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ABSTRACT

. The mechanical deformation béhaviour of the age-hardenable alu-
minum alloy 2056 was used to‘study the efféc;s of differences in the
microstructure due to (a) variations in cémﬁéréial précessinq for one
ageing condition (T4), and (b) variations in the ageing condition for
one processing route. The effects of loading along different propor-
tional straining paths have been consiaered with éhe aim of establish-
ing correlaticns between the mechanical properties and formability, and

for the case of (a) above, some rationalisation of selected press per-

formangce in terms of particular microstructural constituents hag also

.
)

been attempted. Changes in the fracture behaviour due to both (a) and
(b} above are discussed. These changes emphasise the need to consider

the role of fracture events in forming operations and their dependence

on microstructure.
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CHAPTER 1

INTRODUCTION

The-éomplexity of commercial aluminum alloys is such that;tudies
of the influence of microst?uctu&al parameters upon mechanical properties
have been restricted mainly to methods whereby controlled chaﬁges are‘
made £o chemistry and/or heat treatment in order to discefn subsegquent
effects on some parameter such as the iﬁitial flow stress or some
measure of the fracture toughness. As the microstructures of commercial
alloys involve constituents associated with solidification and a sequence
of solid state reactions, it is common to trv to reduce the problem to
one involving only those structural aspects which can be carefully con-
trolled through the use of ﬁoael systems based on high purity alloys.
Thus, it is of value to try to link the basic concepts elucidated in
the model systems to more complex engineering materials. )

The current work was éesigned to elucidate some of the factors
which determine thé formability of one of the higher strength age-harden-
aﬁle sheet aluminum alloys presently in use by some of the auto-makers
as a material for body panel construction. In this introductory section
the nature of the engineering problem of press formability will be pre-
sented, details of the materials utilise&r;n the study will be given,
and the objectives of the research project will be defined.

It is cbviously impossible to attempt to correlate specific
microstructural features directly to the formability of sheet material,

-

however, it 1s sometimes possible to determine the influence of the



microstructural features on definable mechanical parameters which can-

subsequently be correlated with some aspect of the formability. This
b .

1§}eroach is pursued further in this thesis in regard to the quench sen-

sitivity of the 2036 alloy.

1.1 Engineering Prcblem

This study was instigat®d as a result of a production problem
experienced by one of the auto-makers during press‘forminé of a deck
lid outer parml utilising the aluminum alloy 2036-T4 of nominal gauge
1 rmm and with an organic millbond coating one side as an aid to handling
and lubrication, It was found that é;e three "lots" (different sources)
of this alloy which were available in the stamping plant exhibited dif-
ferent degrees of success in forming the component. These differences
were observed after all the die-related parameters had been adjusted
tc achieve -optimum production for each lot. For one lot, successful
panels werxe achieved virtually all the time: for a second lot the sutcess
rate was approximately 80%, while the third lot managed a figure of only
about 20%. It must be emphasised that the differentiation between
materials on the basis of press per formance dqes not represent a rigor-
ous scientific differentiation, however, the chijective of the present

T, study was to elucidate some aspecés of the formability of heaﬁ treat-

able aluminum alloys and to establish a more analytical and microstruc-
tural explanation of éome possible causes why the differences in press
performance were observed.

A view of a typical failure is shown in Figure 1-1. The small

circular depression represents the keyholé in the final part, so it is



Flgure 1-1  TFailure of the dock 1i1d panel durinc:
press forming. ./

N



seendghat the failure has occurred along the rear side-wall of the
. ,
stamping. Metal in the region of failure has been drawn into the die

cavity through a series of draw-beads and is then stretched towards the

pupch corner acféss the trim line. Thus, the material in question has
guffered a complex strzin history consisting of reverse bending foilowed_
by plané strain -tension. In some of the parts, failure also occurred
along the side of the component, again after bending plus plane ;train
qiftory. Tt is important to note that this type of failure is not one
associated with the formation of a local neck in a region which is to be
aesthetically attractive in the final panel, but one which depends solely
on whether or not thg material- tears.
1.2 Materials

Aluminum alloy 2036 is a relatively new member of tﬁe 2XXX {(Al- -
Cu} series of alloys and is used specifically for sheet forming appli-
catioﬁs iﬁ the T4 temper. The T4 designation indicates that the mater-
ial has been solution treated, quenched and naturally aged to a stable
condition. Chemical compcsitions derived for the three lots of 2036
are given in Table 1-1, together with the nominal composition of the
material. Throughout this work, the following designations will be
applied to the 2036 alipys used: material G signifies the material
with good formability; material M is marginal, while material P indi-
cates the material'with poor formability.

Commercial production of 2036-T4 involves a series of opera-.
tions outlined schematically in Figure 1l-2. Up to the solution treat-

ment stage, the material follows the route of strain-hardenable sheet
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Compositions of 2036 Al Alloys*
H
Element . Material Nominal CompositionT
& n P
Cu 2.33 2.63 2.66 2.2 - 3.0
Mg 0.37 0.50 0.52 0.3 - 0.6 '
Fe 0,26 0.44 0.48 0.5 * Max.
S5i 0.32 0.38 0.3¢ 0.5 Max.
Mn .24 0.18 0.25 ¢.10 - 0.40
Zn 0.04 0.15 0.18 0.25 Max.
Ti 0.060 0.019 0.018 Q.15 Max.

* A,D.D.R.G. Aluminum Cooperative Group Averages

+ Aluminum Association Standards
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Figure 1-2 Schematic representation of the processing routes for sheet
aluminum alloys.
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alloy production; the-solution treatment generally occurs in a continu-
ous énnealing furéace where tpe sheet is subjected to a temperat;re of

: P~
500°C (Aluminum Assoclation, 1976) for a time of the order of minutes.
Upon exiting ‘this™ furnace a rapid quench is applied by either water
spray or water ténk,‘a straightening cperation (usually tension or
roller leQelling) to remove warpace resulting from the ﬁuench follows,
and the metal is then coiled and naturally aged before shipment. Natural
ageing is'essentially complete in a period of about two weeks. Further,
the application of the millbond coating before the metal i¥ received by
the customer involves temperatures of approximately 200°C for 1/2 to 1
minute. The processing routes for each of the three lots of 2036-T4 are
not known in detail beyopd that described above; hence, the possibility
exists for the variation of many of the processing p;%ameters subsequent
to the control of chemical composition. Reference to the different stages
in processing will be made throughout this thasis when obvious correla-
tions can be drawn between material properties or miérostructure and

material processing.

1.3 Objectives

The primary objective of the present study was to elucidate the
factors which lead to the variability in press performance of the 2036
alloys. Basic tensile properties were clearly insufficient to explain
the differences in forming behaviour, otherwise, quality control by the
producer and customer would have ravealed a problem before production
of the body panel began. The dependence of material response upon the

mode of deformation, i.e., the deformation path, was highlighted by this



probiem since it was the rigours of phe complex forming op;ration;yhich
differentiated -the materials on the basis of their success in forming -
the given component.

As alluded to previously, the success or failure of production
of the deck 1id depended upon the opeéative failuré criterion. In this\
respect, it was thought that the behaﬁiour of the materials at large
strains approaching fracture might discriminate between the lots, and
hence the hydraulic bulge test was used to extend the siudy of the mechr
anical response to strains unattainable in uniaxial tension. 'Work harden-
ing characteristics at these strains were eXxamined for the three lots af
material. In addition, the influence of the fractufe eﬁent upon form-
ability was considéred via the representation of a fracture map in
strain space, this suppleménting the approximate forming limit diagrams
which were also determined.

The effects of microstructural differen&es on some basic aspects
of formability were simulated through the materials* response to simple
bending deformation and by fractographic features charactaeristic of
different loading trajectorieé. Controlled modificatioqs to one aspect
of the microstructure, namely the extent of g¥ain boundary precipitation,
were effected for the T4 temper and the subsequent change in bendability
wa; discussed in relation to commercial production practices.

Heat treatments designed to place one of the materials in a range
of ageing conditions were established and the mechanical behaviour in
uniaxial and equi-biaxial tension was studied as a function of ageing

condition. The purpose of this was to determine work hardening charac-

teristics -4n the strain regime beyond that of the uniaxial tension test.



CPAPTER 2

LITERATURE REVIEW

A

The purpose of this cﬁﬁpter is to provide a bfoad overview of
'the various topics covered in the thesis and to present a review of
those topics whose theoretical and experimental bases are necessary for
discussion of many of the results. Clearly, many of the topics are re-
viewed in depth in thé existing literature and in the interests of
brevity, reference will be made to the major reviews and texts where

possible.

2.1 Physical Metallurgy

Wilm (1911} discovered that good combinations of strength and
ductility were obtained from-alloys of aluminum with 3-5% Cu, 0,5-1.0%
Mg and C(.B% Mn: these age-hardening allays became known as Duralumins
2nd since that time, the development of Al-Cu alloys based on this and
other compositions has occupied much of the history of aluminum allovys.
The alloy 2036 is a relative newcomer to this list, and, as noted in
Chapter 1, contains a number of elements other than Cu. Some af these
are specific alloying additions (Mg, Mn, Ti), some are incidental im-.
purities present in the refined alumina (FPe, 5i), while some result from
the utilisation of scrap material in the commercial production seguence
(Fe, Zn). Because of the complexity of the commercial alloys, a dis-
cussion of their detailed metallurgy is beyond the scope of this review.

Examples of the phases which can form in the Al-Cu-Fe-Mg-Mn-Si system
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1c

are shown in Table 2-1, from Mondolfo (1976), who alsc provides details

and references for the main binary, ternary and quaternary reactions

’

contained within the commercial. systems. Van Horn (1967) and Van Lancker
(1967) also provide goocd reviews of the metallurgy of aluminum alloys.
. . ' A
To reduce the complexity of the commercial alloys, it is advan-

tageous to consider separate types of reactions which produce inter-
metallic phases during soclidification, homogenisation treatments, and
precipitation of metastable and stable phases from solid solution during

-

ageing processes. These reactions produce particles of widely differing

sizes and in the final wrought product, sheet in this casa, the range of

sizes associated with each reaction is indicated in Table 2-2.

2.1.1 Splidification

Details on the solidification reactions in aluminum alloys may
be found in the references cited above, together with Flemings and Meh-
rabian {1969) and Sperry {(1955). It is during solidification that the
Fe, Si and Mn-rich phases are formed, such as Aljg(Fe Mn)3Si; and
Alg(Fe Mn}, which are virtually insoluble in the a-Al matrix and hence
are unaffected by subsegquent thermal treatments. The stoichiometry of
these Al-Fe-5i-Mn phases are affected mainly by processing variables
such as melt chemistry and solification rate, and it is likely that
some non-equilibrium phases will be present. Soluble phases, such as
Cu Aly and Cu Mg Al, may also be formed in the commercial Al-Cu-Mg

alloys, the composition of the liquid determining the stoichiomctry.
&

2.1.2 Homcgpnisation

The precipitation reactions occurring during the homogenisation
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Table 2-1

ses_in the ARl-Cu~Fe=-Mg-Mn-S5i System

Examples of Tha

PIEASES FLRMELY E% THE ALLAMINCM-COPFER IRON- MAGNTSIUM MANGANESE -SI1IC DN 31311 M

(after Mondolfo, 1976) ¢

i

ANITPHASEG WITH WHICH THEY CANNOT BE [N FQUILIARAN M

P
Al
Cual,
Feal,
Mp, Al

MinAl,
51

iCuFelAal,
CuFeAl.
CuMgAl,
Cubig Al
(FeMnIAL
Fe SiAl,
[-eseAl,
CuMn,Al,
IMpMnl AL

I3
Cukebiny S al,,

W aFeMniAl,
Cu My Al
I I TR

Cutnnot be 1 equilihrium

aunc

Mg, Al CuMg AL, FrAl, tMgMn)LAlL,

CuAly 51 FeSiAly, tCuFeMn),50Al,,

CuAly, Si. CuMgAl, CuMn Al g FeSiAl,, Fe,SiAl, (2,
(CuFeMn},SiAl,, Cu, Mg SLAL

CuAly, 5i, (FeMa)Al,, Fe SiAl,. FeSiAl, (CuFeMnIAL, Fehly Si Al
FeAl, Mg Al Maal, (ICuFeJAl, CuMgAl, CuMgAl. (FeMniAl,
FeSiAl. (MgMal AL, (CuteMnlAl,

ME, Al MRAL. 53 (FEMDIAL. F¢StAl, (MgMRL AL, (CuFeMn), S, Al ..
(CuFeMplAlL, Cu Mg, S1,Al

Fealy, Mg Al MnAl, CuMp AL, CuyMn,Al,, FeSiAl. (MEMnLALL
FeMg S, Al (CuFeMn))5i,Al . ACuFeMn AL, Cu,ME,S1, AL,

My, Ady, 51, FeySiAly, FeSiAL, AMgMnlAlyy,, (CuFeMalSnAl,,.
\CuFeMnlAl, CuMg, S, Al FcMg Sy Al

CuAly Su FeySiAl,, FeSial, (CuFeMni,$iAL,. Cu MgS,Al,
FeMp N Al

MnAL, SuACubelAl, CuFeal., Fe Sl FeSiAl, Cu Mg SqAl,,
FeMu.inAl,

ME AL MRAL, SLICUF AL, CuMgAl, CubMg Al CuMn Aly,
FeMniAl, s MgMn) Al ICLFeMNLSLAL,  (CuFeMnIAj,

FeaAly, Mg, Aly, MoAl iCuFaal, CuMgAl, CuMg, Al Cuhn,Al,
(FehraAl, (Mahal Al (CulFeMplAL, ACuFeMn) S, AL,

FeAly, Su, FeSiAly, FeSiAl (MgMajAl, FeMg,5i,Al,
(Cukekln) S Al

FeAl, S tCuFelAly, CuFeAl, CuMgml, CuMn,Aly, FoSoAl,
wCuFeMnbAL, Cu Mg Su, AL Febig S Al (CuFebn SiyAl,

nune
FeAl,. Mg Al ICuFeIAL, Cu Feal, CuMyAl, CoMg.Al,.
AMEML AL ICuFeMIAL,

Mg Aly, MRAL, S, (FehbnbAl,

Mg AL CuMgAlL. CuMg, Al (MgMn) Al . (CuFeMn) S AL,
My AL, MaAl, CoMgal, Cubg, Al (FeMalal, FeSiAl,

Table 2-2

Approximate Size Ranges of Second Phase Particles

-

\

PARTICLE NAME

Caonstituents

Dispersoeids

Hardening Pre-
cipitates

Present in Aluminum Allaoys

HOW FORMED S1IZE
Solidification 1 - 30 um
Homogenisation °
of ingots 1000 A - 0.5 um

w temperature °

agirng of sheet 20 A

°
- 1000 A
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treatﬁents invoiveielements such as Cr, Mn, é;d Zr,.which are added to
control recrystallisation during wrought ailny production. ‘These ele-
ments havg exceedingly low solid solubilities and diffusivities in
aluminum [van-Horn, 1967), and consequently, they are retained in solid
solution during casting, forming regions of supefsaturation at the
centres of the primary dendrites (Boyd et al, 1972). During ingot homo-
genisation, the yintermediate preciﬂiﬁapes (algo known as dispersoidsf,
form in these regions and are considered stable Qith respect to coarsen-
ing or dissclution during subsequent thermal/mechanical processing.
Sincde these precipitates tend to form in the centres of the pr;mary den-
drites, their distribution throughout the material can be very non-
‘uniform.. This non-uniform distribution persisté during further process-
ing and results in microstructural patterns in certain wrought products
known as "banding". Examples of the dispersoid particles arc

arlFe({Cr Mn)Si (Munson, 1967},

aAlgMnoSi| g {Cooper & Robinson, 1966},

Al4Zr {Ryum, 1969).

The impurity elements (Fe, 5i) which form the large constituents
on solidification influence the character and distribution of the dis-
persoids (Boyd et al, 1972). For example, in Cr-bearing alloys, where
Fe and Si are present, the dispersoids tend to be a{Al Fe Cr Si}, where-
as, in high purity alloys, the phase Al}gCrMg; forms (Holl, 1969).

In summary, to control the character and total distribution of
the dispersoid particles, the following factors must be considered:

a) alloy chemistry (minor alioy additions and impurities},

b) solidification conditions (cooling rate, agitation, etc.),
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c) diffusivities of minor alloy elements,

d) distribution of constituent particles,

e) ingot homogenisation treatment.

2.1.3 Low Temperature Ageing

The:¥esponse of both high-purity and commercial Al-Cu alloys to
ageing following sclution treatment and gquenching has begn the subject
of many investigations (seé references listed in Mondalfo (1976}, Van
Horn (1967}, and Van Lancker (1967)}. Specifically, the Al-Cu-Mg sys-
tem, upon which 2036 is based, has been studied by Hardy {(1954-55), Sil-
cock (1960;Q§), Weatherly (1967), and Wilson (1969), among others. In
the comercial all;ys. the "ageing characte;istics depend on thce Mg and
Si centents. At high ratios of Mg:5i, CuMgAl,; produces substantial
hardening by ageing at rcom temperature; in alloys in which this ratio
is cloge to 1.7:1, CuAlz_and, to a limited extent, Mg2Si harden, and

the ageing at room temperature is limited. At lower ratios, CupMggSighlg

together with CuAl; are the hardening.constituents with artificial age-

Y

ing required for best properties.

