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SUMMARY 

The present investigation started with the establishment 
of equilibrium phase diagrams of Zn-Al-Si and Zn-Al-Cu-Si 

systems. Subsequently, hardness testing on alloys of 
the whole composition range in both systems was carried 
out at various temperatures to get a general survey of 
phase transformation in the quenched-ageing processes. 
Five alloys with pronounced age-hardening responses, 

i.e. Al-rich, monotectoid, and eutectoid alloys in the 
Zn-Al-Cu-Si system and Al-rich and monotectoid alloys 
in Zn-Al-Si systems, were studied in detail using X-ray 

diffraction examination. Eleven sets of X-ray diffrac- 

tograms and seven fraction transformation curves revealed 

the distinct mechanisms of phase transformations in Zn-Al, 

Zn-Al-Si, Zn-Al-Cu, and Zn-Al-Cu-Si systems. Two of 

these five alloys were investigated in the transmission 
electron microscope to explain the two typical structural 

changes occurring as a result of quench-ageing processes 
in Zn-Al-Si and Zn-Al-Cu-Si systems. 

Using the previously established equilibrium phase diagrams 
and the mechanisms of phase transformation of the four 

alloy systems, the phase relationships between equilibrium 
and non-equilibrium states in multi-component Zn-Al based 
alloys were obtained. 

A general rule of phase transformation of supersaturated 
alloys was derived based on thermodynamic and kinetic 
considerations, which may be applicable to other alloy 
systems. 

The effect of the phase transformations on mechanical and 

physical properties was studied using tensile strength, 
impact, dimensional stability and wear property tests. 

This allowed the selection of particular alloys for 
commercial purposes, espeically for use as plain bearings 

or structures which require good tribological properties. 

KEY WORDS: Zn-Al ALLOY, HEAT TREATMENT, PHASE DIAGRAM, 
PHASE TRANSFORMATION, TRIBOLOGICAL PROPERTIES.
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After one minute, the as had vanished from the X-ray 

diffractogram, while the intensities of n phase had 

greatly increased. 1 or 2 minutes later, the transition 

phase occurred at the high angle side of the op phase 

peak. After 7 minutes ageing, the Al-rich matrix phase 

a' was observed distinctly, while the multi-peaked an 

phase was replaced by a single peak of the an phase. 

After 15 minutes ageing at 1OO°G; the on phase vanished 

and left a' as the matrix phase in equilibrium with One 

On prolonged ageing, on vanished and a' phase changed 

to the final stable phase, Age The intensity of the n 

phase increased during the whole ageing process. 

On examination at 170°C, it was found that Oe phase 

had formed already after 15 seconds ageing, and that the 

decomposition of ay phase to on and n phases was so 

fast that there were only an and n phases observed after 

this short period of ageing at 170°C: The changes in the 

Al-rich matrix phase and the appearance and disappearance 

of the transition phases ar and at, occurred in the same 

way as on 100°C ageing, as shown in Figure 87. 

The first two stages of ageing in alloy A1Zn60SiS were 

essentially similar to those in alloy A1Zn60Cu3Si5. 

(i) the decomposition of supersaturated a to 

at and n (or at, e€ and n phases) 

(ii) the formation of transition phases as side 

bands of the peak on X-ray diffractogram. 

But the ageing process in AlZn60Si5 was more rapid than 

in Al1Zn60Cu3Si2. 
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1. INTRODUCTION 

1.1 Solid state phase transformations 

Most materials are subjected to one or more phase 

transformations in the course of their manufacture. The 

more crucial the properties of a material the more likely 

it is that phase transformations will be used in its 

preparation. 

Adequate mechanical properties are primary requirements of 

most materials. Various methods are used to improve the 

properties. The most common method is alloying - the 

addition of other components to the base material. 

However, heat treatment has been found to be the appropriate 

way to cause alloys to undergo the phase transformation that 

harden and strengthen them while retaining the alloy's 

original shape. 

During quenching, excess vacancies may be retained in solution 

and their movement allows easy diffusion of solute atoms 

which tend to cluster to form zones. The shape of these 

zones (spherical, disc shape etc) depends on the relative 

size of solute and solvent atoms. Transition phases form 

from the G.P. zones. Both G.P. zones and transition phases 

have been found to give great improvements in the mechanical 

properties of alloys. 

The changes in structure and properties that are induced 

by heat treatment are of great intrinsic interest as well 

as of practical importance since they provide a method of 

obtaining high-strength alloys. The technique is to 

quench the alloy from a single-phase field to obtain a



supersaturated phase and then to age this at various 

temperatures inside the two-phase field. It is preferable 

to have a relatively large volume of precipitated phase 

and to carry out the precipitation at the lowest possible 

temperature to maximise the number and minimise the dis- 

tance between precipitated particles. The degree of 

supersaturation, that is the quantity of solute which can 

be precipitated, and the dispersion of the phases, are 

sensitively involved within the technique. 

