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SUMMARY

A study has been made of precipitation in a serdies of
wrought magnesium alloys using hardness, tensile properties and
electron microscopy. The use of thin film electron microscopy
necessitated the development of a reproduc:lble foil preparation
technique and because of the fineness of the structures after
ageing at low temperatures, a technique such that this could be
determined unambiguously.

The alloys examined were:- -Mg-6.04 Zn, Mg-6.0% Zn-0.5% Zr,
Mg=-6.C% Zn-1.0% ¥Mn, Mg-0.5% Zr and Mg-0.87 Mn, all but the first
are commercially available. Precipitation has been previously
observed by electron microscopy in all but the two ternary alloys.
The results obtained in certain sections of this investigation
are at varience with those published and in all but one instance
the results presented are conclusive,

The object of this investigation was to explain the
excellent ageing response of the Mg-Zn-ln alloy, the manufacturing
and heat treatment of which were determined by the author in a
previous investigation (M.Sc.1956, University of Aston).

The effect of various thermal treatments on the strength
and microstructure of the first three alloys - listed has been
rxrnined; in the remainder the effect on microstructure only.

The ageing response in the binary Mg-Zn alloy results fram the

similtaneous precipitation of two precipitate morphologies, both



transforming to a third morphology on oontimieﬁ ageing. The
addition of zirconium, whilst producing a very fine grain size,
causes the absence of one of these precipitates. This is
counterbalanced to a large éxtent by the precipitation of a
ZnZr compound during the normal high temperature solution
treatment process.

The addition of manganese to the binary Mg-6.0% Zn alloy
causes a dramatic increase in the rate of ageing and in the
maximium properties. This ternary alloy responds to a double
ageing treatment, but not necessarily by the conventional process
of precipitate refinement alone. Due to the precipitation of
two morphologies, a change in the ratio of the volume fraction of
these also contributes to the strengthening in the alloy. 4
double ageing response is therefore possible without invoking

either the critical temperature or G.P. zone sf.il"ms theories.
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Section 1 - LITERATURE REVIEW

Introduction.

The literature on precipitation hardening is extensive.
A comprehensive review of the literature has been published by
Kelly and Nicholson' and it is interesting to note that this
review contains information on face centred and body centred cubic
alloys only. This scrves to indicate the dearth of research into
this subject in alloys which crystallise in the close packed
hexagonal structure which is undoubtedly due to the relatively
small camercial use of these metals.

The close packed hexagonal structure has a unit cell with

. o and ¥ = 120° with ators
axes a, = a, £ c and angles &= J? =90

stacked in layers ABABAB., The Miller index system describes a
Plane in terms of the reciprocals of the distances from the origin
at which it cuts the principal axes and with orthonormal axes,
similar planes have similar mathematical forms. The cube faces
in face and body centred cubic structures have indices (100),
(010) and (001). When the axes are not orthogenal similar planes
do not have a similar form; the prism planes in Fig. 1.1 are (100),
(010) and (110).

If a third axis is included in the basal plane a four index
notation results which is generally preferred by the metallurgist.
The intercepts are then referred to as a 8 25 and ¢ and a

=1
1.



Figure 1.1. The close packed hexagonal unit cell.



random plane as (hkil) vhere i = - (h + l;). The indices of the
prism planes then became (1010), (4700), (0110), (7010), (1400)
and (0110) and the system is known as Miller-Bravais indices.

With crystallogramic directions Miller indices cannot be
corverted to Miller-Bravais as simply as with plares. A direction
as described with Miller-Bravais has indices such that

d = ua, + + ta, + wo

V2 ¥ 23
and these may be converted to Miller indices U V W using the
equationaz- |
Uau-i:, Vev-t and W=w
To convert Miller to Miller-Bravais indices:-

u=1020V), v=4(-U), t==-(u+v)andw="W
S I 3 , :

This is particularly important when determining the zone
axis of a foil with electron diffraction and errors have been made
as indicated by Partridgez. All planes and dircctions referred
to in this thesis are of the Miller-Bravais form and the results

reported by Ga110t3 .who used the Miller system have. therefore

been converted.

2.



Seotion 2 - Precipitation Hardening in Magnesium Alloys.
Magnesium = Aluminium.

Fisherh', Fox and Lardner5 and many others have studied the

optical metallography of Mg.=A1 alloys after various thermal
treatments. Although there is no eutectoid reaction indicated
in the equilibrium diagram; the microstructure of these alloys
after ageing is remarkably similar to the eutectoild structure

of pearlite in carbon steels. The Mg-A1 saturated solid solution
decomposes discontinuously to form the pearlite type structure
camposed of Mg17 Aq 12 and the solid solution and many of the

terms used in ferrous metallography are equally applicable.

6

Talbot and Norton determined that 507 campletion of

Precipitation was associated with maximum hardhess and Leontis
and Nelson’ cbtained similar results in alloys with small amounts
of zinc. Murakami, Kawano, and Tmmu-aa confirmed previous
results by using thin film electron microscopy. More recently
Clark’ studied the decomposition of a Mg - 9.0% A1 alloy, also
by thin £ilm microscopy and fourd two types of precipitation, a
cellular type and a more gencral precipitation occuring
competitively at most ageing temperatures. He found that the
spacing between the precipitates, in the foarm of plates on the
(0001 )Mg, was too large to harden the matrix significantly and
that (1012) twinning was reduced.

'"Wavy' slip traces were found on deformed aged samples and

3.



considered to be due to cross slip onto (4010) planes and the
hardening to be due to dislocation tangles arising from the
interaction of the basal and prism dislocations.

10 has pointed out a possible error in Clarks

Byrne
conclusions and suggests that *he spacing of precipitates in his
bulk samples for hardness determination will be less than that of
the alloy in the 0.010" thick form used for the thin foil
preparation. Byrne reported a change in particle spacing from
2,580 A° to 450 - 700 A® after heat treating a Mg. = 1.334 Mn
alloy in .005" thick sheet and bulk form respectively.

The spacing in the former at 2,580 A° was considered to
be borderline between a dislocation bowing mechanism, and a
particle cutting mechanism for dislocation/precipitate interaction.
In the latter case, interaction will take the form of particle
cutting.

Magnesium - Manganese.

The equilibrum diagram according to Grogan and Haughtorf“l
is shom in Fig. 1.2. There is some disagreement about the
peritectic point and about the solid solubility. For instance,
at 420°C. the solubility in Fig.2 is 0,154 whilst in the diagram

12

from Jones it is 0.47 Mn. Bryne” reported precipitation of

O\ lin as plates or ribbons perpendioular to the (0001)Mg and

suggested that they were ccherent with these planes and that the

L.
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. relationship is

(111) & ¥n // (0001)Mg and

(170) e Mn // (1070)Mg
Deluca and Bynze“" observed that the precipitate marphology after
% hr. at 316°C. was similar to that after ageing for 3 days and
that the low temperature work hardening rate increased.
Observation of partiole shape and distribution led them to believe
that the precipitate is shcared and that cross slip was not
Possible because of the large aspect ratio of the particles.

There is no appreciable hardeneing effect from a
Precipitation heat treatment in this alloy system and manganese is
added in crder to confer good corrosion resistence.

Magnesium Zino

The equilibrium diagram to 903 2Zn is shown in Fig. 1.3.

The section from 0-85% Zn and from 93~335C has been studied by
Clark and Rhin;ea"s ard the diagram illustrated is according to
these authcrs. The section of the diagram from 0-12% Zn and up
to 400°%C has been re-plotted and is shown in Fig. 1.4 as this
section is pertinant to the present investigation.

Sturkey ard Glarlf'6

exanined alloys in the range 4-204 Zn
after various thermal treatments using hardness, optical and
electron metallography, (with a replica technique) and reflection
electron diffraction. They reported a transition phase, M@n.’
forming as rods perpendicular to the (0001)Mg after ageing for

5.
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1000 hrs. at 260%C.. Diffraction svots could de indexed an a
hexagonal lattice, a = 5.2A° and ¢ = 8, 5A°. Man2 is reported to
have a hc::ngoml structure a = 5.15 A® and ¢ = 8.48 A° and was
considered not to be the equilibrium phase, From the electron
diffraction they concluded that the Hg,Zn‘ rods were orientated such
that their a axis was parallel to the matrix o axis and the MgZn'
¢ axis parfallel to <11 f(>Mg.

Murakami, Kawano and '.‘[‘a.nn.u:n‘l7 used X-Rays and thin film
microscopy in their examination of precipitation in this alloy
system. The X-Ray Iaue method employed involved polychramatic
radiation thus creating difficulty concerning the origin of
diffusion in the diagrams. They reported G.P. zones forming on
(1071 )Mg planes after ageing for short times at low temperatures;
6 hours at 7000 for exanple. They also illustrated these zones
by thin film microscopy at the surprisingly low magnificstion of
13,500 X. They also concluded that zone formation was hindered
and precipitation of LI@n1 accelerated by plastic deformation
brior to ageing.

Clark!®

using thin film electron microscopy, again examined
precipitation in a Mg-5.0. Zn alloy. He showed by hard:ess
changes that a two stage ageing process was occuring with the
first one being due to G.P. zones, which he could not detect.

In the fully precipitated comdition, complex dislocation tangles

eround the MgZn' rods perpendicular to (0001)Mg was considered to

6.



be the strengthening. mechanisn. The MgZn' trensition phase

gave d spacings which were only slightly different from those

of LIan.z: As the Burgers vectors of all dislocations

contributing to plastic deformation in magnesium at room temperaturs
lie in the basal plane, rods perpendicular to the (0001)Mg should

be very effective. The caments by Byzmw

on Clarks previous
results from the Mg-97% A1 alloy are also applicable to these
results on Mg-5%Zn.

Gallot’ examined precivitation in a Mg-6.07Zn alloy by the
rotating single crsystal method using mono-chramatic X-Rays and
thin film electron microscopy. He was unable to prove the
existence of G.P., zones by either of these methods. He confirmed

16

Sturky and Clarks' results on the orientation relationship of the

needles, vhich he calls l[anz:-

-‘jéof MgZn, // 6001_ Mg and

[o001 MgZn, // 4120} Mg
He also detected a secord precipitate in the form of 'discs' on
the (0001 )Mg. This he termed Hanz and the original MgZn, needles
were given the identification Han;.' The orientation relationship
between l’Iang and the matrix was determined as:-

(0001) gzn // (0001) Mg end

f}*l 20, MeZn // 1070, M.
Additionally it was shown that the equilibrium precipitate is
I.Ig22n3 with a triclinic lattice and not lMgZn as thought by Clark. .

7



The unit cell of I\figZan is given as:-
a = 17.2% A° b = 14.45 A° c = 5.20 A°
ol = 960 ‘f::s = 890 X

The orientation relationship is given as:-

138°

[001_] Mg)Zny // {10T0Mg and the other probably:-

[100]} ¥g,2n; // L12250g.
Mg,2n; is cbserved after periods of ageing of 1-8 days at 250%C
and appears as large irregular plates on the (1010) Mg.

Hal1'? examined precipitation hardening by hardness and
thin foil microscopy in Mg-6.0,5 Zn and Mg-6.03 Zn - 1.0% Au
(the second alloy having an erhanced 'single' and 'double' ageing
response as shown by Stmtfordzo, 1966). By employing a direct
quenching tecl'miql.;e he was able to show that the binary alloy has
a G.P. zone solvus of 75-8000 vhilst the termary has a solvus of
110 - 11500 and that both alloys are capable of responding to a
'split' ageing tr:atment.

Loriner21 also examined precipitation in the same Mg-Zn-Au
alloy as Hall and obtained a G.P. zone solvus of 11 0"-'-500,
determined by a direct quenching method. Neither Hall nor
Lorimer detected G.P. zones in either the Mg-Zn or the }z-Zn-Au
alloys. Lorimer in his Ph.D. thesis has misinterpreted the
results presented by Murakami et al '/ by indicating that these
authors could be mistaken in concluding that G.P. zones in the

Mg-Zn alloy are in the form of plates on (1010)lig. He. suggests

8-



that the plates are more likely to be needles, perpendicular to
(0001 )Mg as this would produce an identical streaking effect
during diffraction. lMurokami ct al in fact reported G.P. zones
a.'s.s plates on (1074 )Mg which is at 62° to (0001 )Mg and could not
be mistaken for needles perpendicular to (0001)Mg..

Additionally the enhanced response of the Mg-Zn-Au alloy
was explained on the basis that the gold addition served to raise
the G.P, zone solvus from 75-80%C. to 140%. It vas suzgested
that the addition of manganese would have a similar effect and
thercfore both those elements were analogous to silver when
alloyed with the A{1-Zn-lMg alloys in that the zone solvus was
raised, It was prorosed that the nucleation and growth of
precipitates in these three magnesium alloy;: could be explained
on the nucleation theory for precipitates in aluminium alloys.

Neither Hall nor Lorimer indicate foil orientation in their
results, It will be shown that this is a most important factor
when examining, by transmission electron microacopy a close packed
hexagonal alley in which the precipitate is in the form of needles
with an aspect ratio that can be a large as 180:1.

Stra.tford2o using tensile properties, examined the ageing
response of a Mg = 6.042n - 1.04 ¥n alloy. It was demonstrated
that the ageing response in this alloy was such that the 0.1% P.S.

as solution treated could be more than doubled, from 12.0
t.s.i. to 25.0 t.s.i.. The elastic properties achieved were
considerably better than thos obtained in any other wrought

9.



magnesium alloy.

The ageing response was shown to be related to the
monganese content and this was considered to be due to the
formation of a termary commound. X-Ray powder diffraction of
this phase gave inter planer spacings vhich could be indcxed on
a hexagonal unit cell of a = 5.1 Kx ¢ = 16.7 Kx and ©/a = 3.26.
It was also shown that the ageing response is rclated to the delay
between solution trcatment and ageing and that an incieasing delay
increases the maximum properties and the rate of artificial
ageing,

Of practical importance is that the new alloy is capable
of manufacture on an industrial scale into a wide range of

extrusion shapes and sizes.

Magnesium Zirconiumn.

The Mg-Zr equilibrium diagram according to Schaum and
131.11'31.{:1:1:22 is shown in Fig. 1.5. and is a peritectic system with a
steeply falling solid solubility with temperature, althouth there
is no published evidence of precipitation of X 2r. A limit of
about 0.6 - 0.8} Zr is encounterred when manufacturing this alloy
by normal alloyi:g procedurcs. In the solid state, there is a
strong tendency for the zixzonium to form a hydride during thermal

treatment in air circulating furnaces, due to the presence of

water vapour in the atmosphere.

10.
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Examination of the Mg - 0.5% 2Zr alloy has been directed
toward oreep and high temperature deformation studies and |
Greenfield, Smith and Ta;ylorz's have shown an increase in .creep
resistance when this alloy is heat treated in moist 002 at 60000..
This was considered to be due “o the formation of zirconium
hydride and the grain coarsening that occurs at 600°C. .

Harris, Partridge, ‘Eeles and Riclm.rdszl*' studied the
structure of zirconium hydride and showed that it was the é
form and face centred tetragonal with a = 4.97 and ¢ = L.46A°,
Tvio morphologies were found, hexagonal discs or rectangular
Platelets with the major faces of the hexagonal discs parallel
to {1120 Mg,

Harris and Pa.rtridge25 concluded that zirconium hydride
forms preferentially at. grain boundries and on dislocations
during hydriding a homogenised Mg - 0.6% Zr. alloy. They
determined that precipitation also occurs during creep in a moist
atmosphere and that the precipitate distribution has a marked
effect on the rupture ductility. They showed a loss of rupture
ductility fram 50 to 3% when creep testing alloys at 400°C. which
had been hydrided in the as ex.ruded and the as homogenised
condition respectively.

27

Mushovic™’ examined hydrided Mg‘ - 0.6% Zr using tensile

properties at various temperatures and thin film microscopy.

1.



He detected small spherical particles apparently ccherent with the

matrix which had not been previously reported.

Hagnesium = Thorium.

This alloy system has received considerable attention
because of the good creep resistance of magnesium thorium alloys.
Yamamoto and Rostoker28 have studied this binary system and also
the Mg-Th-Zr ternary system. They showed that the addition of
zirconium slightly reduces the thorium content of the eutcctic:
Stur%rzg using electron diffraction in the reflection geomctry
identified a metastable Laves phase, this preceeds the equilibrum
phasc which he identified as Mgh « The metastable phase is
reported as face centred cubic as is the equilibrium rhase
ligTh, a = 1h.34°.

Electrical resistivity andtransmission electron microscopy
were used by Murakami et 21°% in a study of a lg-4¢Th alloy.

They concluded that G.P., zones were formed in this alloy although
the micrographs showing this are not conclusive, as with the
Previous results published by these authors on the Mg-Zn17 system.
The results on these two alloy systems by these authors are the

only reported obscrvation of G.P. zones in a hexagonal close

packed alloy.

12,



Magnegium = Thoriun = Zirconiun.
Mushov:i.o27 examined the agsing prooess in this allagy

system using tensile properties at various temperatures and with
thin film microscopy. There is no effect of zirconium on the
precipitation mechanism and the alloy can be considered as a

binary magnesium thorium alloy, He reported that thorium atams
segregated to certain lattice planes and that the first precipitate
to form at 325°C. has an ordered hexagonal close packed structure
with a probable camposition of ngTh. At longer ageing times

the metastable Laves phase Mngh is formed and has face centred
cubic symmetry and grows as plates at right angles to (0004)Mg

in a direcction parallel to 41§O> Mg. This is contrary to the

rcsults of Sturlcey29

who rcported these plates as being on the
(0001)Mg, but the evidence prescnted by Mushovic is conclusive.
The cvidence demonstrating the initial diffusion is not
conclusive as it is from an image formed using a (1011 )Mg diffracted
beam, The "streaking" perporting to show a perturbance of the
matrix lattice by thorium atoms can also be explaincd by the
presence of magnesium oxide on the surfaces of the foll., Using
a (1011)Mg diffracted beam (@ (1011) Mg = 2.4 A°) to form an
image from a foil with an oxide present (d (111) MgO = 2.43 A°)
could result in the imaging of the oxide. The 'streaking' would
result if the diffracted becam image was formed by displacing the

objective aperture thereby causing severe astigmatism.

13,



The.orientation of the semi~-ccherent Laves phase was
reported to be:- _
(111) Mg,Th. // (0001) Mg. and
<220>Mg2Th. // <11§o> Mg.
The electron diffraction pattern fraom which this was detcrmined is
remarkably similar to one nublished by Hales, Dobson and Smallman31.
These authors examincd oxidation of pure magnesium by beam heating
in an electron microscope and showed a preferential oxide/metal
orientation rclationship of':- _
(111) M0 // (0001) Mg. and
<220) Mo // <11§0> Mg.
In a sccond publication by Mushovic and Stoloffo2 the original
diffraction pattern is again presented but printed slightly
differently. This clcarly shows two continuous rings, the inncr
arising from a spacing of 2.1 Ao, the outer from 1..48 A° and the |
outer one shows intensity maxinma close to the (1120)Mg diffraction
spots as reported by Hales ct al.
d (100) Mg0 = 2.106 A° I{ =100 and

d (220) MeO 1.489 I/I, = 52, A.S.T.M. index.

I

Intermetallic Compounds.

Before presenting the results of this investigation it is

prudent to examine the published results with reg:rd to the

14.



intermetallic compounds in tho Mgén alloy system. A gemral
outline has been given in the literature review but it is proposed
to examine the comvounds in more detail, particularly Manz.
Included in this examination is the termary Mg-Zn-Mn intermetallio
identificd by the author in a previous investigationzo. The
intermetallic -compounda in question are Mg7Zn3, M322n3: MgZn,
Man2 and the termary ZnLMg5Mn. The date for the first three
erc from Clark and Rhines' and for MgZn, from the A.S.T.M. index.

The spacings of the ternary campound from previous work,
have been redetermined with chromium radiation instead of copper
to enable the large d spacings to be measured with increased
accuracy. The interplanar spacings are illustrated graphically
in Fig4.6(a) and ().

Spacings calculated for two hexagonal unit cells based on
a =52, c=8.8 A° ard a = 5.2 ¢ = 17.14 A° arc also included.
The former is the supposed unit cell for M@nz and the latter, the
unit cell giving the best fit on a Hull-Davy chart for hexagonal

symmetry for the termary campound.

Mﬁ?'

Referring to Figd.6(a) and (b), the important fact to note
is that the measured inter-plana specings cannot be completely
accounted for by the caloulated spacings, additionly an interplanar
spacing as large os 5.2 A® is not possible with the unit coll

15.
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indicated.

The spacings used for this phase in the present investigation
are based on the calculated values. Ge:.llu::it;3 determined the
structure of MgZn, (ncedles) as hexagoral a = 5.2 © = 8,5 A° and
Mgzng (discs) also hexagonal a = 5.2 and ¢ = 8,48 A°, . He
concludes from similarities in intensities that these are both
I.*Ig,an as given in the A4.S.T.lM. index although he does not mention
the serious discrepency between the calculated d spacings from

such a unit cell and those froa the index.

MpZn,

This according to Clark and R‘ninesj 5: ig the ecquilibriun
phase, although morc recent work by Gr.zZIJ.cuf:3 has shown that the
equilibrium phase is l’Igaan. MgZn is reported to be hexagonal
with a = 5.33 and ¢ = 8.58 A° although certain weak reflections
indicate that this ccll should be doubled.