In the ternary system Al-Cu-Mg, the main hardening constituent
depends on the Cu:Mg ratio, as can be seen from the phase diagram in
Figure 2.1. For ratios >»8:1, CuAls is produced; between 8:1 and 4:1,
both Cuhlg and CuMgAl; are produced; between 4:1 and 1.5:1, CuMgAlj; 1is
the hardening phase. In alloys wﬁeré hardening is due to the Cufl;,
small additions of Mg (0.l%) tend ta accelerate the rate of ageing and

counteract the retarding effect of Fe (Mondolfa, 1376).
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Figure 2-1

Aluminum corner of the Al-Cu-Mg phase diagram
showing phase distribution in the so0lid and
solid sclubilities at various temperatures.

. —
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2.1.4 Alloy 2036 ' )

This alloy is gquite low in Cu content and very low in Mg com=
pared to most otheE.zxxxéseries allo&s, the majority of which &re used
in aerospace applications. Very little work has been.published on the’
physical metallurgy of 2036. The roles of the diffgrent alloying ele-
meﬁts are as follows (Beaver, 1978; Lloyd, 1979):

a) Cu and Mg promote hardening by precipitation in the solid
state and by seclid solution hardening; Cu teﬁds tc lower
the recrystallisation temperature, especially at higher
deformations, while Mg has little effect on the recrystal-
lisation.

b) Mn is added to control récrystallisaticn and grain growth
via the formation of Mn-rich particles during solidification
and homogenisation; these particlés also affect the plastic
deformation behaviour of the final product. ‘

¢) Fe and 5i are incidental impurities although both influence
the ageing response due to the fine precipitates.

d) Ti is5 added to control grain size during selidification.

e} Zn is also an incidental impurity, but its influence on the
‘properties of 2036 is not known.

Chaturvedi, Chung and Doucette [1972) have studied the effect

of thermo-mechanical processing cn the properties of 2036 and found

that the 8 type (CuAls) of precipitate cnly occurs., Their work did not

involve the naturally aged material so that the structure of the G.P.

zones was not identified. The CQ:Mg ratio in these authors' alloy wa;

5.7:1, suggesting that the additional alloying elements in the commer-

. +
NI
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cial material quer the ratios of Cu:Mg which give the phases described
previously for the AlCuMg ternar? system. The sequence of events which
lead to the formation of the equilibrium phase from the supersaturated
solid solution has been reviewed well by Kelly and Nicholson (1963).
éive structures can be recognised: (1) supersaturated sclid solution,
(2) G.P.l zones, (3) G.P.2 zones or 8", (4) 8', and (5} 8 or CuAlz.’
Development of the aged miprostructure proceeds in thg sequence
given above, but the startipg point of the sequence may Gary from place
. to place, depending on the nature of the defects present and the temg§r~
ature. Hornbogen (1969) suggests that the transition from one meta-
stable phase to the next occurs because the growing particle itself
creates the defect which catalyses the formationAof a more stable par-
ticle. For exampls, as a 6°' particl? grows, an increasing number of
interfacial dislocations form that"?gnally reach such a density that
portions of the lnterface become noncoherent. As soon as this stage is
reached, the conditions for 8 nucleation are fulfilled, i.e., the pre-
sence of a noncoherent boundary. The same principle applies for the
trapsiticn 6"‘* 9' in regard to the elastic 6oherency streéesses lcading
to the formation of a dislocation ring. Thus, grain boundaries, dis-
locations, and the interfaces of inclusions and dispersoids, as well as
sites in the perfect lattice, can be considered as nucleation sites for

LY

different phases.

2.1.5 Quench Sensitivity ¢

It has been recognised that gquench sensitivity is the result of

formation during cooling from the solution heat treatment temperature

-
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‘- of coarse non-hardening precipitates that deplete‘the surrounding matrix

. )
of solute and hence inhibit hardening on subsequent ageing. There is

also eyidgice {(Kelly and Nicholson, 1963; . Embury and Wicholson, 19657,
that Qariation in the rate of quencﬂinq has a marked influence on the

hardengng precipiﬁhte, even £hough precipitation of the solute may not
occour éuriqg the quench. Bryant (1966) has shown that the presence of

small amounts of Cr and dMn in commercial Al-zZn-Mg allovs produce pre-

cipitates at elevated temperatures which act as nuclei for the formaticn

‘

of coarse Mgin,-type precipitates at lower temperatures. Of course, the

grain boundaries also act as preferential nucleation sites for coarse
precipitates (Thomas and Nutting, 1953-54). Reduction of the quanch
sensitivity is an important arca of current research in the aluminum
industry and the avenues open for this involve the effect of allovy con-
stitution and/or the replacement of elements such as Cr and Mn with al-

ternative elements such as Zr.

2.2 Plastic Flow in Metallic Materials

The description of the mechanical deformation of a material may
be divided into three regimes: the yvield behaviour, the work hardening
characteristics during plastic deformation, and the definition of the
flow-limiting processes such as strain localisation and fracture. The -
magnitude of the yield stress in very simple systems can be readily
ocbtained from tension or compression tests and it can be predicteg1
quite well (to within about 20%), assuming a random distributicn of
obstacles (Foreman and Makin, 1966). However, it is more difficult to

predict the yield stress of materials containing more than one distri-
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bution of obstacles of different strengths, as in‘the case of harééning
Qrecipitﬁtes in a matrix containing elements in solid éolu;ion {Brown

, and Hamf 1971) . Work hardgning studies have been limited mainly to the
imm?diate post-yield regime, i.e.:ﬁsmall strain region, and only recently
. has the effect of large strain deformation on work hardening been inves-
tigated; consequently, éhis subject is not well understobd. The role

of fracture relaéed events has received much attention in relatidn to

. fragture toughness and fatigue.damage, but the quantitative understand-

ing of these events on the ductility of sheet materials is less well

established. This aspect will be reviewed in Section 2.4.

2.2.1 Yield Behaviour

Brown and Ham (1971) have reviewed the effects of dislocation-
particle interactions on the flow stress of materials. The contribution
of precipitate particles to the flow stress depends upon the nature of
their interaction with glide dislocationg. "Particle cutting; or “dis-
location looping" processes can be distinguished depending on the nature
and energy.of the particle-matrix interface, the size of the particle
and its ability to support a shear loop, and the lattice structure and
degree of .order of the particle. With respect to age-hardening alloys,
‘the following description can be given to account for the variation in
strength with ageing time and temperature.

Initially, the strgnqth of the alloy is that of the supersatu-
rated solid solution. The zones which are characteristic of the T4
temper are small (<100 ﬁ} and coherent with the matrix, and hence, they

are sheared by the matrix glide dislocations. The yield stress at this
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étage is gdvernéd by the stréss necessary to foree dislocations through
the précipifgtes aﬁd the rate of work hardening is essentially that of
the matrix. The work to force dislocations through these cbstacles may
depend Bn a number of factors, eg., coherency stresses, iﬁternal order
of the precipitates, aﬁd interface effects. As the precipitate par-
ticles increase in size and the nature of their interface¥with the
matrix changeg, the work done in cutting each particle increases and
the dislocations are eventually forced between the particles resulting

in the formation of shear loops around the parti;leg by the Orowan

. ' \
mechanism. -,

In the case where precipitates are sheared by the dislocations,

the strengthening increment is a function of

(£ - g) (Brown & Ham, 1971)

where f is the volume fraction of particles of radius r, and b is the
burgers vector of the\dislocations. As the size of the shearable pre-
cipitates incﬁgﬁses, the flow stress will rise. For looping of the
particles, the flow stress increment is a function of

Ly
B oap . L7, g B (2-1)
A s

%]

X

where X\ is the interparticle spacing, so that growth of the particles

by coarsening results in a decrease in vield strength. This description
can be seen schematically in Figure 2-2 for two different volume frac-
tions of precipitate. (The approximate locations of the ageing condi-
tions of alloy 2036 which will be used in the present study are indica-

ted on the diagram; it is expected that some of the small dispersoid
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Figure 2-2 Schematic variation of yield stess with ageing
time for typical age-hardening allovs with two
different volume fractions of precipitate.

40 o | hd i
i 10 00 (e ol
’ AGEWNG TME (HOURS)

Figure 2-3 Plot of work hardening rate at 2% elongation of
Al-1.6% Cu alloy as a function of ageing time at

a temperature of 190°C (after Kelly & Nichelson,
1963} .
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particles will éct as neon-shearable particles at all ageing conditions).
The initial work hardening rate as a function of ageing time at 190°C
for an Al-1.6% Cu %lloy is shown in_Fig;re 2«3, It is generally accepted
that the rapid increasé~in hardening rate arises when the material con-
tains partially coherent and- non-coherent particles which résult iﬁ
glide dislocations formiﬁg‘loops around the particles, effectively en-
larging them, thus ;epe;ling subsequent glide dislocations‘{Fisher et al,
1953) and also in the secondary slip around the particles which generate

further obstacles threading the slip planes (Ashby and Smith, 1960).

2.2.2 Work Hardening Behaviour

While the descriptions of the process of work hardening at

' modest plastic strains are capable of quantification in terms of the
structural descriptions of dislocation accumulation and the rates and
geometry of dislocation motion {ﬁirth‘and Weertman, 1968; Nabarro et al,
1964), the description of the plastic flow of bLoth single crystals and
polycrystals at large strains is much more empirical in form. Liicke

and Mecking (1972) have pointed ocut the importance of dynamig recovery
events which occur simultaneously with the hardening processes to gradu-
ally decrease the net work hardening rate at large strains.

Lloyd et al {1978) and leRoy (1978) have examined the progres-—
sive decrease of the work hardening rate at large plastic strains
approaching fracture via the use of hydraulic bulge tests and tensile
tests corrected to account for the necking process, and have presented

i

their results in the form of the instantaneous work hardening rate,

8 (=du/dd plotted as a function of either 3 or E. This representaticn

-
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provides a better description of the work hardening characteristics than
the more commonly used n-value derived from a constitutive equation of

the form

7= K" (2-2)

where K and n are assumed constant over the strain range considered; and .
¢ and € are the effective stress and effective strain respectively.
Values of n are derived from strains only up to the maximum lead in a
tensile test, and this portion of the strain history is not sufficient
to describe the competition between continued plastic flow and flow
localisation cvents determined by material instabilities (Embury, 197%).

The maximum load in the tensile test is given by the condition

2L = a-
dc 1 (2-3)

1 do
g

and the suhsequent ratc of development of a diffuse neck depends upon
such factors as the strain rate sensitivity (%%) and the rate of change
with strain of the wcrk hardening rate in the neck (%g).

leRoy (1973) has discussed the relationship between work harden-—
ing rates observed at large plastic strains and such variables as the
vield stress, structural parameters (solid solution, second phase par-
ticles), strain path, and strain rate sensitivity. The forms of the h
work hardening vs stress curves for a variety of aluminum alloys, are
shown in Figure 2-4. Here, it can be scen that for the precipitation
hardered alloys which developed higher yield strengths, the rate of
work hardening is not sustained but drops precipitously, leading to an

increased tendency to the development of localised necking and rapid

failure. For continued deformation to occur without lecalised necking,

-
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Figure 2-4 Variation of the work hardening ratc vs. stress
for four aluminum alloys with guite different
strength levels (after Lloyd et al, 1978).
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Figure 2-5 Schematic representation of the forming limit
and fracture strains in strain space. Affer
reaching the limit strain in proportional
loading, the deformation tends towards plane
strain up to the fracture strain.
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it is vital to maintain the work hardening rate above a critical value
since the condition for the stability of plastic flow is usually expressed
in terms of the relative values of the flow stress and work hardening

rate, i.e.,

> {Generalised Considére condition) (2-4)

In simple tension, localised recking is represented by z = 2.

The decreased work hardening rate at large_piastic strains may
result from the accumulation of damage within the material and/or éﬁe
occurrence.of dynamib softening events., leRoy (1978) suggests that this
can be explai;ed in terms of the influence of structural variables an
the rate of dynamic recovery, eg., the decrease in distancg over which .
the recovery events operdte (as the substructure scale decreases), or
the possibility that the rate of decrease of work hardeging is structure
sensitive. It is clear, then, that the development of a structural de-
scription of the events accompanying the decrease in hardening rate

would help elucidate the critical events occurring in large strain de-

formation and their influence on forming processes.

2.3 Formability Concepts

The concept of the Forming Limit Diagram (F.L.D.) has provided
an important tool fer the assessment of sheet meﬁal formability (Keéler,
1965; Goodwin, 1968). These diagrams indicate the manner in which the
limiting value of the imposed surface strains vary with the mtio of

the major'tb minor strains, 61/82. leRoy (1978) has reviewed the im-

portant aspects in the expeiimental determination, theoretical predic-
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ticn, and effect of inhomeogemei ties on the general F.L.D., while Emﬁury
{137%) has summarised the interpretation of the F.L.D. in regard to the
.formability of aluminum alloys.

The schematic F.L.D. depicted in Figure 2-5 shows that the range
of strains of importance is greater than that ‘recorded up to the maximum
load in fhe tensile test. Theoretical interpretations of the F.L.D. have
been attempted by a variety of authors wherein the prediction of the
cﬁrve is premised by the assumption of proportional straining and the )
representation of material plasticity by parameters such as n, the strain
hardening coefficient, and r, the plastic anisotropy ratic, which are
assumed tc be invariant with strain history. A comparison betweeh the
theoretical and abserved F.L.D. for the region where €5 < 0 has been
produced by Painter and Pearce (1972) who find the form of the diagram
is in accord with the criterion of Hill (1952) for the development of a
localised neck. 1In the region of the diagram &, > G, theoretical inter-
pretation is much more complicated since strain localisation should not
develop in ahomogeneous material. However, the concept of geometric and
material inhomogeneities postulated by Marciniak and Kuczynski (1967)
provides a method of assessing the right-hand side of the diagram.

It is important to distinguish between geometric defects in
which local cross-sectional differences exist, and material defects in
which local flow stress or hardening rate changes occur. The relation-
ship of material and geometric defects has been attempted with respect
to the local inclusion content of a material (Haberfield and Boyles,
1975) but it was found that the mﬁghitude of the geometric defect needed

to make the Marciniak and Kuczynski theory coincident with experiment
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was one-third of that provided by assuming that groups of coarse inclu-
sions are equivalent to the geometric defect. In general, the effect
on the F.L.D. of-defects and heterégeneities initially present in the
materféz\(or which develop during deformation) is not yet cléar, but
Minh, Sowergy and Duncan (1975) have considered a statistical approach
to the variation of the F.L.D. which may prouidé a basis for more de-
tailed microstructural s£udies which relate to the development of in-

homogeneities as a function of strain history.

2.3.1 Microstructural Featursas

Microstructural inhomogeneities in sheet material can be intro-
duced at various stages of thermal/mechanical procsssing and correspond
to different scales on the microscopic level. Examples of these are
elongated colonies of grains of different Qize or orientaticn, strings
of inclusions resulting from interdendritic segregation, regions of
differing concentrations of second phase particles precipitated during
homogenisation, and local variations in the distribution aof fine scale
hardening precipitates (especially near grain boundaries). Feor in-

plane forming operations with e, < 0, the effects of such inhomogeneities

2
are adequately accounted for by a change in the (continuum) mechanical
properties of the sheet, provided the distribution of heterogeneities
is reasonably uniform, but in the case of biaxial sfretching (g, > 0},
quite the opposite is true. The problem becomes one of understanding
how particular microstructural defects can trigger the macroscopic
localisation of strain, and the complexities of this problem have been

pointed out by Wilson and Acselrad (1978) who note that there are many

more internal (microscopic) than external (macroscopic) constraints,



although in some instances (eq., thin sheet), these may be related (Tadros

-

_and Mellor, 1978).

SO;e of the defects whiph can be preduced during forming opera-
tions as a result of microstructural inhomogeneities include the "orange
peel" effect; roping lines (Wycliffe, 1977); various surface roughening
effects resulting from production (Tadros and Mellor, 1978); voiding and
microcracks nucleated at second phase pa;ticles; and grain boundary
cracks due to eitherﬁthe presence of grainwbqun%ary precipitates or of
a precipitate-free zone adjacent to the boundary. Wilson and Acselrad
{1378) suggest that second phase particles are the principal sources of
rlastic inhomogeneity in commercial materials with grain sizes in the
range 20 - 45 mm, while in larger grained materials, the grain‘size it-
self appears to exert the dominating influence, as Qhown in Figure 2-6.
These authors investigated the effect of some types of inhomogeneitie;
on the anset of strain lecalisation in biaxial stretching by introdue-
ing artificial defects ({(indentations) in the sheet prior to stretching.
They found significant influénces on strain localisation only when the
defects could interact to form some sort of Marciniak “trough", as
evidenced in Figure 2-7. This series.of experiments emphasised the

deleterious effect of microstructural inhomogeneities resulting from

the rolling process, eg., strings of inclusions or elongated grains.