However, the phase relationship is the most fundamental 

factor which determines the changes occurring in heat 

treatment of multi-component alloys. From the point of 

view of thermodynamics, phases of different structures give 

rise to different properties. Different relationships of 

these phases lead to different phase transformations in an 

equilibrium or non-equilibrium state. Based on the know- 

ledge of phase relationships and phase transformations, 

various combinations of alloying and heat treament may be 

employed to avoid unwanted phases and to create some 

appropriate phases with special properties for practical 

purposes. 

In order to produce some alloys with special properties, a 

basic thermodynamic investigation, including the determination 

of the equilibrium phase diagram and phase transformations 

is of paramount importance. 

With the help of modern X-ray diffraction techniques, it has 

been possible to determine metallurgical equilibrium diagrams 

and furthermore to trace each step of the phase transformations



and the structural changes. By correlating X-ray 

diffraction results with optical metallography, the phases 

in an alloy and its crystal structures could be determined, 

and metastable and transitional states to be detected. 

This technique is of value where solid solubility is 

restricted with falling temperature and very fine precipi- 

tated particles, which may escape detection under microscopy, 

are formed during phase transformation, especially in the 

ageing processes. 

Instead of regular chemical analysis, electron probe micro- 

analysis can be used for accurate determination of chemical 

composition of each phase in the alloy, and hence the 

boundaries of a three-phase field can be determined with 

only a single specimen at one time. 

The Scanning Electron Microscope gives high resolution images 

for both electrons and X-rays of each phase in the alloy. 

By identifying the characteristic energies and measuring 

the rate of emission of these X-ray photons, chemical 

analysis can be obtained from small selected areas, provided 

these are larger than about 10ym across. With flat 

polished samples, quantitative analyses are possible. In 

the case of rough surfaces such as inclusions on fracture 

surfaces, the chemcial analysis is normally only qualitative. 

The thin foil technique is required to trace structural 

changes in alloys by transmission electron microscopy. 

It is available for any alloy system and will allow the 

detailed morphology of the ageing reaction to be determined, 

while selected area diffraction of the specimen in the 

electron microscope enables the structure of the precipitated



phases to be obtained. In conjunction with kinetic 

studies, this technique enables an almost complete account 

to be given of the structural changes occurring during 

the ageing of alloys. 

Hardness testing provides another method of tracing the 

phase transformation during ageing processes. Combined 

with the X-ray examination results more detailed informa- 

tion about the phase transformations can be obtained. 

Various methods of measurement of mechanical and physical 

properties are used for showing the influence of phase 

transformation on properties of alloys, such as hardness, 

tensile strength, impact properties, dimensional stability 

and wear resistance properties, etc. 

1.2 Zinc-based alloys as bearings 

Plain bearing alloys usually are characterised by a two- 

phase structure where one of these phases, the harder one, 

plays the role of a load-bearing component and the other, 

being softer, gives the essential properties of conformability 

and embeddability. 

Zn-Al alloys have been considered for use as bearing materials 

for many years (Késter, 1941)@), The decomposition of 

the supersaturated phase in the alloy gives a uniform 

distribution of two phases, a and n, with low melting points, 

which given natural oxidation of the surface, produces 

surface oxide films with excellant bearing behaviour



When a small amount of a third element is present, the 

phase relationships are changed. Based on the broad 

single solid phase field, Zn-Al binary alloys with a 

small amount of some third element provide the possibility 

to develop quite different properties in alloys by heat 

treatment. The phase relationship also implies that a 

variety of hardening mechanisms will be operative, depending 

on the position of the alloy in the phase diagram and on 

the cooling rate upon casting or after heat treatment. 

Several Zn-Al alloys with small amounts of copper and 

silicon have been found to have excellent tribological 

properties (2%) , The softer matrix phase of qa andn of 

low melting points are used to confirm to the loading, 

while a dispersion of hard particles of T' phase and Si- 

rich phase, (c) bear the loads in the softer matrix phases. 

1.3 Scope of the Research 

However there is little inforamtion on Zn-Al based multi- 

component alloys available in the literature, and such 

information as is knwon can not be interpreted until the 

phase diagram and metastable phase transformations which 

occur on heat treatment have been established. It was 

the object of this work, to determine the Zn-Al-Si ternary 

phase diagram and the Zn-Al-Cu-Si quartenary phase diagram 

for temperatures below the solidus in each case, and compare 

these with the established Zn-Al and Zn-Al-Cu diagrams. 

Following this several alloys could be chosen which might 

ultimately form the basis of commercially useful alloys,



and the details of the phase transformations and their 

dependence on composition and heat treatment were to be 

established. This was’ considered to be essential as the 

metastable phase transformations in alloys containing . 

silicon and/or copper were either unknown or only partially 

understood. 

Finally, the properties of selected alloys were to be 

determined so that an assessment could be made of the 

commercial advantages or disadvantages of these alloys as 

structural materials (for gravity or sand castings) or as 

stock for use as plain bearings.