15\&[::1{:3eha.n""2 suggests the structure is better described as

an orthorhombic structure with

aq = )Jj& (10:1-0) = 9.23 AO

b = Q_L-(11§0) = 5,33 A°

¢ = 17.16 A°
.I:fzﬁjﬁﬁil_%é&}

Gallot” deternined the unit cell of HgyZn, as tri-clinic.

with
16..



a = 17.24 A° D = 96°
b = 1445 A° /3 - 89°
c = 5.2 A° Yy = 138°
Mg Zns is not stable below 325°C and has therefore not been
encountered in investigations into the low temperature ageing of
the dilute alloys.

Iernary Fhase,

The spacings of this phase are sych that a hexagopal unit
cell a = 5,2 A° o = 17.1 A® can account for nearly q.il the
otserved spacings. The spacings not acoounted for with this
unit cell can be indexed by dcubling the g spacing to 34 A%  No
attempt has been made to solve this structure uniqualy but th_e
measured d spacings have been used in the present examination of

the ternary alloy.

7.



CHAPTER 2.

Theoretical Concepts.

Section 4 _;_Hanogenegug&glg_aﬁ;%.

The rcaction

> X, + B

where O(' is a saturated solution,0< the solution at equilibrium
wz.’chﬂ the equilibrium phase between two metals isperhaps the most
widely used and investigated and Dossibly the least understood in
the field of metallurgy. There are numerous camdlexities
encountered in attempting tocormlotoly exnlain this reaction and
many theories have been postulated. In condensed systems the
major di;_“ficulty is related to the accamnc‘ﬁation of thef< phase
by the 0(2 phase as there are almost invariably dilatation
effects accompanying the process. The elastic properties of the
matrix will coﬁatrain or perhaps modify any process demanding a
deviation from normal. There is an added complication in that
initially the precipitate is generally ccherent with the matrix.
A coherent interface by definition has nof;‘g}‘face energy and this
situation is approached with small interfaces. 1W-':H:h increasing
area the misfit can be accomnodated by elastic strain in both the
matrix and precipitate. The strain energy can be removed by the
presence of an interface dislocation1 and if the number of

dislocations/unit area is small then large parts of the interface

can remain coherent and the vliole interface termed semi=-ccherent.
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A large number of dislocations/unit area results in a complete

loss of ccherency and gives an incch rent intorf-cc. Any anisotropy
of elastic moduli of the matrix can have a significant effect on
précipitate orientation and coherency with the matrix. Any

change in anisotropy with temperature will be important as most
reactions are carried out at relatively elevated temperatures.

Nicholsonﬁ has discussed some recent ideas on precipitate
micleation in alloys, distinguishing between a thermally activated
nucleation process and one where the alloy is unstable to small
fluctuations in camposition and decamposes spontancously. The
former is termed a nucleation and growth transformation the latter
spinodal decomposition. This is illustraded in Fig. 2.4 which
is an hypothetical free energy/camposition diagrom,

The composition of the supersaturated alloy is represented
by Cy with a free energy F. The composition of the matrix and
precipitate at the reaction temperature is represented by Cm and
Cp and free energics Fm and Fp. initial composition CI frce energy
F decomposes to Cm and Cp and free energies Pm and Fp, the free
encrgy of the system falls from F to an average free energy shown
by F1. At earlier stages the average free energy is lowered, as
illustreded by the line commecting C'm to G'p with an avernge
free encrgy of FZ' There is therefore a continuous lowering of
the energy in the system accamparnying transformation, and this

brocess represents spinodal decomposition.
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FREE ENERGY.

Figure 2.1.

Cm. Ci. Cp.
COMPOSITION.

Hypothetical free energy/composition
diagram illustrating spinodal decomposition.



A second example is shovn in Fig. 2,2 but in this instanoce

the initial composition GI is displaced towards Cm, C. will

I
decompose as before to Cm, Fm and Cp, Fp with an average free

energy F It is evident that at the very early stages of

1.
transformation a situation is reached where a rise in the average
free energy is demanded, This is illustrated by the line joining

1m to G1p with free energyIFz. It can be

an intermediate stage C
seen -that F2 is greater than F and F{ and a thermally activated
nucleation step is required., This is in contrast to the situation
illustrated in Fig. 2.1 where there is no thermodynamic barrier to
transformation. The transition between these two processes depends
on the point of inflexion on the free energy curves with respect
to the initial composition of the alloy. The increase in free
energy is required when C; is between Cm and %;5 = 0 the point of
inflexion on the curve. The transition between the two processes
is therefore not precise,

The composition profiles for the initial decomposition in
each process is shown in Fig, 2,3, Fig. 2.3 (a) shows the
spinodal decomposition profile and it is typified by a diffuse
interface and continued decomposition by diffusion of solute from
solute poor to solute rich regions., With fhe nucleation and
growth process the interface is sharp and continued growth takes

place by solute diffusion down the solute concentration gradient

as shown in Fig, 2.3 (b).
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FREE ENERGY.

COMPOSITION.

Figure 2.2. As Fig.2.1. illustrating a nucleation
and growth transformation.



DISTANCE.
(a)

DISTANCE.
(b)

Figure 2.3. Concentration profile for
(@) spinodal decomposition, and
(b) classical nucleation and growth.



An additional important feature illustrated in Fig. 2.2. is
that during the very early stages of decomposition the initial
precipitate can be in equilibrium with a more concentrated solid
solution than indicated by the equilibrium diagram.

The loci of the points of inflexion at different temperetures
and compositions results in a further line on the equilibrium
diagram, the spinodal line, This line is also & solvus and in
the above case would be termed the G.P. zone solvus. This is
illustrated for a general case in Fig. 2.4. Consider an alloy,
composition C which intersects the two solvus lines at T1 and T2°C..
If the alloy is heated above T1 and then cooled rapidly to room
temperature to produce a saturated solid solution and then heated
to thecX + /3 range between T1 and T2 only the equilibrium phase
will form and below T2 the metastable phase will form. This does
not necessarily mean that the equilibrium phase will not precipitate
below Tz, it means that the activation energy for zone formation is
lower than far the stable phase. Fig. 2.4 can represent a
particular case by adjusting the room temperature position with
respect to T1 and T2, The three possible positions for room
temperature are (a) below T, (b) between T, and T, (c) above T,
and as (c) represents complete solubility at romm temperature it
will not be considered further.

IrT A2 the artificial ageing temperature and RT are both

below T, or both between T1 ard T2 then the decomposition will
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by the loci of the points of inflexion in
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proceed according to the equilibrium dia_gram. If RT is below 'I‘2
and T A above T2 then dmﬂatic changes in the transfdrmation are
possible if the metastable phase can nucleate the equilibrium
phase. (It is assumed that the temperature of the quenching
medium is roecm temperature). The metastable phase can act as a

nucleus if it has reached a size dc which is stable to the rise

rit
in temperature from room temperature to the higher ageing temperature

Two theories have been proposed to explain the: changes
resulting from "two stage" ageing, these are the "Thermodynamic"
and "kinetic" theories. The former is due to Nicholson and his
co-workers and the latter to Pashley and his c.o-'workcrs. This
distinction is probably artificial in that arny transformation
process must imvolve both kinetics and thermodynamics. Nicholson
refers to T2 (Fig. 2..’4.) ag the G.P. zone solvus temperature and
Pashley as the temperature above which homogeneous self nucleation
of clusters will not occur. Once the alloy is below T, (T.G.P. or
~Torit.) the two theories diverge and the "thermodynamic" approach
requires that all the excess solute is out of solution in the form
of clusters or zones whilst the "Kinetic" apr;»mach requires a
saturated. solution.

The driving force for growth in the fc;muer instance is the
reduction of total surface area of the interface by a ':r."ip_:gning'
process, the initial clusters having formed during the quench or |
immediately afterwards. The kinetic theory, on the other hand,

¢
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demands that zones will form and grow after the quench, due to the
gsolute super-saturation. Both theories recognise the existence
of a critical zone size which can nucleate the equilibrium phase
as outlined above., In terms of zone growth these two theories
are illustrated schematically in Fig. 2.5.,, which shows the
change in number at a size with size., It is not intended that
the scales on the number at size axes in Fig. 2.5 (a) and (D)
are identical but it is intended that dcrit is the same.

Fig, 2.5 (a) shows the predicted distribution curves with
increasing time below T2 for the thermodynamic and 2.5 (b) for
the kinetic theory. The difference between the two theories is
evident as is their similarity. They are similar in that
increasing time displaces the distributionlcurve to the right
thereby increasing the number of zones above the critical size
dcrit’ defined previously giving a progressively increasing
number of zones which will nucleate the equilibrium phase. The
essential difference between the two theories is in the manner
in which these distribution curves change with time. The
coarsening theory demands a large number of small zones growing
to a decreasing number of larger zones, The kinetic theory
depends on the increasing size of a constant number of zones,
although there is an increase in number initially to attain this
constant value.

Experiments to demonstrate this change have been performed
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and the effect of increasing time (t1 to t L) demonstrated.

Because of the fineness of the structures involved, examinatiocn by
thin film electron microscopy has 'heen limited to observing the
structure after ageing at a sccond higher temperature. Any change
in struocture in terms of preciritate size and distribution can be
interpreted as a change in the number of zones above dcrit. and

as indicated previously both theories coincide when the zone size
is greater than this value. It is therefore not surprising that
the observed changes can be explained satisfactorily by both
theories.

Conclusive proof will involve examining zone formation with
time at a constant temperature and there are two difficulties
enccuntered when attempting to carry out this experiment with thin
film electron microscopy. Firstly there is the -r_sibility of the
zones themselves and secondly the very significant effect of foil
thickness at these small particle sizes in attcmpting to determine
the number of particles. The only satisfactory method is to
examine a constant arca of a solution treated and quenched sample
in the form of a foil, after various intervals of natural ageing.
This technique will introduce .cher difficulties. ' The woll
suriaces and any vacancy effect from the surface oxide, for
instance. The proximity of the zones to the surface should be
dectectable by asymmetrical strain fields. If the “themodym{mio"

theory is correct, zones should became visible (or be visible) then
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increase in size and deorcase in number wheras with the "kinetic!
theory an increase in size at a constant nwnb_er would occur,
although size should stabilize as dictated by the temperature of
ageing.

A second critical size can be included in Figs. 2.5(a) and
(b), that is the resolution of the microscope., It can be seen
then, that both theories will predict an increase in the number
visible., It is only by examining the change in the shape of
the distribution curve and comparing this with the change expected

from a ripening process that an indication of the correct theory

will be obtained.

Section 2 - Determination of the Metastable Phase Boundary,

Therc are two basic techniques for locating the meta’ stable
rhase boundary these ares-

(a) Direct quenching

(b) Reversion heat treatment.

To determmine the ccmplete solvus line the experiments are

repeated with a number of alloy compositions.

Direct Quenching,

The sample is heated in the single phase region and quenched
to a lower temperature and maintained at this temperature for the

time required to give maximum properties at that temperature
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normally. This is repeated for a lower quenchant and ageing
temperature until a dramatic change in the quantity and size of
the precipitate occurs and a refinement of about 1000:1 in
precipitation occurs over a small temperature range.ﬂ" It has
been shown that quenching rate effects this temperaturej 2
significantly in that rapid quenching with its associated excess
vacancies increases the apparent metastable phase boundary. In
Al - 17.5%Zn an increase of 5%C. is observed when changing from

oil to salt quenching but with A1 - 1.2%1«13285. this difference is

30°¢, , 2?2

Section 3 - Reversion Heat Treatments,
In this instance the sample is solution treated and quenched
to room temperanture and zllowed to maturally age to give a
seénsible increase in hardness. The sample is then re-heated
to various temperatures for various times and any re-solution
of zones will result in a loss of hardness. Maximum loss will
occur when all the zcnes are dissolved i.e. at tcmperatures above
the solvus. The temperature at which the loss reaches a maximm
is defined at the meta stable vhase boundary temperature for that
alloy composition. This technique is that developed by Bet®n and
Rollason. 36
Differences between the critical temperature as detemined

by both methods have been shown35 and for an Al - 17.542n T

orit.
py direct quenching is 160°C. and by reversion 170%..
26,



Section 4 - Heterogeneous Nucleation.

It has long been recognised ?203% that the rate of
fcrmation and growth of zones in aluminium copper alloys is many
orders of magnitude greater than that indicated by the calculated
diffusion of copper, measured at high temperatures and interpolated
to the ageing temperature. It is considered that an excess of
thermal vacancies retained during the quench after a high
temperature solution treat..ent is responsible for this discrepanocy.

The supersaturation of vacancies on quenching is related to
the solution treatment tempernture TC by

Cv =Aeoxp ( %

A = Constant

Ef = Energy of formation of a vacancy.

K = Boltzmamm's constant.

At high temperatures C_ is considered to be about 10™%/oc
i.c. every 10,000th atom site is a vacancy, giving -‘IO19 vacancies/
CC.. At room temperature the equilibrium concentration is around
10'20 i.e, about 100/cc so that a loss of vacancies by nuclection
of vacancy clusters or migrat:ll.on to vacancy sinks must occur during
or immediately af'ter the quench, |

In an A1 = 4% Cu alloy (approximately 2 atom::.c / Cu) there
are 2 x 10 21 atoms of copper/cc., giving a ratio of 200'1 Cu
atoms ¢ vacancies. The dromatic effect of vacancies is possibly

related to the repeated transfer of solute/vacancy pairs until the

27,



vacancy is lost to a sink. Many solute atoms can therefore
experience an enchanced diffusion rate from a single very mobile
vacancy and the zone growth will be abnormally high.

As nucleation requires the formation of an interface within
the system any location in the natrix where the surface energy is
low will emble the activation energy to be decreased such that
an equilibrium phase can form without the formation of a transition
phase, Local areas satisfying this condition are grain boundaries
dislocation lines and stacking faults. It is well known that
Precipitation of an equilibrium phase can occur at a grain
boundary whilst precipitation is absent or at an early stage
within the grain.

Dislocations can be introduced by cold work, stresses
arising from quenching, and by condensation of excess vacancies.
Precipitation on dislocations as with grain boundaries leads to a
decrease in the surfoce energy térﬂlsince any misfit of the
precipitate can be accommodated by a decrzase in the line tension
of the dislocation. If the precipitate is partially coherent
and its misfit vector is parallel to the Burgers Vector of the
dislocation the growth rate will be enhanced and the larger the
misfit between solute and solvent the greater will be the effect
of dislocations. A dislocation will have little effect on the

growth of a cohcrent precipitate.
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Nucleation of precipitates on stacking faults is related to
the layer of matrix with a different crystal structure and to the
presense of partial dislocations and the change in activation

enersy.
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CHAPTER 3.

Section 1 ~ Contrast from Second Phase Particles.

Second phase particles are primarily detected in thin films

by two contrast mec:lw.nis.m.e;l'n

s these ares-
(a) Matrix contrast.

(b) Particle contrast.

Matrix Contrast.

Matrix contrast results from o perturbance in an otherwise
geometrically perfect lattice and the ability to detect this
returbance by an alteration of the diffraction conditions. As
there is a morked similarity between dislocation contrast and
contrast from any strain field associated with a prccipitate the
contrast mechanism for a dislocation will be described and the
relevance indicated.

If % the reciprocal lattice vector for a crystalline
matrix is such that S, the displacement veoctor is not on the
sphere of reflection then diffraction will not occur. If the
perturbance causes local areas of the matrix lattice to rotate
then g can be changed to a condition where S = O and strong
diffraction occurs. The perturbance can then be imaged. This
is illustrated in Fig. 3.4. The reciprocal lattice from the

undistorted matrix is represented by g, displaccment vector 82 and
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Figure 3.1.

Schematic representation of the
imaging of a dislocation.



as S, #Z O there is no diffraction. The vectors for the affected
planes are gy andax. With gx, 8, # 0 but with gy 8 =0 and
hence gy will give strong diffraction and therefore be visible. If
the specimen it tilted such that 82 = 0 i.e. a bend contour, the
dislocation will be invisible.

If on one side of the bend contour 32 is below the sphere
of reflection and 8, = 0 and on the other side S, is above and
S = 0, each half of the dislocation will be imaged on opposite
sides of the contour. |

The visibility of the dislocation is best understood by
considering the planes parallel to the surface of Fig. 3.1. These
are not affccted by the presence of the dislocation and g is at
right angles to the surface: gand b (the Burgers vector of the
dislocation) are at right angles. The scaler product between g
’ and. b is /e/x /v/ xCos & =0 as Cos 90° = 0
Dislocatiaons are thereforc not visible when g.b = 0O

]E’:;xr"l:::-idg,e2 gives a table of walues for g.b for the first
asvan FeEldoticis and Sar %< 11§0> L <11§3> and <ooo1> type
Burgers vectors for the close packed hexagonal structure.

Considering a second phrges- if it is not ccherent or :13-
coherent and not causing strain, no contrast will result. These
two conditions are rcpresented in Fig. 3.2 (a) and 3.2(b)

respectively.

Fig.3.3(a) and 3.3(b) illustrate the case with a ccherent
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Figure 3:2. Cross section of two particles
(@) incoherent, and
(b) coherent,
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Figure 3.3. Cross section of three coherent
particles with
(@) spherical particle with a negative
misfit,
(b) with a positive misfit and
(c) a disc shaped particle with a
negative misfit.



particle causing strain. In Fig., 3.3(a) by a negative misfit
and 3.3(b) with a positive misfit. The associatcd matrix
perturbance can be secn and thercfore as with the dislocation,
will be detected under certain diffracting conditions.

A'line of no contrast! will occur and with the operating g
as indicated it will be vertical through the undeviated lattice.
Fig. 3.3(c) illustrates the case of a disc which is ccherent on
its faces and its rim. With the operating g as in 3.3(a) and
3.3.(b) e=® the "no contrast" will be vertical and widened to
form a circle. The resulting appearance will be of a 'ring'.

The predicted contrast from a spherically symetrical
stroined particle in an isotropic matrix is shown in Fig. 3..4.

41

after Ashby and Brown. Fig. 3.5 shows the predicted variation

of the image width in Fig. 3.) as a function of Eggoj
2
€5

Extinction distance of the operating reflection

é = In 'situ' strain.

5

ro = Radius of the particle.

This functicn is analogous to the parameter g.b in dislocation
contrast theory. The only unknown in the above cxpression is é
By comparing measurements of strain fields from 30 particles of
Cobalt in a Cu-Co alloy with the calculated values, good agreement

was achieved. The strain is calculated from:~-
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Figure 3.4.

Predicted strain field image around a
spherically symmetrical precipitate.
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where k = Bulk modulus of the precipitate

E = Youngs Modulus of the matrix

b = DPoissons ratio of the matrix
D = Misfit = 2 (a1 - 32!

The above technique has been extended to examine the contrast

. from a disc precipitate, but the whole technique is considerably
nore difficult. Assuming that the greatest misfit occurs normal
to the plane of the disc and that the ratio radius:thickness is
high a series of relationships as shown in Fig. 3.6 is obtained.
ol
gz

g

bp is related to the misfit, analogous to a dislocation loop with

In the function g.bp Cos ©

a perturbance of a fraction of a Burgers vector,g is the misfit,
and strain given by bp =AL § vhere AL is the thickmess of the
disc. e is the angle between g and the direction normal to the
disc or its projected direction in the plane of the foil. The
function is similar to the previous one for the spherical case with
pure dilation.

There are many problems associated with these relationships
and difficulties are considerable when calculating the "in situ"
strain, for instance anisotropy of moduli of matrix and -precipitate

are complicating factors.
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Predicted variation of coherency strain
field image width for a disc shaped particle.



It is possible to use the strain field contrast to determine
the sense of the strain, this is considerably easicr. It is
possible to determine whether the strain is negative or positive
i.e. the situation shown in Figs. 3.3(&) and 3.3(b) respectively.

If the particle is within './‘,2 of either surface of the
foil, large asymmetrical strain fields are predicted due to a

surface relaxation effect. This is illustrated in Fig. 3.7 along

with the analysis required to determine the sense of the strain:

Dislocation Ring Contrast.

This arises from the perturbance of the matrix and/or
precipitate plancs and causes contrast as for the case of a
dislocation. It can arise fram a ccherent or partially coherent
precipitate but it is gencrally stronger for the partially coherent
condition since b is effectively large. In the case of thin disc
type precipitates perpendicular to the electronbeam this can be
an important contrast prcocss as other contrast mechanisms are
inoperative in this condition. This has been illustrated in Fig.
3.3(c).

Section 2 - Precipitate Contrast

The second phase itself can produce contrast through four
effects listed below:-

(1) Structure factor.-

b
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from a precipitate.



(ii) Orientation.
(1ii) Displacement fringes.

/!
(iv) Moire fringes

Structure Factor Contrast

This arises from the difference in extinction distance
brought about by the localised presence of solute atoms and gives

an apparent increase in foil thickness and contrast is poasible.

Orientation Contrast

Orientation contrast results if the particle is of a size
and suitable orientation to produce its own diffraction pattern.
If the matrix is strongly diffracting and the prececipitate is not
or vice versa strong contrast results. If the precipitate is
diffracting strongly Sp = 0, then conditions for diffracted beam
microscopy of the precipitate am ideal. This results in simple

sharp images of the precipitate if the beam can be tilted into the

optical axis of the microscope.

This is the most cammon form of contrast encountered in

crystalline solids.

Displacement Fringe Contrast

This occurs where there is a tronslation of a set of
matrix planes which causes a change in the phase of the incident

and diffracted waves. This can be caused by a semi-ccherent
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particle, stacking fault or a grain bourdary and the fringes define
regions of constant depth in the foil. On a planer precipitate
they run parallel to the line of intersection of the precipitate

disc and the foil surface.

Moiré Fringe Contrast

Moird fringes result when two crystals overlap. The lattice
paramcters can be different and the lattice plares parallel or the
parameters equal but not parallel. The optical anologuc of thesec
two conditions is shown in Fig. 3.8. Fig. 3.8(a) is for dissimilar
plancs ard Fig. 3.8.(b) for identical planes.