2.3.2 Practure Maps

-

In addition to the forming limit curve, there is also a second
envelope which can be drawn in principle strain space, and this is

shown schematically by the upper curve in Figure 2-5. This indicates
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the strain in the material at fracture, and lies at major strains greater
than the F.L.D. due to the additional nOn—unifﬁrm-plastic str;in asso- .
ciated wifh the localised necking process. The straining prccess'after
the limit tends towards plane strain (Azrin and Backhefen, 1970) sco that
the strain path is curved as shown. If a simple loading trajéctory is
assuméd, it is possible to construct the instability and fracture criteria
in stress as well as strain space (Glover et al, 1977; leRoy and Ewmbury, .
1977a) and the relative shapes and positions of the F.L.D. aﬁd fracture
map can be used.to better interpret sheet metal formability.

| leRoy and Embury {1977b) have considered the application of the
fracture maps to a variety cf aluminum alloys. As an example, curves
in stress and strain space for alloy 5154-0 are shown in Figure 2-8.
This alloy fails by a void nucleation and growth process where the ex-
tent of necking systematically decreases as the loading path approaches
balanced biaxial stretching (Figure 2-8{a)}. In stress space, the rela-
tive separation of the yield locus and limit map reflects the work
hardening capacity of the material at modest strains, while the separa-
tion of the limit and fracture maps reflects the ability to sustain
worﬁ hardening at large strains and also the influence of the strain
rate sensitivity on the hardening rate. The operative failure criterion
is consistent with one of constant thickness strain. On the other hand,
alloy 2036-T4 appears to exhibit failure which is con;istent with a
maximum shear stress criterion {Figure 2-9). This process can severely
limit the utilisaj?on of material deformed by in-plane shear and is thus

an important example of materials where the work hardening exponent may

be sufficidht but formability is terminated by the onset of failure at

| .
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a critical stress level. These examples indicate the consideration
which must be given to both the F.L.D. and fracture map of sheet mater-

ials.

2.3.3 Bending Deformation

The high proportion of sheet metal failures which ocecur in a
plane strain mode of deformation (bending and flanging)} suggests the im-
portance of being able to characterise the response of materials to this
type of loading. 1t has been recognised (Wang and Weﬁner, 1974) that
minimum bend radii for plane strain bending provide useful data for the
comparison of alleys, and are also of great assistance in the design of
tooling. The mechanics of bending hawe been described by Hoffman and
Sachs (1953) and other authors {Datsko and Yang, 1960; Rolf and Patrick,
1977) have attempted to correlate the bendability of materials with
their tensile properties.

From consideration of the definition of the true strain at frac-

ture (ef) in terms of the percent reduction in area {(Ar), i.e.;

100
Ef = 1In (m). (2-5)

patsko and Yang {(1960) obtained formulae for the minimum bend radius to
thickness ratio (R/t) basgd on the premise that failure in bending
occurs when the outermost fibre of material reaches its fracture strain
determined from a uniaxial tension test.

For the case where the neutral axis of the bend does not remain

in the mid laver of the material, it was determined that . .

R (100 - Ar)?
L ey 2= -
t 200Ar - Ar2 (2-6)



i.e., plots Sf R/t versus Ar are hyperbolic and asymptotic to the R/t
a:_:is.‘L A variety of sheet and plate materials (Al—alloy;; Mg-alloys,
Cu=-alloys, steel) were tested and found to conform quitg well to this
relationship. Thus, it was concluded that comparisons between the ten-
sile reductions in area of different matérials could be used as a
measure of the bendability. i

The critical nature of deformation close to plane strain has led
to the develdpment of the Limiting Dome Height (L.D.H.) test (Ghosh, 1975)
to eslucidate formability in this regime. The critical parameter measured
is thé displacement of the punch at maximum load, and since the lead
continues to rise until fracture (Gricus and Drittler,-19773, this para-
meter is actually one of fracture. Examples of L.D.H. curves determined
by Gricus and Drittler for four aluminum alloys are shown in Figure 2-10
together with the corresponding F.L.D.'s determined by grid strain
measurements on the L.D.H. specimens. Clearly, the differences between
these alloys are more easlly resolved for the.L.D.H..test. Note also

for alloy 2036-T¢ that the minimum in L.D.H. occurs slightly to the

right of plane strain deformation; the reason for this is not known.

2.3.4 Heat-Treatable Aluminum Alloys

Bryant (1969) has rsviewed the metallurgical factors affecting
the properties of formed heat-treatable aluminum alloys under the prin-
cipal headings of the condition of the materials before forming, their
behaviour during forming, and the performance in service of the formed
product. With respect to their initial condition, these alloys are not

usually formed in the fully aged condition because of insufficient duc-
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tility, but the final properties exgected of the formed component de£er—
mine the initial coendition of the mategial. Possible initial co;ditions
are:

a) fully annealed,

b} solution-treated and naturally aged,

c) freshly quenched after solution treatment,

d) reverted after natural ageing,

e) refrigerated immediately after solution treatment,

£} heated above room temperature.

2.4 Ductile Fracture

Ductile fracturevin commercial materials involves either or both
of a fibrous mode and a shear mode, as present in the well-known “"cup
and cone" fracture. The fibrous mode results from the transverse link-
ing of internal cavities while the shear mode results from some shear—
ing instability which is generally superimposed upon the formation of
internal cavities. Although the fundamental understanding of the re-
lationship of microstructure to fracture is not nearly so complete as
for the microstructure/strength relationship, much has been learned in
the past decade and a number of articles (Rosenfield, 1968; leFRoy. 1978;
Goods and Brown, 1979} exist which provide excellent reviews of this
recent work. Thus, the present review is limited to sketching the
occurrence of various fracture modes in relation to the behaviour of

commerxcial aluminum alloys.
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4
2.4.1. The Fibrous Mode

The fracture strain (Ef) of a material can be expreésed in an
approximate.manner as the sum pf the macxoscopic strains associated with
each of the void nucleation (EN), void growth (sg) and veid linking (e£1
stages of fibrous fracturé, i.e.{

€p = EN'+ Eg +Ep - {(2-7)
Most models of fibrous fracture make use of this equation, although it
often appears necessary to allew for continucus nucleation, i.e., the
nucleation of some voids during the growth stage of others. Further-
more, the linking strain (EE) is usually set equal to zero because of»
the extreme localisaticn of this process once void linkage begins. Home-
geneous nucleaticn of voids is not applicable to complex commercial
alloys and will not be considered in this survey. Gocds and Brown cover
this aspect in their review. ‘

Experimental determination of the heterogeneous void-nuclcation
strain reflects both the characteristics of the material system and the
sensitivity of the technique used. The previocus experimental evidence
indicates that this nucleation strain is affected by a number of para-
meters including particle shape and distribution, interfacial strength,
aﬁd hydrostaﬁic pressure. The conditions which aid void formation are:

;) high strain levels or local stress concentrations to provide

the necessary interfacial decohesive stresses,

b) a lack cof operative relaxation mechanisms (elongated par-

ticles, low temperature, coarse slip in the matrix), and

c) a low interfacial energy (poorly bonded or brittle inclu-

sions).
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Once internal cavities are nucleated, they can expand during
continued plastic deformation of the métrix. Many ahfhors (Ashby, 1966;
McClintoch, 1968; Rice and Tracey, 1969; Brown and Embury, 1973} have
treated the problem of void growth and there is reascnably good agree-
ment with the experimental evidence. For the case of uniform tensile
deformation, the models of Ashby, and Brown and Embury, who assume that
the cavity size increases in proportion to the macroscopic strain of the
specimén, provide a sufficiently accurate description of the void growth
strain,

Perhaps the least documented aspect of ductile failure is the
final veid linking process. The normal contact of growing cavitlies,
shown in Figure 2-11l(a}, has been observed (Rogers, 1960), but so too
has the concentration cf shear strain into sharply defined bands (Fig-
ure 2-11{(b)) within which voids can link (Chin et al, 1964). Brown and
Embury (1973} have proposed a guite successful criterion for veid link-
ing; they suggest, as shown in Figure 2-11{c), that the plastic con-
straint of the matrix between voids can be removed by extremely local-

-~
ised shear events if the void length equals the void spacing. Once the

slip line field can be drawn between the voids, fracture ensues immedi-

ately by local multiple internal necking.

2.4.2 The Shear Mede

Localised shear fzilure has been observed in single crystals at
low temperature (Chin et al, 1994), high strength aluminum alloys (Herg,
1978) and high strength steels (Chakrabarti and Spretnak, 1873) at

ambient temperatures. It is generally observed after extensive plastic
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Figure 2-11 Schematic diagrams showing different void linking conditions:
{(a) transverse linking (MeClintoch, 1968},
(B} linking within narrow band of shear, .
{c} local multiple necking {Brown and Embury, 1973).
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deformation and initiates in the form of narrow shear bands within which

further deformation tends to be localised. Theéere appegxs to be no .-
unique origin of macroscopic shear failure, but it can generally be
regarded as a result of the extreme localisation of plasticity which
occurs when the work hardening rate approaches zero and the material

+ assumes ideally plastic behaviour. Beevers and Honeycomhe (1962) have
described shear failure in terms of a critical'stress condition, how-
ever, the extensive plastic flow prior to failure together with the
nature of the fracture surfaces suggest that consideration of this fail-
ure as a macroscopic strain localisation event initiated by the de-
creased work hardening rate may be more appropriate.

To achieve this type of unstable behaviour, there must exist
conditions for both the nucleation cf localised deformation and the
growth of the instability (Embury and Nes, 13974). The nucleation event
must develeop due tc some strain softening event, such as the shearing
of coherent precipitates, the nucleaticn and growth of voids, or the
development of surface irreqularities, since there is nc ascribable
first order change in stress due to area reduction. The growth condi-
tion is generally expressed{as a transition from the work hardening
state to the ideal plastic state (Chakrabarti and Spretnak, 1975; Chung
et al, 1977):

dog 0 (2-8)
where 0 1s the flow stress in the material. If
g =cle, €, T (2-9)

then, the above condition becomes:



_ ,dg 30, .. cg
do = (EEJdE + (aé}dc + (aT)dT <0 {2-10)

where the final two terms are poientially negative. Evidence support-
ing the validity of this condition has been discussed by leRoy (1978).
French and Weinrich (1979) have recently described the sequence
of events associated with the shear failure of a sphercidised steel. A
diagonal crack first forms near the centre of the specimen thickness as
a result of the combined shear and tensile‘deformation.. This is depicted
in Figure 2-12, wﬁere voids develop by separation of the carbide-matrix
interface within a colony of closely spaced carbides (b). These voids
grow by shear in the manner of (c¢) until final coalescence occurs (d)
to form & crack roughly parallel to the shear zone. Several of these
local cracks join to form the initial diagonal crack linking the large
voids previously nucleated at non-metallic inclusions. Shear deforma-
tion then becomes concentrated towards thé specimen surfaces and growth
of the crack along the dominant zone cccurs in a mAtiner similar to that

depicted in Figure 2-12.

2.4.3 Role of Microstructure in the Fracture of Aluminum Allovys

The fracture mode exhibited by commercial wrought aluminum alloys
at ambient temperatures appears to be primarily related to the strength
level of the alloy ahd secondarily relateg_to whather the alloy system
is heat-treatable or strain-hardgpmable. Lo; strength alloys, including
the 1XXX-, 3XXX- and some SXXX-series generally fail by the fibrous mode
following the nucleation and growth of voids around the ccnstituent

particles. 'However, the heat-treatable 2XXX-, 6XXX-, and 7XXX-series
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Figure 2-12

Schematic representation of the sequence of
events associatted with. shear failure in a
spheroidised steel {(after French and Wein-
rich, 1979).
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alloys (in the T4 and T¢ conditions), together with the high-Mg 3XXX-
series alloys exhibit differing proportions of fibrous and shear fail:

A

ure. Because the heat-treatable alloys are the subject of the present

investigation, the following section will be concerned with the micro-

structural features of these élloys-

As described in Section 2.1, the heat treatable alloys contain
particles of different scales, i.e., the constituents, the disperscids,
and the fine-scale hardening precipitates, and these have separate roles
in the deformaticn and fracture behaviour of these alloys. Hahn and
Rosenfield (1975) and Staiey (1975{ have provided excellent reviews on
this suhject: especially with ;egafd to fracture tcughness considera-
tions. Broek (1971) and Low et al (1972} established that voids are
initiated primarily by the -cleavage fracture of consﬁituent particles
at low strains (<7% in uniaxial tension} which can then nucleate voids
that grow with the imposeé plastic strain to become the large dimples{
evident on the fracture surfaces. Broek further suggests that the crack-
ing of the small, dispersoid particies is the c¢ritical event determining
fracture. In .con,tr:ast; however, Hahn and Rasenfield (1973) contend that
these particles are incidental to the critical fracture event as they
fail subsequent to|the localisation offdeformatién. Van Stone and
Psioda (1575} suggest that the final fracture event involves the coales-
cence of voids (initiated at large constituents) by %he_for%ation of

voidsheets initiated by interface decchesion at the dispersoids. The

hypothesis of Hahn and Rosenfield is generally supported by Garrett and

Knott (1978) who consider the role of the dispersoids as primarily in-

fluencing the nature and distribution of the slip process within the
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matrix.

| The most influential factor governing the nature of slip in the
matrix of agé-ha}dening alloys is the presence of the fine-scale coherent
precipitates., It is well kﬁcwn (Boyd et al, 1972; Hahn and Rosenfiel?, "
1975; Gaérett and Knott, 1978) that the presence of these precipitates
promotes planar slip as the dislocations find increased difficulty for
cross=slip. Such planar slip can result in the formation of superbands

of deformation (Hahn and Rosenfield, 1975) especially in plane strain

bendj which promote micrecracking within the bands, and- decohesion of
boun

grai ‘?ies and particles upon which the bands impinge; In these

A
cases, ilure is characterised by extensive shear throughout the grains-
rek the loss of local work hardening rate associated with the
E}anar slip (Griffis and Spretnak, 1969). There still remains the impor-

tant problem of how thess local events condense into the final fracture
event and evidence will be civen later in this thesis which suggests that
T
particular microstructural features may influence this process.
The effect of ageing coﬁditiaq on Yracture"toughness is well
known (Staley, 1975; Hahn and Rosen%ield, 1975; Garrett and Knott, 1978)
and it is pertinent to consider this in relation to the present situvatien
cf relatively low strain rate deformation. On g&ing from the underaged
through the peak-aged, and into the overaged condition, changes in tough-
ness {Figure 2-13) accompany changes in the nature of the fracture sur-
face. The underaged condit}ons exhibit extensive shear, while the over-
aged material shows a tendency (depending on the alloy, its pdrity, and

grain size) towards intergranular failure. Attempts have been made to

correlate the toughness parameter with the strain hardening exponent (n)
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Figure 2-13 The effect of ageing on the fracture toughness of a
TXXX-series zlloy (after Zinkham et al, 1968).

T

)

Irue frociure stress

I
i

>,

h LS
-

\;/‘ T T - - T -~

) NN G (9.8
N R -
N w i Gran bm-/:gab -‘-""--.
\‘:-,::frm'fu(r- -] HK
::-3\ S-rw'fﬂgq‘f" :W_fr&(fur Te-(5)
Py Hurtde ruptune o enie ruptuve )
‘(\/‘ S e
E Fary

Termperaiure

A schematic diagram showing the expecled mode of
faiture as a function of temperalura, The mode of failure
in region Il wili depend an factors such as orientation,
inclusion content, etc. The effects of metallurgical improve-
ments are shown by the broken lines. The grain boundary
Iracture stress ap {G.B} can be increased by a} removal of
impurities, b) recuction of 1he ares! {raction of grain
boundary precipitates, ¢} grain refinement. d} removal of
{he elongated fibrous grain strusture, The siress for shear
failurg 4, (S) ¢an be ralsed by promoling an increase in
strain hardening rale. ‘

~.

Figqure 2-14 The effect of temperature on the fracture mode of a
high strength Al alloy (after Embury and Nes, 1974}.
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of the aged materials. However, this is indeed speculative since many
aluminum alloys exhibit a marked strain dependence of n. Possibly, a
more influential factor is the degree of grain boundary precipitation.
Rlthough the distinction between the effects of tﬁe precipitate-free
zone gnd the boundary precipitates themselves is .difficult to resolve

in many instances; the overall result of thé presence of grain boundary
precipitates is known (Embury and Nes, 1974). Tt was found that the
critical fracture stress in tension increased with decreasing géeing'
temperature, suggesting that the rritical condition for fracture depends

on the amount of grain boundary precipitate.

2.4.4 Generalised Fracture Mechanisms

The various conditions which describe changes in the fracture
mode of aluminum alloys can bé represented by a schematic diagram such
as Figure 2-14. 1In this diagram, the ;ssential effect of metallurgical
improvements are alsc indicated: the grain boundary fracture stress can

?
be improveqwby the removal of %mpurities, the réducticn of the areal
fraction of grain boundary precipitates, grain refinement, and removal
of an élongated g;%in structure, Similarly, the stréss for shear fail-
ure can be increased by promoting increases in local work hardening
rate, thus reducing the tendency to localised plastic flow.

In commercial aluminum alloys, as in many complex systems, it
is necessary to consider if damage events such as void nucleation,
cleavage of coﬁstituent particles, etc. occur, and if so, into what
volume does the condensation of the damage events cccur? This‘damage

condensaticon process is offset by strain hardening of the matrix. Hence,
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the correlation of microstrugﬁﬁral évents and a description of the rele-
vant volume of the material remains difficult to define because it is
dependent on the details of the alloy sysfem, the applied stress state,
and temperature. However, the ability to define both fracture criteria

and the microstructural events which nromote fracture are very relevant

aspects needed for the cptimisation of formability in heat-treatable

aluminum alloys. ' i
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" CHAFTER 3

CHARACTERISATICN OF MATERIALS

The different batches of alloy 2036-T4 were initially character-
ised with respect to their microstructural features and their basic uni-
axial tensile properties. In addition, attempts were made to characterise
the materials in xelation to their ‘strain rate sensitivity determined
from changes in cross-head speed during uniaxial tensile testing and

these data are also included in this chapter.