2. LITERATURE SURVEY 

Paci The Equilibrium Phase Diagrams 

2.1.1 Binary Systems 

Al-Zn : The most important recent work on the zinc- 

aluminium system is that of Ellwood(9+10) | the Russian 

group Presnyakov, Goban and Chervyakova (1!) and Goldak 

and Parr (12) | All of them used high temperature X-ray 

cameras to measure lattice parameters for determining 

the limits of solubility in solid solutions. 

The phase diagram of Presnyakov et al, modified by Goldak 

and Parr has been adopted for representation of the Zn-Al 

binary diagram, shown in Figure 1. The aluminium-rich 

terminal solid solution is called q. Thatepart of 1 

which lies on the zinc-rich side of the monotectoid is 

a' and f.c.c. zinc-rich eutectoid phase is called 8. 

n is the zinc-rich terminal solid solution. The lattice 

parameter/temperature curves and the lattice-parameter 

isotherms of Al-rich phase are given in Figures 2, (12) 

and show the presence of a narrow o' + 8 two-phase field. 

This is interpreted as proof of the peritectic and 

eutectoid features shown in the above binary diagrams. 

The Zn-Al system is characterised by the wide range of 

aluminium content in the solid solution with f.c.c. 

crystal structure, from about 19% Al to 100% Al at 

350°C to 400°C, and a large two phase field,g+n, 

below the horizontal eutectoid C756); 

Al-Si and Zn-Si : The two binary phase diagrams (15)



are shown in Figures 5,6. According to lattice- 

parameter measurements, it was concluded that zine and 

silicon are insoluble in each other. Silicon dissolves 

very slightly in aluminium but aluminium is insoluble 

in silicon. 

Al-Cu and Zn-Cu : The phase diagrams of these two systems 

are shown in Figures Gee oe The Zn-Cu system 

phase diagram shows five peritectics. Four intermediate 

phases exist, 8, y, 6 and e which with the exception of 

the 6 phase, have broad range of solid solubility. 

The phase diagram of the Al-Cu system consists of two 

parts, eutectoids at both Cu- and Al-rich ends and 

several peritectics between these two eutectics. 

Al-Zn-rich solid solutions are especially investigated 

in the Al-Cu and Zn-Cu binary systems for further under- 

standing of the ternary and quaternary system. 

From the phase diagrams the solubilities of copper in 

aluminium or zinc are of the order of 1 to 4% at 300°C- 

400°C. 

2.1.2 The Ternary Zn-Al-Cu Alloy Phase Diagram 

With the help of microscopic and X-ray analysis, Késter 

and Moeller ‘1) established the isothermal section of the 

Zn-Al-Cu system at 350° initialiy. It is shown in Figure 9. 

One narrow single-phase field between 56% and 58% Cu and 

10% to 30% Zn was formed and named the ternary phase T. 

It was isomorphous with CuzNiAT, and had an ordered
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CsCl-type structure at high temperature. 

In their later papers, Késter and Moeller (18) (19) 

extended the work to several other temperatures, i.e. 

400°C, 500°C, 600°C and 700°C and determined the shape 

of the liquidus surface, Figure 10, The principle 

feature of this is a eutectoid through which extends 

from the Al-Cu binary edge at 67% Al across to a point 

near 90% Zn where it meets a peritectic through from 

the Cu-Zn edge and a eutectic trough from the Al-Zn 

edge to form a ternary eutectic point. The peritectic 

reaction in the Al-Zn systems was not established when 

this work was carried out and does not appear in this 

diagram. 

From their extended work it was found that the Al-rich 

end of the single-phase field T (at approximately 

Al,Cu,Zn) had a lower symmetry at temperatures below 

450°C. The other end of the phase field corresponding 

to approximately Al, Cu,Zn, retained the CsCl structure. 

K6ster denoted the ordered CsCl type structure as T 

phase and called the low symmetry structure 71018) 9) | 

The structure of T phase was also investigated by Bradley 

(20) and Lipson It was found to be a structure based on 

a deformed b.c.c. cell. 

23) established the structure of this T' Recently Murphy 

phase. This was found to be similar to T phases in 

other systems (2?) (22) with a rhombohedral structure with 

a = 8.676 & and a = 27.41°). The structure was a super- 

lattice based on an assemblage of five small CsCl-type



cells, joined corner to corner along the [111] direction. 

The phase was found to consist of alternate planes of 

Al and Cu atoms arranged perpendicular to the triad axis, 

with the central atom site in the cell vacant. This 

ordered vacancy was responsible for the superlattice lines 

in the diffraction patterns. 

It was suggested that the zinc replaced a small proportion 

of the aluminium than the T lattice in order to reduce 

the electron/atom site ratio. 

Conflicting results were obtained as a result of work on 

the solid-state phase reactions in the low-copper part of 

(12908523). (23) resolved these the phase diagram Murphy 

by using electron probe microanalysis to determine the 

isothermal sections at 350°C, 290°C, 280°C, 270°C and 

250°C as shown in Figures 11-15. 