Additionally a perturbance in one of the lattices is
effectively magnified thus allowing resclution of structures below
the resolution of the microscope. The optical anologue is shown
in Fig. 3.9. Fig. 3.9(a) respresents a dislocation in a parallel
moiré pattern from equal lattice spacings, Fig. 3.9(b) from different
spacings. The situations illustrated by Fig. 3.8(a) and 3.9(b)
are to be expected from a precipitate/matrix interaction due to
the dissimilar lattices.

The moiré spacing from different lattice spacings and
parallel is:-

D = 61 cil2 «3{‘1 = d spacing matrix
161 - 62‘ 62 = d spacing ppte

and with equal lattice spacing but rotated
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D= d o = angle between gratings
2“.51:\%

This is.generally cxpressed as D = d for small angles.

<,
/
With different spacings and a small rotation the moire
spacing is given by :~
D =—~” d1 d

[(d -,)° 3,3, X’ ]1/2

Moiré fringes do not involwe an electron wavelength function,

therefore the spacing is not dependant on the accelerating voltage.
Ldditionally as they occur when lattice planes of both matrix and
precipitate are parallel, (éven'with a rotation pattern in the
orthogonal direction) the direction of the pattern is detcrmined
by the operating rcflections only.

These two factors enable the origin of any fringe pattern
contrast o be established as the two conditions for meird formation
are strict and easily checked.

The alloy systems cxamined in this investigation have
produced precipitate/matrix relationships such that all of these

contrast mechanisms have bcen observed.
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CHAFTER L.

Section 1 = Experimental Procedure.

Preparation and Fabrication of Materials.

The alloys were manufactured from commercial purity
materials by the usual industrial processes for mz;.gncsimn alloys.
The alloys cxamined were nominally:- Mg.=6.0% Zn,~1.0%Mn.,
Mg, =6.0%Zn., and Mg.-6.0%2n. -0, 5%%r. 3 these will be referred to
as Zl64, Z6 and ZW6. During the investigation it was found
necessary to examine two further alloys, Mg.-0.8AlMn. and Mg.-
0.542r.; referred to as MNBO and ZA respectively. The composition

of the alloys in the wrought condition is shown in Table I.

Toble T.

Llloy % Zn. | Mn. | % M| Fe. |0 8i. | % 2r. | CGroin Sizp¥
zM61(h)| 6.14 | .80 | = 010 | 004t =~ . 005"
zM61(B)| 6.32 | 1.18 | - .011| .003| =~ <002"
ZW6 5921 .01 | - .005{ .001| =~ .00t " J
26 5.9, .01 | - .008 | .0101 =~ 002" |
MNBO - 0.82 | - 007 | -~ - . 060"

ZA - - ® 1 .006 | .001| 0.55 . 080"

* Grain size after solution treatment.
The alloys were semi-continuously cast into 7 feet long
billets at 2 inches per minute, the ZM61, Z6 and ZW6 into 12 inch
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diameter and the MNBO and ZA into 8% inch diemeter billets. The
billets were machined and cut to a suitable length for extrusion.
The ZM64 and ZW6 were extruded at L00C at 2 feet per minute and
the 26 at 330°C and 2 feet per mimute. The MN8O and ZA were
extruded at 420°C. at 20 feet per minute. The 26 and ZW6 were
extruded into 3 inch diameter, the ZM61 into 2 inch diameter and
the MNBO into 13 inch diameter bar. The ZA was cxtruded into
3" x 4" flat strip.

The profound effect of position in the extrusion length on
tensile properties in the solution trcated condition after
extrusion at temperatures around 300°%. has been demonstrated.20

The 3 inch diameter bar was thercforc chosen
to enable the .ageing respons¢ to be determined over the shortest
possible length. of extrusion. Eight 0.75 inch diameter x 9 inch
long bars could be removed fram a 9 inch length of this extrusion.
The tensile properties of the 26 and ZW6 are from an 8 feet length
removed from the middle of the 50 feet long extrusion. The
tensile propertics at the front and back positions of this eight

fecet length were checked; the difference was insignificant.

Heat Treatment.

Samples used in the direct quenching experiment were
solution treated in o fluidised bed controlled to 2 200. as 0,5
inch diemeter x 0.025 inch thick discs and quenched and aged in
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an oil bath maintained to - 0.200. of the required temperature.
Samples for the hardness and tensile property measurement were
solution treated in an air circulating furnace controlled to p 500. 5
The specimens were solution treated as 0.75 inch diameter x 9 inch
long machined bars and to obtain a constant cooling rate during
quenching into water at 20°C, the bar was kept horizontal. A
0.75 inch long piece was rcmoved from each bar for the hardness
specimens., The delay at roor temperature was kept constant at
2-3 minutes for all the hardness samples in 26, ZW6 and ZM64.
The tensile bars in Z6 and ZW6 were delayed for 8 days prior to
ageing to compare with the results on ZM61 previously published
by the authorzo- Lgeing at 120°C and above was in an air furnace
and below in_an oil bath. This excludes the reversion experiment
in which all samples were aged in the oil bath.

The ZA was homogenised after extrusion, for 96 hrs. at
600°. in CO, with & moisturc content of less than 30 p.p.m. at

Birmetals Ltde The hydriding was carried out in pure hydrogen.

Mechanical Properties

Hardness tests were dorny» on duplicate samples, with three
impressions per sample, using the Vickers and Rockwell machines.
The Vickers machine 5 kg, Load 2/3 inch objective, was cmployed
for detecting any reversion phenomenon in naturally aged specimens,
which vere 0,5 inch diamcter and .0625 inch thick. All other

L0.



hardness tests were done on a Rockwell machine using either the E
Scale, 100 Kg. 125 inch diameter ball or the H scale, 60 Kg also
«125 inch ball. In this instance samples were generally not less
than 0,5 inches thick in order to avoid any interfering effect from
the machines anvil, (although onc experiment involved the use of
0.125" thick strip).

A discrepancy between thc published results on Z6 and those
obtained in this investigation was encountcred, thus nccessitating
the use of other Rockwell machines to elminate any possible machine
error. Tensile properties werc determined in duplicate using
0. 56l inch diameter standard tost pieces with a 3 inch parallel
lcength and elongation measured over 2 inches (L P/.IS . The Proof
Stress values were dctermined from load elongation curves plotted
manually with an extension scale such that 0.5 inch represented
an extension of .00 inch.

The tensilc properties of ZM61 are those previously reported
by the a.uthorao, but the ha.rdnc—_:ss values arc of specimens heat

treated with Z6 and ZW6 samplcs.

Sccticn 2 ~ Preparation of Thir Foils.

A 0.125 inch thick disc was removed from the freshly sawn
end of thc tensile bar blanks. They were then ground to 0.015
inch thick on No.220 papcrs in a jig constructed for this purpose.

Samples for the direct quenching experiment were ground to 0.015

}-‘-1.



inch thick prior to heat treatment. The discs were then gripped
in a crocodile clip and laquered, for thinning by the 'window'
method.

The published methods for preparing thin fcils were tried and
found to be rclatively successful in that many transparent areas
were always produccd. Although chemical polishing only, has
been employed by Glark?, the quickest and most reproducible method
for all the alloys in all conditions examined was found to be
elcctro-polishing. This produces very large transparent areas
with 1ittle tendency toward "wedge" formation; Fig. 4.1 (613)

shows a typical arca with at least 10,000 squarc microns
thin enough for examination at the highcst available magnification.
Irrespective of the method of thinning, alloy composition and
thermal history, all foils had a surface defect which precluﬁed
observation of any fine structure. The severity of this defect
generally increased with solute concentration and solution treated
or 'under aged' samples were particularly affected. Fig, 42
(969) shows the defect which is circular ‘patches' relatively
cvenly distributed over the suriaces. These 'patches' which are
100-1500 A° in diamcter are crystalline and can therefore be made
to go in and out of contrast, as shown in Fig., 4.2.A second defect
is also evident in Fig. 4.2 vhich closely resembles the structure
of a polishcd and ctched cored solid solution.

Various methods were tried to eliminate these two defects.

L2,



Figjure 4.1. Showing a typical area produced
by electro-thinning.

e —

figure 4.2. Surface defect on the as electro-
thinned specimens.



The concentration and temperature of the electrolyte, nitric acid in
rcthyl alcohol, were altered but no improvement resulted.

Ethyl alcohol was used instcad of methyl alcchol, and produced an

improvement in surface quality. A more significant result of

this charge was that the platenu on the Jagquet curve was easily

detected by continuously increcasing the voltage and observing the

change in current. This facilitated thinning o wide range of

samples with differing arcas.

It was considcred unlikely that an electro thimning
technique would produce a good surface, therefore chemical
polishing or cleaning was ¢Xamined. Many solutions werc tried
and it was found that cconsistently good results were obtained with
ortho-phosphoric acid., This almost eliminated the severe 'patch'
defect and clcened the surface such that the 'coring' type defect
could be clearly seen, as shown in Fig. 4.3 (1281). TFig. L.k
(1580) shows this in detail cn a 26 sample solution treated and
maturally aged for 8 months. The 'patch' defect is just evident
but a third defeect is now apparent within the "bronches" of the
second defect. This takes thc form of dark spots about 100 AC
diamcter. These three defects have no orientation relationship
with the matrix as indicated by the two orientations showm in
Fige Lok, but the size of the third defeot is such that it could
be mistaken for G.P. zones, particularly in this nmaturally aged

sample.
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Figure 4.3. A second surface defect, resembling
'coring'.

TS

L
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Figure 4.4. Defect as in Fig. 4.3 at a higher
magnification.



It was found that on cooling the ortho-phosphoric acid to
between =5 and -1 500. a clean surface was obtained. Very
infrequently a fourth defect was encountered which is crystalo-
graphically related to the matrix. This is illustrated in Fig.
4.5 (385) in a sample of Zi6 sclution treated and aged. This
defect can be seen as large 'bands' which lie on the g(0001) and
to o lesser extent on Mg (0110). In this form it cannot be
mistaken as a genuine structure but it sometimes takes on a more
subtle form. This is shown in Fig. 4.6 (1576). In this case
the defect is smaller, and not continuous as in Fig. 4.5 but it
has caused large, genémlly syrg\q.trical strain fields which could
be mistaken for strainfields associated with precipitation.

The technique developed for producing thin foils by the
"window" method and avoiding the artifacts illustrated is as
follows :=
(1) Electro-polish in 33% HNO, in ethyl alcchol at 15-25%C.,

3
continuously agitating the sample to avoid corrugation by rising

gas bubbles, until perforation.

(2) Vash the sample in absolute alcchol, and dry between filter
papers.

(3) Remove a specimen for examination and insert in a folding
'oyster shell' type grid.

(4) Immerse specimen and grid into ortho-phosphoric acid, at =5
to 15°C. using the lowest temperatures for 'under aged' samples.

Ly



Figure 4.5. Showing a defect with an orientation
relationship with the matrix.

Figure 4.6. Defect as shown in Fig. 4.5. but on
a very fine scale.



On immersion a delay of about 5-40 seoonds occurs befere the
specimen and grid are hidden in a cloud of bubbles, Phey are
agitated for 5-10 seconds, quickly removed and violently washed
on both sides by a jet of absolute alochol for 5-10 scconds and
finally dried between filter pa.pera.l

It should be mentioned that on ccoling the ortho-phosphoﬁ.c
acid a transformation, such that a temperature rise from about
-20°C (its approximate fmezins poiht) to +24°0 occurs when 50cc's
arec cooled. The co-exsistance of a solid and liquid phase does
not mean that the liquid is at its freezing point. It should be
disregarded and a fresh quantity cooled.

Section (4) of this technique is extremly uscful in that the
sdmple can be re-imersed in the ortho-phosphoric acid after
cxomination in the microscope. Two advantages rcsult, firstly
other arcas of the sample are thinned sufficiently for furthér
cxamination and secondly the previously thin areas are dissolved
and the carbcn contaminstion film is left behind and acts as an
extraction replica. This was found particularly uscful with the
Zi6 alloy. Purthemmore, difiraction patterns of an extract could
be standardised by a matrix pattern simply by moving the specimen

slightly, thereby calibrating the microscope.

Foil OrientaEi on.

It is worth indicating the effect of foil orientation on the

appearance of precipitates in an alloy with a close packed hexagonal
45.



structure. Lorjmerm

and Ha111?

make no mention of foil
orientation and with a precipitate in the form of needles, foil
orientation has a dramatic effect. The crystallography of the
C.P.H., lattice is such that there is not the planc multiplicity
as with cubic structures. With cubioc symmetry for instance there
are three (100) planes orthogonally disposed, whereas with

C.P.H, there is only one (0001) plane. In a foil of an alloy with
o cubic structure with a disc shaped precipitate on the (4100)
plancs there are three orientations of the discs and their shape
andsize can be casily detected. On the other hand with a disc
precipitate parallel or perpendicular to the (0001) plane in a
C.P,H, structure scvere truncation can hinder an assesment of
size and shape. If the foil is prepared from material with a
preferred orientation i.c. thin rolled sheet, the (0001) planes
in magncsium will be in or near to the plane of the sheet and foil
and unless some twinning has been retained with itsl associated
crystallographic rotation of almost 900, the appearance in an
orthogonal direction will not be appreciated. With extrusions
in magncsium there is a tendency for the (0001 ) planes to lie
parallel to the extrusion axis. A transversc sample will
therefore have the (1010) or (4420) planes parallel to the foil
surface, Hf.xll‘]9 encountered preferred orientation when he

mistook the discs of M@n2 on the (0001) planes for needles.
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His foils vere generally of the (1010) or {1420} type and this
precluded an examination with the (0001) planes perpendiculawm to
the beam and even with the (0001) planes at an angle of 20-50°
it is difficult to image a disc unambiguously.

Fig, 4.7 i1llustrates eleven eomuomiy cccuring elcotron
diffraction patterns for close packed metals and is taken from
Partridgea. The crystallogravhic directions parallel to the beam
are in squarc brackets and the plane perpendicular to the beam in
round brackets. The spots appearing as . X are forbidden
reflections which can occur due to double diffraction.

It should be noted that a direction is not perpendicular
to a plane of the same indices excepﬁ for directioﬁs of the type
<ooo1> and <mo> . The indices of the normsl to a plone

(hkil) are given by

[h, Ik, 45 . % (%\ 21]

A f0il preparation technique was developed such that samples
could be removed from bulk material at various angles to the
extrusion axis to enable orthogonal directions to be obscrved.
Adaitionally the criticism by Byrne'C does not apply to the results
of this research. Particle spacing is from the sctual bars used

in determining the tensile and hardness values,

Electron Microscopy.

An A.E.I, E.M.6G, with a = 5° tilting goniometer stage and
L.
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obtained from H,C,P, metals.
(after Partridge, (2)),



electrostatic beam tilting device was used for this investigation.

All micrographs and diffraction patterns presented were taken at -

100 Kv. unless otherwise indicated.



Results.
Introduction.

This investigation has been primarily concerned with alloys
based on Mg -6.0% Zn, (26). The effect of an addition of 4.0}
Mn to this alloy (designated ZM61) on the mechanical properties
and electron microstructure has been determined. 4n alloy in
the Mg-Zn-Zr system (designated ZW6) has also been examined as
it has been commercially available for a number of years and
because it does not significantly respcnd to an age hardening
sequence.

The object of tne investigaticn therefore was to explain the
enhanced ageing response, in terms of ageing ratec and maximum
properties, caused by the addition of 1.07 ln and the loss of a
response by the addition of 0.5% Zr, to a binary Mg - 6.0% Zn

alloy.

Section 1 _ = Magnesium = 6,05 Zinc = Z6.

It was intended to soluticn treat the 26 at 420°C. in order
to directly compare the results vith those of 2161 and ZW6, but
cracking occurredon quenching. This was only apparent vhen the
allcy was tensile tested, The solution trcatment temperature was

lowered to 380°C. ; although 300°C would have sufficed according
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to the diagram, it was considered advisable to keep the temperature

as close to h.2000 as possible.

Mechanical Properties.

The discrepancy between *“he published hardness resclts and
those obtained in this investigation is indicated in Pig. 5.1.
The results from the present work were obtained by determining
the hardness on both the E and E scales on the Rockwell machine.
Clark18 obtained an increase of 27 points on the E scalc at 149,
the present work has given 18 points. The rate of ageing and
the time to maximum hardness are similar but the absolute values
arc such that the hardness of the aged 26 is only Jjust supcrior
to the solution treated values of Clark. His hardness values
were obtained for 3" x 1" bar stock and therefore most likely
done on a longitudinal face. The results of the present work
shown in Fig. 5.1 are from a transverse face.

Hardness determninations therefcrc were carried out on a
longitudinal face, and these results are shown in Fig.5.2.
Results fram the transverse face are repeated for compariscn.
The rcsults obtained with the other two alloys examined arc also
included. Gencrally the thrce alloys have transverse values
slightly higher than the longitudinal onecs. The difference in
ZW6 after 4 hours ageing is small, but the difference in 26

increases to give a diffcrencc of nearly 4 points on an ageing
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response of 13 points. The transverse hardness is greater than
the longitudinal. The ageing response cof ZW6 and ZM61 will be
cxamined in detail later but the similarity between the hardness
on longitudinal and transverse surfaces should be noted.

The Z6 results are from s»ecimens cut from the ends of
tensile bars which were removed from the mid-radial position of
the 3" diameter extrusion. This 3" diameter extrusion was
re-extruded into 3" diameter bar and 3" x 4" flat strip. This
provided a range of sample sizes at different extrusion ratios in
crder to detemine any samnle effect. The ageing response at
420 and 150°C of the 3" and 3" diameter bar and the strip is
shown in Fig.5.3 and the results from the 3" and 2" diameter bar
apply to a transverse face. The overall differcnce between the
three extrusions is small,

The ageing responsc at temperatures from 60 to 21 0% in
30°C increments is shown in Fig. 5.k which illustrates the change
in hardness and Fig. 5.5 illustrating the increase in the 0.1%
Proof Strcss. The complete tensile properties are shown in the
Appendix so as to be comparable with those on Zif61 presented
orevicusly by the author™>. Ocuparing the hordness an® 0,13
proof stress ageing curves, the increase in the proof stress
prccedes that of the hardness and the maximum is thercfore
rcached slightly sooner. This could possibly be related to the

different delays pricr to ageing, 8 days for the saaples for
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tensile testing and only 2=-3 minutes for the hardness samples.

At 180%C an ir;crease in hardness from 60 to 72 (Rockwell H) and
in 0.1, P.S. from 8.6 to 14 t.s.i. is achieved. This reopresents
an increase of 20/ and 624 respectively. Referring to Fig. 5.2
the response on the Rockwell E scale is 63%. Interpoleting
Clarks results, the increase in hardness, from the solution
treated hardness value is, on the E scale, 504 and the H scale,
21/, It is therefore evident that care is required when
referring to any property change in temms of a per centage

change on the original property.

Electron Microstructure.

The results will be presented in order of increasing ageing
temperature. .

Rocm Termerature.

Only cne period of nctural ageing was examined, this was 9
months, during vhich the Mhrdness (Vickers 5 Kg. 2/3" objective)
increased from 47.8 to 51. The structure is illustrated in Fig.
5.6 (1572). The precipitate is dctectable due to matrix contrast
vhich takes the form illustiatzd in Fig. 3.4 from vhich it should
also bc noted that the diameter of the particle is approximately
half the length of the line of 'no contrast!'.

Pig. 5.7 (1578) is an image formed from an (0002) Mg.

diffracted beam, the matrix strain is now more easily secen. The
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line of 'no contrast' is parallel to the basal vlanes and could
arise from a spherical particle about 3OA° diameter or from a
disc 60A° diameter and perhaps 15 A° thick. If the particle
vere spherical (ref. Fig. 3.3(a) and (b)) then the line of 'no
contrast' should be visible under two beam conditions with the
(1051- 0) lig vector operating. These diffracting conditions were
used many times but the contrast was not resolved into the two
componsnts. Fig. 5,6 and Fig, 5.7 arc from foils of the type
(1010) Mg foil planc; a strong (0002)Mg reflection is required
to imagc the w0 canponents.  The precipitates are therefore
discs on the basal planes.

Fig. 5.6 and Fig. 5.7 also scrve to illustrate the effect
of foil thickness on the apparent quantity and distribution of
precipitate, particularly at these very small sizes. Although
these two illustrations are at equal magnifications it is clear
that the area shown in Fig. 5.7 is thicker than that imn Fig. 5.6
making it difficult to obtain any accurate number versus size of
precipitate diagrams in order to differentiate between the
'thermodynamic'! and 'kinetic' theories of nuclecation.

The structurcs presented represent the very carly stages of
transfomation and the structure causing this contrast phenomenon
will be referred to as G.P. zones. Specimens of the alloy in .
this condition were used for the reversion expcriments described

later, to determine the critical temperature.
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Ageing at 60°C..

Fig. 5.8 (1452) shows the structure after 96 hours and as
the foil plane is not quite of the (1010) Mg type the two
cemponents of the strain contrast are not resclved.

Fig. 5.9 (732) illustratcs the structure after 330 hours.
The foil orientation is (1010) Mg with an (0002)wcctor
operating. G.P. zones and the I.Ian; ncedle precipitates
perpendicular to (0001)kg arc evident. The length of the line
of 'no contrast' is 75-100A°; slightly longer than in the sample
mturally aged for 9 months.  Fig. 5.10 (728) is a
similar structure with a (1012) lig cperating vector in a (1010)
Mg foil. The zones are still evident but the line of no
contrast is absent as in Fig. 5.8. The matrix contrast is
60—-7OA° across and the M@n; needles 60—1..00.&0 long. There are
between 1500~2000 precipitates per square micron. This
structure is very similar to the structure after ageing for 696
hours vhich is illustratecd in Fig. 5.11 (1155) and indicates
that the 'matrix contrast' is arising from a particle of a
constant size characteristic of the ageing temperature. The
increasc in hardness and tensile strength with this fairly

extensive precipitation is surprisingly small.