3.1 Microstructure

Microstructural characterisation of the three lots of 2036-T4
involved utilisation of the follcwing optical and electron microscope
techniques:

a) sectloning and polishing to reveal the extent and distribu-

tion of the large constituent particles,

b) appropriate etching to reveal the grain structure and the

presence of any large grain boundary precipitates,

¢) transmission e;ectron microscopy to determine featﬁres of

the dispersoid particle distributions and the distributions
of metastable hardening precipitates, aﬁd

d) energy dispersive x-ray anﬁlysis carried out on a S5.T.E.M.

{scanning transmission electron microscope) of some of the
particles observed in the microstructure to determine their

PR x*
composition.

* Courtesy of Alcan Research Laboratories, Kingston, Ontario
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. The metallographic preparation £ecﬁnfque which gave the bhest
optical microscopy results involved gLindingtto 600 grit paper, followed
By rough polishing with 5 um alumiﬂa powder OT billiard cloth, and final-
ly a two-stage polish using MAGOMET magnesium}oxide powder with distilled
water on a synthetic cloth; Division of the qinal poelishing Qtage was
made to allow hand-polishing of the samples on a thick slurry of the
MAGOMET/distilled water, as it was found that even the polishing clcth
could scratch the surface under slight pressure. This technique differs
slightly from that recqmmended in the A.5.M. Metals Handbook. The etch-
ante used in this study were‘Keller's etch to reveal the grains, aﬁd a
solution of 25% HNOj in.water heated to 70°C to reveal the presence of
grain boundary precipitates.

Figure 3-1 shows the aﬁ—polished (unetched) longitudinal sections
of the different lots of 2036. The particles visiblé are the constituent
particles which originate during sclidification and are broken up and re-
arranged by the subsequent mechanical processing. It is obvious that the
volume fraction of these constituents ithcreases qualitatively in the
order G-M-P, which is in accord with the chemistry of these materials,
as tabulated in Table 1-1, especially regarding the total of the Cu, Fe,
Si, and Mn additions. Close cexamination of the microstructures after
etching with Keller's reagent indicated that material P had the highest
concentration of particles of the soluble phase CuAlz. These particles
are not darkened by a light etch with this reagent. In all cases, the
maximum size of the constituent particles is approximately 10 um, and in

this {longitudinal) section, there is very little evidence of strings of

particles along the rolling direction.
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Figure 3-1 Lengitudinal {(unetched) sections of 2036-Td materials
{a) G, (b) M, and (c) P.
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(c)
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(25% HNOg etch)

Figure 3-2 Microstructures in the plane of the sheet of (a) G,

{b} M, and (c) P materials following an etch designed
to reveal grain boundary precipitation.




The extent'of discontinuous grain boundary precipitation is
shown in Figqure 5-2; These micrographs clearly indicate that material
P has experienced a slack quench from the solution heat treatment tem-
perature, allowing particles of the equilibrium phase to nucleate and
grew on the grain boundaries. It is suggested that these particles are
probably of the CuRl; phase, although no attempt was made to confirm
this by analyéical techniques.

A comparison of the through-thickness lecngitudinal grain struc-
ture is shown in Figure 3-3{a). Measureménts of the grain size across
the thickness show that G and M have grain sizes of NiS um, while P has
grains of V10 um. T29 in-plane micrcstructures are shown in Figure 3-3
(b). Two aspects to note are the distribution of grain sizes and the
tendency of the constituent particles to form strings aleong the reolling
direction. Both G and M have a faifly uniform grain size of v45 pm, but
P exhibits a marked variation in grain size which recurs periodically
across the sheet width. Bands of small grains with diameters 20 um lie
between‘regions with grains of >»30 um diameter. The bands of small grains
follow the strings of constituent particles which are separated by spac-
ings typical of 200 um., Strings of constituent particles were also noted
in material M, however, there was no associated grain size variation.

All the micreostructures in Figure 3-3 result from the application of

Keller's reagent for 15 seconds following a 3~minute etch in the 25%-

[+

HNO3 solution.
Transmission electron micrographs of the different batches of
2036~T4 as-receilved are shown in Figure 3-4. Folls were prepared in a

TENUPOL machine using an electrolyte of 30/70 mixture of nitric acid
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Figure 3-3{(a) Through-thickness lonaitudinal grain structures

of materials ia) G, (b} M, and (c) P. (Xallers
etch)

2036 T4 Microstructures in plane of sheet,

Figurec 3-3(b) In-plane microstructures of materials described
in Figqure 3-Z(a}.




Figqure I-d(a) T.N.M.  Material &

Figure 3-4(h) T.E.M. Material M



53

Figure 3-5  S.T.oR.M. Marorial
(Courtesy Alcan Wesearon
Laboratoricst
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in methanol at a temperatufé of =30°C, The materials can be pompared
with respect to the axtent df grain boundary particles. Mate¥ials G and
M showed a few small particles (consistent with the dimensions of the
dispersoids) in the boundaries thle material P exhibited a relatively
larqg number of particles in the grain boundaries. Many of these have
dimensions and shapéé unlike the dispersoids, and were thus assumed to
be the precipitates of tﬁe éuhlz phase which nucleated during the slack
quench. The presence of these precipitates confirms the effect noted
Previously in the optical metallegraphy. WNo detailed electron diffrac—
tion analysis of these partigles was performed.

Within the matrix of these materials, threc different type; qf
particles were observed whose cxtents and distributions varied from
batch to batch. One group of particles exhibited dimensions typical of
0.1 pm with interparticle spacings of ™1 um. Many of these particles
appeared to have hexagonal cross-—sections and it is probable that these
were the dispersoids, which is in accord with the observations of Cha-
turvedi et al (1979). Examination of these particles in the S.T.E.M.
showed that they contained both Al and Mn, and hence, could possibly be
the phase AlpgMniCuz (Staley, 1975). Figure 3-5 shows a‘number of these
particles which were exgmined in one field of view. ‘The large particle
marked A was determined to be a Al-Mn-Fe phase formed on sclidification.

Also appearing in the matrix were platelets of maximum dimen-—
sion ~0.5 ﬁm which appeared to be associated with either sowme other par-
ticle or with the matrix dislocations. It was not possible to identify
these particles or those associated with the platelets. Héwever, since

this type of particle was found almost exclusively in material P, it was



_cdncluded that it was'the metasﬁable form (8'} of the equilibrium precipi-
taﬁe CuAl, , nucleated during the slow quench. Support for this is given
.by the Fact that re—soiution treatmeht and rapid guenching of the samé
material (see Chapter 4) removed these particles from the matrix.

Details of the dispersoid distribution in material P in the as-
received condition were cobscured By the presence 9f the platelets, so

-

qualitative characterisation of the dispersoids was performed on the re-
solution treated/rapidly quenched material. Materials G‘and M wefﬁ
studied in the as-receivad condition only. aAlthough it is difficulé to
quantify with selected area microscopy, there appears to be fewer ‘disper-
soids in material G than in either M or P. It was not possible to dis-
tingui§h between M and P on this basis.

Before discussing the fine scale precipitates associated with
the hardening processes, it is pertinent to describe the dislocation
structures present in the materials. The numbexr of dislocations present
is higher than expected from a simple quenching step because of‘the
straightening operation which precedes the final coiling and natural age-
ing. This introduées additional dislocations which can form helices
(Kelly and Nicholson, 1963} due to vacancy condensation following the
quench and also assist the (heterogeneous) nucleation of the hardening
precipitates during natural ageing (Hornbogen, 1969).

Natu;al ageing of heat treatable aluminum-copper alloys involves
the homogeneous nucleation of coherent GP1 zones {(Kelly and Nicholson,
1963) and the heterogeneous nucleagion of 8" precipitates (Hornbogen, -

1969). These can be resolved in transmission electron microscopy of

- thin foils by contrast effects due to elastic straining of the matrix .

[+
)

B



ieﬁced due to surface effects resulting from thin foil- preparation and
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surrounding:a precipitaté or to the difference in extinction distances -
- . '
between the precipitate and matrix (Hirsch et al, 1965). Difficulties

AL - -
in characterising these particles in the present materials were exper-

also due to the effect of the Millband coating applicat%Pn. described in
Chapter 1. Althoughlthg time for this processing step is short, the tem-
perature is sufficient to cause some reversion of the GP I zone structure
and nucléation of 6" (Byrne et al, 1961). Figure 3-6(a) shows.the con-
trast effects associated with some‘form of zones in the matrix and the
precipitate particles on the dislhocations. Also noticeable‘are some
’needle-like structures which appear to he,eithe: platelets'of 8“in CYOoSsS-
sectioh, or s', and a reéion adjacent to the grain boundaf? in which the
contrast effects are- less distinct, signifying reduced precipitation. The
‘complex arrangement-of dislocaticons in the same material can be better
seen in Figure 3-6(b), where the foil has been tilted to bring the dis-
locations into a strong diffracting conditién.

In thevpféseﬁt study, little attention was given to the detailed
idq?tification of precipitatesvin the T.E.M. Attempts to identify strue-
tural aspects of the T4 condition were not successful. .Howeverf in the
T6 condition (see Chapter 6), diffraction évidénce was obtaipned in the
form of‘extra spots and streaks in the {100} sgot patterns, eg., Figure
3-7. Chaturvedi eg al {(1979) report that the precipitates in 2036-T6 ére
of the ' type, i.e., (100}, I (100),, . It is also possiblg,"however,
that some forﬁ of S' can occur as lathg ;hich are parallel to <100%>. Wisth—

out extensive investigation of foil brientations other than (001), it is’

difficult to distingﬁish these possibflities and in this thesis, it has

« » &

e
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Figure 3-6€({a}

-

Figure 3-6{b)
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T.E.M. - Material P showing contrast effects
due to precipitates. :

T.E.M. - Materiad\p .{tilted to bring the dis-
locations into a strong diffracting condition}.



&

58 : .

B ST

Figure 3-7 Diffraction pattern obtained from matevial & in
the T6 condition. Patzern is 1130r fype with
streaks in 710> directions.
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been assumed that é;e pfecipitate sequence is in accq;énwith that proposed

by Chatuvedi et al. However, additional work is needed to clea{éy iden-

.tifgﬂsﬁf precipitation sequence and the relatioriship between the T4, T6

and T7 /structures.

3.2 Mechanical Properties
Basic uniaxial tensile parameters for the three materials are
given in Table 3-1. Included in this table are average values for the

; as

determined by members of the A.D.D.R.G. On a strength level basis, the

materials rank in increasing order G 5 P - M, while a comparison of
uniform and total elongaticns {50 mm gauge length} indié3tes a ranking

M- G - P in decreasing order. Clearly, the strength and ductility para-

"meters are ot simply inversely related. Comparison of the average n-
N »

1

values shows that both G and M are superior to P, but offers no expiana-
tion for the formability differences between G and M. In all cases, the

tensile properties lie within the limits set by the Aluminum Asscciation

(1976} .

3.2.1 Strain Rate Sensitivity - /

Instantaneous strain rate change tests were employed to deter-
mine the strain rate sensitivity of the three lots of 2036-T4. This type
of test was chpsen over the continuous test {at different strain rates)
because it has been suggested {Kocks et al, 1975) that the latter does

not provide a true indication of the effect of an imposed change in

strain rate. StPuctural differences can arise due to the development of

/
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: Table 3-1

Uniaxial Tensile Parameters for 2036-T4

-

kS
N MATERIAL
kY ..
G M
Lengitudinal
Yield Stress (MPa) 189 227
) Ultimate Straegss ( 347 390
Total Elongation (%)fF 22.5 24.2
Unifogm Elongation (%)t 20.3 22.2
n-value® .242 .240
;rransverse -
Yield Stress (MPa) 192 221
Ultimate Stress (MPa) 344 3B3
Total Elongation (%)% 25.4 25.9
Uniform Elongation (%)t 22.3 22.7
" n-value* .241 .243

t 50 mm gauge length used

* A.D.D.R.G. Aluminum Cooperative Group average

212
363
21.2
19.1

. 232

205
357
23.2
19.8

.234
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substructure at different strain raées, whereas, for the present sitga—
tion, the effect of the change at constant structure is important. Of
‘course, the sfructufe developed at ;he testing strain rate may differ
from that developed at the (higher) production rate, but it is assumed
that the sign of the flow stress change is independent of the reference
strain rate, However, to provide a more ceomprehensive view, it would
be preferable to use a variety of strain rates and teﬁperatures.

Strain rate dhange tests on- 2036-74 were found to produce some
ambiguities because of this alloy's tendency to unstable flow following
ény increase in strain rate. The occurrence of this type of flow de-
pends upon the strain (and stress level) at which the change is made.
Hence, rate sensitivity data was collected for "down-changes" only, and
then with only one change per test, since reverting to the original
strain rate constituted an "up-change" resulting in unstable flow. Re-
sults of the tests are shown in Figqure 3-8, as a plct of (A fno/A Ffne)

. 5 .
Vs £¢. The rate sensitivities of the three materials appear to diverge

slighély Lgth increasing strain, and near the U.T.S. of the .materials,
G has the least negative value and P the most negative. Unfortunately,
the rate sensitivity of the yield stress could not be d;termined because
the zero suppression adjustmént on the Instron did not allow the yield

Point to be clearly obtained.

3.3 Discussion of Materials Characterisation

.

The difficulties in correlating the scale of microstructural
L] .

features with uniaxial tensile prqeerties in complex materials are

apparent in the present'study. Although many obvicus differences in

]
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A

Figure 3-8 Strain rate sensitivity as a function of imposed
strain during tensile testing of the three 2036-T4
materials.

S—

pre-strain SfM
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Figure 3-9 Schematic illustration in o-¢ space of a possible
explanation for the properties of material P in
comparison to material M.

Initial decrease in strength level is due to the decrease in
volume fraction of zones.




microstructure occur among the three materials, their effect on the

mechanical parameters is, for the most part, subtle enough to go un-

noticed during routine quality contrel tests, and even the present, more -

-
’

detailed study does not allow unambiguous correlations to be made to
ekplain the influence of all the microétructural constituents present.

The yieldistress of a material is influenced by many factors, eg.,
grain size, solid solution level, ageing condition, ané degree of prior
strain hardening. Thus, to try to co?rélate the combined influe;ce of
all thése va;iables with the aobserved differences in yield strength
{approximately 15% between G and M) of the present materials is highly
speculative. However, if it is assumed that the degree of solid solu-
tion hardening is equivalent in all three materials, then it is possible
to make some order of magnitude estimates on the effects of grain size
strengthening and precipitation hardening. Table 3-2 indicates the mag-
nitudes of these strength incrgments. Obviously, the contribution by the
grain size in aluminum allioys is very small, and the differénce in-qrain
size between the materials is insignificant compared to the effgcts of
the hardening p;ecipitgtes. |

Theoretical estimates of the differences in shear stress due to

-

the volume fraction of hardening precipitates {assumed to be mainly GP 1
zones) are of similar magnitude to the yield strength differences cbserved
in Table 3-1. Note that materials M and P have the same strengthening
increment, as,expected from the similar Cu contents, but different ob-
gerved yielé strengths. It is suggested that this is partly due to the

reduction in effective volume fraction of zones by the slack guench

which introduced the grain becundary precipitates. No estimate of this
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Table 3-2 Gﬂﬂa

Theoretical Contributions to the Critical Shear Stress (MPa)

MATERTAL GRAIN SIZE EFFECT (a) PRECIPITATION EFFECT (b)
G- 14 ~ 108 .
M _ 15 123
P 16 - 123

-

{a) Based on grain size strengthening in pure Al with
*

1
T, = 8+ 1.1 a ¥ wMpa (Embury, 1971)

where d is the average grain size in mm.

{b} Based on the theory of Mott and Nabarro (1948), where

1 =2 Glels
P

where G is the shear modulus of the zone
€ is the ccoherency strain
f is the volume fraction of zones {as determined from the

results of Beton and Rollason (1957-58) on the GF zone
solvus in the Al-Cu system)

Note that this thecry exhibits marked differences (at low volume frac-
tions) from the theory of Brown and Ham (1971) where T is a function of

£2,
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" reduction in‘yield stress was attempted because of the:d;fficulties

associated with determining~the'effective volumé fraction of zoﬁes. It
is also p;ssiﬁle tﬁat small differences in the amount of.pre—strain im-
pafted by the straightening. operation will cause minor variations iﬁ the

-

yvield stress, espécially during the initially Bigh work hardening regime.,
However, the transmission electron microscopy performed was not suffi-
ciently elaborate to resolve such minor differences in dislocation con-
tent. Note that for typical initial work hardening rétes of 22000 MPa,
a yvield stress increase of 20 MPa may result from a pre-~strain of =.01l.
Significant differences in the tensile strengths occur. This
parameter reflects variations in the work hardening rate' which could be
due to differences in the type of hardgning precipitate (i.e., the pre-
sence of non-deformable particles) cor differances in the amount of pre-
strain due to the straightening operation. It i1s likely that both these
influences affect material P since electrcon microscopy revealed the pre-
sence of some large precipitates withinmzhe matrix, and the low uniform
elongation of this material suppof%s the pre-strain hypothesis. The

similar n-values shown by materials G and M indiczte that the volume

fraction of deformable precipitate particles affects the yield strength

A +

much more than the work hardening rate [which is determined by the matrix
characteristics as suggested iA Chapter 2). A schematic illustration of
the possible history cf material P is shown in Figure 3-9. Further in-
formation on the effect of slack quenching will be provided later in
this chapter.