The shape and extent of the 8 phase field was considered 

to be important by Murphy as it determined the phase 

structure of some commercially important bearing alloys*2>) , 

The 8 phase field was large at B50"), but changed shape 

quite considerably on cooling. The copper-rich 6 in 

equilibrium with e and n reduced rapidly in zinc content 

on cooling. The shapes of the 8 phase fields at 350°C, 

290°C and 280°C are shown in Figure 16. The strong 

change in zinc content of 8 phase with copper content 

at the O to 2% level significantly altered the relative 

proportions of 8 and n phases. 

(23) Murphy investigated the low-copper part of the 

Zn-Al-Cu phase diagram. As a result of this work, the 

aloe



Zn-Al-Cu system was firmly established and more detailed 

information on the solid state phase reactions was 

obtained. It was found that the series of solid state 

phase reactions was obtained. It was found that the 

series of solid-state phase changes which occurred on 

cooling was similar to that proposed by Gebhadt and 

Koster (1) (18) (19) (72-74) | 

The 350°C isothermal section was characterised by broad 

two-phase fields although the exact extent of the 8+T~ 

field could not be ascertained due to the difficulty of 

differentiating a,a4' and 8 from each other when the 

compositions were similar, 

At 290°C the phase relationships were similar to those 

at 350°C. However the T phase in the phase-field 

(a+8+T') was found to be too small to determine its 

composition in these alloys. The (8+T') two-phase 

field in particular was extremely narrow. Apparently, 

a phase reaction was about to occur ; 

Bate eee ace ear 

A two-phase field (ate) appeared instead of the two- 

phase field (8+T') after a Class II four-phase trans- 

formation. Two three-phase fields (at+te+T') and (at8+e) 

were found to be separated by a narrow two-phase field 

(ate) at 280°C. The 8 phase still existed at this 

temperature. The three-phase field (8+e+n) was 

separated from the (at+tf+e) phase field by the two-phase 

field (@+e); 

=[S-



Two important changes had occurred by 270°C. The two 

phase field (8+e) disappeared and the (qte) phase field 

had contracted extremely. That meant that another 

Class II four phase transformation was going to occur 

just below BAO Ch: 

Cet eran eee 7) 

This transformation lead to the vanishing of ¢€ phase in 

the low-copper alloys and left three stable phases, a, 

T' and n, as the final products of low-temperature 

equilibration. 

Two steps of composition modulation of the metastable a 

phase occurred between the two four-phase transfor- 

mations 

Bre == atn 

and Co tace a en 

and after the final Class II four-phase transformation. 

The three four-phase transformations which occurred under 

equilibrium conditions were summarised as follows 

B+T's= ate at 288°C 

Bre = atn at 280-275°C 

ate =e Tle at 268°C 

According to Gebhardt's investigations, the solid-state 

reactions in the low-copper part of the Zn-Al-Cu system 

is shown in Figure 24. 

22 Phase Transformations 

2.2.1 Binary Zn-Al Alloys 

Structural changes in the Zn-Al alloys during ageing 

of the supersaturated solid solution have been a subject 

=16=
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of discussion for many years. Based on the phase 

diagram of the Al- Zn system, four ranges of composition, 

i.e. Al-rich a phase, monotectoid a/a' phase, eutectoid 8 

phase and a region in the (8+n) composition range have 

been investigated. The zinc-rich phase has not been 

studied. The various stages of precipitation during 

ageing have received particular attention. 

(24) (25) 
In their early work, Guinier and’ Borellinus 

found that small spherical aggregates rich in solute 

atoms (i.e, G.P.zones) were responsible for the rapid 

hardening at room temperature. These G.P.zones were 

the first decomposition product after quenching from 

the f.c.c. single phase field, and ageing at room or 

sub-zero temperature. 

Studies to investigate the structure changes through the 

property changes have been made, e.g. by hardness measure- 

ments, electrical resistivity, calorimetry, X-ray 

diffraction and small angle X-ray scattering (SAXA) 

aided by transmission electron microscopy (TEM). 

With Zn-Al alloys containing 48 to 80wt% Zn, Hari and 

Hirans (25) carried out precise resistivity measurements 

and thermal analysis. They pointed out that the G.P.zones 

were coherent precipitates with a limited particle size. 

However, nothing was said about the structure changes 

and only a simple miscibility gap was assumed. 

A number of investigations have further shown that the 

zones continue to grow, and after attaining a certain



size (30-35 8) the spherical zones became ellipsoidal. 

Such a change in zone shape brought about changes in 

both physical and mechanical properties of the alloy 

that occur during the early stages of ageing in this 

system (27) =(32) 

These ellipsoidal zones further transform into a 

rhombohedral transition phase, R, which is precipitated 

in the form of plates, partially coherent with the 

matrix but with a zinc content less than that of 

zones (30°39) | 

Recently, there has been direct evidence (5°) for the 

transition of G.P.zones to another phase, oF which is 

formed at high temperature either on direct quenching 

or by zone reversion. The kinetics of its formation 

were appreciably faster on reversion than on quenching. 