Ageing at 9000. .

The structure after 48 hours at 9000 is shomm in Figs. 5.12
and 5,13 (596 and 588) and both are frem a (1120) foil. The
5.



Figure 5.8. Structure after 96 hours at 60°C. .

Figure 5.9. 26 aged for 330 hours at 60°C..



Figure 5.10. Sample as Fip, 5.9. but with o
(1012) veoctor u}:u‘f‘uting.

Figure 5.11. Alloy Z6 after 696 hours at 60°C. .



presence of zones is cvident in Fig. 5.12 with the line of no
contrast and Fig. 5.13 shows that extensive precipitation has
occurred and also the presence of the artifacts caué%ng the large
matrix strain contrast. The increase in the ratio Man:,l2
necdles: zones at 9000 when compared with the structurc after
ageing at 60°C should be noted. The needle length, from Fig.5.12
varies between 150-600A°, spacing between 4100-2000A° and there
are 200~300 precipitates per square micron.

After againg for 96 hrs. at 90°C discs of Hang on the
(0001 Mg are formed as shown in Pig. 5.14 (4000) in a (1070)
foil. The light patches arc a preparation defcect. The
similarity betwcen the disc precipitate and the 'matrix contrast!
is apparent, but the confusion is eliminated when this structure
is observed in an ,(_qgcn )MMg foil. This is shown in Fig. 5.15
(998) which is also at the same magnification as Fig. 5.14. The
Mang discs are lighter than the needles due to their shorter
diffracting length, and thc diameter of the discs is about two to
threc times that of the Han; needles.

In Fig. 5.14 the necdle length is between 150-2000 A° there
arc 300-450 per square micron and in Fig. 5.15 there arc 500-650
per squarc micron with a spacing of 400-20004°. Figs 5.16 and *
5,17 (999 and 997) show two further features; Fig, 5.16
illustmtes hecterogeneous nucleation on a dislocation and it

takes the form of a "string of pearls" effect, Fig. 5.17 shows
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F‘igure £.12. Showing the structure after 48 hours at
90C., '

Migure 5.13. As ®ig.5,12. showing extensive precipitation.



Figure 5.14. 26 aged for 96 hours at 9000..
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Figure 5.16. Showing heterogeneous nucleation in sample
aged for 96 hours at 90U, .

Figure 5.1/. Illustrating grain boundary precipitation
and a snall precipitate free zone.



precipitation at a grain boundary and there is no precipitate
iree zone resulting from any vacancy migration to the grain
boundary.
With a precipitate in the form of needles it is possible
that the needle can be nucleated away from any vacancy denuded
zene and grow into it, until solute denudation is encountered.
In Fig. 5.17 the grain boundary is parallel to the electron beam;
the lower grain is in an (0001) Mg orientation and the upper
one is close to this orientation. The needles close to the
grain boundary, since they are parallel to it, must have bcen
nucleated there and are growing parallel to the boundary.
After 456 hours at 90°C. the necdle length is 100-5000 A°
as illustrated in Pig. 5.18 (1104) which is from a (1010) Mg foil
and the necedles are therefore not truncated. The selected area
diffraction pattern of this structure is shown in Fig. 5.19 (1105).
The matrix pattern is a (1010) type and the precipitate spots
arise from interplanar spacings as shown below, along with the

relevant 'd' spacing fram Fig. 1.6.

Spot | aa° Nearest, Nearest, Reflection
L£.S.T. M. Calc. (bkil)
1 2,22 2,20 2.218 (1122)
2 | 2.42 | 2.10/2.14 2,125 (ooa,.)
5 | 2.36 2,43 2.44/2.48 | (1073)/(1121)
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Figure 5.18. 26 aged for 456 hours at 90°C. .

Figure 5.19.

Selected area diffraction pattern of
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Diffraction spots numbered 4 and 2 are from a (1010)
precipitate zone axis, confiming the relationship reported by
Gallot5. Diffraction spot numbered 3 must also be from the
ncedles as no discs of Mang are present in Fig. 5.18. It must
arise from needles in the other two [:1150] Mg dircctions.

The geometry of the rclationship indicates that the planes
riving rise to the 2.36A° value should be of the same type and
at an angle of 55o to each other. Of the two possibilities
shovm in the table, (1013) and (1421) type plancs the angle
between (1013) and(1703) is 55° 36' and between (1121) and (2174)
57° 12!,  The diffracted beam forming spot numbecr three therefore
comes from the (1013) type planes in the precipitates obeying
the other two orientation rclationships.

Severc truncation of the needles is shown in I"ig.5.20 (1110)
which is from the same foil as Fig. 5.18 but from a grain with a
(101n) Mg orientation where L) n% 3. The angle of the ncedle§
to the beam is therefore about 60°,

Direct quenching experiments were carried ocut on this alloy
and samples vere quenched to 90°C.. This temperature was
selected for the first direct quenching experiment. The results
of Hall'? indicated a G.P. zone solvus of 75-80°C, it was
therefore anticipated that the very dramatic change in precipitate

distribtuion, would be encountered. It is usual to age a direct

i
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F‘igure 220. As Fig. 5.18. but with the (0001 )Mg : t about

60° to the electron beam.

Figure 5.21. Structure after 96 hours at 90“C. in a sauple
directly quenched to the ageing tempermature.



quenched sample for a time that would result in maximum properties
if the alloy were quenched to room temperaturc and then aged. |
In this alloy,‘ the time involved would be in oxcess of 500 hours.
It was considered not worthwhile to extend the time

at 90%C. to longer than 96 hours, as it has been demonstrated that
extensive precipitation could be observed after this time in the
samples quenched to roam temperature, It was therefore
decided to age the direct gquenched samples for 96 hours.

Fige. 5.21 (1038) shows the structure after ageing for 96
hours at 932(;':1%01- dircct quenchiing to this temperature. The

©

foil is’an (0001) lig type and the structure is very similar to
that shown in Fig. 5,16 which is of the sample quenched to room
temperature. G.P. zones were also detected in the direct
quenched sample as illustrated in Fig, 5.22 (1054) with a (1010)
Mg foil orientation and again the similarity with Fig. 5.14 is
evident. The G.P. zone solvus fram this experiment is above
90°C. for the Mg-6.0% Zn alloy. Fig. 5.23 (105)
shows a thin dark linc in and parallel to the line of no

contrast and it is considered that thie 1s & disc approximately
9A° thick and 70A° diameter.

This evidencc and the inability to show a line of no
contrast with eithcr a (11§O)Mg or (101- O)I.-Ig reciprocal lattice
vector operating deacnstrate that the zones are discs on the

basal planes of the matrix.
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Figure 5.22. As Fig. 5.21 but showing matrix contrast from
G.P. gzones.

3

Figure 5.23. As Fig.5.22 showing a thin dark line between
the two components of the matrix contrast.



Ageing at 120%C. .

Pig. 5.24 (1278) shows the structure in an (0001) foil after
16 hours at 120%C. and is very similar to the previous
illustrations. Heterogeneous nuclcation was also detected and
Fige 5.25 (1275) shows a small intermetallic particle that has
"pumped out" dislocations during the quenching due to the
differential thermal contraction. These dislocations have caused
preferred nucleation of the ncedles of Man; and Fig, 5.26 (1279)
is similar but the particle is absent and also serves to illustrate
a consistent precipitate spacing on the dislocation lines of
between 250 and 4 00A°,

Ageing for 26) hours rcsults in the structure shown in
Fig. 5.27 (1230) and is of a (1120)Mg foil and Tig. 5.28 (1229)
vhich is near to an(0001 )Mg foil, both at the same magnification.
The futility of attempting to relate the number of precipitates
per unit area to the number per unit volume particular with a
C.P.H., matrix, is clearly demcnstrated by these two illustrations.

Fig. 5.29 (1233) shows an imnge formed using a diffrooted
beam from thc precipitate. The pattern and the diffracted becam
used are shown in Fig. 5.30 (1234 or 5) and the matrix pattern is
a combination of a (1010)ig foil and an (0004 )Mg foil as would be
cxpected from the area shown in Fig. 5.29, The Il.Ig,Zn:“2 needlle
length is between 500 and 6000 &% and the spacing is around 500 A°,

Extensive precipitation at the grain bourdary is also apparent in
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Figure 5.24. 26 aged for 16 hours at 120°C.. Foil
orientation is (0001) Mg.

Figure 5.25. As Fig. 5.24 showing heterogen2ous nucleation.



Fioare 5,26 hag Mig, ! . ut illustrating &

fairly conustiant precipitate spacing on the
diglocations,
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Figure 5.27. Structure of 26 aged for 264 hours at 120°C..
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Figure 5.28. As Fig. 5.27 but the foil orientation is
close to (0001) Mg.

Figure 5.29. 26 aged for 264 hours at 120°C. Image formed
from a precipitate diffracted beamn.



Fig.5.29 and all three orientations are visible due to the
coincidence that they have cach produced a diffracted beam which
has been accepted by the cbjective aperturc. The diffraction
spot used to form the structurc shown in Fig. 5.29 is labelled.
The precipitate pa.tt‘ern is as previcudsly shomm in Fig. 5.19.

Fig. 5.31 (1221) shows the structure after quenching
dircctly to 120C. and ageing for 264 hours. There is no
significant difference betwcen precipitate densities in samplcs
direct quenched or quenched to roam temperaturc prior to ageing,

The results of these direct quenching experiments and
subsequent precipitation are in conflict with those of Ho.1119.

He reported a G.P. zone sclvus of 75-80°C.  This should result
in sparse precipitation generally heterogeneously nucleated when
the alloy is quenched directly to temperaturcs above this. A
refinement in the dispersion of the precipitate by a factor of
4000 has becn quoted by Lorimer and Nichulsonﬂ" for an A1-Zn-Mg
alloy quenched to below its G.P. zone solvus temperature when
canpared with one quenched above this temperature prior to ageing.

This phenomenon hos not been observed in this alloy in this
investigation vhen it is quencned directly to a temperature as

high as 120°C.. The G.P. zone solvus is thercfore above 120°C..

Ageing at 180°C..

Pige 5.32 (1424) illustrates the structure after 4 hour at
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F'igure 5.30. Selected area diffraction pattern, showing
gpot used for Fig. 5.29.

F‘ig}d}nf 5.31. Structure of sample aged for 264 hours at
120 C. after directly quenching to the ageing temperature.



18000. in an (0001 )Mg foil; hoterogeneous nucleation is apparent
and the precipitate spacing is 800-10,000 A°, Fig. 5.33 (1433)
is a diffracted beam image from a (1010) Mg beam and the matrix
stroinassociated with some of the needles is cvident. Scome
prccipitates are not showing strain fields in reversed contrast:
this is due to therc being three precipitate orientations and
only one (1010)g beam being used to form the image.

The structure after 410 hours vhich corresponds to peak
hardness and slightly overaged on the 0.1% P.S, is illustrated
in Fig. 5.34 (561) at a relatively low magnification. Extensive
precipitation within the grains and large precipitates at the
boundaries is evident. The photograph also serves to demonstrate
a preferrcd thinning at the grain boundaries which could be
misinterpreted as a precipitate free zone, as at A for instance
in Pig. 5.34. Fig. 5.35 (569) also illustrates a wide precipitate
froe zone between grains and in this instance is due to the
boundary being at a large angle to the electron bcam and not
oriented to show dis»lacement fringes.

Fig. 5.36 (503) and Pig, 5.37 (550) arc of (1010)Mg and
(0001 )Mg foils respectively. The three precipitates ave evident
in these illustrations. The equilibrum phasc Mg22n3 is clearly
scen in Fig. 5.36 as discs perpendicular to tho elcctran beam.
The NgZn) noedle length is 200-12,000 A° and the spacing 200-5000 A°

although the average spacing is closer to 750-1000 A°.  There are
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Figure 5.32. 26 aged for 1 hour at 180%C..

Figure 5.33. Diffracted beam image using a
(1010 )Mg beam. Sample as in Fig. 5.32.



Figure 5.34. Structure after 10 hours at 180°C. showing
extensive grain boundary' precipitation.

Figure 5.35. 26 aged for 10 hours at 180°C..






100-130 needles per square micron.

The diffraction pattem for Fig. 5.36 is shown in Fig. 5.38
(560) and is of the (1010)Mg type. The precipitate pattern is
as Fige 5.19 but with additional spots from the Mang discs and

possibly the Ligzan.

Ageing at 240°C..

Fig. 5.39 (624) shows the structure after 8 hours ageing
in an (0001 )Mg foil. The Mgﬁn“z needle specing is betwcen 2,000~
12,000 A° and the lighn, discs have reached 1000 - 2,500 A° in
diamcter. Fig. 5.40 (633) illustrates a grain boundary almost
parallel to the electron beam with a 2,400-6,000 A° wido
precipitate free zonc on cne side and only 600-1000 A° cn the
other. Comparing this with published precipitate free zones
it is immediately cvident that the existence and extent of the
zone is not as distinct as those in the A1-Zn-Mg alloy systcmﬁ".
The distribution of the coarse precipitate and its shape hinder
any quantitative assessment of aP.F.Z2 in this alloy. An exact
(1070)ig or (1120)kg oricnted foil was not obtained on samples
aged for 8 hours at 24 0°%C, thorefore measuremont of the true
necdle length was not possible.

Fig. 5.41 (1127) is of a (1120) Mg foil but in o sample aged
for 48 hours at 210°C. and needle lengths of 60-15,000 A° were
observed but the range vas generally limited to 41,500 - 7,500 A%,
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Figure 5.38. Selected area diffraction pattern of area shown
in Fig. 5. 36.
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Figure 5.39. Z6 aged for 8 hours at }_'100(:__



Figure 5.40. As Fig. 5.39 showing an asymmetrical
precipitate free zone.
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Figure 5.41. Structure after ageing for 48 hours at 21 o7e.



Fig. 5.42 (1124) is of an almost (0001)Mg foil and the equilibrium
Mg22n3 is evident as a necedle like precipitatc at 60° to each
other. The MgZns discs have reached a size of 750-2000 A° in

diameter and the MgZny needle spacing is 500-2000 A°,

Ageing at 24000. .

Hordness and tensile property changes were not determined
at this temperature but the electron metallography was examined.
Fig. 5.43 (821) shows three grain orientations, (0001)Mg, (1420)
and one at a slight angle to (0001 )Mg. One ncedle in the (1420)
Mg grain has reached a length of 27,000 A°.  The needle spacing
from the (0001)Hg grain is 600-2,000 A® and this sample was aged

for 8 hours.

Double Ageing.

The results reported by Hall19 indicating an enhanced
response when the alloy is "split aged™ werc considered to result
from bracketing the G.P. zone solvus by the two ageing temperatures.
A similar trecatment was given to samples in this investigation.
A 9 inch length of the 3 inch diameter bar was sectionc? to give
six £ inch diamcter bors from the mid-radial position. These
were randomised and heat treated in pairs to give duplicate tensile

bars: the results are shown cverleaf.
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Figure 5.42. As Fig. 5.41 showing the structure in an
(0001)Mg foil.
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Figure Seli3. 26 aged for 8 hours at 24,0°C. showing a needle
27,000 A° in length.



0.1% P.S, | 0.2% P,S, .S, E1%
CONDITION t.s.i, t.s.1. t.s.1i. on-ﬁ A
16/170°C 1443 16.2 21,3 12
16/170°¢C 15,0 17,0 21.5 9
48/65°C + 16/170°C 15,2 17.2 21,5 8
48/65°¢ + 16/170°C 15.9 17.8 21.3 10
96,/65°C + 16/170°C 15,9 17.9 21,6 8
96/65°C + 16,/170°C 16.1 18.0 21.4 8

The second ageing temperature of 170“0 was chosen to enable

19

a direct comparison to be made with the results reported by Hall™”.

Electron Microstructure

Fig. 5.44 (1553) shows the structure after ageing for 16 hrs,
at 170°C, “in a (10I0) Mg foil and the only reliable parameter
available ils that of needle length which is between 150-1, 700 A°,
Fig, 5.45 (1564) shows the structure after ageing for 96 hrs./65°C
and 16 hrs,/170°C and it is also from a (10I0) Mg foil. There
is a slight di,fference in magnification between Fig. 5.44 and
Fig. 5..45. The needle length is 90-3000 A° vut generally between
90-1100 A°,  Fig. 5.46 (1568) is of an (0001) Mg foil after the

double ageing treatment and the precipitate spacing is 70-506 Ao.
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Figure 5.46. As 5.45 showing structure in an (0001)Mg
foil. -



The Mang has grown to about 4000 A® in diamcter. Overall, a
decrease in the precipitate length of about 254 has resulted from
the double ageing prooess, vhich is reflected in the slight
increase :in tensile properties shown in the table.

Fig. 5.46 should be comprred with Fig.5.37 which is of the
alloy after 10 hrs. at 180°C., only. There arc botween 300 and
360 precipitates per square micron shown in Fig, 5.46 compared
to 100-130 in the sample shown in Fig. 5.37. The slight
difference in ageing temperature has also contributed to this

refincment and also the shorter ageing time at 180%C..

Analysis of thc G.P., zonec strain fields.

The technique to determine the magnitude and sense of the
strain has been desoribed in the scction dealing with contrast
from second phase particles. The very small size of the zones,
the difficulty of obtaining a zone axis such that the line of no
oontrast could be observed before carbon contamination caused any
deterioration in image quality, precluded the dctermination of
the magnitude of the in situ strain. As illustrated in Fig.3.7
the contrast effects from the zones when imaged with the
undeviated beam and then with a diffracted beam from the matrix
can provide a method of detemining the sense of the sfro.:in.

This was possible and Fig., 5.47 and 5.48 (1070,1069) arc from the
same area of a (1010)Mg foil.
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Figure 5.47. Structure used to determine the sense of the
in situ strain.

Figure 5.48. Area as shown in Fig. 5.47 but imaged with an
(0002) Mg. diffracted beanm.



Figs. 5.47 is the narmal imnge fr»om the unaevia.tod beam and
Fige 5.48 is formed using an (0002)Mg beam. The direction of
the (0002)Mg operating vector is indicated, Three asymmetrical
strain ficlds arc circled and numbcred. Numbersqi and 2 in Fig.
5:47 arc similor and the larger strain field is such that its
curvature is concave to g and as they are identical to the images
in Fig. 5.48 they are close to the top of the foil and the strain
is positive. Number 3 is at the bottom of the fcil as the
asymmetry is reversed, This also indicates a positive in situ

strain.

Determination of the Metastable Solvus.

The direct quenching experiments did not confirm H.r.:.lls'l9

results and as G.P. zoncs have been detected visually in the
naturally aged alloy it was decided to use the reversion method
to determince the zone solvus.

The alloy was solution treated at 58000. water quenched
and naturally aged for 9 months. The structure after this
ageing scquence has beon illustrated in Fig. 5.6 and Fig. 5.7,
and the particles were considered to be discs about 60 A°
diameter and 15 A” thick.on the magnesium basal planes. This
is to bec conpared with the zone size of BO-90A° rcported by
Corpenter and Garwood for an A1-22.5%Zn Alloy.

Fig. 5.49 shows the change in hardness on artificial ageing
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Change in hardness on artificially ageing
samples naturally aged for 9 months,



of the naturally aged samples. At 180 and 200°%C. there is an
almost immediate rcsponse, and the hardness increases. Although
the 90 and 60°C curves are not continued to times of less than 8
and 90 minutes respectively, hardncss deteminations at shorter
times vere ¢=amdv~dand since they gave no change, they vere

omitted from Fige 5.49 for clarity.

67.



Section 2 = Magnesium 6.0% Zinc 0.5/ Zirconium ZW6.

The samples were solution treated in the form of 0.75 inch
diameter and 9 inch long bars. The solution treatment temperature
was 42000 thus providing a dircect comparison with the Mg-Zn-lin

alloy.

Mechanical Properties.

The longitudinal and transverse hardness values after ageing
at 480°C. have been illustrated in Fig. 5.2 and the similarity
betwecn the hardncss on a longitudinal and transversc face
demonstrateds The increase in hardncss and 0.4% P.S. on ageing
at various temperatures is shown in Fig. 6.4 and 6.2. The
complete tensile data is to be found in the Aépendix plotted on
a lincar scale to campare with those previously published by the
author20 on the Mg~Zn-}n allcy.

The hardness and proof stress curves are almost identical in
that the rate of ageing and time to the maximum is practically
coincident in spite of the significant difference in delay
periods prior to ageing. The ageing response at 180°C is 3.2
points on the hardncss and 3.6 t.‘s.i. on the 0.1% P.S..

The most significant points about the ageing, ccnsidering
the 0,15 P.S. values, are the high soluticn treated value and the
ability of the alloy to reach proof stresses grcater than 18.0

tes.is by thermal treatment alone. The ageing times required
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are rather long, about 80 hours at 120°C and 250 hours at 9000..
The time to maximum 0.1% P.S. is equal to that of Z6 at 210%C.

but at the lower temperatures ZW6 respcnds morc rapidly than Z6.

Electron Microstructure.

The structure of the alloy after soclution tr atment for 2
hours at 420°C, followed by water quenching, is shown in Fig.6.3
(313). Copious precipitation and a very fine grain size are
clearly evident. The precipitate clearly has no orientation
relaticnship with individual grains and due to the "stringer"
formaticn was obviously present during the working prccess.

