth of 32 mm from the surface. The

variations in electrical conductivity and hardness through the plate thickness,

perpendicular and parallel to the rolling direction, are very similar. In the artificially

age hardened conditions, they showed consistent flattened “W” and “M” shaped

profiles respectively. In the re-solution heat-treated andartificially aged condition,

the variations were more pronounced.

The lack of property homogeneity across the plate thickness appears to be inherent

from the ingot casting and thermo-mechanical operations, which induced some

degree of segregation of the alloying elements and created different thermal histories

at different locations acrossthe plate thickness.

Chemical analysis showed somedegree of segregating of alloying elements Zn, Cu

and Mgata plate depth of 32 mm from the surface and segregating of Zr and Ti at

the plate centre. The high hardness and low electrical conductivity at the location of

32 mm from the surface are considered to be primarily due to the segregation of Zn,

Cu and Mgatthis location during solidification.

Thetest pieces in the as received condition showedthatthe electrical conductivity

values were within the material specification requirements; however, the hardnessat
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the centre of the plate was marginally below the minimum (160 Hv)onsixtest

pieces out of eight. There appears to be a macro-segregation of peritectic and eutectic

precipitates or dispersoids at the centre of the plate, which are inherited from the

solidification and high temperature rolling operations. The precipitation of the

equilibrium phases reduced the concentrationsof the strengthening alloying elements

in the solid solution. This was believed to be the dominant cause for low hardness

and high electrical conductivity at the plate centre. The gradient of quenchingrate

from the surface to the centre of the plate during the quench operation after the

solution heat treatment was not the main contributor.

The anisotropy of strength through the plate thickness is mainly dueto the

crystallographic texture formed during fabrication, the effect of precipitates

directionality and the different thermal histories through the thickness.

6.1.4 Effect of quench delays

The electrical conductivity, hardness and strength were foundto be sensitive to the

quenchpaths. In general, short quench delays led to higher hardness, higher strength

and lowerelectrical conductivity. Long quench delays led to high temperature

diffusion of alloying elements from the solid solution and subsequent heterogeneous

precipitation of the equilibrium phases, depleting the alloying elements available for

subsequent age hardening. Therefore, long quench delays resulted in low hardness,

low strength and high electrical conductivity.

For AA 7010test pieces of 11x11 mm”, a cooling path with quench delays up to 198

seconds, followed bya final fast quench into water at room temperature and
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subsequent standard artificial ageing, producedsatisfactory electrical conductivity,

hardness andstrength values. Cooling paths with quench delays longer than 198

secondsresulted in properties below the material specification requirement.

A network of hardnessversuselectrical conductivity curves under a wide range of

age conditions was obtained. From this network of curves, the age condition for an

unknown AA 7010 material could be estimated from a knownsetof values of

hardness andelectrical conductivity.

6.2 Recommendations for future work

The findings from the correlations of electrical conductivity with hardness and

hardness with strength for AA 7010 provided a basis as a general tool for non-

destructive inspections. However, they should not be extrapolated directly to other

aluminium alloys, as non-consistency between different alloys may be possible. Each

alloy should be assessed on its own merit.

In addition to UTS and PS,fatigue limit, fracture toughness and resistanceto stress

corrosion cracking are also important properties of aluminium alloys for aeroplane

applications. The effects of varying electrical conductivity and hardness on these

properties are recommendedforfurther studies.

The nature of texture variation and its through thickness effect on the strength along

the longitudinal, long transverse and short transverse directions are recommendedfor

future investigations.
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The effect of retrogression on the strengthening precipitates when they are exposed

to temperatures aboveartificial age hardening treatments needsto be characterised.

This will help to understand the effect of high temperature and time on strength of

over heated AA7010.

Although bulk chemical analysis can help to formulate explanations for the changes

of electrical conductivity, hardness and strength throughthe plate thickness to some

degree,it is unable to explain the property changeat the plate centre. This shortfall

could be overcome byanalysing the quantities and chemical compositions of the

dispersoids and the quench induced precipitates formed heterogeneously at grains

and sub-grain boundaries. The analysis can help to establish the amounts of

strengthening alloying elements associated with these non-strengthening precipitates,

whichare not available for the precipitation hardening. This study will be able to

elucidate the effects of the casting, thermo-mechanical operations and the solution

treatment on chemical homogeneity.
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