The post-uniform ductility, and hence the total elonéation, is

influenced by the type and distribution of second phase particles. Table
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3-1 indicates that the post—uniferm ductility, as determined from the
crude measurement of ;niform elongation, is approximately constant (2%)

.

for all materials.. However, measurements of fracture strains give a
more accurate estimate cf this éarameter and it will beggseen (Chapter 4)
that material P has the lowest post-necking strains, followea by M and e
then G. The low total elongation of méterial P is significantly affected
by-the presence of the grain boundary precipitates which supplement the
already high volume fraction of constituent particles and lead to pre-
mature fracture compared to materia%é G and M. The higher constituent
content of M {(compared to G) will also be seen to affect the post-uniform
ductility of this material. From the tensile test results, it apgpears
that the presence of strings of constituent particles in materials P and
M and variations in qrain size of P, do not result in inferior transverse
tensile properties, but these microstructural features méy well have an
influence on other deformation modes.

It fs interesting to note that the regions of small grain dizc
in material P follow the strings of constituents, i.e., the original in-
terdendritic re;ions, while the large grains occur near the primary den-
drite centres where the dispersoid concentration is expectéd to be high-
est. This suggests that the strings of broken constituent particles are
more effective than the dispersoids in controlling the nucleation and
growth of recrystallised grains. If the variations in chemistry between
the materials are considered in relation to the grain structure, it is
possible that a major influence on the uniformity of grain size and
constituerit particle disﬁribution in material G can be traced Back through

the steps of thermal and mechanical processing to the influence of the

Y
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high Ti content and the solidification conditions on the grain structure

of the cast ingot.

It was shown earlier in this section that differences’ in the
amount of grain boundary precipitaté can arise as a conséquence of vari-
ations in quenching rate. To elucidaﬁe the effects of slack quenching
on uniaxial tensile parameters, tension tests were pe?formed on speci-
mens of materials G and P which had been re-solution treated, guenched
at different rates, and subsequently aged to the‘T4 wondition. Table
3-3 gives details of the thermal éreatments employed to "modify" the
structures of these materials. Table 3-4 gives their major tensile
parameters. The primary purpose of these thermal modifications was to
induce grain boundaryhprecipitation in material G and remove it from
material P. Furtﬁer structural informaticn, including microg&ifﬁgﬂ re—
garding these modifications can be found in Chaptef 4, .

Camparison of Tables 3-1 and 3-4 shows that-the thermal treat-
ment had little effect on material G but a significant effect on material

3

B. Both the strength levels and elongation values increased following
removal of the grain boundary precipitates from material P. This in-
dicates the deleterious effects of these precipitates on clongation and
suggests that their volumeafraction can inflvence the strength level
presumably by reducing the volume fraction of fine scalé precipitates

in the matrix. It is suggested that thé absence of an appreciable change
in the properties of material G coula be the result of one or both of

the following:

a) the thermal treatment used here did not adequately repre-

sent that experienced by material P during production,

L™
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Table 3-3

Thermal Treatments Employed
te Modify Structures of Materials G and P

- & PX
SQLUTION TREATMENT: *
Temparature {°C) © 500 500
Tiwe (hrs) - .1 1
QUENCH ' furnace deoor immegddaso
opened to quench in-
allow air to cold

temp. to drop water from
tb 400°C inl 500G°C

minute
NATURAL AGEING TIME 17 days 17 days
Table 3-4

Uniaxial Tensile Parameters (Longitudinal)
For Modified Materials

PARAMETER G P
Yield Stress (MPa) . 197 217
Ulgimate Stress (MPa) 350 385
Total Elo?gation (%) 22.9 23,6
Uniform Elongation (%) 21.2 22.0
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b} due to some other féctor, such as composition, the guench
sensiti?ity 65 material G is not as high as for-mate;ial P,

Both thé uniform and post—uniform s;rains are affected by the-
strain rate sehsitiviﬁy of a material (Hart, i967; Gﬁosh, 1974), i.e.,
mate?ials which posseés'significant posiﬁivg_rate sensitivity havg in-
creased ability to distribute strains. Values of the straiﬁ rate sensi-
tivity parameter forlthe_present alloys (Figure 3-8) afe close to zerxo
near the end of uniform-deformation, and, although differences occur
which are in quélitative agreemént w;th elongation parameters, these
differences are difficulg to distinguish from the‘effects'qf the second

F]

phase particles within the materials.

[ TN S ¢




- ‘ CHAPTER 4

e ASPECTS OF FORMABILITY

-

The formability of 2036-T4 is considered in terms of its uniform
deformation and strain localisation effects in three proportional strain-

ing modes of deformation. Fractographic analysis provides evidence of

the influence of microstructural features on the fracture event, The

. effect of a basic microstructural modification on the behaviour in bend-
ing is also discussed. . ‘y T
4.1 Forming Limit Diagrams and Fracture Maps

4.1.1 Experimental -Techniques and Results

o . R Al ’
Approximate forming limit diagrams for each batch of 2036-T4
were determ%ned from a uniaxial tension test, a hydraulic bulge test

Cdly . *
with a circular die, and a Heckeér-type punch test designed to achieve

deformation close to plane strain tension. Although the punch test™in-

[

troduced friction as an additional variable in the plane strain defor=
matian, resulting in a higher 1imi; strain than would have been achieved
.by a frictionless plane strain test, it was assumed  that consistent

lubrifation‘conditiﬁns w?uldhnot affect the felative‘ranking of the
@?terials in this strain pa:h, ;gqafhu;, the pr9duction of an apprgﬁimate'
F.L.D.'goq;é-allow;vigble compégisoﬂs to be_dréwn between the materials
i;;estigafed. Prior to testing, the spécimeqé weie griddéd with either

©2.18 mm or 0.83 mm. (nominal) diameter circles by the use.of a diazg

7 “ﬁphétogrid) technique. Determination of surface strains was accomplished '

. - L 38 . ) . ) 70- ) ) - B .\ . \‘
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with a tool@akers microscope. The.séurces of error associated with the
éevelopmenéﬁof F.L.D.'s; i.e., gircle _position, original gauge lengéh,
aﬁd strain gradient; have been discussed by Wycliffe;(l977) aﬁd will not
bé included in the present discussion, In this study, the limit straiézif~\
were determined by measurements of deformed circles as close as possible
to, but not inside, any necked region;r Thus, the curves presented are
lower limits to the actual F.L.D.

Fr;cture maps for each of the materials were dete;h%ned by measur-

ing the minor surface strain at Eracture [ezl. the thickness strain at

" fracture (£4), and then computing the major strain (g,), assuming con-

stant voiumé deformetiOn;

i.e., €) + 8y ¥ €5 = O. (4-1)
For fractures in uniaxial and equi-biaxial tension, the fratture thick=-
ness was measured by _viewing the fracture surface normal to the sheet
thickness direction and averaging the-cobserved thickness, as shown in
Figure 4-1{a}. Plane strain fracture thicknesses were measured by metal-

lographic preparation of cross-sections of the fé;ature (Figure 4-1(b})

'for tests with the 2.18 mm grid circles, and by measuring the minimum

thickness cbserved in thexmethod of Figure 4;1(31 for tests with® the
0.83 mm grid circles. $ﬁése methods were adopted to indigate the dif-
f;rences obtained by differéﬁt measuring techniques. It was found that
thg method of Figure Q;l{é}"could sometimes lead to significant inaccu-
raéy for thé rigid punch (plane strain) tests because the nature of the
fracture.oftén resulted in the formation of a‘}ip of mategial in reg%on
A of Figure 4-1(b}, which gaxe_a falsé indicatisn of the fracture thick-
¢ .

ness.
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Figure 4-1 Schematic diagram illustrating the methods of

measureent of fracture thickness.
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{?igure 4=2(a) iflustraqes the approximate F.L.D. and fracture
map for %aph of ‘EB three 2036-T4 materials gridded with 2.18 mm dia-
meter circles.. Bach point is the avefage of measurements of strain. on

—— »
at least two tests in uniaxial tensign and plane strain, and up to five

testsiin equi-biaxial tension. "The range of major and minor limit
strains measured indicates that these points are ﬁccurate only to with-
in approximately +5-6%. Henoce, the range of.the approximate F.L.D. for
each material is similar to the range over which the three materials
vaiy- Tﬁe range of.minof‘strains at fracture is smaller (%2%)}, but the
range of thickness strains is V6%, hence, the accuracy of the points in
the fracture maps is slightly less than for the F.L.D. The data have
also been plotted to indicate the direction of éhe fracture for the
plane strain and bulge testing, and the orientation of the tengion test
relative to the rolling direction of the sheet. This was found to be
necessary as the direction of fracture had a significant influence on
the fracture thickness strain, esﬁecialLy for bulge testing.

A further complication arises in regard to the bulge test. The
major strain in the polar region was always in the rolling direction re-
gardless of which direction the fracture occcurred: Hence, the points in
the fracturg maps denoted "|IRD“Irépresent local values of strain which
diff%r from the 1i&it strains in terms of their major and nor direc-
tions.

The important point to note in this diagram is the relative
separation of data in the ?.L;D.'s and the fracture maps. There is

little distihctfcn between the F.L.D.'s for the three materials, al-

though it is clear that material P lies on the lower side of the band.

.

4
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12036-T4 |
-0:9 | 2418 mm grid

Fracture 0. gt Fracture 1 //
\ G o °
\, M a A

_— — Nl . . L " 82'.
-03--02 -01 0 01 02 03 04

Figure 4-2(a) Approximate F.L.D.'s and fracture maps for 2036-T4 matlerials gridded
with 2718 mm diameter circles. Points represent average strains
measured on specimens with fractures parallel (//) or perpendicular
?d?? to the rolling direction. For tensile tests, these symbols
imply that the tensile axis is perpendicular and parallel to the
rolling direction raspectively. Fracture maps have been drawn only
through (/) data points. Note that material P exhibited no (/)

mvfrg(i:ures.
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o * 2036-T4
o 09 | 0:83 mm grid

Fracture 08 Fracturé 1l /{
' | 06 o e
A 0’ X 07 | M 4 A
. |/ P o » 2 4
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Figure 4-2{b) Approximate F.L.D.'s and fracture maps for 2036-T4 materials gridded with 0.83 mr
diameter circles. Points represent average strains measured on specimens with
fractures parallel (//) or perpendicular {l) to the rolling direction. For
tensile tests, these symbols imply that the tensile axis is perpendicular and

parallel to the rolling direction respectively. Fracture maps have been

drawn only through (/) data poirts. Note that material P exhibited no
(/) fractures. !

\
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Figure 4-3 Thickness strain profiles at fracture for bulge test
and plane straim test specimens of 2036-T4,
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- However, the fracture maps clearly distinguish between fhe materials in
all ' modes of deformation; material G exhibits the largest strains to
fracture and material P the smallest. The separation of the F.L.D.'s

and fracture maps reflects the amount of post-necking éuctility associ=-

= .

ated with each material. It is significant to note that, during bulge

testing, material P did not fracture parallel to the rolling diregtiom,
while materials G and .M showed approximately egual division between para-
!&el and transverse fractures. Average fracture strains‘associated with
in—pléne shear {torsion) deformaﬁion (Marciniak, 1974)—are also shown

in Figure 4-2(a) which indicate the low resistance to shear deformation
.of alloy 2036-T4, but do not proviqe an effectivé distinctidén between

the three lots of material being studied.

Figure 4-2(b) shqws‘the F.L.D.'s and fracture maps determined
with grid circles of 0.83 mm diameter. The use of these smaller grid
circles allows more accurate de%ermination of surface strains in regions
of high strain gradient, and results in an increase in the general level
of the P.L.D.‘s: The fracture maps indicate similar trends to these in
Figure 4-2(a), and need nc further comment. However, the F.L.D:'s now
show a feature which was not evident when using the larger grid circles.
It appears that the F.L.D.'s for materials G and M cross each cther, ahd,
although this tends to be supported by the thickness sFrain profiles of
Figure 4-3, it:is %mposéible to c;rrelate this to any structural evidence.

Hence, this feature is not considered to be significant to the present

comparison of materials.

4.1.2 Discussion

Cléarly, the three lots of alloy 2036-T4 are most easily distin-



guished on the basis of their fracture maps; while thé‘F-L.D.'é, particu-
larly those determined with the larger diaﬁeter grid circles, show little
difference in comparison with the observed differénces in press perfor-
mance. The fact‘that the levels of the fracture maps correlate with the
relative ratings of press berformance suggests that the press.performance

in thié case is dependent on the fracture properties and the post-uniform
ductility of the materials, rather than the limit strain charaéteristics.
In this respect, it is suggested that those microstructural features
which influence the localisation of strain is one of the factors which
determine the success or failure of production of the component. Attempts
to delineate these microstructural features will be the subject of sub:
sequent sections of this chapter.

The limited ability of 2036-T4 to sustain deformation in pure
shear has been noted previously (leRoy, 1978}, and there is evidence to
suggest that this is a failure mode in many age-hardenable aluminum
alloys in the naturally aged and peak-aged conditions (Emﬁury, 1979a).
The value of including fracture data from torsion tests is evident here
because without these additional points on the fracture map, it is very
difficult to distinguish -between the fracture criteria of maximum prin-
cipal stress, maximum shear stress, and constant thickness strain (Glover
et al, 1977). .

Hydraulic bulge testing of thé.materials gave evidence of a par-
ticular form of inhcmogenépus deformation which wés manifest only at v
largé strains (approaching fracture). ?he-extgnt of this mode was de-

pendent on the material tested. This inhomogeneous deformztion occurred

as small variations in sheet thickness about 1-2 mm in width, parallel



to the rolling direction as shown in Figure 4-4. Qualitativé agserva—
tion of the extent of the “roping" phenomenon showed that maﬁerial G
cdntained the most roping while material P cohtained virtually none.
Fractures which occurred along the rolling direction tended to-follow
‘one or more of these roping lines. However, the presence of roping did
not preclude transverse fractures. HNevertheless, it is pértinent that
material P, which cqptained the least ampunt of roping, did not exhibit
fracture in the follihg direction. Roping phenomena have also been
observed in pure aluminum sheet (Tadros and Mellor, 1978), Al-Mn alloys
{(Wycliffe, 1977), and in Al-Mg-Si alloys by the presgnt author, but thé
N

origin of these lines is uncertain. Optical metallography performed on

ik
B

£he deformed material showed nothing td which the roping could be attri-

b

i

buted. ﬂgg

The - observation that the major surface strain in the vieinity of
the pole of the hulge test always occ%rred in the rolling direction, has
been ngted also by others {(Bird, 197é) for aluminum alloy;. Tadros and
Mellor (1978) observed that soft aluminum sheet exhibited slightly higher
limit strains when the material was stretched in an elliptical die with
its roll%ng direction along the minor axis of the ellipse; i.e., limit

. e

strains were higher in.the rolling direction; but that steel and brass
sheets were hardly affected by changing specimen alignment. It is pos-
'.siblq,that this effect is due to the development of planar aqisotropy by
textural changes during straining. However, the influencé of inhomogen-

eous deformation such as ocours in roping, cannot be disregarded, and

further investigation will be needed in this respect.



BO

"Roping" phenomenon parallel to the
rolling direction in 2036-T4 sheet
defeormed by hydrauvlic bulging., Frac-
ture is also parallel to the rolling

~ direction in this case.

Figure 4-4
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n.2 Fractography

_Fractogfaphy éf the 2?:—'1‘4 materials was performed on a Cambridge
scanning eiectron microscope. 1t was found that there were significant
effects on the details of the fracture surfaces due to the sfrain.path‘
and the material, although in all cases, the 2036-T4 failed in a macro-
scopic shear mode,

The microstructural effects on fracture may be obsexved by ;eferr

2 .
ence to Figure 4-5, which illustrates typical uniaxial temsile fracture

surfaces for each of the three 2036-T4 materials. Large,-deep dimples
co?respondlto voiding'around the large constituent particles, whilg the
numercus small, shallow dimples represent veid sheets formed by décohe—
sion or cracking of the dispersoid particles. Both ﬁaterials G and M
exh}ﬁit relativelyrlargg dimples indicating significant growth of these
voids prior to fracture, but material ; shows only limited void growth
prior tc fract;reL This suggests that the high volume fraction of con-
stituent particles allows relatively little veid growth before the link-
ing conéition is reached, that some event other than void linkage {eq:,

grain boundary separation) determines the fracture event, ox that a com-

bination of these conditions is operative.