This structure is therefore responsible for the high strength of
this alloy in the sclution treated condition.

The structure in the‘ as cxtruded condition was examined and
found to be very similar to the soluticn treated microstructure.
Fig. 6.4 (968) is the as extruded structure and the ~rea is from
a 'stringer' of intermetallics. Some particles have a 'halo'
of carbcn contamimtion which indicates that they arc on a
surface and they have prcbably depcsited on the surface during
removal of the foil from the electrolyte and the orientation ill
thercfore be random.

This alloy was the only cne of those examined which caused o
m:rked darkening of the polishing solution indicating an

extraction process occurring. The extract was scparated from
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Figure 6.3.
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the electrolyte by centrifuging and examined by the powder X-Ray
diffraction technique. |

The pattern obtained was complex with a very large number of
lines, undoubtedly due to a mixture of two patterns. The
structures were not solved.

Fig. 6.5 (392) is of the alloy in the soluticn treated
condition and from a (1120)Mg zone. In this instance a large
proportion of the precipitates are oriented with respect to the
matrix, these needles are generally perpendicular to the (0001 )Mg.
One or two particles have famed a Mbiré'pattern and the pattern
is perpendicular to the operating (1010)Mg vector. These
particles were precipitated either on cooling after extrusion or
during subsequent solution treatment or more pr:obably a
ccmbination of these two. The particles are possibly a binary
Zn~Zr campound, a ternmary Mg-Zn-Zr compound or zirconium hydride.
It was beoause of this third possibility that the Mg-Zr alloy
system was examincd, although it was considercd unlikely that the
prcecipitate was a hydride as it is reported to occur as discs
on the (0001)Mg and not perpendicular to (0001 )kg.

The possibility of using the foil surface cleaning process
and the carbon ccontamination film deposited in the microscope as
an extraction replica has been outlined. Fig. 6.6 (416) shows
this on this alloy in the solution trcated condition. A U
shape is apparent, with the remaining thin foil on the outside
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rigure 6.6. Showing a stringer of intermetallic particles
held in the contamination layer.



and the carbon film within the U. A stringer of regularly shaped
intermetallic particles crosses the bottom of the U and it can be
seen to go from the foil into the carbon into the foil.” Due to
the very large difference in thickness and diffraction contrast
between the carben and the matrix, it is an effect difficult to
illustrate. A "stringer" of particles has becn retained in the
carbon, and the continuation of the stringer into the matrix is
evident.

Fig. 6.7 (417) shows the particle and thc matrix/carbon
boundary at a higher magnification. The precipitate sizc is
very variable from 500-1000 A® in Fig. 6.5 to 1000-5000 A® in
Fig. 6.6. Fig. 6.8 (419) is a diffraction pattern of this
extract. The pattern was subscquently standardised from the
matrix by' slightly moving the specimen. No uscful information
was obtained from this pattern due to the multiplicity of

diffracticn spots.

Ageing at 9000. .

The alloy was examincd after varicus times at 9000. and the
structures obtained were essentially as those of Z6. Fig., 6.9
(1029) shows the structurc after ageing for 96 hours after direct
quenching to the ageing temperature. Thec massive precipitate
previously roferred to is evident and the grain boundary precipitate

and finc precipitation within the grains from the ageing treatment is

.



Figure 6.7. As Fig. 6.€. showing contamination/thin foil
interfaoce.

Figure (.8. BSelected area diffraction pattern of the area
shown in Fig. 6.7.



Figure 6.9. 2W6 aged for 96 nours at 90°C. after quenching
directly to the ageing temperature.
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Figure 6.10. As PFig. 6.9.




apperent. Fig. 6.10 (1031) illustrates the fine hamogencously
nucleated precipitate in a (1120)Mg foil. Some necdle precipitate
has grown to 100-500 .\” in length. The fine precipitate has

been imaged due to matrix and/or structure factcr cont.ast.

There vas no ecsential d°'f{ference between this sam>le and
one quenched to rcam temperature pricr to ageing at 9000.. The
G.P. zone sclvus is therefore abeve 9000. for this alloy.

The structure after ageing for 456 hours at 9000. is shown
in Fig. 6.11 (1146) in a (10‘70)Hg foil. The matrix contrast
from the G.P, zon2s has been resolved into its two compenents and
the needles have grown to 50-500 A® in length. Fig. 6.12 (1117)
illustirates a trijle pcint andé a precipitate free zcne between
100-500 A° wide. There is a smll amount of coarse precipitate
at the grain boundaries. Thc randanly oriented and distributed
intemetallic particles present prior to ageing are evident.

Fig. 6.13 (1151) shows that some cf these intermctallic
particles arc criented with respect to the matrix. Neglecting
the particles with the carben 'halo' the long axis of the
precipitates are disposed at three angles to the (0001 )Mg.

These are ' . 905 0° and 37° a.d in a (1120)Mg foil the 37°
inclination is closc to that of (2025)Mg with (0001)Mg at 36° 518

Fran these results it is evident that when the aged

precipitate approaches the size of the prccivitate fermed during

extrusicn or solution trcatuent the difficulty of relating the
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Structure after ageing for 456 hours at 90°C..

Figure 6.11.
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Figure 6.12. 2ZW6 aged for 456 hours st 90%. .



Mgure 6. 13.  Showing the fine precipitate from
ageing at 90 ®. for 456 hours and the coarse
precipitate from solution treatment.
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Mgure 6.14. 2ZW6 aged for 16 hours at 180°C.



microstructure to mechanical propcrties is increased. The
soluticn heat treatment will cause additional precipitation to

occur, and solution trecatment time will be important.

Ageing at 180°C..

Fig. 6.14 (786) shows the structure after 16 hours ageing.
The precipitate at this temperature is the long thin gencrally
lcss contrasting needles which are between 250-7, 500 A in -
length. Fig. 6.15(785) illustrates an extreme variaticn in
ncedle length cver a very smell area of the sample, The needle
length varies from 250-500 A” with scme growing to 7,500 A°,
There are also large areas frce frcm precipitation which could
be reclated to a solute denudation resulting from the loss of
zinc to the massive precivnitates, but it could alsc indicate a
super-saturation driving force for nucleaticn.

Fig. 6.16 (782) illustrates the sparse precipitation during
this 180°C trcatment within areas containing precipitate from
the solution treatment proocss. There is no significant
difference in the needle length betwzen these two areas.

Figs. 6.17 and 6.18 (778 and 729) show the structu—e formed
with the undeviated beam and that from a diffracted becam
from the ncedle precipitate. The diffraction pattern and the
spot used for Fig. 6.18 is shown in Fig. 6.19 (780). The pattern
is a (10"1- O)Mg type and the prucipate spots as in Fig., 5.19.
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Figgre 6.17. Showing precipitation after 16 hours at
180°C..

Figure 6.18. Image of area shown in 6.17, formed using a
precipitate diffracted beam.



Ageing at 210°C..

Fig. 6.20 (1142) shows thc structure after 48 hours ageing

and needle lengths of 30,000 A® have formed.

difference between the precipitation (at normal ageing tenperatures)

in Zi6 and 26 is the almost complete

absense of the discs of

Mang froa ZW6. It was observed cn a few occasions and cnly

unambigucusly in an (0004 )lfg foil.

Double Ageing.

The double ageing response was cxamined in this alloy and

the results are shown below:-

The most significant

. s . 0.1}'5 P.S. O. 2::; P.S. T.S. El‘ :.5

Condition t.s.i. t.s.i. | t.s.i. #ﬁ
Sclution Treated 14.5 15.3 20,3 17
" " 14.3 15.4 20.3 18
16/170%C. 16.1 174 21.8 12
oo 16.5 17.3 22,0 : 10

{

96/65C + 16/170C. | 17.1 18.3 22,3 | 140
" v 17.0 18.2 22.6 12

There is a slight additionnl increase when a low temperature

ageing treatmont precedes the ageing at 170C..
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Microstructure,

Fig. 6.21 and 6.22 (298, 305) show the structure after
double ageing in a (1010)Mg and (0001 )Mg foil respectively and
$horo 4 & geroral dorreass Hr Hhe yoeils length to 50-800 A°
with a spacing of 50-300 A°,  These illustrations are from an
area almost frece from the other precipitates and not representative.
No uscful gquantitative metallographic information is available

with the heterogenecus structures observed in this alloy.
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Figure 6.21. Zigé aged for 96 hours at 65°C. foliowed by
16 hours at 170 C..
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Figure 6.22. As Fig.

22 but showing the structure in an
(0001 )Mg foil.



Scction 3 = Magnesium = 0,54 Zirconimum ZA.

This alloy has been included in the investigation in order
to 8id the interpretation of the high temperature precipitation
in the Mg-Zn-Zr alloy. The only precipitation phenomenon
usually examined in this binary alloy is the reaction between the
solute and hydrogen to form zirconium hydride.

The alloy was examined after various hydriding treatments
in the homogenised condition i.e. 96 hours at 600°C.  In the
as extrudcd crndition a hydriding treatment of 16 hrs/h.GOOG only
was examined.  As the alloy is not usually uscd at room temperature
a8 a constructional alloy no rocn temperature properties were

determined although a few high temperature tests were carried out.

Electron Microstructure.

Homogenised 96 hrs./6007C._in dry CO,.

The moisture content of the 002 during this treatment was
below 30 PePem. to avoid hydride formation from the breakdown of
water vapour. The structure after this treatment was completly
featurcless and consisted cnly of grains and grain boundaries.

Homogenised and Hydrided for 16 hrs. L._60°G..

Fig. 7.1 (801) illustrates the genoral structure of the
alloy at a low magnification in a foil close to (0001)Mg. The
prceipitate is in the form of discs on the basal planes and in
somc cascs as long ribbcns which originate at a defect in the

matrix. There is a precipitate free zone of up to 14,000 A° at
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ZA homogenised and hydrided for 16 hours at
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this defect in certain locations, associated with enhanced
precipitation at the defect, as at A. It is also worth noting
that the quantity of precipitatc appears to increase within the
bend contour close to A. The gen-ral structure illustrated in
Fig. 7.1 .does not approach thot published by Harris?4’25

Fig. 7.2 (657) shows the structure in an (0001)Mg foil.
The zirconium hydride is in the form of discs on the basal planes,
and they have grom to about 1,200 A® diameter. Fig. 7.3 (655)
i1lustrates the structure observed in a (1010)ig foil and the
discs are therefcre seen on ecdge. They are about 60A° thick.
Two features are cvident in Fig. 7.3, they are a D shaped
structure and a long continucus ribben precipitate. The
'ribbon' structure originates at a fault in the matrix and it is
considered to be precipitation on dislocations. A carbon"halo'
is apparent on the 'long tails'; they are thercforc on the
surfacegof the foil. The dislocation and subscquent ribbon
precipitate are at an angle to the beam, during thimning the
ribbons have been partially relcascd and then fallen on to the
surface in a random manner. The distinctly straight sections
of the ribbons are not contam®nated, they arc thercforce in the
f0il, and furthermore they undoubtedly go through the foil and
the tails on each linear section arc such that they are on
the two surfaces of the folil.

The D shaped structures have originated in an identical
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Figure 7.3. A4s Fig. 7.1. structure in a (10T0)Mg foil.

Figure 7.4 (10T0)Mg foil, shadowed with Au-Pd at about
15 Sample as in Fig. 7.1.



fashion. The discs have been exposed dﬁring thinning and when
they have been just retained and gripped in the foil, they have
fallen over on to the surfaces.

Conclusive proof that they are on the surfacc is shown in
Fige 7.4. (1074) which is of a (1010)Mg foil shadowed at about
150 with gold-palladium, The light shadows from some of the
rounded patches are clearly evident, those without shadows are on
the other foil surface. This structure thercfore does not arise
from defeects such as dislocation loops within the foil.

Fig. 7.5. (841) shows a grain boundary with a procipitate
free zone 6,000-7,000 A® across with no concomitant precipitate
at the grain boundary. This suggests a vacancy denudation
hindering nuclecation and not a solute depleted zone.

Fig., 7.6 (911) illustrates the precipitate imaged by normal
precipitate diffraction contrast, the darker com»lete discs and
dislocaticn ring contrast from the mtrix. Fig. 7.7 (845) and
7.8 (84)) are the imoges formed from the undeviated beam and a
(1071 )lig diffracted beam in a foil with the (0001)Mg at
approximately 60° to the clectron beam i.c. a (127n) foil
6> nY4. The dark discs have a 'halo' and a distinct light or
dark spot close to their centres and are therefore considered to
be cn the surface.. The contrast cn the particles seen by
dislocation ring contrast, is within the precipitate circle and
sugg sts a disc with negative misfit through its thickness.
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Figure 7.5. Showing a preocipitate free zone at a grain
boundary.

Figure 7.6. Showing thin precipitates imagec by dislocation
ring contrast.



Pig: 7«7 As Mg.7.6.

Fi?u.re 7.8. Area as shown in Fig.7.7. but imaged using
1

a (1071 )Mg diffracted beam.



The diffracted beom image shows what are considered to be

interface dislocations on the faces of the discs.

4s extruded and hydrided for 16 hrs./460%C..

Fig, 7.9 {893) illustrates the structure at the same
magnification as Fig. 7.41. The precipitate is in homogencously
distributed and tends to be in "bands" resulting from the
distribution of zironium during the hot working procecss.

Fig, 7.10 (900) shows the structure in a fiil with the
(0001 )Mg at about BOO to the clectron beam. The discs are more
well defined than in the homogenised and hydrided sample and
they have reached about 50&10 in diameter. The ribbon precipitate
is fairly straight in many positions. Fig. 7.11 (923) illustrates
the structure in a foil close to (0001)Mg and scme of the disc
precipitateshave a distinet hexagonal shape. The .ribbon
precipitates are straight and have attained lengths of arocund
10, 000 A°.,  The ribbons arc on the (1070)Mg planes and the two
ribbens arrowed arc clearly partly on the surface and partly
vithin the foil.

Pig. 7.12 (925) illustrates the discs again in a feil close
to (0001)Mg and also shows the hexagenal nature of the discs, the
flat faces are parallecl to the (1010)Mg planes. Additionally
there are same smaller dises 100-2004° in diameter. These
small and very thin discs have been imaged by dislocation ring

contrast.

79



Figure 7.10. As Fig. 7.9. but showing structure in an
(0001 )Mg foil.



Figure 7.11. As Fig. 7.10.

Figure 7.12. Showing the hexagonally shaped precipitates
with sides parallel to (10T0) Mg.



The structure in a foil close to (1010)Mg is shown in Fig.
7.13 (897). The thicker discs seen on edge have a pronounced
strain ficld possibly due to the differcnce in thermal oontraction
between the matrix and precipitatAe. There are somg disés that
have clcarly fallen on to the surface of the foil during removal
fran the electrolyte. To the left of the photograph, very thin
disgs can be secen edge on with some that have folded over onto a
surface.

The precipitate structures shown in Figs. 7.8 - 7.13 inclusive,

are similar to those of Harris et al.g'3 » 2

The particle size, in
Pig. 7.11 for instance is not far from that shown in those
published results. The important differcnce is that these
results (Fig. 7.8 = 7.13) are from the alloy hydrided in the "as
extruded" cordition and not in the homcgenised condition (96 hrs./

600°C in CO,) as used by Harris.

Homogenised and Hydrided for 10 mins./600°C..

Fig. 7.14 (947) shows the structure in a (1070)Mg foil and
the discs in the foil are edge on and have folded onto a surface.
vhere they have been freed fri.aa the matrix. The discs have
grown to about »,500 -4, 000 4° diameter and an additional
precipitate has formed which is also flat and almost edge on in
Fig. 7.14. This precipitate is well illustrated in Pig. 7.15
(914.8) vhere one has fallen on to the surface and its complex
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Figure 7.13. Showing the structure in a foll clese to

(40r0) Mg.
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Figure 7.15. As Fig. 7.14 showing an intri~atly shaped
precipitate.



shape is more clearly secn.

High temperature tcsts.

As shown by Harris and Partr:’.dge26 the creep ductility of
this alloy is markedly dependant cn its condition prior to the
hydriding treatment. Threc high temperature tests were carried
out in the present investigntion. Duplicate samples, as standard
sheet specimens 0.5 inch wide and with a 3.0" parallel length,
vere hoated to 400, in dry €0, ({30 p.p.m.) and the ductility

measured, The results arc listed belows-

Condition Elongation on 2"
Hen, + 10 nins. in Hy at 600°C. 8. 0%
Hom, + 4 hrs. dinH, at 570°C. 7.0
i.E. + L hrs. inH, at 570C, 33,0%

The low elongation of hamogenised materinl is commensurate
vitha fine precipitate dispersion resulting from hydriding the

alloy in this condition.
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Section 4 - Magnesium = 6.0/4 Zn = 1.4 Mn - Z1i61.

Mcchanical Propertiecs.

The change in hardness and 0.1, P.S.at various temperatures
is shown in Figs. 8.1 and 8.2 respectively. There is a differcnce
in the delay period pricr to czeing and it is not feasible to
dircctly comparc the hsrdness with 0.4;0 P.S. The 0.43% P.S.
results are those presented previously by the author20 and as the
tensile specimens for the Z6 and ZW6 alloys were also delayed for
8 days these results can be compared. The delay periods for the
hardness specimens ore also identical and the hardéness curves
can be compared.

The analysis of the alloy used for the hardness.samples is
showvn by A in Table I and for the tensile properties by B. The
tensile propertics of alloy A vere checked and the 0,17 P.S.

on ageing
increased by 7.7 t.s.i./ at 180%.. This is slightly lower than

that of B and is in part a result of the larger grain size.

Electron Microstructure.

The alloy used for the ageing at room temperature is of
canpositicn B and that for all other ageing trcatments alloy A.
There was a diffcerence botween the two alloys in the solution
treated condition. Undissolved intermetallic particles were

present in B, which will be apparent .n some of the photographs
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of the alloy in the naturally aged condition. This is illustratcd
in Fig. 8.3 (1399) vhich shows the spherical particles with no
orientation relationship to the matrix and randaaly distributed.
They arc about 400 A° diamcter and widely spaced., These
particles do not take part in the ageing process and do not change

in appearance with prolonged heat trcatment at Z;.ZOOC.

Ageing at Room Temperature.

Fig. 8.4 (279) and Fig.35 (278) show the structure after
naturally ageing for 4 menths. Fig 8.5 is the image formed with
a (1011)Mg diffracted beam. The precipitate is visible by matrix
contrast and the diffracted bcam image illustrates the matrix
perturbance from some of the precipitates. The foil orientation
is (124n), where 6>N: 4. The Fronk scssile dislocation loops |
are between 2000-4000A° in diameter and are in the basal planes
at an angle of about 65° to the electron beam. This particuler
specimen was prepared from thc alloy in sheet form, 0.025" thick,
vhen foil preparation techniques were being examined and the
faulted loops were not examincd in detail. It is estimated from
the forshortening that the foll is thicker than 16004°., Fig.8.6
(183) illustrates the structure after 22 months at room temperature
in a (1010) Mg foil. The precipitate is visible by matrix
contrast and the strain field has becn resolved into its two
canponents,
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Figure 8,3, Undisolved intermetallic particles in alloy B.

#7Y

o

~

I__ . %Q )

Figure 8.4. 2ZM61 naturally aged for 4 months.



Figure 8.5. Area as in Fig. 8.4. imaged uring a
(1011 )Mg diffracted beam.
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Figure 8.6. Naturally aged for 22 months.



This is the same as in Z6 and the strain ficld is as
illustrated diagramatically in Fig. 3...

As with the Z6 and ZW6 alloys the
line of no contrast is parallel to the (0001)Mg planes, the length
is 60-80A° and its width 30-L5A°,

Fig. 8.6 (a) (188A) shows the sclceted arca diffraction
pattern from the area shown in Fig, 8.6. The pattern is from a
(1070) foil orientation and the streaks perpendicular to the
(0C01 )ig are from the zones causing the matrix contrast in Fig.8.6.
The streaking is a rcsult of discs on or ncedles perpendicular
to the (0001)lig planes, The matrix contrast in Fig, 8.6 would
indicate the former. . The interplanar spoacings giving rise to

the streaked pattern were measured and are shown below:-

I Spot No. a A®
—

‘ 1 2.3
? 2 2,14
T

The pattern is most probably a (1010) type from a hexagonal
cell. The o spacing would be 8,76 A° and the a spacing 5.4 A°
and the orientation relationship.

(0001) pote // (1120) g  and
(1120) opte // (0001). Mg.
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Figure 8.6(a). Selected area diffraction patten
of Fig. 8.€.



This relationship is as that for Man2 ncedles renorted by
Gallots. The change in the ¢ and a parametcers is due, it is
suggcsted, to the prcsence of menganese in the precipitate,
thereby forming the ternary can ound previously indicated.

The geomentry of the prucipitate/ﬁatrix orientation
rclationship is such that

2,70 4° ppte // 2.59 A" matrix and

Yot J-LC opte // 1.6 A° matrix
Thus the misfit in a direction perpendicular to the (0001 )iig
plancs is

2(2,70 = 2.59) = 0,04 or 4.0
2.70 + 2.59

and in a dircction nerpendiculor to the (11§O)Hg vlanes

2(1.6 = 1.45) = 0.985 or 9.87%
1.6 + 145

This is shovm diagramatically below and the shaded arca

represents the disc shaped coherent intermediate precipitate.

HH+ - [oooilntﬁ-oz.

[VolM, 8%,
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The rings in Fig. 8.6(a) are from Mg0d, the inner onc from (200)Mg0
and the outer fram (220)MgO.