A single miscibility gap was assumed (40) for both the 

G.P.zones and the transition phase, shown as Figure 17, 

which was then confirmed experimentally through TEM 

studies (39) , 

On prolonged ageing at a certain composition the an 

phase was found to grow to such an extent that coherency 

was completely lost in the {111} habit planes. Since 

the elastic strain due to coherency was responsible for 

the rhombohedral distortion, the structure became f.c.c. 

This new cubic phase was named the oF phase (41) | 

The rhombohedral 47 phase (2.832 R, = 61,3°) (42) 

differed only slightly from the cubic o phase. 

2235



From TEM work this cubic phase was found to be lenticular 

in shape, about 2000 & in diameter and about 200 R in 

thickness (45), Also the phase formed after an incubation 

period following the initial stage of decomposition and 

was supposed to contribute to hardness due to its fine 

plate-like or spherical structure (4?) , 

It was found that this phase finally transformed into 

stable zinc-rich precipitates, with the lattice parameter 

Gf a2 8598 , tcl= 4.047 wR en phase™'), by 

continuous precipitation. Substantial discontinuous 

precipitation of zinc on grain boundaries during the 

whole process was found on ageing of polycrystalline 

(2,30) sample Continuous precipitation of zinc has 

also been reported through heterogenerous nucleation 

on structural defects which were observed in quenched 

Al-Zn alloys (00:41242545,40) | 

The orientation relationship between zinc precipitates 

and the aluminium matrix was determinea (47) 

(111) 4,// (0001) 7, (110],,//L10-0],, 

as 

Recently the observed growth rates for the cellular 

precipitation in the alloy (A1~48.S5wt% Zn) were 

rationalised by using the G.P.zones solvus below 425°C 

and the a phase solvus above. This interpretation 

led to a significantly better agreement with the 

theoretically predicted growth rates based on a modified 

Turnbull theory of decomposition (48) , 

The whole ageing sequence in the Al-Zn system up to a 

certain composition would seem to be as follows 

=o



Supersaturated solid solutions 5 + Spherical G.P.zones > 

Ellipsoidal G.P.zones + Rhombohedral transition om 

phase + f.c.c. transition phase a, > Zinc-rich stable n 

phase. 

A new phase (designed as the y phase) has been reportea (49) 

in the alloys rapidly quenched and aged with a narrow 

temperature range on either side of the limiting temperature 

for G.P.zone's formation. These particles were octahedral 

in shape with an f.c,c. structure, On isothermal ageing, 

these transformed into the n phase through epitaxial growth, 

In order to present a proper explanation of the facts in 

the light of two metastable solvus curves, Setyanarayan 

and Hirano (5°) have carried out a series of experiments 

on some Al-Zn (4 to 35wt% Zn) alloys using several tech- 

niques, such as electrical resistivity, X-ray diffraction 

and TEM. 

It was found that in alloys containing up to 20wt% Zn, 

G.P.zones with a size characteristic of the temperature 

to which the alloys were quenched were formed. On 

further ageing at these temperatures, formation of 

transition phase would be followed by precipitation of 

the equilibrium phase. When alloys containing 85wt% Zn 

were reheated at or below the G.P.zone solvus peak 

(225°C), competitive growth of the zones took place, with 

smaller zones dissolving. When partial coherency was 

attained, on phase platelets appeared, these then 

transformed into the a phase and finally to the 

equilibrium n phase. 

-25-



When these and 25-35wt% Zn alloys were reheated above 

the zones solvus, the zones were completely redissolved, 

but transition phases started appearing. 

In alloys having higher zinc contents (25-35wt%), on 

direct quenching to temperatures above the solvus, the 

initial product was the 47 phase and/or the a7, Phase, 

the stability of which depends on the concentration of 

the alloy as well as the temperature of ageing. 

It was evidence (59) that the precipitation and reversion 

behaviour of Al-Zn alloy was quite complex in the region 

of 160°C-230°C due to overlapping of the two metastable 

solvus curves, shown in Figure 17 630) (21). 

From their transmission electron microscope investigation, 

Ciach and et aus=>) also concluded that the decomposition 

sequence in low zinc alloys (up to 30wt% Zn) was as 

follows 

” ' Z > ee G.P.zones On age) 

(56) Krishna investigated the kinetics of the decomposition 

of a quenched aluminium-25wt% zinc alloy, and found that 

the sequence of precipitation products was dependent upon 

heat treatment and temperature of ageing. 