“

Fracture surfaces of bulge test specimens and plane strain speci-

menslexhibited regions of both prgdominant shear and fibrous fa%lﬁre in
any given specimen. An example Qf this is shown in Figure 4-6, taken
from a bulge test fracture of material G._ It appears that the final
shear failure .occurs between_ﬁeavily voided regions of locally high con-
stituent volume fraction., Figure 4-7 shows regions of extensive void

¥

growth from bulge test fractures of materials G and P. Note again the
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4
(2
2036 T4

Tensile

Fractographs

Fiqure 4-5 Tensile fractégraphs for 2036-T4 materials
(a) G, (b} ™M, (c} P. T

<
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Bulge test €ractograph of material G.
Shear failure has occurred between

Figure 4-86

regions of extensive void formation.
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4-7

A

2036 T4,

Fractographs

Regions of extunsive voiding from bulge test

fracturns of materials {(a) G and

(o) P.
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gbsence of void sheeting in materia; é and the generally smaller size to
which the voids grow. 'The exteﬁt-of local shear failure in maierial P
also appeared to be higher. '

Observation of the plane strain fracture surfaces oflmaterials G
and M showed the types of features described above. For material P, how-
ever, there were additional regions of a tvpe illustrated in Figure 4-8(a).
These regions had the appearance of intérgranular failure. Thus, one
possible implication is that the .grain boundary pregipitatipn‘in;phis

aterial plays a significant role in determining itsﬂfracture chaféétfrf
istics, particularly when fracture occurs in-plane strain deformation. A‘
portion, of the plane strain fracture surface of matefial M is shown for
comparison in Figure 4-8(b). ' E

It is generally accepted (Embury and Nes, 1974) that grain boun-
dary precipitation influences fracture by a maximum principal stress
criterion. However, in the @kesent case, it is impossible te distinguish
any effect of this criterion on the nature of the fracture map since .both
the maximwn principai stress criterion and the maximum shear stress
criterion have similar shapes in both stress and strain space between
the limits of uniaxial tension and equi-biaxial tension (Glover et al,
1977) . Thus, any change in the level of the fracture map could be ;ttri—
buted to either the presence of grain boundary precipitates or increased
susceptibility to shear gailure within the matrix.

PreQieus mention has been made of the fact that the fracture
direction in the bulge test markedly influenced the fracture thickness

strain. Fractures along the rolling direction were associated with

emaller thickness strains than fractures in the transverse direction,
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Plane Strain

Fractographs

Figure 4-8  Plane strain test fractographs, (a) matoerial ©
sheat-thickness Jdirection hovizontal; (b} mate .-
ial M; sheet thickness direction vertical.
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and this was assumed to be due to the influence of the roping phenomenon
v .

orn fracture. Fractographic analysis of failures in both directions in

material G indicated that the longitudinal fractures showed more evidence

of shear failure than the transverse fractures. Figure 4-% shows por-

. o
tions of these fracture surfaces. Hence, it is "suggested that the matex-

jal within cne of these roping lines is more susceptible to shear fail-
u:e'than adiacent material. The origin and consequences of this type of
innomogeneous deformation is clearly an area in need of further investi-

gation.

4.3 Simple Bending Deformation of 2036-T4

The significance of bending deformation on the formability of
sheet materials, and the correlation of "bendability" parameters with
other mechanical properties has been discussed in Chapter 2. In this
section, the results of simple bend tests are presented, togethcr with
the influence on bendability of a simple microstructural modification.
Tn all cases, the bending deformation was achieved by a manual wrap-
around operation with the angle of bend being 180°.

~

Figure 4-10 indicates the qualitative differences between the

-

three lots of as-received 2036-T4 after the bending operation described
above. Severe localisation of deformation occurs in material P, result-
ing in the formation of a single, deep crack parallel to the axis of

the bend. On the other hand, material G appears to be able to distri-
bute the deformation around the circumference of the bend, thus prevent-
ing the nucleation of a crack at the outer surface. Material M also

L4 .

exhibits the localisation of deformation, but not to the extent shown
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2036-T4

Rolting
Direction

M P Material

SIMPLE BENDING

Figure 4-10

Surface appearance of 2036-T4 materialu
subjected to a simple bending operation.



by material P. This simple test can th provide a.ugeful gualitative

. . S A .
ipdication of the bendability'cf these materials.

._Puring banding deformation, the'outér sﬁ;face of thew5pecimen
experiences plane strain tension defcfma;ion provided the'width té.thick—
ness ratio of ;pevspecimen exceeds apérox%mately 10:1. If minimum bend
radius tests are carried out under such.conditiOn% that the develcpment
cf a major surface flaw constitutes failure-ofthEIﬁaterial to form the
kbend, it may bé possible to correlate the plane strain tension fractur
characteristics and the minimum bend radius achieved? TO cheék this
hypothesis with the current materials, it was decided to ipco orate
plane strain fracture data into the formulétion develo py‘Datsko and
Yang (1960} for the prediction of the minj hend radius. Because the
basis for this equation is simply a sfaximum tensile strain criterien
applied to the cutermost fibre of/the bend specimen, any)definition of
this true fracture strain is a alid starting point and hence, plane
strain tension reducticn in ea/thickness paramet;rs can be substituted

L]
directly into Equation 2-6 / in place of the uniaxial tensile reduction
in area used by the aboveg/authors.

Results of the_calculdtions are shown in Table 4-1, where extra
data available from Alcoa and Alcan research laboratories have been
utilised to aid in thé comparison of the materials. Average values of
area reduction parameters Eromhgizﬁz‘laboratories and thickness reduc-
tion parameters from McMaster laboratories were used to determine the
minimum bend radii for the three materials. These were'then compared

to the bend test results determined by Alcan laboratories. This test

incorporated a bend angle of 135°, and a failure criterion of sur{ace




.Table 4-1

Calculation of Minimum Bend Radius ~(R/t])

'-/ From Fracture Strain Data -

_ TEST MATERIAL
. G ' p M
: Redn.| R/t | Redn.|.R/t | Redn.| R/t
’ *Alcoa Tensile sa 0,20 56 {0.24 | 54 |0.27
*alcoa Plane Strain 38 0.62 28 1.08 32 0.86 |
tMcMaster Tensile 51 0.32 40 0.56 42 0.51
tMcMaster Plane Strain 41 0.513 30 0.96 i3 0.81
Alcan Min. Bend (135°) 0.6 1 1.0 0.6
L]

* percent reduction in area (method of determination unknown)

T percent reduction in thickness (based on data in Figure 4-2(a))
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cracking in the specimen. It is obvious that the plane strain fracture

data predict more accurate values of the minimum bend radius than do the

4

" tensile reduction data, hence, it is suggested that the plane strain

A ) ™~
udtility may provide a useful formability index, particularly where

small radius bending is critical, eq., in hemming operations.
%ﬂ The effects of structural modifications of materials G ﬁnd P in
terms of their uniaxial tensile parameters have Rgen discussed in Chap-

ter 3. The effects Qf these modifications on the microstructures of

these materials are clearly seen in Figure 4-11. The thermal treatment

has basically changed the amount of grain boundary precipitation in each

material., Figure 4-12 illustra®es the change in the surface features of
small radius bend specimens as :q:;;::;ﬁ;;\khe structural modifications.
Pairs of specimens were bent together so that both received and same

.
degree and rate of deformation. Clearly, the introduction of grain
boundary precipitation in matcri;l G, and its associated decrease in the
local volume fraction of zones in the T4 condition, has promoted the
development of severe localisation of deformation in the form of a simgle
majpr surface crack. Conversely, the removal of these precipitates from
m;terial P has allowed a more uniform distribution of strain around the
circumference of the bend, although it has not entirely removed the
tendency to localise strain. The mechanism by which strain can condense
into a very lecalised region, such as a surface crack in a bend specimen,
will be discussed in the next section. However, it is germane to note
the implications of such a simple test as this in the study of quench

sensitivity of age-hardenable aluminum alloys. The development of a

small radius bEEA test with an accurate determination of the failure



G | P

T.E.M. showing as-received (above) & modified (below).

Figure 4-11 Effect of thermal treatments on the Dine stracetur .

of materials o and P,



2036 - T4

Simple Bending

Effect of Thermal Madification

(left - hand specimens modified )

Flaure 4-12 Change in surface features of small radius hend
specinens following structural medifications.
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point could be extremely useful in comparing the guench sensitivities of
different alloys, and also.as a production quality control device to
1

check on the effectiveness of the solution treatment angd quenching opera-

tion.

4.4 Strain Localiggtion

Twe forms of heterogeneous deformation can be distinguished dur-
ing large strain deformation of alley 2036-T4. These are the growth and
linking af voids as described in Chapter 2 and evidenced in the fracto-
graphs presented in Section 4.2, and the development of coarse slip and
its subsequent condensation into fracture events. Evidence for coarse
slip and résultant "superband" formation in aluminum alloys was reviewed
in Chapter 2 and the influence of this on fracture characteristics of
2036-T4 will now be discussed.

Simple bend tests on polished specimens of materials G and P
allowed the development of heterogeneous deformation to be followed
through to the critical condition of condensation into a major fracture
event. Early deformation showed events which have previously been dg-
scribed by Hahn and Rosenfield (1973), i.e., cracking of some of the
large cgnstituent particles, deformation in the vicinity of some of the
grain boundaries due_to grain rotation, and development of bands of coarse
slip. =Up to the stage of the coarse slip, both materials showed similar
deformation events. However, once the localisation of slip occurred,
more incipient cracks were noted in mater%al P, especially where the
bands of deformaticn impinged on grain boundaries.

-

Figure 4-13 shows the surface deformation experienced by mater-



Figire 4-13

26

Surface deformation which has developed on polished
specimens after bending to the same strain.

(a) material G.

{(b) material b.
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ials G and P after bending to approximately the same (high) strain.

Material G exhibits the characteristic parallel bands of coarse slip and

.shows incipient cracking in the regions of grain boundaries and constitu-

[P

ent particles. ﬁaterial P has already paséed through the stage described
above for G, and has reacﬁ;d the poi;t where local fracture events have
ochrred within the parhllel deformation bands. However, the main aspect
;é note is the fact that many of these local fracture events are linked
by transverse cracks'fbetween bands) which largely follow grain boundary
regiong. Further deformaticn of mategial G confirmed that local surface

cracks do form in this material also, but there is little evidence for

link-up between the cracks. Hence, it is suggested that the critical

event for the localisation of deformation into a major‘surface crack in-

volves the linking of parallel deformation bands due to weaknesses in the
grain boundarigs. Such weaknesses gould be the result of grain boundary
precipitation. . 2

Before concluding this chapter, two further observations regard-
ing stralp localisation will be noted without discussion because time
constraints cluded any investigation of these. The first concerns
the development of‘a localised neck in uniaxial tension and is illustra-
ted by Figure 4-14. Specimen {a) has been pulled in tensicn continuous-
ly up to this point of necking, but specimen (b} was unloaded at maximum
lcad and then re-loaded at a lower strain rate to induce serrations in
the plastic flow. The serrations appear on the specimen surface as a
type of Luder's band, each band corresponding to a.single serration in
the 1o$d—elongation curve. These bands may-be oriented in either direc-

tion at approximately 55° to the tensile axis. The development of the *X:>

e
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Figure 14 Strain localisation in uniaxial tension. (a) tost
continuous up to necking; () srecimen unloaded at
maximum load and then re-loaded at lower ':‘.tl;.:l(in rate,




localised neck was observed to occur b¥fkherlocalisation of the serration
events into one parthoular band of waterial, with each further serrdion

contributing to the severity of the.localised neck and also its shear

[N

offset. A similar sequenbe of events (as registered on the load-elonga-

tion plot) occurred during fracture at normal strain rates, but there

was no evidence for the Luder's band phenomenon.

i ¥
The éecond observation concerns the local shearing events which
4

L]

constitute the final fracture of these materials in the plane strain and
equi-biaxial tension deformationrmodes. Fgéure 4-15 indicates the inter-
actieon of unsgable shear bands to proéuce the fiﬁal fracture profile aﬁd
shows that many of these may develop at approxim;tely the same plastic
strain. Furthermore, examination of the details of an incipient shear
failure, (Figure 4-16), suggests that grain boundaries tend to influence

the local path of the macroscopic shear failure, as do particles within

the matrix (French and Weinrich, 1979}.



Figqure 4-15

100

Intnraction of shear bands to result in {inal
fracture. Other incipivnt shear bands are
shown by the arrows.

Figurce 4-16

Details of shear failure in relation to grain
structure.
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CHAPTER 5

High Strain Deformation

* From information regarding the nature of the engineering problem

s
L]

and from indicatqfs given by the uniaxial tensile parameters *and form-
ability studies, it is obvious that significant differences exist between

™ the materials in the strain regime approaching fracture. It was pointed
out in Chapter 2 that material behaviour at large Strains may be in-

fluenced by a variety of parameters, including the work hardening rate

i (%%). the strain rate sensitivity (%%J, and the rate of change of the
hardening rate with strain (%%4 and strain rate (%% . Some of the pos-

sible influences of microstructural features on these parameters were
also discussed in Chapter 2. The objective of the present chapter is

to investigate the deformation of the 2036-T4 materials at high strain§
and indicate, where possible, the effects of the various microstructural
fezatures on the mechanical behaviour. This will involve average proper-
ties of the materials as distinct from the local variables known to in-
fluence the focrmability of these materials through their effects on

fracture as discussed in Chapter 4.

5.1 Bulge Testing of 2036-T4: Experiment and Results

Utilisation of the hydraulic bulge test allowed the available

range of strains to be increased beyond that attainable in uniaxial ten-

sion and sao facilitated the study of the work hardening characteristics

at large strzins of the different batches of 2036-T4. Details on the

101
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bulge testing appératus have been presented b;eviously.tbuncan et al,
1976) and it will be noted onlg that a 6-inch diameter circular die @aé
used to produce egui-biaxial deformation iﬁ the region of the pole.

Additional points concerning the errors énd assumpticns will be
nade in the subsequent discussion section with reference to the present
problem. A general review of the relationships invol;ed in obtaining
data from the bulge test is found in Appendix I, together with the
basic test précedure.

Tests were performed with the extensometer placed parallei, pexr-—
pendicular, and at 45° to the rolling directicn of the sheet to elucidate
any anisotropy of deformation within the plane of the sheet. The direc-
tion of fracture was also noted in relation to the prior rolling direc-
tion, as this is important in interpreting results of fracture strain
measurements [(see Chapter 4). It must also be noted that the final
strain reading taken during the manual testing procedure does not in-
dicate the fracture strain since small changes in pressure following
this reading caﬁ produce significant changes in local strain. In the

rity of tests, the materials fractured with the pressure remaining
onstagﬁuedeEEreésinq very slightly from its maximum value.
/ Equivalent stress - equivalent strain curves presented in this
1 ) .
chapter were generated by drawing a curve of best fit through the data
points of at least two bulge tests for each case. Figure 5-1 indicates
the typical scatter of these data for two tests with the extensometer
oriented in the same direction. The determination of the work harden-
ing rates was accomplished by c¢stimation of the tangent to the average

¢-¢ curve at various points along the curve. This was done on curves
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Figqure 5-1 Diagram showing scatter of data points used to determine

bulge test 0-¢ curves. (Extensometer placed perpendicular
{90°) to rolling direction.
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of roughly twice the scale shown in ﬁh%s thesis to obtain greater
accuracy .

Bulge testing of each lot éf 5036-T4 showed that the 0-t curves
developed depended ﬁpon the difection.of Placement of the 6xtensometer;
hereinafter referred to as the test direction. Curves for material M
in the three directions are shown in Figure 5-2. Also included for com-
parison are uniaxial tensile curves for the 1on§itudinal {0°) and trans-
verse {90°) testiné directions. The bulge test curves have not been
adjusted to account for anisotropy using the Hill analysis (Hill; 1950).
The tendency to divergence of the curves at large strains was cbserved
te varying extents in all materials, and although the 45° test curves
lay béFween those for 0° and 90° tests, they did not necessarily bisect‘Q
the otﬁer curves. However, it is the divergence of the curves which is
significant for this suggests that anisotropic deformation occcurs at
large strains. Figure 5-3 illustrates the effect of this divergence on
typical plots of the work hardening rate as a function of imposed strain.

Figure 5-4 compares the 0-¢ curves for the different 2036-T4
materials taken from two test directions. Material M shows the highest
strength level, while materials G and P have lower but similar strength
levels. Average values of the final stfain readings (prior to fracture)
are shown in Table 5-1, and it is obvious that there is a major differ-
ence between strains in the 0° and 90° test directions. A crude measure
of the formability of the materials in equi-biaxial tension, the bulge
height, is given for each material in Table 5-2.

Comparison of the work hardening behaviour of the three mater-

ials during bulge testing was made on the basis of plots of the work
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2036—-T4 Material M
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1001 Tensile Test v --—-

£

Figure 5-2 o-f£ curves in tension and bulge testing which indicate the
dependence on test direction.
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Figure 5-3 Work hardening rate vs strain curves for bulge tests in
three directions of cxtensometer placement.
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Figure 5-4(a) Comparison of 0° bulge test g-¢ curves for three 2036-T4

materials.
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Table 5=1

Final Strain Readings

—Hydraulic Bulge Test

MATERIAL ' FINAL

e 45°
G .447  .436
M .488  ,457
p .457  .405
Table S-2

Material Average Bulge Height (mm)
G 45.7
M 48.3
P 45.8

E
\

9Q0°

. 395
.403

.402

Range of Heights (mm}

44.9 - 46.4

’
46.5 - 50.95

44.6 - 46.9
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. hardening rate {g%ﬂ,and the worﬁ‘haxdening rate normalised by the flow
stress (% . %%} as a function of imposed strain (t). . The normaliéed

work hardening rate was chosen to remove the.effect of the higher flow
stress of wateriaL_M on the value of its work hardening rate at a given
strain. Comparison of the work hardening rates for each material in
each of the three test directions showed that they followed the same

trends, but for reasons to be given in the discussion, only the data

for tests in the 45° direction will be presented. Figure 5-5 shows

graphs of the g% and %vg%'as functions of ®© for each material in the

45° directjon. Figures 5~5(a) and (b) indicate the similarity of data
from the different materials, and Figure 5-5(c) shows the high strain

.

portion of Figure 5-5(b) using a smaller crdinate scale.