Fig. 8.7 (698) illustintes the structure after 36 months
natural ageing in a foil that is not quite a (4120)Mg foil planc.
The matrix contrast is 60-80A° measured parallel to the basal
planes. Fig. 8.8 (1487) shows the structure after 54 months at
roan temperature in a (1120)Mg foil. The two components of the
matrix contrast are evident and thé length of the line of no
contrast is still 60-80A° and the width 30-45A°. Fig, 8.9 (41402)
shows a precipitate frce zone about 400 A° across vhich arises
from solute depletion. Copious precipitation is evident within

the grains.

Ageing at 60°C..

The structure after 240 hours ageing is shown in Fig.8.10
(1492) in a (1010)Mg foil. The matrix contrast from the zones
is about 90-100A° across and 30-45A° wide. A transformation to
a needle shaped precipiate is cvident and the necdles have grown
to 200-3004° long and arc perpendicular to the (0001 )Mg. The *
structurc after 696 hours is shown in Fig. 8.11 (4177). The
length of the line of no contrast is still about 100 A® with a
width of about 30A°. The variation in the longths of tho lines
of no contrast is illustrated in Fig. 8.12 (1175) which is an
image formed with an (0002)Mg diffracted beam. The gize range
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Figure 8.8. ZM61 after 54 months at room teroerature.
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Figure 8.12.
beam,

Structure after 696 hours at

Image formed vsing an (0002)V




is 40-1 20A° and the homogencous distribution of these zones is

shown in Fig. 8.13 (1171).

Ageing at 9000. .

The general structure after 4 and 8 hours egeing is shown in
Fig. 8.14 (461) and Fig. 8.15 (442) and both of these illustrations
are fron foils not quite on (101-0)1'.13. In Fig. 8.15 some
precipitates are in the form of needles perpendicular to (0001)Mg
and about 100 A° long. Fig. 8.16 (445) shors the two component
matrix contrast in a (1010)Mg foil. The length of the line of
no contrast is 40-704°.  Necdles about 1204 long have also grovn
after this trcatment. .

Pig. 8.17 (244) illustrates the structure after 48 hours
ageing in a (1120)Mg foil. The ncedles have rvached a length
of 100-1 0004A° and a vossible second structure is evident in the
form ofasmall precipitate at right angles to the needles. The
structurc after 96 hours ageing is shovn in Fig, 8.18 (1015) and
Fig. 8.19 (1018) close to a (1070)Mg and an (0004 )Mg foil
rcspeotively. It is not fcasible to measure ncecdle length fram
Fig. 8.18; therc is also a llight patchy preparation defect on
the surfaces of this fcil. There is an area towards the top of
the photograph with an cnhanced prceipitation density duc to
localised heterogencous nuclcation. The spacing of the needles
from Fig. 8.19 is between 50 = 600 A° and the lines of
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Figure 8.13. 2M61 aged for 240 hours at 6) C..

Figure 8.14. 2ZM61 aged for 4 hours at 90°C
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rigure 8.16. Showing G.P. zones in sample a;ed for 8 hours
at 90°C.






heterogeneously nucleated precipitates are on (1150)1‘.13 planes.
A small quantity of disc shaped precipitate on the (0001 )Mg plancs
is visible in this photograph. The diffrostion pattern fram an
area illustrated in Fig. 8.19 is shown in rig. 8.20 (1019). The
interplanar spacing causing th: spots just outside the (1010)Mg
spots is 2.5A° and the angle between the plancs 60°. The nearest
spacing from the A.S.T.}M. index for Manz is 2,43 and calculated,
2.49.&0. The nearest spacing from the ternmary campound is 2, 514°,

The calculated spacing from MgZn, is from (1121) type planes
and for the ternsry from (4122) type. Thac angle betwicen (1121)
planes in MgZn, is 57° 12' and for (4122) type at A = 5.24 and o
= 17.1A° is 68° 12'.  The orientation relationship of I.Iang disecs
from Gallot3 is

(1120) Mgzng // (1010)Mg

Clearly this relationship docs not apply to the pattern shown in
Fig. 8.20 as d (1120) Mg,Zn2 is 2.60AO, also there is a prepondcrance
of needles shown in Fig. 8.19. The orientation of M@n"a would
produce in an (0001 )Mg rceiprocal lattsn., diffraction spots just
outside the (100)Mg spots. These would arise fram the (1013)
and (2030) plancs in Mg?.n; ani @ (1073)g7:) = 2,41, & .20'2'0)Mgzn;
= 2,25, The angles between (10?3)1‘.T:,’.'.n12 type plancs is 55° 36!
and (2020) type 60°.
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Figure 8.19. As Fig. 8.19 but showing

(0001 )Mg foil.

Figure 8, 20.

Selected area diffraction p:
shown in Fig.5.19.



Ageing at 120C..

Fig. 8.21 (1378) shows the structure after 16 hours ageing,
in a foil close to (1010)Mg. The needle length is betwcen 100A°
and 3000A° with the gereral size botween 100-1000A°. There is
evidence of heterogencous nuc’ ation, shown by the larg. arca of
fine precipiate to the centre of the photograph. Two "line"
defects are also apparent at A and B. A shows two distinct
lines of f'ine preccipitate and at B a "kink" in the needlc
precipitate can be seen. These defects are parallel to the
basal planes of the matrix.

The structure after 264 hours is shovm in Fig, 8.22 (1261).
Grain boundary precipitation and a very small prceipitato free
zone, 200A° wide is evident. The n3~ "¢ length is between 250-

2000A°, with a gencral range of 250-1 0004°,

Ageing at 180%C..

Fig. 8.25 (1 372) illustrates the structure after ageing for
2 hours. Extensivc precipitation has occurredwith a wide
variation in precipitate size: the basal plancs arc not quite
parallel to the electron beam. It is not possible to cetermine
the nature of the fine prceipitate; it could be the carly stages
of needle formation or small discs on the basal planes. The
ncedles have grown to approximately 4 000A° long in some instances.
In Fig. 8.24 (1373) vwhich is of a (1010)Mg foil onc or two needles
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F‘iggro 8.22. Structure after ageing for 26L hours at
120°C.



Figure 8.23. 2ZM61 aged for 2 hours at 180%..

Figure 8.24. As Fig. 8.23.



have cxceeded this and there is evidence of heterogencous
nuclcation in the form of fine precipitates on the basal planes.
The structure in a foil with the basal planes at about 60°
to the eleectron beam is shown in Fig., 8.25 (1362). The bands
of fine precipitation are parallel to the (4420)Mg plencs and the
precipitate is on the (1150) planes. The structure after 2,
hours ageing is shown in Fig, 8,26 (1342) in a (41070)Mg foil.
Therc is a wide range of ncedle lengths; 200-7, 000A° with a more
usual range limited to 200-3000A°. Discs on the (0001)Mg planes
arc also evident, Fig, 8,27 (1341) is a diffracted beam image
formed from the precipitate spot indicated in Fig. 8,28 (4348)
which is a selected area diffraction pattcrn of the foil shown in
Fig. 8,26, The d spacings from the numbered procipitate spots
are shown in the table below and the diffracted beam used to form

the structure shown in Fig. 8.27 is number 3.

Precipitate Spot Interplanar
No. Spacing A"
1 4.22
2 2.18
5 2. 21
4 1.67
B 1.43

90.



' gure 8.25. Structure aft%r 2 hours at 18000.
(0001)Mg planes at about 60 to the electron beru.

Fi;ure 8.26. ZM61 after ageing for 24 hours at
180 C..



Figure 8.27.

Dif'fracted beam image of area chown in
Fig.8.26 usging a

precipitate beam.
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The most important fcaturc of Fig. 8.27 is that both the
ncedle and disc precipitates are simultancously imaged from a
diffraction spot arising from a spacing of 2. 21AD, indicating that
both precipitate orientations are diffracting such that a beam
is accepted by the objective enerture.

Fig. 8,29 (1346) and Fig. 8.30 (1345) arc again images
formed from the undeviated beam and precipitate diffracted beam
respectively using conditions as illustrated in Fig., 8.28. It
can bec seen that needles arc present as short as 90A.° and that
the needlc labelled A is imaged only along its edges in the
difiracted beam image.

Fig. 8.31 (1334) illustrates four matrix orientations
resulting from o grain boundary and a defect vwhich crosses the
bourdary. The orientation ot the top left hand corner is almost
(0001 )Mg and the top right hand is this tilted through
approximately 30° about the line defect. The bottom right
hand section is close to (1010)Mg and the bottom left hand is
rotated firstly by about 15" co-planar with the photograph surface
and secondly by an unknown amount about an axis perpendicular to
the first axis.

A corrosion product from the preparation process at the line
defect and extensive precipitation on the grain boundary are
evident. DPrccipitation has not occurred m the line defect and
the defect does not cause a lincar displacement of the grain

91.



R |

O+ -

Figure 8.30. Image formed using a precipitste diffracted
beam. Diffraction conditions as shown in Fiz. 8.28.



Figure 8.31. 2ZM61 aged for 24 hours at 130 ..
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Figure 8.32. Structure after ageing for 24 he s at 210%C. .



boundary linc; a rotation of about 6° does occur at the defect/

grain boundary intersection.

Ageing ot 210°C..

The structure after 24 hours ageing at this temperature is
shown in Fig. 8.32 (1322) in a foil with the (0001)Mg planes near
to 60° to the electron boam. The needle precipitate is severcly
truncated and scme of the needles tovard the left of the
photograph are showing a fringe contrast. There is copious
precipitation of the disc shaped precipitate which has rcached
e diameter close to 600A°,

Neodle lengths up to 14,0004° have been achieved by this
thermal tr-atment, as illustrated in Fig. 8.33(1318) which is of
a (1010)lig foil. The precipitates are not very homogeneously
distributed and there is a distinct pattern to the distribtution..
Areas with long needles are rclatively denuded of the disc
precipitates vhereas when the needle length is rcduced to around
500110 there is copious disc precipitation. This structure can
be scen to exist in Fig. 8.32. Furthermorc the disc precipitates
on the basal planes with their faces parallal tr, the (0001)Mg
planes, are arranged in lincs either parallel or perpendicular
to thsse ‘matrix plancs. The discs arranged in 2 row perpendicular
to the (0001)Mg plancs are generally associsted with the arcas of
long needle precipitate or to the cdge of the fine precipitate arcas,
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Figure 8.33. As Fig. 8.32 showing the strurture in a (1000)Y,
foil.

Figure 8.34. As Fig. 8.33.



Fig. 8,34 (1310) suows the structure within a 'band' of long
necdles. The diffraction pattern of this area is shown in Fig.
8.35 (1311) and it is of the (1010)Mg foil planc type. There
are two precipitate patterns, both formed on a rectangular cross
grid, one with thc shorter sife parallel to and one with the
longer side parallel to the basal planes of the matrix. The
patterns are 'streaked' in orthogonal dircctions, vhich provides
a method of determining their origin. The vertically streaked
paitern is derived from the d’sc precipitate and the horizontally
strcaked one fram the ncedle precipitate,

The vertically strcaked pattern could be frcom a |-11§0-‘}axis
of a C.P.l.. unit cell based on the Man2 unit cell. -It could not
be a [’10:1'0-‘ axis because thec spot labelled X would have to be
(1123). Therc is no diffracted becam when h + 2k is a multiple
of 3 andl is odd and it is not likely to arise as a recsult of
double diffraction’s

Assuming a E’l §(ﬂ axis then the spacings and reflections from

this C.P.H. unit cell are rclated as shown in the following tahle:-

Intemlarga.r Spacing i Reflcction
A (h kxil)
8. 75 0001
4. 58 | 1010
412 1011
2.39 N 1073
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Figure 8.35. Selected area diffract
gtructure shown in Fig. ©.34.

Figu.r‘e 8. 36- ZMe‘I aged for 2/, hours at



Considering the precipitate pattern with horizontal streaks, the
pattern from the ncedles. This could be a (1010) axis of the
same unit cell of the first precipitate patterh. The interplanar
spacings frc;m this second pattern and the possible rcflections

would then be:-

e e e —— ——

i

| Interpl%nar Spacing ; Ref]_.ection
A" (hkil )“ '
i 4o 35 1{ 0002 |
2.6 1120
2,22 | 1122 :

The orierlltation rclationship between these precipitates and
the matrix are as follows:-
for the discs (1070) Disc // (1120)Mg and
(0001 ) Dise // (0001 )Mg

and for the necdles
(0001) Needle // (1120)Mg and
(1420) Ncedle // (0001 )Mg.

These arce identical to those published by Gn.li!.c:t3 for Mang
and I.Ian;‘respectivcly. The essenti.;xl difference is the increase
in the ¢ spacing of the precipitates_ in this termary alloy. The
spots labclled Z arc possibly from the needle prccipitate rotated

. ‘* by 600, to give the same orientation
relationship on the other two (1120) type magmsium‘planes.

The structure within a band of short necdles is shovn in

9)4-0



Fig. 8.36 (41303) and the selccted area diffraction pattern is
illustrated in Fig, 8.37 (1305). The needle length is 200-4000A°
and the disc precipitate has rcached about 150-7OOA° in diameter.
The diffraction pattern is of a (10‘]- 0)Mg foil plane and a series
of spots from an interplan~r spacing of 13.0A° narallel to the
(0001 )ig plancs is evident.

These lanes are arranged such that every fifth (0002)Mg
plane at 2.6A° coincides with a precipitate plane at 13 A%
There are three precipitates present in the areas illustrated in

Figs, 8.32 and 8.33. and not just two.

Direot Quenching Experiments.

The direct quenching expcriments used to determine the
metastable solvus for this alloy wvere identical to those used for
the Z6 alloy.

The structure after 96 hours at 90°C. after direct quenching
to this temperature is shown in Fig. 8.38 (4006), from a foil
with an orientation close to (000 )Mg. Therc is evidence of
heterogeneous nucleation, which is arrowed. TFig. 8.38 is
directly comparsble with Fig. 8.49, which is of the allny
quenched to room temperature prior to ageing at 9000.. The
difference botween these two structures is insignificant and any
difference could be related to foil thickness offects.

Direct quenching to and ageing at 120°C, for 26L4 hours
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Figure 8.37. Selected S .
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produces the structure shown in Fig. 8.39 (1249) vhich is of a
(1010)Mg foil. This is dircctly comparable to Fige. 8.22, vhich
is the structure after quenching to roam tempcﬁtum and ageing

at 120°%. for 264 hours. Again there is no significant difference
between these two structurcs. The metastable solvus is
therefore above 12060. for this ternary alloy.

Pig. 8.40 shows the change in hardness with time at various
egeing temperatures after mturally ageing for 4 years at roam
temperature. The structure prior to the artificial ageing has
been illustrated in Fig. 8.8 and Fig. 8.9 and the line of no
contrast from thc G,P, zones vas measured as 60-80 A° long by
25-40 A° wide. Assuming that this is a spherc 30 A° in diemeter,
it is cqual to that of the zones in Z6 ond about one third of
that in A1-Zn allo:;,rs‘.u+

From Fig. 8.40 it is cvident that the metastable phase
boundary (or critical temperature) is greater than 200°C or that

30 A® is obove the critical zone size stable at this temperaturec.

Double Ageing.

The beneficicl eflect of the delay between solution trcatment
and ageing on the rate of ageing and maximum tensile properti:.s
in this alloy has becn demonstrated.zo The naturally aged
samnle, the structure of which has been shown in Figs. 8.8 and
8.9, was uscd to examine the effect of a seccond higher temperature
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Figure 8.39. Structure after 264 hours at 120°C. after
quenching directly to the ageing temperatu-~e
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treatment on the structure.

The structure after artificially ageing this sample for 1
hour at 180°C is shown in Fig. 8.41 (1508) in a (1010)Mg foil.

A grain boundary with an asymmetrical precipitate free zonc, can
be scen to the left of the phoiograph. The line of no contrast
is still 60-80 A° long by 25-40A° wide and the needle precipitate
has reached 4100-300A° in length. Fig. 8.42 (1506) shows the
gencrally very short needles, 100—300A° long, with a few that
have grown to 500—?00;4.'-J in length and perhaps a little wider than
the others.

The two component matrix contrast from the zones is stil:.l.
present as illustreted in Fig. 8.41; these have either dissolved
and reformed on heating to 18000 or they have grown at room
temperature to a gize which is stable at 180%..

Attempts vere made to observe the growth of the zones by
examining an arca of a foil from the naturally cpged sample and
then re-examining the samc erea after the artificial ageing
treatment (carried out in an oil bath with no contact with the
0il). Beam heating vas also attempted, within the microscc;pe.
Both of these experiments were unsuccessful. The resuits from
these experiments are illustroted in Eigé._ 8.114.3. (1 533) and 8.4
(1532) fbr the specimen ‘aged in the oil buth, .na Figs. 8.45
(1205) ond 8.46 (1214) for thc beam heating experiment.  Figs.
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Figure 8.41. Structure agter 54 months at rcom temperature
followed by 1 hour at 4180 7C..

Figure 8.42. As Fig.8.41.



8.43 and 8.4, which are images from the undeviated and precipitate
diffracted beams respectiwvely, show the structure after ageing for
1 hour at 180%C.. This structure results from a nucleation and/
or growth of the preccipitates at the surfaces of the foil and this
structure should be compared with Figs. 8.41 and 8,42 which show
the structure after ageing for the same time but in a bulk sample.

Difficulty was experienced in controlling the heating from
the elecctron beam and invariably the sample was overheated and
the structurcs produced bore no relation to any structures
observed in samvles conventionally aged. Two cxamples of this
structure are shown in Figs, 8.45 and 46 and are undoubtedly the
,structure from a metal/metal oxide reaction. A structure similar
to this has been reported by Douglass and Vanla_nduytz"G in
titanium alloys.

The structure after ageing for 24 hours at 9000. followed
by 16 hours at 180°%C is shown in Pigs. 8.47 (351) and 8.48 (488).
The ncedle length is about 300-1000A° with occasionally much |
longer and thicker ones, shown particularly in Fig. 8.48. The
disc precipitate perpendicular to the necedles is generally about
1004° in diamter and in some instances in Fig. 8.47, they could
be the needle prucipitate at an aspcot ratio of unity. These
two illustrations arc directly comparable with Fig. 8.29, in
terms of magnification and matrix zone axids, vhich was of a
samole aged for 16 hours at 180°C. only. The effect of the
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Figure 8.43. Structure after 54 mont?s at ~oam
temperature followed by 1 hour at 180°C. A-zificially
aged as a foil.

Figure 8.44. Area shown in Fig. 8.43. imagec using a
precipitate diffracted bean.



igure 8.45. Structure after 54 months naturil ageing
“ollowed by beam heating in the microscope.




Figure 8.47. ZM61 ayed for 24 hours at 90°C. followed by

16 hours at 180%C..
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Figure 8.48. As Fig. 8.47.



double ageing trcatinent is imaediately apparent.

Annlysis of the G.P, zone Strain Fields.

Figs. 8.49 (1176) a.nd. 8.50 (1177) show the image from the
undeviated and an (0002)Mg diffracted beam respectively. The
direction of the operating reciprocal lattice vector is indicated.
Threc particles, two labelled A and one labelled B show that the
in situ strain is +ve and -ve respectively. It is considcred
that the apparent sizc and asymmetry of these strain fields,
which are from discs, are so dependent on the prccise angle
between the electron beam and the disc (which ideally should be

0°) that littlc rcliance can be placed on this analysis.

Section 5 - Magnesium - 0. 84 Manganese = Mn 80,

The precipitate in this alloy system is in the fom of
ribbons parallel to the (1010)Mg and perpendicular to the basal
planes. The precipitating phase isc{ Mn.. The structures
presented by Byrne15 vho exsmined an alloy containing 1.33% Mn
are such that no confusion betwecen OQMn and any of the precipitetes
observed in 26, ZW6 and ZM61, can cxist. The structurcs reported
were obtained after ageing at fairly high temperatures, about
300°C. for times up to 16 hours. No results vere presented
shoving the carly stages of precipitation that might be expected
at the lower temperatures and times used in the present investigation.
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This alloy was therefore included in order to determine its
structure .after an identical hecat treatment to that used for 26,
ZW6 and ZM61. The effects of hecat treatment on the mechanical

properties of this alloy were not determined.

Electron Microstructure.

The structures after ageing for times of up to 60 hours at
180°C., after solution treatment for 2 hours at 420°%C.. V.Q.
consisted of grains and grain boundaries only. No evidence of
precipitation was detected. The alloy was therefore examined
after ageing at 420°C. for times of up to 300 hours. Solution
treatment in this instance was for 1 hour at 560°C. W.Q. The
structure after 16 hours at 420°C. is shom in Fig. 9.1 (1087).
Precipitation is not very extensive and the precipitate is
causing matrix contrast vwhich may result fram differential
thermal contraction during cooling after ageing. The foil
orientation was not accurately determinable but it is near to
(0001 )Mg. A further structure was observed in other arcas of
this foil and is shown in Fig. 9.2 (1088). It is considered to
be an artifact and not duc to the heat treatment. Precipitation
as extensive as that shovn by Byrne was not observed; this
could be related to the Manyancse content and/or the very large

grain size in this alloy and possible manganesc segregation.
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Figure 9.1.

aged for 16 hours at 420C

T . 2
Figure Y.c-.

Mn30 solution treated at 560 C. and
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Ssction 6 -~ Matrix Contrast Effects.

In most of the phito-micrographs presented in this thesis,
the contrast has arisen by diffraction from the precipitate and
diffracting conditions were sclected that enabled the precipitate
size and distribution to be easily illustrated. It is now
proposed to illustrate the matrix contrast and the matrix/
precipitate contrast observed in the three alloys 26, ZW6 and
ZM61. As the matrix contrast from the disc shaped G.P. zones
nas been previously illustrated and analysed it will not be

repeatced in this section.

Magnesium - 6.0. Zinc.