A different mechanism was observed during the ageing of 

ORs A modulated an alloy containing 40-70wt% Zn 

structure characteristic of the spinodal decomposition 

was found. Its appearance was connected with an initial 

growth of hardness. A lamellar structure characteristic 

of the discontinuous precipitation of on and On phases 

appeared after further ageing. 

oh



In the 50wt% alloy, another mechanisms of decomposition 

was observed on high temperature ageing, (i.e. at 

temperatures just below the solvus curve) (94) , The 

decomposed structure consisted of small n precipitates 

and the alloys became brittle. An increase in the 

wavelength of the spinodal modulations at high ageing 

temperatures was supposed to cause a nucleation of On 

and n phase which was impossible at low temperatures due 

to the modulation wavelength being too small, The 

relationship between physical or mechanical properties 

and ageing time at room temperature for three different 

alloys is shown in Figure 18. 

More detailed X-ray diffractometer results showing the 

kinetics of decomposition of Al-60% Zn alloy at 240°C 

and then at 95°C were reported in his paper, as shown 

in Figure 19. 

Many investigations on the decomposition of the eutectoid 

alloy during quench-ageing isothermal transformation and 

slow cooling to the transformation temperature have been 

carried out (91,59,60) | Depending on the transformation 

temperature, more than one type of decomposition product 

was found on ageing alloys with a composition correspond- 

ing to the eutectoid Bg phase (212>2.53), 

Decomposition of the eutectoid alloy during slow cooling 

or isothermally transforming at high temperature produced 

a lamellar structure. However decomposition at room 

temperature after a rapid quench produced a fine (lum) 

mixture of equiaxed zinc-rich a} and aluminium-rich 

grains.
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These changes could be interpreted as resulting from 

a spinodal decomposition which took place at about room 

temperature (59 +60) | 

Toldin et ao) investigated the processes of decom- 

position of supersaturated solid solutions in Al-Zn 

alloys with 40, 50, and 60 wt% (AlZnII) and in an alloy 

containing 73wt% Zn (Al1ZnIII). Summarising these 

results, Toldin pointed out that there were eleven 

sequences of phase transformation, which depended on 

composition, cooling rate and heat treatment temperature, 
‘ 

These are shown diagrammatically in Figure 20, 

Each one of them may begin from one of the metastable 

phases R (a1), a or from G.P.zones. A group of 

sequences (position 6-9 in Figure 20) was found to begin 

with the formation of G.P.zones after the alloy had been 

quenched in iced water. 

The formation and development of G.P.zones is largely 

influenced by the process involved in the decomposition 

of the supersaturated solid solution; the a) phase 

is formed preferentially by the mechanism of spinodal 

1 decomposition, and the metastable phase, Om by 

nucelation. 

Recently Smith and Hare (62) investigated the isothermal 

transformation of the eutectoid alloy in some detail and 

obtained a fuller TTT diagram Figure 21, incorporated the 

results of Garwood and Hopkins (65), 

As shown in the fuller diagram four stages of transfor- 

mation of Zn-Al eutectoid alloy were studied. 
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A scheme of transformation in Al-Zn alloys
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They are 

(1) The quenched condition, 

(2) Breakdown of 8 phase to products of 

intermediate composition, 

(3) Adjustment of these products to a and n 

of equilibrium chemical composition, 

(4) Adjustment of structure to virtual physical 

stability. 

It is noted that breakdown of supersaturated aj phase 

to produce intermediate products was reported to give 

rise to the major contribution to heat evolution, increase 

in hardness to a peak, and continuous rise in conductivity. 

This 1973 report was the first which implied the super- 

saturated solid phase itself undergoing some phase 

transformation. ’ 

er) used broken lines to Later on, in 1978, Ciach et al 

describe the fractional transformation of supersaturated 

ag phase in alloys of composition Al74wt% Zn, Al40wt$ 

Zn and AloOwt% Zn on X-ray diffraction testing, as shown 

in Figure 22. The af phase was dealt with as one phase 

changing in the processes of decomposition. It was found 

that the precipitation of zinc, for alloy Al6Owt% quenched 

from the two-phase field (a+8), consisted of two stages, 

The first stage was the decomposition of zinc-rich super- 

saturated aS phase, but the diffraction line of the 

as phase disappeared without any apparent change in the 

diffraction angle. Because in this stage the influence 

of the precipitation of zinc on Al-rich phases and on the 

diffraction intensities was very small, dashed lines were 
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used to describe the intensity change of Al-rich phase, 

considering the limited experimental accuracy. Imsche 

second stage the precipitation of zinc was found to be 

associated with both a change of Bragg angle and intensity 

of Al-rich phase. However, for lower zinc alloys 

quenched from the two phase field (a+8), the first stage 

of zinc precipitation was faster and the second was 

slower than that for the alloy quenched from the single 

phase field. 