5.2 ° Discussion of Large Strain Deformation

5.2.1 The Bulge Test

The low strain regime of thé hydraulic bulge test G- curve is
considered to be inaccurate hecause of'difficulties in recording the
carrect strain and curvature readings under conditions where elastic
flexing of the sheet and non~symmetric deformation are known to occur.
Wycliffe (1977) has discussed the errors in the values of g, ¢ and
g% resulting from the gauge readings, and has shown that the error in
the calculated value of o can be large at the beginning of the test.
This error, combined with that assﬁciated with determining the strain,
can result in large differences in the work hardening rates at low

levels of strain. At strains approaching fracture, the scale reading

error associated with the high pressure gauge is relatively large, and
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materials; '45° bulge tests.
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this introduces uncertainty into the data since small increases in the™
pressure reading correspond to guite large increases in the ;train read-
ing. This unéertainty is compouﬁdeﬂ in the calculation of the stress o
as both the pressure and strain variables appear in the Eormula (see
Appendix I); the 1atteg\3rises via the\assumptions made regarding the
current thickness. For exémpla, scale reading errors of half a division
in each extensometer 3ﬂgﬂgpherometer dial gauge (i.e., %,005 in.), and
an errox of =15 lbs in the high pressure gauge, result in an error in
the calculated value of ¢ of approximately *3% or 15 MPa at the fracture
stress. This is roughly half the wvaluc of the diverqence-of the curves
at large strains, but a consistent apprecach to multiple testing would
reduce the uncertainty of each test and increase the accuracy of com-
parison of different materials and different test directions.

An unfortunate consegquence of the manual bulge testing procedure
is the lack of control of the deformation rate. Also, during the time
invelved in reading the spherometer and extensometer gauges, some Stress
relaxation occurs which affects the deformation upon re-application of
the pressure. However, if the pressure is noted at the instant of stop-
ping, there will be no reading error introduced as a result of the re-
laxation. Comparison with other déta on the same maferials determined
by continuous testing (A.D.D.R.G. Aluminum Cooperative Group, 1979}

shows that the differences are gquite small, and thus, it is assumed that

the manual testing technique does not influence the conclusions concern-

ing comparison of materials.
Figure 5-2 indicates the increase in strain attainable by the

bulge test over the uniaxial tensile test. The divergence of the bulge

e
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‘test curves is an important consequence of the anisotropic nature of the

i)

deforﬁation of these materials, and has been qbserved by the author to
occur alsc in othey aluminum alloys, such as %010-T4 and 518B2-0. In all
cases, the imposed strain is greatest in the longitudigal direction,
whether it is measured directly from the bulge test extensometer or from

the analysis of the deformed grid circles. The grid cifcle analysis per-

LY
¢

formed on sampies strained to diffefent levels indicates that the aniso—
tropy of strains develops late in the. test.

Tt is suggested that this effect cannot bé predicted from para-
meters.such as thé normal plastic anisotropy (r) determined in uniaxial
tension, since-the effect develops only after considerable deformation
and is not noticeable at the lower strains (where r-value measurements
are made). Previous workers (Duncan et al, 1976) have already shown
that the biaxial o-¢ curves for many aluminum alleys are not predicted
from‘uniaxial data via the Hill (1950} analysié- Her@ and Nasss (1978)
have furthé? suggested that differences in g-¢ curves between uniaxial
and biaxial tension may.indicate g2ither that the concept of isotropic
work hardening is not correct or that the shape of the yield locus is
different from the theoretical prediction. It has also been suggested
(Embury,1979b) that the accumulation of damage may depend on both the
strain path and the distribution of intermetallics in the material.

Because of the divergence of the g-¢ curves, there is a diffi-
culty in establishing a deformation curve which is characteristic of
the material under the conditions of balanced biaxial loading. The
discrepancy in strains parallel and perpendicular to the rolling direc-

tion indicates that the spherical ghell assumption may be invalid at
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large strains and hence, the computation of the egquivalent stress will be
il error. A possible source of this error is oﬁtlined in the following
argqument,

The equivalent stress - equivalent strain curve determined for
equi-biaxial deformation can be considéred as a curve representing the
through-thickness unitaxial stress-strain relationship Egr the‘material.
This only requires the assumptio;\that hydrostatic ;tress does not alter
vielding in an anisotropic material. It is further assumed: that the

stress is egui-biaxial, or at least that

[s)
an
= t _1. 4+ =
p (Rl th)

where R1 = Ry, as mentioned previously. Schematically, then;

U1+U2 :

= N Qa

Ui+0'2 U—1+0-2
2 2

However, if strain measurements are made in both the rolling and trans-

-

verse directions within the sheet plane, then, for the purposes of deter-
mination of the stress-strain relaticnship;

€, = -(EO + 6903 ;

implying that if €y # 390, and one wWrites Ct = —250 or et = -2290, then

there will be an error in Et’ and hence, an error in the ({(calculated)

value of the current thickness. 1In the present case, EO > 590' thus,

the calculated value of the stress ¢ will be an overestimate of the
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actual value when the extensometer is placed along the rolling direction

" of the sheet, and an underestimate for the transverse orientation. This
\

is observed in the experimental curves of FPigqure 5-2.

If the orientation of the material element is

Rolling
+ -
Direction

(845) (8452

then it is likely that (eus)l = (ey5). and hence,

= -2 = -2 ;
Et (El.,s)l (El.,s)z

Thus, one would expect that data obtained from the 45° placement of the
extensometer gives some average representation of the material behaviour
and are subject to the least crrxor. The divergence of the 0° and 90°
curves will indicaﬁe the presence of any anisotropy but will be subject
to larger errors.

Differences between longitudinal and transverse strains in sheet
deformed by bulge testing is an important cobservation, but appear to be
typical for aluminum alloys (Duncan, 1979). It was further ncted during
the present study that the cxtent to which the longitudinal strain ex-
ceeded the transverse strain depended upon the position on the bulge
at which the strains were measured. This is illustrated in Figure 5-6
which shows the results of strain measurements on grid circles during

traverses across the pole of the bulge in two orthogonal directions,
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Figqurc 5-6 Variation in surface strains across the pole of the bulge:
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i.e., parallel (”}' and perpendiculaf (1) to the rolling direction. It
is seen that thc levels of transverse strains are similar in both tra-
verses, but the level of fhg longitudinal strains is highést for the

- traverse perpendicular to the rolling direction. Thié trend was
obgerved in all three materials, and its existence supp&rts the premise.

that the assumptions used to generate the o-& curve are questionable,

5.2.2 Work Hardening

The primary purpose of the hydraulic bulge test was to provide
information concerning the work hardening characteristics of the mater-
ials at large strains.l Referring to Figure 5-5, it is seen that-

a) the differences between the work hardening rates of the
three materials are generally small {Figure 5-5(a)}, and
are comparable to the differences exhibited by one material
tested with the extensometer parallel and perpendicular to
the rolling direction (Figure 5-3),

b) the level of work hardening of material P is lowest over
most of the strain range (for either parameter of work
hardening),

¢) materials G and M show similar levels of normalised work
hardening up to strains of about 0.3 after which material
M decreases rapidly (Figure 5-5(c)}, and

d) material G maintains the highest hardening rate at large
strains.

The level of work hardening of material P is consistent with

itg inferior uniaxial tensile properties and also its press performance.
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The differences betv}een wqu hardening charlao*teristics.of materials G
and M aE;.more difficult to %nterpret. On the basis of thé normalised
work hardening rate, these materials should exhibit similar behaviour in
bulge QQformation,'but the bulge height data contained in Table 5-2 in-
dicaFc that material M is éuperio;. This is in agreement with the
trends provided by plots of the work hardening rate [%g) vs strain such
as shown in Figure 5-5{(a), where the data for material M lies above the
other data up to strains of approximately 0.3. It therefore appears
that a description of the work hardening behaviour of a material with-
out cognisance of the strength level may be misleading iﬁ terms of its
formabilify under certain conditions of loading.

The behavicur of material M, i.e., its uniaxial tensile proper-
ties (Table 3-1), and its akility to distribute strains during bulging
as evidenced by the maximum bulge heights (Table 5-1Y, final strain read-
ings (Table 5-1) and work hardening characteristics (Figure 5-5}, Suqg-
gests that this material should perform well in the press;: buw this is
not so. Either the complex loading trajectory during production cannot
be compared to either the uniaxial or equi-biaxial tensile deformation,
or the controlling events occur after the localisat;on of flow begins. _
It is difficult tc distinguish between these altaornatives because of
the different levels of uniform strain associated with the different
loading trajectories. However, the rapid decrease in hardening rate of
material M at high strains in the bulge fest may be rézated to 1ts mar-
ginal performance gurinq producticn. fﬂ,‘\\ .

The work hardening rate at high straiJ&\is influenced by the

accumulation of damage within the material and by the dynamic recovery
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processes which are occurring simultaneously with the strain ecvents, as
discussed in Chapter 2. 1leRcy (1978) has suggested that failure of 2036-
T4 is governed by a maximum shear stress criterion wherein the localisa=- |
tion of strain is very acute and ceccurs with little accumulation of
damage {eg., particle decohesion and voiding) prior to the final fail-
ure. The current study revealed very little evidence of severe void
formapion away from the immediate fracture site. éence. it is suggested
that the general decrease in work hardening at large strains is due
largely to dynamic recovery, although the local work hardening behaviour
of the three materials just prior to-fr;ctufe will be influenced by
subtle differcnces in their microstructure. This aspect was not in-
vestigated, but it is suggested that the rapid decrease in work harden—
ing of material M may have its origins in these subtle differances. For
example, Wycliffe (1977) has shown that small changes in the amount of
Mn in solid solution in 3003-type alloys have a significant ¢ffect on
the hardening rates at large strains, and Parker {1978) suggests that
the amount of Mg in solld solution in 203G-T4 exerts an influence on
strain hardening behaviour thrcough its effect on the strain rate sensi-
tivity (Mg being a very mobile solute). Further work is necessary to
develop a better understanding of the effecés of structure on work
hardening.

It is evident that differences in the work hardening bshaviour
of the three materials are only marginal compared to the difference in
the fracture characteristics as aiscussed in Chapter 4. Hence, it would

be misleading te correlate the press performance only with the work

hardening characteristics, for these apply to deformation in a volume
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of material far greater than the volume associated with the fracture

event and thus do not represent the local behaviour of ‘material at

fracture.
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CHAPTER 6

-~ v

-+ - -DIE INFLUENCE OF AGEING ON MECHANICAL BEHAVIOUR

In this chapter, some results concerning the influence of the
age-hardening process‘on the mechanical behaviour of alloy 2036 will be
presented. The behaéiour in uniaxial and equi-biaxial tension, the
formability, and the fracture characteristics were investigated. .The
age-hardening process constitutes a simple method of achieving controlled
variations in some of the structural features, and hence, this type of

study is important in attempting to relate various aspects of mechanical

behaviour te microstructure.

6.1 Microstructural Changes During Ageing of 2036

Material G was chosen as the basis for this portion of the study.
Details of the solutiaon heat treatment and ageing. conditions are shown
in Table 6-1. Note that the as-received T4 material was used as a basis
for comparison, additional heat treatments being performed on this mater-
ial to achieve the other ageing conditions. Figure 6-1 shows the effect
of ageing time on the yield strength of 2036; data for the natural ageing
agrees well with the results of Evancho and Kaufman {1377). The various
tempers used in the present study are indicated on the graph. It was
decided to artificially age the T4 materials because of the similarity
of this treatment to the paint bake cycle performed on formed components
in the automotive industry.

Changes in the microstructure with ageing condition were doter-

123



124 L _

Table 6-1

-—

Details of Thermal Treatmenégxggifoémed on 2036

W (as quenched) solution treat at 500°C for 1
hour, followed by cold water
quench and held at 9°C for 2
hours before testing

T4 (naturally aged) as-reccived

T6 (peak aged) aged at 190°C for ¢ hours

T7 {overaged] aced at 300°C for 20 hours
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- Figure 6-1 .Effect of ageing.time on yield stress of 2036
alloy (composition of material G). Artificial
» 29eing was performed on the T4 material.
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minéd by T.E.M. studies and are illﬁstrated in.Figure 6-2 for the. T4,
T6 and T7 conditions. No study of the W temper was performed. The T4
structure has been described in Chapter 3. Material in the T6 condition
exhibits orthogonal platelets of precipitate consistent with 8' due to
ageing at this temperature {(Kelly and Nicholson, 1963). The orientation
of the foil normal in this case is <100> with the platelets parallel to
the foil su;;ace invigible. There is alsc aﬁ increase in the amount of
grain boundary precipitate compared to the T4 . material, and svidence of
a precipitate-free zone adjacent to .the grain boundaries. The width of
‘the precipitate-free zone is approxiﬁately 1000 R, and is less than
would be expected if the material had been artificially aged directly
foilowing'the quench due to the precipitation of the zones in the T4
material.
Overageing (T7; has resulted in coarsening of the precipitates

to maximum dimensions of 2000 - 3000 E with interparticle spécinqs of

000 g. Although not shown in this microgréph, there was a significant
increase in the amount of grain boundary precipitation. Figure 6-2(d)
shows disiocation loops (surrounding the precipitates in the 77 condi-
tion). These result from the loss of coherency of the interface as the

particle grows.

6.2 Effect of Ageing on Mechanical Behaviour

Uniaxial tensile tests and automated hydraulic bulge tests® were
performed on the different tempers of material. Figure 6-3 shows the

0-€ curves developed for longitudinal‘ﬂbnsile and bulge tests, while

* Bulge tests perfcormed at Alcoa Laboratories, Pa., U.S.A. :

)
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Table 6-2 g;ves the average tensile test parameters, Iﬁ uniaxial tension,
the as—quenched (W) material exhi?ited inhomogeneous éeformation in the
form of serrated vielding and the curve ghOWn in Figure 6-3{a) repre-
sents the mean level of the serrations. In balapped biaxial tengioh,
this same material exhibited a form of inhomogenéous deformation which
caused prematurc failure in a region well away from the pole of the bulge.
This type of failure has been reported in Al-Mg-Si alloys by Campbell et
al (1972} and will be discussed later' in this chapter.

I£ is cloar from the graphs of Figure 6-3 that the materials can
be divided into two groups on the basis of their work hardening charac-
teristics. The W and T4 tempers have the same work harden;ng behaviour
(i.e., the yield stress is controlled by distinet interaction with solute
atoms or shearable particles, but the hardening is determined by dislo-
cation accumulation in the matrix). Thus, the curves are displaced along
the ordinate by the contribution to the yield stress due to the precipi-
tation of zones. Curves for the T6 and T7 tempers are similar in shape,
indicating that thg operative mechanisms of work Hardening and dynamic
recovery are similar Eo; both material conditicons. These tempers Show a
greater rate of work hardéning at low strains than the W/T4 tempers, but
this rapidly drops to a very low value after strains of ~0.1. It should
be noted that the T6 material is peak aged only with ;espect to the yield
stress, the decrease in work hardening rate causing its tensile stress to
fall below that of the T4 material.

Before presenting infcrmation regarding the formability of the
different tempers of 2036, some cbservations on the types of failure

which occurred during bulge testing will be noted. It was noted in
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- Table 6-2

Longitudinal Tensile Test Parameters

CONDITION OY

2036-w

2036-T4

2036~T8

2036-17

{MPa) -cu (MPa) etotal (%)
92 252 22.4
200 347 22.6 ]
1
: !
225 301 . 11.1 |
91 196 16.6

' Table 6-2

Bulge Heights oObtained from Plane Strain Tests

Temper

2036-wW
2036-T4
2036-T6

2036-17

Average Bulge Height {mm)

26.5

25.9

19,2

23.1
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Chapter 4 that the T4 material failed in a catastrophic manner either
parallel or perpendicular to the rolling direction, and exdmples of
these are shown in Figures6-4(a) ;nd {(b). The T6 material failed in a
less catastrophic manner along the rolling direction.(Figure 6=-4(c)},
while the T7 failure was very gradual and was initiated away from the
pole but also in the rolling direction (Figqure 6-4(d)).