Fig. 10.4 (885) shows the preferred chemical attack parallel
to the (0001)Mg planes, which was referred to in the section on
the cxperimental procedure. In Fig. 10.1 the foil orientation
is such that a "kink" in the necdle precipitate is evident and
the preferred attack is associnted with this effecot. This is
particul-rly well illustroted with the bottom kink, labelled A,
where the attack is not complete. It is considered that the
kink, either multi-layered slip or micro-twins due to quenching
cffects, was present prior to ageing. There is no evidence of
ncedle fracture on any of the kinks. Necedle fracture has been
observed ond will be illustrated later.

Figs. 10.2, 10.3, 10.L (879, 880, 881) show the dromatic
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Figure 10.1. Alloy Z6, showing chemical attack r.esocinted
with a 'kink' in the precipitate.

i‘% ure 10.2. Showing a small white line defect acsiociated
wion the ends of the needle precipitate.



-

¥
e

A

Figure 10.3. As Figure 10.2 but tilted slightly.
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Fisure 10.4. As Figure 10.3 tilted further stil..



offect of changing the operating reciprocal latticevector on the
artifact illustrated in Pigs. 4.5 and 4.6. The vector for Fig.
10.2 is (1070)Mg with = rotation through 90° to an (0002)Mg vector
for Fig. 10.4. The light corrosion product on the (0001)Mg can
be seen in Fig. 10.2 and cach of these coincides with the end of
a needle precipitate. A strain field resulting from this defect
is detectable as a lightening of the matrix. Altering the vector
to (0002)Mg causes the more familiar dark strain fields and they
are not always symmetrical. At A and B botween tilting from
Fig. 10.2 to 10.3 and 10.4 the strain fields are very asymmetrical
and the asymmetry is rcversed between Fig. 10.3 and 10.4.
Locations C and D clearly show the rever;aal of contrast
accompanying the tilting.

Fig. 10.5 (574) shows severc matrix strain associated with
the MgZn needles. At A the strain fields are about 2,500 A°
in length, along the needles. Adjacent necdles are equally
cffected and this continues across the whole of the photograph.
his also apnlies at the location shown at B but the strain field
length is only 800°A in this case. This effect’ is shown on a
finer scale in Fig. 10.6 (506, and the spacings are not regular,
Although they are close to 300 A® long, it is mossible that these
arc interface dislocations, with spacings between 480 and 1200 A°,

Interface dislocotions at a needle in a (1120)Mg foil are
shown in Fig. 10.7 (509). The needle is pa&tiany coherent, and
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Figure 10.7. Illustrating interface dislocat .ons on the
needle precipitate.

Figure 10.8. Showing interface dislocations vith a distinct
"arrowhead" appearance.



the interface dislocations are 55 - 60 A® apart and are inclined
ot about 76° to the (1010)ig planes. The spacing is not
absolutely regular end it was not possible to rclate any mis-
match to the dislocation repetition.

Fig. 10.8 (1550) is from a (1120)Mg foll and interface
dislocations are again evident. In this instance s&m of the
dislocations have a distinct 'arrovhead' appecrance along the

needle length, with a spacing of 654°,

Magnesium - 6.0 Zinc - 41.05 Manpanese.

Extensive matrix strain along the needle procipitate was
observed in this alloy and is shown in Pig. 10.9 (371). The
matrix strain is better illustrated using a matrix diffracted
beam for imaging and this is shown in Fig. 10.10 (1356), which
is from a (1010)Mg diffracted beam. The foil orientation is
(1120)Mg and the needle longth has reached 1,200 A° in some
cases.

Interface dislocations were also observed periodically,
they also took an "arrowhead" appearance as in the 26. This is
shcvm in Fig. 10.11 (364). In this instance the spacing is
75 A°, which is 10 A® larger than that of the interface
dislocations on the necdle precipitate in the Z6 alloy.

The presence of the matrix contrast on the interface
dislocations shovn in Figs. 10.9, 10.10 and 10.11 is contradictory
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Alloy ZM61, showing extensive matrix contrast

> needle precipitate.

Image formed fram a (1070 )Mg diffyristed beam
1X itrast as in Fig.10.9.
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Fisure 10.11. Showing interface dislocations with an
'arowhead' appearance as shown in 26.

;j‘i_.{ ire 10.12. Matrix contrast associated with t' ¢ needles.
(CC1 ))Mg foil slightly tilted.



in that the extended matrix contrast indicates ccherency strains
and the interface dislocations, a partially coherent structure.

The effect is possible if different faces of the needle precipitate
are differently matched to the matrix.

An illustration of this is shown in Fig. 10.12 (359) which
is of a foil slightly tilted off (0001)Mg. Some of the needles
are showing matrix contrast from the two opposite faces and this
is shown particularly well at A. Needles not showing this
effect, because of an unsuitable reflecting vector, at B for
instance, must be at one of the other two possible orientations.
Only one of these three precipitate orientations has therefore
been imaged with its matrix strain in Fig. 10.12. The other
two faces.of this precipitate, it is suggested, are partially
ccherent and not showing any strain. With a (1120) or (1070)Mg
foil orientation it is probable that same ncedles will show the

matrix strain and others, the interface dislocations.

Dislocation Loovs / Matrix Faults.

Dislocation loops showing a fault type fringe contrast
within the loop have been cbserved and were illustrated in Figs.
8.4 and 8.5. The loops were bztween 2000-400030 in diameter
and in the basal planes of the matrix.

Fig. 10.13 (1510) shows fringe contrast from faults in the
basal planes of an aged sample. The image was formed using a
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zure 10.15. Showing faults in the basal plancs imaged
ueing a (10T0) diffracted beam.




(1010)Mg diffracted beam in a foil with the (0002)Mg plancs at
about 300 to the becam and there is no regular shape to the faults.
Fig. 10.14 (1524) shows fringe contrast from faults having
a definite circular shape; the foil ordentation is as for Fig,
10.13. Vhere the cdge of the fault is curved, it is
generally concave to the fringe contrast, showing that the fault
is probably a loop. There are two exceptions, labelled A, where
the curvature is convex to the faulted regions. This sample
was hcat treated as a foil. A surface nucleation and/or growth
phenomenon could account for the presence of these loops, but
not the faults shown in Fig. 10.13 which arc in a sample aged

prior to thinning.

/
Precipitate/Matrix Contrast:- Moire Patterns.

When the discs of M@ng in 26 are very nearly perpendicular
to the electrcn beam, and with a (1010)Mg vector operating a
Moiré pattern is formed. Fig. 10.15 (1571) illustrates this
cffect and the pattern has an irregularity duc to a fault in the
matrix, precipitate or at the interfacec. This patternis formedbythe
mechanism shown diagramatical’y in Fig. 3.8(a). Fig. *0.16
(1389) is another pattern showing a dislocation imaged by the
mechanism shown in Pig. 3.9.

These patterns result from the interaction of the (1010)Mg

plancs with the (1120) Mg,an plancs. Using the data published by
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Bu.'aikl*'3 and assuming the equilibrium concentretion of zinc at the
ageing temperature i.e. 2.0 wt.% or 0.75 at.®%, the spacing of
(1070)Mg is 2.77A%  The spacing of the (1120)lgZn; is more
difficult to determine. The value assuming a unit cell of a =
5.2 A° ¢ =8.48 A°4s  2/2 i.e. 2.6 A° but the nearest spacing
to this in the A.S.T.¥. index is 2,63 A”. With the calculated
value the Moire spacing is 42.3 A® but with the measured value
the spacing is 52.0 A°,

There is an odded complication in that the results published
by Gallot’ for a sample aged at 250°C give a (1150)14.£an§ spacing
of 2.549 A® i.e. a = 5,098 A° assuming the (1010)¥g spacing from,

Busksl"j

data, is 2.769 A°.  This would give a Moire spacing of
32.1 A%

' The measured spacing in Fig. 10,16 is 49,24°%;  this of
course assumes that the magnification of the microscope is as
indicatéd, which is unlikely. Using the thrce calculated values
of the Moire spacing and comparing them with thc measured value,

the nominal 120,000 X setting on the microscope is 139, 000,

144,000 or 185,000 times.

Alloy, ZW6.

Moim/pattem were observed on the precipitate formed during
solution treatment, TFig. 10.17 (1148) illustrates this and there
arc two patterns, one of about 120 A® and the other at sbout 70 A°
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B
The patterns are parallel to the magnesium basal planes and are

therefore a cambination of the (0002)Mg and plancs in the
precipitate.. Assuming the (0002)Mg spacing is 2.591, close to
the solution treated valuc for the binary Mg-Zn alloy, the
precipitate spacings are

(1) 120 4° spacing := 2.53 or 2.65 A°

(ii) 70 A° spacing := 2.48 or 2.§9 A°

There arc many possibilities as to the naturc of this
compound although it is likely to be a ZnZr compound. The
possibilities with the relevant d spacings are showmn

in the followling table.

? ZnyZr (F.C.C.) Zn,Zr; tetr. Zril. I'.C.T. | ZrH, F.C.T.
d hkl d |hkl d |hkl d |hkl
3,70 | 200 2,92 2,75 (114 1 2.76 | 144
2.63 | 220 2.69 1 2.481002 |2.45}200
2.23 | 311 2,57 2.38 1 200 | 2.29 | 002
2,52
2,40
2.1
2,28
Alloy ZN61.

The patterns obtaincd on the Mang discs in 26 were also
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obtained on the discs in this alloy. In this case the triple
pattern was obtained and is shown in Pig. 10.18 (316) and the
diffraction pattern in Fig. 10.19 (317) vhich is an (0001)Mg type.
The cross section of the needle precipitate, a parallelogram,

is clearly scen to the bottom left of Fig, 10.18.

Assuming the precipitate pattern is also an (0001) type in
a C.P.H. structure, then the pattern is formed by an interaoticn
of the (1010) Matrix plancs with the (1120) Precipitate planes.
Using the matrix sracing to calibrate the camera constant the
(1120) Precipitate spacing is 2.63A° giving an a spacing of
5.26 A°.  The calculated (1120) spacing of MgZn, is 2.60 A°,
to give an a spacing of 5.2 A°,

A further possibility on the evidence presented in Fig.410,19
is that the precipitate pattern is from a F.C.C. (111) reciprocal
lattiocc section. The precivitate spot close to the (10T0) matrix
spot would be a (242) type. This would give an a spacing of
12,9 A° in the F.C.C. symmetry.

With the precipitate as a hexagonal unit cell the ¢ spacing
cannot be determined but the orientation relationship is:-

(1010) Preciz. // (1120) Matrix and
(0001) Precip. // (0001) Matrix,
vihich is the same as the M@ng discs in Z6.

or for the F.C.C. symmetry:-
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(220) Precip. // (1120) Matrix and

(1411) Precip. // (0001) Matrix
This is the usual closc packed plane/direction relationship
between F.C.C. and C.P,H. symmetries. This solution is
considercd unlikely as it wouid require the  7.45 A° to be
parallel to the (0001) Matrix planes. It has already been shown
that the spacing in the disc precipitates parellcl to the (0001)
Matrix plancs is 8.75 A%,  The measurcd spacing of the Moird
pattern is 51A° and the calculoted value from the diffraction
pattern is 52 A°,

A Moiré pattern on the ncedle precipitates was alszo
cbserved and this is shown in Fig. 10.20 (483). The spacing
is 55 A® and is formed from the interaction of the (0002) Matrix
plunes with a spacing of 2.48 or 2.73 A°.  The pattern is
distorted in same cases and a 'spiral' type contrast can be seen
on the precipitate labelled A. There are differences in the
pattern spacing on the necedles and this is possibly due to the
rotation of some of the ncedles about the E?OCH] Mg to comply
with the three E1 501 type directions. The foil is either a
(1070) or (4120) type. The .48 A° spacing is close to the
(1152) spacing at 2.506 A° in the ‘ternary phase and to the (1121)

spacing of MgZn,. The closest mecasured spacing in MgZn, is
2-14-3 Ao‘
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Precipitate Fracture.

10 the spacing of the needle

precipitate in the lig-Zn alloy cxamined by Clark18

As pointed out by Byrne
could be
reclated solely to the specimen size. Byrne indicated that the
needlc spacing of 330-660 A® in his bulk samplcs wceuld require a
particle cutting mechanism and that the 1000-2000 A° spacing in
Clarks specimens is borderline for this mechanisa.

Fig. 10.21 (834) illustrates the result of the severe
defermation occurringin the 'necked' region of a fractured
tensile bar. The alloy is ZW6 and it is in the solution treated
and aged for 16 hours =t 180°%. condition. Complex dislocation/
precipitate intecraction and needle fracture are clearly cvident.
The foil orientation was not determinable and as the foil is
obviously not of the (0001)Mg type, accurate precipitate spacing
cannot be determined.

Fig. 10.22 (829) shows cxtensive plastic deformation and
flow along a grain boundary which has widened and become
indefinate; the ncedles within the flowed region are severely
deformed ard 'l:hcse;; within the grains are distorted.

Fig. 10.23 (832) is from on indeterminable foil orientation
but the needles are inclined between _30--50':J to the electron beam.
The needles have not only fractured, they have also been separated
by the continued plastic deformation of the matrix.

Fig., 10.24(172) is from a position slightly removed from the
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Figure 10.21 Precipitate fraicture in the necked region
oi’ a tensile bar.

1-~;L .
\ ' .“\‘ \
ah )
s 2
Figare 10.22. Showing extensive plastic deforma<ion and
needle displacement.
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nscked region of the tensile bewm The meedlss are distowted
and have in some cases fractured. The anglecsof the fractures

are 63 and 75° to the axis of the needles. The needle spacing

camnot be satisfactorily determined, .
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Discussion cf Results.

Mechanical Properties.

To facilitate comparison of the ageing response in the three
alloys, 26, ZW6 and ZM61, Figs. 5.4 and 5.5, vhich are thec hardness
and 0.1% P.S. curves of 26 arc repeated with the corresponding
curves for ZW6 and ZM64 superimposed such that the solution
treated values coincide. Fig. 11.1 shows this composite for the
hardncss changes and Fig. 11.2 for the 0.1% P.S. values;.
Considering the hardness changes, the c¢ssential difference between
Z6 and ZM64 is the higher ageing rate at temperatures of 18000
and below, of ZM61. The only similarity betwcen the ZW6 and 26
(and Z)61) results is the time to reach moximum hardness. The
ageing respense of ZW6 at 210, 180, 150 amd 120°C is less than
that of 26 and ZM61. At 90°C. it-: is somewhat superior to Z6
but still inferior to ZM61 and at 60°C. practically identical to
26, ZMA4 is stillp superior.

The tensile properties of Z6 after ageing at 180°C ere in
rcasonable agreement with the results reportecd by Hnll,JI9
although the additicnal response from the double ageing in fhia
investigation was not as great and the properties are generally
1-2.0 t.s.i. lower, This is likely to be duc to an extrusion
size effect. Furthermore; the ageing response at 180C is close
to that indicated by the author’l by interpolating the results
presented for the Mg-Zn-in alloy, to zero % manganese.
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A dramatic difference in the ageing rates between the three
alloys is illustrated in Fig. 11.2. These curves werc determined
after an 8 day natural ageing pericd which is favourable to
ZM61., _

The electron microstructure of ZW6 has indicated the reason
for the poor response of this alloy in terms of hardness and
0.1% P.S.. Zinc must be 10.51: from the matrix due to the farmation
of a zinc-zirconium compound during solution trcatment or pre-
heating prior to hot working. The importance of this
transformation is that on ageing at the lower temperatures the
alloy will tend to bchave as a more dilute Mg=-Zn alloy. The
ageing response will be caonscquently reduced. An intercsting
feature is that ZW6 aped at 90°C has a response superior to that
of 26. This has enabled ZW6 to attain quite high values for the
0.1% P.S., up to 22.0 t.s.i. after times of about 700 hours.

This is caused by the low temperature ageing trecatment
strengthening the relatively weak precipitate freo areas left
after the high tempcrature precipitation. When the procipitate
size from the low temperaturc ageing approaches that formed during
solution treatment the total xesult is a very marked astrengthening.
This has occurred with the 90°C treatment and has been illustrated
in Fig. 6.13., It is worth noting the poor response when the
precipitate size is much larger than that previousiy present,
after ageing at 180 or 210%C. for instance. This low temperature
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ageing contribution is not sufficient and the alloy remains
relatively weak. It is considered that ZW6 can be rcgarded as
a dilute 26 alloy from the age hardening aspect, and it will not
be discussed further,

The rapid ageing rate and high maximum 0.1 P.S. of ZM64
is clearly seen and the electron metallography has rcflected this
rapid change. The higher maximum properties have becen shown to
be related to a finer precipitate structure.

It has not been possible to explain the discropancy between
the ageing response of 26, determined in this investigation and
that of Clark, by diff'erences in mibrdstructurﬁ. It is considered
to be due to a texture difference between the two materials.
Twinning is a common deformation process in close packed hexagonal
alloys at room temperature and the associated lottice movement
can alter the ability of the matrix to accommodate the applied
stress. TFor instance if a compressive stress is applied
perpendiculor to the basal planes then twinning will be pessible.
Thus if the basal planes in a sample are nearly parallel to the
surface on vhich a hardncss impression is made, twimning will not
occur. The depth of penctration will therefore be less than if
twinning could ococur, vhich would happen if the basal planes are
perpendicular to the surface. An apparent differcnce in hardness
would result and the former situation will give the higher hardness.

This is also truec for applicd stresses in directions making angles
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of approximately 50o with the hexagonal axis.

These effects could explain the discrepancy between the
present results and those of Clark in that the two fabrication
techniques have led to a texture differences. No indication of
the fabrication process is given by Clark but if his &" x 1" bar
stock was manufactured by rolling, a highly textured product
would result. The basal planes would be inclined to within 15°
of the rolled surface resulting in a 'no twin' situation on
fiordness testing thot surface, with a resulting high hordness
valuc. The similarity between the hardness valuevs on longitudinal
and transverse faces of samples in thisinvestigation indicates a
relatively iaotropic‘structure; It is worth noting from Fig. 5.2
that of the threc-alloys exzmined, Z6 is the least isotropic.

The response to double ageing in the two alloys Z6 and ZW6
was determined and the additional response on the 0.1} P.S. in
the binary Mg-Zn alloy at.17000. after pre-ageing for 96 hours at
65°C. shown to bc between 1.0 and 1,5 t.s.i.. With the Mg-Zn-Zr
alloy this difference is only about 0.8 t.s.i.. This compares
with an estimated 2,2 - 2,5 t,s.i. for the above temperaturcs for
the Mg-Zn-Mn alloy. The effect of the lov temperaturc ageing
treatment  on the rate of ageing at 1?O°C. ﬁas not determined, but
it would be expeccted that the rate of ageing would be increased,

Advantages fram double ageing treatments have been vell known

for well over twenty years and Wasscrmann&7 has demonstrated an
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increase of 16 X in the resistance to stress coprrosion by varying
the ageing treatment in two Al-Zn-Mg alloys. This is shown below
with alloy composition, hecat trcatment and life in days of a

loop test from & direction transverse to the rolling dircction,
with altermate dipping in 3.07 NaCl for 10 minutes followed by

50 minutes drying.

Commosition:= L.3% Zn, 2,54Mg, 0.6%3Mn Solution Treoted for 4

hour at 500°C. W.Q..

Condition _ 0,24 P.3. te.s.3.]| Life, days
5 days at 80° C. 22,2 136
5 days at 80° C. + 1 hr/150%. 19.6 2,160
2 days at 80° C. 17.7 383
2 days at 80° C. + 1 hr/170%C. 22,8 > 2,160

With a copper containing alloy:~

Composition:= L4.2% Zn, 2,24 Mg, 0.6% Mn and 1.8 Cu.

Solution treated for 4 hour at 450°C. V.Q..

Condition 0.25 P.S. t.s.i.| Life days
5 days at 100C. 26.0 990
5 days at 100%. + 5 hrs/150°C. 26.6 ) 2,160

It is important to note that the improved resistance to stress

corrosion is not associated with low tensile properties and in the

116,



copper free alloy a stronger sample in fact has about 5 times
the resistance of a sample of the alloy with lower tensile
preperties.

Wassermann also clcarly demonstrated the beneficial effect
of double ageing on the tensile properties. This is shown below

for the previously mentioned copper free alloy.

Condition O. 2J Pe8: Tesals U.T.S. t.s. iv
S.T. + 12 hrs. at 150°C. No delay 18.4 2401
|S.T. + 48 hrs/70°C. + 10 hrs. 150C. 2).8 29,5
Hardy45 in 1949 offerecd a satisfactory ¢xplanation for

this phenomenon by inveking o critical size of nuclcus formed

at the lower temperature which is also stable at the higher
temperature. This will causc a refinement of the precipitate
usually formed when ageing at the second temperature only,
thereby improving the properties. It is not important what this

critical size (d in Pig. 2.5 in this thesis) refers to,

crit
whether it be G.P. zones or a distinct precipitate, it is the
stability of the size that is important. The results of tho
present investigation have shovm that in the Mg-Zn-Mn alloy,
discs approximately 60 4° in diamcter and about 30 A° thick are

stable over o wide range of temperature, 20-180%3.. The response

to double ageing will depend on the number of zones/precipitates

117.



that exceed this size when the second ageing temperature is
180C. . .

Furthermore if the number is small then ageing at the higher
temperature could result in an abnormally coarse precipitate and
lower mechanical properties. With an increase in the rumber
above this critical size, such that it exceeds the number of
nucleation sites nomally available during the high temperature
ageing treatment, a rcfincment of the precivitate will result.
The first situation will result in a detrimental effcot and the
second will produce a beneficial cffect of the first low
temperature ageing cycle, as indicated previously.