In 1981, more details on the stages of decomposition of 

the supersaturated solid solution were reported by Toldin (7) , 

Two types of metastable state might be realized in the low- 

temperature (a+) region, one being defined by the solu- 

bility limits of the (oy + a) region, which continue to 

the low-temperature (a+8) region, and the other bounded 

in the same way by the boundaries of the Ca," +05") region 

continued to the low-temperature (a+8) region, and the 

other bounded in the same way by the boundaries of the 

(a, 7405") region continued to the low-temperature range, 

shown in Figure gCtsst4)), It was pointed out that the 

decomposition of the supersaturated solid solution in 

pure Al60% Zn and A173% Zn alloys involved two stages, 

both in natural ageing and treatment at higher temper- 

atures (1so0°c and 240°C)5 In the first stage, metastable 

Zinc=r1Ch: ay phase (f.c.c, lattice, a = 4.028 R) was 

formed by a cellular reaction. The metastable phase 

a', then decomposed in the second stage with the formation 

of the equilibrium n and hy phases, the latter almost 

pure aluminium with a = 4.046 R. 

a aor



The decomposition process did not follow the traditional 

scheme of nucleation of a precipitate phase and draining 

of the matrix of the excess component, but was rather of 

the eutectoid type with the formation of two phases at 

the same time. A very distinct feature of the decom- 

position of the supersaturated solid solution was found, 

i.e. both metastable phases formed from the initial 

decomposition were supersaturated solid solutions and 

subject to after-decomposition i.e. 

at > aath 

Supersaturated solid solutions + G,P,zones 

tae hea en 

where a'; is a low zinc metastable phase, and a" is high 

zinc metastable phase. a' grows in competition with the 

equilibrium n phase during higher temperature ageing 

(150°c Tnd 240°C). Low temperature ageing produces n 

phase with a! and the a' phase is not formed, ai and n 

are the final equilibrium phase. 

The formation of the G.P,zones was not discussed, 

According to the information obtained on the initial 

composition of the aj phase (44wt% Zn) Toldin pointed 

out that decomposition of the supersaturated solid 

solution in alloys A1+60 Zn and Al+73 Zn was in accor- 

dance with the extrapolated phase boundary line of aie 

and tel! (at 340°C) of Figure 4, (68,70) so the a] phase 

is the analog, not of the a; as assumed in (69), but of 

the oa phase, which explained the considerable excess 

of zine. 

ae,



Ciach investigated the kinetics of solution treatment 

of Al-Zn alloys. To explain the phenomenon of high 

durability of the dendritic structure of the A160% Zn 

alloy, the interdiffusion coefficient D with zinc, was 

calculated (>4»°5) using the Darken equation 

_ a diny>, 

D=D cme aN 3; £=1 + —— 
Zn I 2 

dinNo 

where Don = the self-diffusion coefficient of Zn, 

af = the thermodynamic factor, 

Yon es the activity coefficient of zinc, 

NoneNay = the mole fractions of Zn and Al. 

* 
The value of the self-diffusion coefficient of zinc D was 

Zn 

from the work of Hillard et al, while f was calculated 

in (71). The change in the interdiffusion coefficient D 

with zinc and temperature used in the homogenization 

process is shown in Figure 2507) It was found that 

the interdiffusion coefficient D decreased within the 

range of 20-SOwt% Zn, approaching a minimum value between 

0.31 and 0.40 None 

2.2.2 Ternary Zn-Al-Cu alloys 

In recent years, the technical literature shows much 

attention to investigations of phase transformation in 

Zn-Al based alloys containing several additional elements, 

especially in the Zn-Al-Cu and Zn-Al-Cu-Mg systems. 

Truszkowski and Dutkiewicz, established the effect of 

copper on the mechanism of phase transformation in 

AlZn20Cu2 alloys by using X-ray diffraction, thin-foil 
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electron microscopy and hardness testing. The decom- 

position of the supersaturated phase was found and a 

tetragonal deformation inside the G.P.zones was observed 

in the first stage of ageing. Further ageing caused the 

separation of precipitates rich in copper which afterwards 

pass through intermediate phases into e phase. 

But no more investigations were carried out. 

The TEM work shows that a shift of atoms in <110> direction 

caused the transition from the tetragonal to cubic symmetry 

inside the G.P.zones and lead to the formation of the a'm 

fc... cubi¢e phase. This process was not accompanied by 

the formation of the transitional rhombohedral phase, 

In the last stage of ageing the n phase formed directly 

from the a'm f.c.c. precipitates. 

The hardness curves and X-ray diffractogram for quench- 

aged AlZn20Cu2 are shown in Figures 25 and 26, 

Investigations on an alloy of composition A1Zn50Cu2 aged 

at 50°C and 100°C were reported in Dutkiewicz's work 697) | 

It was found that small amounts of copper significantly 

influenced the mechanism of phase transformations in 

Al-Zn alloys, especially on the spinodal decomposition, 

kinetics of precipitation and mechanical properties. 

The X-ray diffractogram and hardness curves are shown 

in) Figures 27,28. On ageing at 100°c, it was found 

that supersaturated phase at simply decomposed into 

a and n phases after 20 minutes, with the beginning of 

the formation of e phase. The final stage shown in 
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Fig.28 Diffractograms of alloy AlZnS5OCu2 aged 

4 at 100°C 
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this work was the metastable co-existence of these 

phases a, € and n. 

The hardness curve of the alloy aged at 100°C show three 

peaks but no explanation of this was given. 