As mentioned earlier in this chapter, the as-quenched material
exhibited a very unusual fbrm of fracture which is related to the occur-
rence of serrated yielding in uniaxial tension. After the imposition of
small plastic strains (n0.05) in biaxial leoading, the sample began to
deform in the plane strain region (along the side of the bulge) by the
propagatioh of circular regieons of non-uniform deformation, as shown by
the arrow in Figure G6-4(e). Final Eailﬁre occurred in one of the re-
gions of localised flow well away from the pole of the sample,

The nature of the failure of the W temper material in bulge test-

|
ing suggests that material in this.condition may be very susceptible to
failure in a plane strain loading situaéion. Howaver, plane strain rigid
punch tests performed on the W temper material showed an average bulge
height comparable to the T4 material (Table 6-3). It is possible that
the friction associated with this test acts in a manner to prevent the
locaiisation of deformation and resulting prematuré failure for it is
common industrial practicg te form many age-hardenable aluminum alloys

in the freshly guenched condition: In such cases, there are consider-

able friction forces acting between the sheet and the punch or die.
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Figure 56-4(a) Bulge test faillure of 2036-T4 along the rolling
dirvction.

Figure 6-4{b) Bulge test failure of 2036-T4 perpendicular Lo
the rolling direction.
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Figure 6-4 Bulge test
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6.3 Ef%ect of Ageing on Formability
Approximate F.L.D.'s and fracture maps were determined for the

T4, T6 and T7 materials in the manner described in Chapter 4. Only

longiﬁudinal tensile and plane strain tests were performed, .and no W
gremper material was included in the study because it was not possible
to retain a grid on the sheet during the solution heat treatment. Limit
strains in equi-biaxial deformation were taken as those strains at the

»

polg_of the bulge, although for the artificially aged materials, frac-
ture was initiated in a region of general biaxial deformation some dis-
tance from the pole. |

Figure 6-5 shows that the F.L.D. for the T4 material lies above
those foy the artificially aged tempers o;er the entire range of strain
space investigated. With regard to the fracture maps, it becomes neces-
sary to divide the strain space into two regions, i.e., frem uniaxial
tension to plane strain tension, the level of the T4 fracture map is con-
sistently below the fracture levels of the TG and T7 materials. However,
as equi-biaxial deformation is approached, there tends to be a cluster-
ing of the fracture levels., The levels of the fracture maps in the re-
gion of negative minor strains indicate that the post-uniform ductility
of the artificially aged material is superiocr to the naturally aged
material, although this assumes less importance to the total formability
when the difference in the 'limit strains is so great. It is much more
difficult to interpret the biaxial strain reqion of the diagram and

further comments regarding this will be left to the discussion section

of this chapter.
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Figure 6-5 Approximate F.L.D.'s and fracture maps for the different
ageing conditions of alloy 2036.
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6.4 Effect of Ageing on Fracture

The general conseguences of the aﬁeing of alloy 2036 on.the
features of tensile fracture surfaces_are illustrated in Figure 6-6 and
summarised below. ) , .

W - preéominantly fibrous failure by linking of large voids
nucleated at constituent particles; some evidence of
fibrous shear; very littlg evidence of void sheets be-
tween large dimples.

T4 - combination of intense voiding and fibrous shear: evidence
of void sheets between major voids due to the presence‘of
dispersoid particles {see also Figurc 6-5).

T6 ~ similar to T4 fracture but with voids of greater depth
and less evidence of void sheets; some local regions of
intergranular appearance,

T7 - predominantly fibrous failure with very deep voids; matrix
material appears to be very deformed with mény small voids;

little aevidence of wvoid sheets.

Fractures in equi-biaxial tension all exhibited macroscopic shear
although details of the fracture surfaces reveal Combinatiogs of shear
failure, fibrous failure, and intergranular failure dependent upon the-
temper. Major features of the fracture surfaces are E;esented in]Figure
6-7. The comments regarding the details of the tensile fractures gener-
ally apply tc the bulge test fractures, bat some additicnal comments are
necessary. In all bulge test failures, there is more evidence of ductile

shear. Significant regions of intergranular failure appearance are pre-

sent in the T6 material and these regions show numbers of small dimples

+



2036 Alloy
T4 Tensile

Fractagraphs

Figure 6-6 Effect of ageing on fracture surfacces in uniaxial
tension deformation.
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2036 Alloy Bulge Test Fractographs

v Figure 6-7 Effect of ageing on fracture surfaces in equi-
biaxial tension.



&

140"

v

.éovering th;tsﬁrfaEés of the intergranular facets.

The T7 ffactures show very large, elongated dimples, suggesting
that the void growth stage for this material is long compared to the.
other tempers. The material between these voids exhibits a, very high
density of small voids with dimensions:genera}ly less.thén for the void
trsheets in the T4 ‘temper.

Plane strain fracture surfaces for the T and T7 materiéls weare
similar to those of the bulge test except that_the dilensions of the
voids were less in plane sﬁrain. However, some un features were
observed on”the W and T6 fracture surfaces. The W, fracture surface was
divided into two regions:; the inner section {closest to the puncﬁ) showed

a typical‘fibrous shear failure, while the outer section exhibited a very
flat shear fracturé, shown.in Figure 6-B(a). Closer examination of this
region, (Figure 6-8{b}), revealed no evidence of wvoid coalescence, but
showed series of fine §triations parallel to the plane of the sheet. }he
T6 fracture surface—aiso contained two‘major regions; Figure 6-9{(a)
shows_a narrow region of shear similar to that in the W tenper material,
bounded by the typical fibrous shear/lntergranular coﬁbipation. Figures
6—9(5) and (c) provide more details of the transition between the two
regions.

’ %

6.5 Discussion of Ageing Effects

An attempt to interpret the influence of ageing on formability
must take cognisance of a variety of pieces of both complementary and
«conflicting evidence. This complex situnation arises because one must

consider the influence of both the microstructure and the state, of stress

L
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(b)

W Temper 2036

Plane Strain Test

2036-W.

e of

Plane strain fracture surfac

Figure 6-3
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T6 Temper K 2036

Plane Strain Test

Figure #-9 Plane strain fracture surface of 2036-T6.

e
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on the limit strainé, the fracture events, and the characteristics of the.
work hardening rate at large strains. Thus, cne cannot simply a;cribe a
superior rating to a given temper, eg.; ?4 compared to T6 or T7, but must
offer a more qualified séatement indicating the basis for the comparison.

.1t has been.established by Eommercial practice and }s'suppcrted
by the results of the present spudy, that the formability of the T4 tem-
per is generally superior in stretchiné operations to that of ‘'the as-
éﬁenéhed or artificially aged matérials; There are cases, however, where
the annealed {(extremely overaged) material performs very well, eg., the
dréwing of automotive bumpers. In comparing the behaviour of tﬁe various
tempers ip relation to their formability, it is of value to consider the
ability tc sustain déformation at large straing. It is important to
.ﬁote that the behaviour at large strains as exemplified by the bulge
test data in Figure 6-3(b) or the plane strain bulge heighgs in Table
6-3, does not correlate well with the elongation behaviour in uniaxial
tension (Table 6-2). This emphasises the difficulties of relying solely.
on data from tensile ;eéts to predict the forming behaviour.

~ The utility of the T4 material islillustrated by the plots of
work hardening rate as a function of strain (Figure &-10(a)), based on
the stress-strain curves in egui-biaxial tension (Figure 6~3(b)). Aal~

though the naturally aged material does not have the highest initial
work.h;rdening rate, it is able to sustain its hardening rate to much
larger strains. However, in this type of plot, there appears to be

very little. difference in the behaviour of the T6 and T7 materials. Dif-

faerences between these materials become apparent in plots of the work

hardening rate vs. flow stress (Figure 6-10(k)), where the data is simply



MPay | 1%

144

2000}

(ol IQ.
™A

1600 |
Al 2036

1 o T4
s 16
o 17

[ —={"
»

1200+

800} k
) Q
| ‘\ :
400} \\\ " .

é?\\' O O0r e ‘

- un
shall oy B
A

— -

Figure 6-10(a) Work hardening rate vs strain for equi-biaxial
deformation cf different temperg of 2036.




- e - - -

—————

2000t
dC
dg |
1600 } a
o 14
s T6
o .17
1200+
800}
| Al 100-0
do._ 5
400! de
ds .5
€ 2

Figqure 6-10(b) Work hardening vs stress.




. e o —— o AT ot -

. e

146

5~
e

Al 2036
T4
s T6
o 17

o
Ql

qli~
ol
ap)]

G

()
21 A
0
A D
‘
»
1t———- — - -\ — ~
.
5 0
Q m - Q) 1/
_..._._.._______ ___ 2
A“ I..-
R 57\ -~ =.%.= 003

Y T 04

Figure 6-10(c) Normalised work hardening rate vs strain.

ol



-
T P R

L e T
"

147

. translated along the stress axis in rélation to the initial vield stress.

The similérity in work hardening rates for the T6 and T7 materials is
clearly evident.r Diffuse and leccal instability conditions expressed by
the Considere and Hill conditions (Equation 2-4) are also shown on this
plot. . -

‘At this stage, it is germane to conéider structural explanations
for the observed work hardening rates. It was mentioned in Chapter 2
that the work hardening behaviour cf'afmaterial with coherent precipitates
(i.e., T4 temper) should be similar to that pf the-matrix, and the pre=-
sent comparison of o-t data (Figure 6-3) of the W and T4 tempers supports
this. However, the work hardening behaviour of the artificially aged
materials is more difficult to explain. The initial work hardening rite
is high in accord with the theories of Fisher, Hart and Pry (1953}, and
Ashby and Smith {1960) reviewed in Chapter 2 (see also Figure 2~3), but
thg rapid decrease is inexplicable in terms of these theories. It is
suggested that subseguent to the build-up of the "geometrically neces-
sary" dislocations around the non-deformable precipitate particles, the
particles are unable to support the local stress levels and they shear
or void under increasing imposced plastic strain. Continued deformation
should then oc&ur at reduced work hardening rates comparable to that of
the matrix material. The nature of the matrix in this case is cxpected
to differ considerably from the matrix of the underaged material,
especially with respect to the amouﬂt of solid solution ptesent,.gnd
also the scale of the substructure (which influences the rate of dynamic

recovery). It is reasonable to assume from the phase diagram of the Al-

Cu system (Beton and Rollason, 1957-58)}, that the artificial ageing treat-
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ment essentially produces a matrix of commeréial puriﬁy aluminum. The
work hardening béhav;opr of‘lloo—o alloy (annealed, commercial purity)
in bulge testing has been replotted from Wycliffe (1277) in Figure
6-10(b), and it is seen that this is .in reasonable agreement with the
work hardening data for the present artifically aged materials sub;equent
to fhe_initial pericd of deformation. The 1100-0 material éhéws differ-
énces in hardening approaching fracture, but this is expected because of
differences in the fracture.mode and mechanism.

hs mentioned in the previous paragraph, there is a substantial
difference in the matrices of the underaged and averaged materials which
is reflected in the work hardening behaviour. It is possible to rational-
ise this difference in terms of the’proposals of Llovd et al (i978] regaéd—
ing the influences on dynamic recovery in the matrix. The underaged
materials are strengthened by solid solutign {W) and by precipitation of
zones (T4) baoth of which may reduce the efficiency of the dynamic recovery
process compared to the Té ar T7 conditions, and thus maintain their levels

of work hardening to higher strains.

Further informatien regarding the work hardening behaviour may

be gained by considering plots of % - %%— vs € as done in Chapter 5.
Figure 6-10 {c) shows that this representation cffectively separates the
T6 and T7 data at large strains and allows the relative formahility in
terms of the bulge heights of Table 6-3, for example, to be rationalised.
It is also noted that the fracture strains ‘are similar despite the dif-

ferences in work hardening behaviour and, more'importantly, the events

which appear to catalyse the fracture (as illustrated by the fractography

results) .

e o e e e i+ e
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The diffiéﬁlty af generaiising these results to include deforma-
tion under different stresé states is exemplified by the F.L.D.'s and
fracture maps of Figure 6-5. Increasing the work hardening capacity
forces the F.L.D. to higher levels over the entiré range of strain space
investigated, and it has been suggested (Duncan and Bixd, 1978), that a
concurrent decrease in the fracture map may occur as a.result of this.
However}lthe gositions of the present fracture maps indicate that the
fracture of these materials is infiuenced by a number cof additional fac-
tors, including the.éracture stress {Sowerby and Sareen, 1977}, the
stress lrajectory, and the fracture mdde. Fuarthermore, it is possible
that diéferegces in the strain rate gensitivity of the different material
tempers (Harun and MeCormick, 1979) may influence the pdsition of the
fracture map via cffects on the post-uniform ductility. In general, then,
situations where formahility is determinad either fully or partially by
fracture related events must be assessed with feference to a number of
material variables, some of which are common to the assessment of F.L.D.'s.

It is difficult to interpret the fractographic features without
T.E.M. studies of the materials in the plastic strain regime just.prior
to fracture. 1In all cases, the distribution of major_ﬁimples corresponds
to the distribution of the constituent particles. However, the distgibu—

J
tion of the minor dimples changes with the ageing condition. The as-

N~

guenched material shows very few mipor dimples and these are simikﬁ?\iq)

apperance to the void sheets observed in the T4 conditign, indic§ginq
that the dispersoid particles are responsible for these. However, in

the T6 and T7 conditions, therc appears to be a further distribution of

minor dimples of smaller sizes than associated with the void sheets.



e — e 1

150

The cause of these dimples is uncertain, Sut-possiblelmechanisms 6f forma-
tion‘include th; nucleaticn of wvoids %y grain boundary precipitates,
coarse matrix precipitates, and selected sites within celllwalls at tﬁe
edge of the precipitate-free zone, as discussed by séhwellingér (1979) .

It is not known at what stage in the deformation these sm;ller voids arg

nucleated, but it is possible for the case of the coarse matrix precipi-
tates in the artificially aged material that the shearing or voiding pro-
cess suggested to er}ain the work hardening behaviour may be an influ-

encihg factor. Further detailed studies-are necessary ‘to substantiate

this proposal.
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CHAPTER 7
B l
Conclusions
3 .

éommercial age-%ardehable'shget'aluminum alloys are extremely
complex alloﬁ systems whose microstructural features are cfi;ically de-
pendent upon the thermal and mechanical history of their production.
Characterisation of the different 2036-T4 materials suﬁgests that varia-
tions in the Processing of this alioy, eg., chemical composition, solid-
ification rate, solution heat treatment, etc., can produce differences
in the microstructure of this alloy which, although they do not markedly
influence the basic.tensile test parameters routinely‘used in guality
control, have an important influénce on post-uniform deformation and
fracture-related events. The significance of these events is illustrated
by considering deformation.modes close to plane strain tension which
occur frequently during press forming operations wherae bending is in-
volved. ~In these casesl it is likely Ehat the press.formability is re-
lated to the deformation behaviour at large strains where the competi-
tioﬂ-between continued plastic flow and the localisation of strain or
fracture events is more important than the flow properties which are
essentially described by the traditional forming limit diagrams.

The susceptibility of these materials to failure in plane strairn
tension has been utilised in small radius bend tests to qualitatively
discriminate between the materials on the basis of tﬁe condensation of
Strain into localised fracture evénts. Furthermere, it is apparent

that the quench sensitivity of alloy 2036 influences both the localisa-

-
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tionti@ﬁ of séfain {i.e., development of ccarse slip), §nd the linking
of lécal fracture.events (due to the presence of grain bpundary precipi-
tates) during plane strain bending. This suégests that a useful index
for tﬁe comparison of different materials or processing techniques may
be provided by a# accurateldetgymination of the piane_strain ductility.
Material behaviour at large strains, as exemplified by ﬁ;draulic
bulge testing, indicates a major dependence upon the fine scale features
of the micfostructure'(i.e., the ageing dondition), but only'a minor de-
pendence on the large sc;le features (withiﬁ.thekrange provided by the
three as—receivéd 2036-T4 materials). The gbility to sustain work har- .
dening differs greatly between the underaged and overaged conditions of
a given alléy fo:.deformation in either uniaxial ér equi-biaxial tension.
This is evident.in the relative levels of F.L.D.'s for the different
ageing conditions. However, the relationship between the fine scale
particle dispersion and the ability to sustain the work hardening rate
is noé clear, apd further work is needed to elucidaté the contrelling
phenomena.. Fracture characteristics are seen to depend not only on the
ageing condition, but also on the state and level of stress in the
material prior to fracture, and the mechanism by which the fracture is
catalysed. 1In this respect, the determination of fracture maps is use-
ful bécause these allow the effeqts of the above variables to be pre-

sented.
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. ©  APPENDIX

The Hydraulic Bulge Test "
oo \ 4
An octagonal blank is rigidly clamped at the periphery and de-

formed to a symmetrical dome as hydrauli; pressure is applied at one side.

Due to symmetry; the state of stress and strain 3t the pole is:

Ul =0, = g (balanced biaxial tension)

and TR €., = E. = €.

shell subjected to- interndl pre%gure:

Ll

- + = current thickness

initial thickness (measured befofe the test).

ctr
il

The strain at the pole is determined froﬁ-measuring the elonga-
tion of the diameter of a circle on the surface of the diaphragm concen-

tric with the axis of the dome:
) . A ,
\
D
v € = €,y = o) =e=-F
Y o L]

where D° = poriginal diameter

o -
1]

current diameter (measured by a mechanical extensometer)

-

Test Procedure

Hydraulic pressure is supplied and the readings of pressure,

" L
L]

o . '

L.

=
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spherometer and extensometer are taken ht'regular intervals, leading. to
the determination of .current true stress = true strain point (using the
expressions given) -until failure of the specimen 9;curs;

The results can be used to generaﬁe-a true 5tress'% true strain

curve over a wide range of strains as well as the corresponding consti-

tutive egquation.’
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