Clearly the rate of zone/precipitate formation during the
first stage of the ageing trcatment is an important factor and
any difference in double ageing effects in differcnt alloys can

readily be explained by invoking any difference ind_, and/or

it
the factors controlling the rate of G.P. zone/prccipitate
formation or re=-solution on raising to the second higher
temperature.

In the Mg~Zn-Mn alloy after 22 months natural ageing the
matrix contrast from the disc shaped G.P. zones indicated a zone
diameter of 60-80A°, Aftex; o4 months maturally ogeing although
the number of zoncs had increased the maximum diameter was still
60-80 A°.  The G.P. zone diamcter after ageing at 60°C. for 2,0
arnd 696 hours was shown to be 90-100 A These two results
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indicate strongly that the G.P. gone size is cssentially temporature
a.rrl’; not time depen.dﬁnt.

A second factor thercfore now has to be considered, not
only is the rate of zone fomation imjortant but the size to vhich
they can grow at a constant temperature, will also have a
controlling effect on the sseding at the h.gher temperature.
If the limiting size is bclow the critical size then no precipitate
refinement will occur. The optimum results will occur when the
mascimum G.P. zone size is just greater than the coritical size
and solute is therefore not consumed in unnecessary growth of

the zones.

Electron Microstructure.

An important fcaturc of the electron microscopy is that the
structures presented are from sansles on vhich actual mechanical
properties vere determined. The foil preparation technique
developed enabled the structure of bulk material to be dctermiined.
The structures obtained can be related therefore dircetly to the
mechanical properties. Furthermore, the comments of Byrne10 on
sample sizc are not applicable, as all heat trcatments {or the
tensile and hardness specimens vwere done in the form of "
diameter bar 9" long. The samnles for the dircct quenching
experim;z-t were only .025" thick, and thesc vere compared only

with the same sized samples quenched to room temperature and not

119.



with samples treated in bulk form,

The formtion of a number of different artifacts on the
foil surfaccs has been encountered and a method developed for
their removal. 'l‘hese‘ can lcad to difficulties, particularly
when the heat treatment is such that G.P, zones are expocted.
The investigation has shown that the G.P. zones in 26 and ZM64
are in the form of dises on the (0001 )Mg planes. It is
considcred that the reported observation of G.P. zoncs in Mg -
5,64 Zn after only 6 hours at 70°C. and st a magnificaticn of

13,500 times, by Murakami et a1’

is in fact due to the prescnce
of cne of these artifacts.

The dramatic cffect of foil orientation on the appearance
of the precipitate has been clearly shown. This is due to the
symmetry of the hexagonal unit cell in that the planc multiplicity
is less than that found in the two cubic symmctries. This
apnlies to the (0001) plancs in porticular, and has led to
difficulty in resolving the two componcnts of the matrix contrast
from the disc shapced zones on the basal planes. Furthermore,
measurcement of the true precipitate size and distribution is
hindered. The morphology of the precipitate in 26, ZW6 and
Z}61, ncedles perpendicular to the basal planes, mcans that
needle length can only be mersured in a foil with a (1010) or
(1120) foil plone and the foil surfaces perpendicular to the
basal planes., A situation vhere the first condition occurs and
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not the sccond is well illustrated in Fig. 5.36. When ncedles
of up to 27,0004° can form as shown in 26, the above conditions
arc essential but difficult to achieve.

Foil oricntation effects have undoubtedly contributed to the
significant differcnce in the numbe:s of ncedles/square micron
rcported by Hall and those in this investigation. Ageing for
10 hours at 18000 produced a needle density of 100-130 per square
micron ((etermined from an (0001) foil), compared to the 40 per
square micron of Hall. It has also been observed that double
ageing increases this 100-130 to 300-360 per square micron with
only a small improvement in properties. All of thesc rosults
d_o not take account of foil thickncss and are thorefarc
speculative in that the differcnces outlined could be oxplained
sinply by invcking a thickness difference. It is proposed not
to use a difference in number of prccipitates to illustrate any
difference between samples and/or alloys, but to usc ncedle length
as a nucleation criterion. This is possible in 26, ZW6 and Z161
as the neecdles grow perpendiculer to the basal planes and true
needle length measurcments arc possible if the conditions
previcusly outlined are operantuve. I it is assumcd tiat the
chances of ncedles coalescing is small then the necdle length will
provide an indication of the number of active nuclei in that
increcasing the numbcr of nuclei will causc a decrease in the final
length of the ncedles at a constant initial solute concentration.
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The oricntation relationships between Man; and Mgzn‘;‘ and

the matrix reported by Ga.llo'b5

were confirmed but M@ng was
observed after ageing for 96 hours at 90C.. The minimum time
and temperature required for its appearance from Gallots results
is 72 hours at 150°C.. Thc equilibrium triclinic MgyZn; was

not examined in detail in this investigation,
The ageing sequence in the 26 alloy b‘c—tamiﬁmium—e-i‘—aaoc
~ad-Fess has boen shown to be
Needles of MgZn, such that

/ (0001) ppte l:_to (0001 Mg,

Discs of MgZn, such that (0004)
ept // (006121t

R-fdehighcrtomper=—ounes, 90°%C. or above, the M@ng precipitate
rs discs on the (0001)Mg »lancs can co-exist with the Man12

Disc shaped zones on

(0001) plenes

ncedles.

Therc is a morked similarity between the microstructures of
26 and ZM61 in terms of precipitate morphology but a marked
difference in terms of precivnitate size and distribution. The
spacing between the precinitetes, length of the ncedle precipitate
ond diamster of thc disc precinitate are always less in ZN64 than
in Z6. The maximum size of these two precipitates in 264 vias
generally one quarter of that in Z6 after comparable heat
tr.atments. This indicates that the nucleation step in the ternary
alloy is considerably casier than in the binnry zlloy.
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Considering alloys 26 and ZM64, ageing at 480°0 aftor 8 days
delay gives an increase in 0,4% P.S. of 5.4 t.s.i. and 8.5 t.s.i.
respectively. Double ageing the Z6 adds about another 1.0 - 1.5
t.S.1i. but gives a significant decrease in the ncedle length
(compore Fig. 5.44 with 5.45). If the difference in ngeing
response verce due to a difference in the G.P. zono solvus
temperature, it becomes difficult to explain the rcason for the
response in 26 being always less than that of ZM61. Ageing both
alloys below their solvus and then above to achicve a doubleo
ageing response from precipitate refinement alonc should produce
an cqual ageing response. Hall19 has reported a doubleo ageing
rcsponse on the 0,14 P.S. of 8.0 t.s.i, for an alloy closc to 26
but an increcase of oaly 2.0 t.s.is on the T.S.. Thisg
investigation gave 6.5 t.s.i. and 3.5 t.s.i. on the 0.1’ P.S.
and T.S. respectively. The Mg-Zn-Au alloy also cxamined by Hall
gave an ageing response of 8.9 t.s.i. on the 0.4 P.S. and 6.6
t.s.i. on the T.S.. It is suggested that a texturc differcnce
between samples is having an indeterminable cffcct on these
propcrties. For example, the 0.45 P,S. of the Mg-Zn-iu alley
is reported to be higer than that of the 26 (9.1 t.s.i. and 7.3
I rcspectively) whilst the T.S. is lower (1.#.3 tes.i, and
17:3 Gasads)s

The dircct gquenching experiments have shovn that the G.P,
zone solvus for both the Z6 and 2l161 is greater than 120°C..
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The reversicn experiments have also shown a si.mi;l.arj.ty betwcen
these two alloys. These results indicate cither a G.P. zone
solvus groster than 200°C. or that a disc shaped zone 60-80A°
in diameter and 25-1;.OA° thick is stable at 20000, vhich cculd be
above the solvus.

It is of little practical consequence which of those is
operative, the results will be very similar. Direct quenching
experiments are essentially used to determine a critical
temperature, as previously defined, and not to control this
temperature. Although it has provided a mothod for explaining
delay effects at room temperature prior to artificial ageing,
dircct quenching, because of the pmoti@ difficulties is of
little importance in the ncn-ferrous industry. Additicnally
with the wide variaticn in cooling rates after solution treatment
of large section sizes on an industrial malo, it is possible that
the structures reported, in many oluminium alloys generally from
small, rapidly quenched speciments , arc only rcpresentative of
a small -propcrtion of industrially heat tr-ated alloys. This
along with a significant variaticn in the rate of heating to the
ageing temperature probably scxzves to make the reported
structures even less representative of the structure of aluminium

alloys in the ccndition in which they are actually used.
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eation of the Precipitates.

As indicated previously an important factor ccntrolling
the nucleation of a second phase is the acocammodation of this now
phase in the solid solution. It has been showm by N.s).'b-:i.r'rod'8
that the energy associated with any dilatational cfTeots and the
ccherency strain energy are lower for a plate or disc shaped
particle than for a sphere. The initial stage in the
precipitation in Z6 and Zli61 has becon shown to take the form of
disc shaped zoncs on the basal planes.

Kelly and Nicholsorf‘ considering the morphology and
crystallography of precipitation in many alloy systems indicated
that when the matrix elastic constants are anisotropic the
precipitate forms as discs. The maximum strain cnergy of the
precipitate is accammodated in the dircction of minimum clastic
modulus i.e. discs on{100}5 planes in most F.C.C. alloys

In magnesium the elastic modulus is a maxinum in the
0001 diveotion’ at 7.3 x 106 1bs/in®.  In tho |-11Eo.\ dircotion
it is 6.54 lbs/:i.n2 and the minimum occurs at an n.n@;o of‘53°£..5'
to the F)OO'i }ﬁrcction and the valuc is 6.2 x 106 lbs/inz.

These values are at room temperaturc. Alloy additions do not
change them significantly but there is a decrcase in modulus to

5.5 & 106 11::3/:.".n2 at 30000. (assuming an initial average of 6.5

x 106 1bs/in2).

The disc shaped zones in 26 arc not growing in the dircotion
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cf mininum modulus, but they are growing at right angles to the
direction of maximum modulus. The growth of M;;an as neecdles
(Man;) or discs (M@ng) such that a given erystallographic
direction is at right angles in these two forms, indicates a
delicately balanced nuclcation process. Increasing the
tempercature of ageing increases the amount of 'disc' oriented
M@nz. This is probably related to a change in the anisotropy
of the elastic constants with temperature such that this
orientation is favoured.

An important conscquence of this is that if the nucleation
step is carried out and continued at a low temperature, 70%C or
lover for instance and the transition fram disc shaped G.P.
zones to necedles has progressed significantly then on increasing
the ageing tempereture thesewlll act as mcled for continued
needle growth at this seccnd ageing temperature. Nocdleg
perpendicular to the basal planes are the most cfficient shape
and orientation to inhibit dislocation movement since the
Burgers vector of dislocations contributing to plastic
deformation of magnesium are in the basal planes. With an
increase in the needle orientation at the expense of the disg,
a 'double' ageing phenomenon is nossible, vhich is not
necessarily related to the G.P. zone solvus temperature.

In the ternaxy Mg-Zn-ln alloy the zones arc also in the

form of discs on the (0001 )Mg.  Electron diffrmction from
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samples naturally aged have shown the zones to be of a hexagonal
crystal structure with an orientation relationship of

(1120) ppte. // (0001) Mg and

(0001) ppte. // (1120) Mg.
The corresponding lattice spacings are

(a) 2.70 A° ppte // 2.59 Mg ana

(b) 1.45 4° pote // 1.60 Mg.

As the precipitate is in the form of a disc both its fuce and
its edge can be treated as a planar interface. The strain {rom
the disc will be relieved when an interface dislocntion is
nucleated, This is dependent on the Burgers vector of the
dislocation. In (a) above, which is the situation with regard
to the thickness of the disc, a dislocation can nuclcate whon the

disc has attained a thickness given by

?&ﬁiLs&JSIlfi = 65A0
4,0 x40~ 2

In case (b) the diamcter of the disc for the nucl:ation of a

dislocation is

These values can be regarded as the lower limit, as nucl-ation of

the interface dislocation may be difficult. The “arrowhcag"
spaced

dislocations observed in the Mg-Zn and Mg-Zn-Mn alloys vero/at

55-60 and 70-75 i respectively.  According to the measurcd and
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caloulated (11%0) spacings of MgZn) the misfit in the ['9001] Mg
direction is 0,386% and 1,53% respectively, This should result
in the nucleation of an interface dialocatioﬁ. at 670 and 169 Ao,
respectively, Figure 10.6 illustrated a possible instance where
the interface dislocations are widely spaced at 500 - 1200 Ao,
indicating extended coherency.

Considering the diameter of the disc, the misfit, using the

calculated interplanar spacing is

S = 2(1.60 = 1,42) = ,012 or 12%
1.6 + 1.42

This will cause nucleation of a dislocation every 13 Ao, which
is slightly less than that in the lig-Zn-lin alloy.,

An additional conmplication arises as a result of the
cross-gection shape of the needles, in the form of a

parallelogrem with its faces parallel to E1EOj Mg. This was

shown in Fig. 10,18 and is represented schematically below:-

_ \—\
[2ud¥g g Fzam
<> 3

|, By
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It is evident that in either-a (4010) or (1120)Mg foil three
aspects of the ncedles will be observed and at any onc instant
only ocne of these oricntations will be favourably oriented to
show ccntrast from interface dislocations.

The role of vacancics in the nuclcation of tho zones in
Z6 and ZM61 is not precise. Clearly defined precipitate free
zones camparable to those published by Lorimer amd Nicholsony",
were not observed during this investigation.

Jacobs and Pashle::y3 2 have indicated that o wide P.F.Z2. is
usually expected over & range of 50°C. below the critical
temperature. As no P.F.Z. was observed after ageing at 12000,,
cither after dircct guenching or after quenching to roam
temperature, it is recasonable to assumec that the critical
temperature for 26 is nearcr to 200°C than rcported19 75-80°C. .
This rust also be true of ZN61. Nucleation ooccurring very close
to the grain boundaries has been shown in Figs. 5.17, 26 aged
at 90%, and Figs. 8.8, 8.9 2161, roam temperature. The
structures shovmn in Figs., 8.23,24,25, Z)61 aged at 180%C and
Fig. 8,33, at 210°C. could be the result of a casbination of
hetrogencous and homogencous rucleation. The precipitate on
the (1420) planes illustrated in Fig. 8.25 could arise fran slip
during the quenching operation. In Fig. 8.33, vwhich is fram a
foil oricntation almost perpendicular to that slown in Fig. 8.25,
it could be argued that the precipitation to the upper left is
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due to hamogencous nucleaticn and that the sparse, coarser
precivitate, due to heterogencous nucleation. Fig. 8.25 could
possibly be invoked tc provide an opposite explanation.

The effect of incrcasing time on the G,P. zone size in ZM64
has been demonstroted and the line of no contrast at 60-80A° is
quite constant for times wp to 54 months., At 60°C. timos of
21,0 and 696 hours have producced maximum lenzths of 90-100A° in
both instances. Transformation to tho needle precipitate was
evident after 260 hours at 60°C, thus the length of the line of
no contrast at 90-100A0 must represent its moximum size at this
tenperature. No attempt has been made to count the numbers of
G.P. zones becausc of the dramatic effcct of foll thickness, but
the above result indicotes that the maximum sizo is temperature
dependent and not time dependent. The zone growth rato and
associated matrix contrast is 2161 or 26 is such that further
rescarch should enable a separation between 'themodynamic! and
'kinetio' theories to be achiceved by direct obscrvation of the
zones thercby not having to rely on a coarsening hecat trcatment
which introduces a size/stability effeoct.

It is suggested that th: more rapid nucleation in ZM64
when compared to Z6 is due to the effect of the manganesc
directly and not duc to vacancies. It is possible that the
mangancse atoms modify the precipitate/hmtrix interface thereby
decrecasing the activation encrgy for mucleation. A similar
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overall effect is possible if the precipitating phase vore
differcnt. Mangonese dissolved in the Man2 to form the temary
capouwd is thercfork-a possibility. The electron diffraction
results have shown that the ¢ spacing of the precipitate in the
ternary alloy is 8.7A°, which is greater than that of }[gzna.

The ternary campound in which the interplanar spacings have been
neasured and campared with those fram a unit cell of s - 5.2
and ¢ = 17.1 , vas extracted fran a more concentrated alloy as
reported previously by the author.

This unit ccll has certain features similar to that of
MgZn, and the clectron diffraction results have not permitted
differentiation between them, For instance the intorplanar
spacings of planes of the type (hkio) will be practically
identical. Other planes in the larger unit cell of the toernary
compound can be indexed in tho smaller cell. For instanco the
(0002) spacing in the larger will be close to tho (0001) spacing
of the smaller and (14122) planes in the larger, closc to (1421)
in the smallcr. The elcctron diffraction rcsults have shown an
increase in the g spacing of the precipitate and the 8.7 A°
spacing previcusly refcrred "> is ccnsidered to be the (0002)
ternary compound spacing, giving a ¢ spacing of 17.4 A°,  This
is slightly larger than the 17.1 A° measurcd valuo,

This similarity betwecn these two compounds and the
unreliable interplanar spacings of M@nz have hindered the
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achievement of precise results.

The results fran the Mg-Zn-ln alloy demonstrate that
nucleation of the precinitates is easier than in the binary
Mg-Zn alloy. The misfit in the [0001J Mg dircction in the
ternary alloy is about 4.0, and about 4105 in the E11'2'0:\ Mg
direction. This compares with something betwecen about 0.5 and
1.5% Tor the MgZn alloy in tho[ 0001:' Yg diroction and about 12%
in the [115@ Mg dircotion.

The zoncs in both alloys are in the form of discs, the
differance between the two alloys in temnms of rapidity of zone
formation must occur at this stage. Tho misfit in the radial
direction of the disc is 10% and 127 for the termary and binary
alloy and the discs have grown in a direction perpendicular to
the dircction of 1mexdmum elastic modulus. The differcnco
between the misfits is such that the zones in the ternary alloy
would be expected to form more readily than in the binary alloy.
The misfit in the (0001:! Mg direction about 4 and 1,] for the
ternary and binary respectively, clearly indientes the rvason
Tfor the prceinitates to grow as ncedles in this dircotion, Tho
differcnce betvicen the two procipitate misfits is such that grovith
of the necedles in the binary alloy will be casicr than in the

ternary alloy.
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Mapgnesium = Zirconiun.

The results of the hydriding treatment on this alloy wereo
not as previously reported, when the alloy was hydrided in the
homogenised condition., It is clecar that the rcasults of Harris
¢t al are the result of hydriding material always in thc as
extruded condition. The moisture content of the 002 used as a
protective atmosphere must have causcd extensive hydriding thereby
preventing the diffusion of the zirconium. The distribution of
zirconium in the struotures presented thereforo is cssentially
as that of the alloy in the as extruded condition.

The hanogeneous distribution of zirconium hydride obtained
in this investigation as shown by Fig. 7.2 for instance, is tho
result of homogenecously distributing the zirconium prior to any
hydriding having taken placcs This structurc is therefore
representative of a homogenised and hydridcd magnesium - zirconium
qlloy.

The discs of zirconium hydride arc on the (0001)Mg plancs
and the very thin, presumably ccherent discs, have been imaged
by dislocation ring contrast. This contrast was mistaken by

27

Mushovic ' for matrix strain contrast with the agsumption that the

precipitate was spherical,
of
The results of this examination/the Mg-Zn alloy proved

that the high temperature precipitating phase in ZWé was not

zirconium hydride.
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CONCLUSIONS,

The G.P. zones in 26, ZW6 and ZM61 are in the form of discs

on the matrix basal planes.

The G.P. zone solvus or critical temperature of Z6 and ZM64

is above 120%C..

Disc shaped zones 70 A® in diameter and 30 A° thick in ZM61,
formed at room temperaturc are stable to a risec in temperature
to 180°C. This zono size is the maximum observed in ZM64
after prolonged natural ageing. This size nust also be

equal to or greater than dcrit'

The small ageing response in ZW6 is due to the preceipitation
of o Zn-Zr phase during solution treatment, thereby decreasing
the c¢ffective zinc content of the alloy.

The rcsponse to double ageing in Z6 and ZM61 can bo
explained by a change in the ratio between the two precipitate
forms. An extensive low temperature nucleation treatment
provides nuclei for the necdle precipitate such that during

the coarsening treatment, ncedles grow preferentially.

This response is not related to the critical position of the
G.P. zone solvus with rcspect to the nucleaticn and coarsening
temperatures, it would occur if all ageing hcat treatments
vere carried out below this solvus. The dmuble ageing also
results in a marked decrease in the length of the ncedle

134



Te

8.

precipitate, and the overall increcase in the ageing responsec
is duec to a combination of these two processes.

The ndditionnl ageing response in ZM64 vhen compared to 26,
is due to the precipitation of a ternary compound vhich has
a hexagonal crystal structure. The unit ccll is such that
there is a similarity between certain intcrplanar spacings
in this campound and MgZn,. The nucleaticn barrier for the
tornmary phasc is less than that forngZn2 and zone formation
at low tenperatures occurs more rapidly in ZM64 than 26,

The size of both the needle and disc precipitates in Z161

is consistently less than that in Z6 or ZW6 after similar
thermal treatments.

A uniform distribution of thin disc shaped precipitates of
zirconium hydride is formed on hydriding ZA, which has been

homogenised such that the zirconium is evenly distributed

throughout the matrix,
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APPEIDIX

The camplete ageing curves for 26 and Z76 are shovm in
Pigs. A1 to A12. The 26 wias solution treated at 38000. and the
ZW6 ot 420°C. both for 2 hours follovwed by water quenching.

Figures A1 to A6 arc for Z6 and A7 to A12 far ZW6,
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