More work has been carried out on alloys containing 

Al-73-78wt$ Zn with Cu-1-103698>76) | 

ciach (98) found that there was a four-phase transformation 

following the decomposition of the supersaturated 8 phase 

in alloys with 78wt% Zn and 1 to 3 wt% Cu aged at 50°C. 

It was found that this small amount of copper retarded 

the decomposition of the supersaturated phase. A period 

of months or years was needed to get the material stable 

at ambient temperature. Increases in dimensions and 

hardness of the samples were observed, as shown in 

Figures 29,50. Based on X-ray and microscopic investi- 

gations, shown in Figure 31, the pattern of the four- 

phase transformation was established as follows ; 

ope ee Fog 

This addition of 1-3% of copper augmented the effects 

of dimensional and hardness changes and, at the same 

time, prolonged-the time interval of transformation 

between the phases a', e, T' and n, as shown in Figure 32. 

The decomposition of 8 phase occurred by the phase 

reaction 

Bice ie) Ce Ere 7) 

More detailed X-ray diffraction and dimensional change 

investigations on monotectoid and eutectoid Al-Zn alloys 

with copper contents from 1 to 10% were done by Krol 

et anno), 

ste



  
Fig.30 Changes in the length of the sample of super- 

cooled a' phase as a result of ageing at 

temperature 50°C 
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The phase transformations in Al-Zn-Cu alloys were 

ascertained as 

OTe ag ee ee 

and Gatco re Titel yy 

On the basis of these investigations, the phase quantities 

at different stages of ageing, and the times of starting 

and ending of both transformations were determined. 

The response on dimensional changes to phase transfor- 

mations, was in good agreement with Ciach's results 

(shown in Figures 29,30). 

In all the published papers on this topic, it is assumed 

that the aj decomposes in a single stage to the equili- 

brium or near equilibrium aluminium-rich solid solution a. 

Fraction transformation curves are represented by a single, 

solid line. 

2.3 Effect of addition elements on phase transformations. 

Individual cases were known of the retardation of the zinc- 

aluminium eutectoid transformation by an alloy element. 

It has been found that the additions most likely to be 

useful would be Mg, Cu, Ag, Si, Fe, Mn, Ni and Li (62), 

Initial melts with each of these ingredients confirmed 

that all had some retarding effect on the phase trans- 

(62,63) 
formation but magnesium was outstanding 

quantitively. 

By the addition of magnesium the ageing process in binary 

aluminium-zinc appeared to be greatly modified. Atomic- 

size effects and thermodynamic relationships suggested 

that these modifications might have their origin in the 
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clustering of zinc and magnesium atoms during solution 

treatment. At least two stages of ageing processes of 

most ternary systems were clearly shown in the ageing 

curves. It was supposed that the first stage in the 

ageing processes was associated with G.P.zones formation 

and the second stage occurs at high ageing temperature, 

Coe In a which involved an intermediate precipitate 

subsequent report (81) the ageing sequences were rep- 

resented as 

G.P.zones + M' (intermediate precipitate) 

> M(MgZn) 

The lack of a systematic X-ray analysis of ageing in 

this ternary system made the interpretation of the ageing 

curves in terms of the various decomposition products a 

difficult matter. 

Further X-ray diffraction and electron microscopic 

experimental evidence was given in support of suggestions 

above-mentioned (8!) , 

According to Toldin and Kleshchev's recent investigation (67 +82) | 

the addition of 1% magnesium to alloy A1Zn60 and A1Zn73 

considerably delayed the precipitation of the equilibrium n 

phase in the matrix; cells with n phase precipitates were 

only found after three days natural ageing, while the pure 

alloy without magnesium had a lamellar structure by that 

time. 

In alloys A1Zn60Mgl and AlZn73Mgl, the rate at which the 

equilibrium n phase was precipitated during ageing at 

150°C and 240°C was less than in pure Al-Zn alloys, 

ahh



with the marked development of the zinc-rich metastable 

Oe phase*°”), 

It was found that additions of magnesium to Al-Zn alloys 

reduced the rate of precipitation of the equilibrium n 

phase by two orders of magnitude. The intermediate 

R(@'"m) phase developed preferentially during natural 

ageing, thereby retarding the cellular reaction. During 

ageing at 150°c and 240°C, the first stage of the decom- 

position of the supersaturated phase in which an equili- 

brium N phase was formed was considerably suppressed in 

alloys with magnesium, and the metastable a' phase was 

developed instead. However, the at phase rapidly 

decomposed with precipitation of n phase in the pure 

(67) alloys, because of the high rate of cellular decomposition 

Smith and Hare's work (62) showed that of all the elements 

tested none stabilised the high temperature 8 phase com- 

pletely but many retarded the transformation, magnesium 

having by far the greatest effect. The retardation 

produced by copper was smaller than magnesium. 

The TTT diagram for a eutectoid-based alloy containing 

nominally O.5wt% Cu and 0O.15wt% Mg is shown in Fugure 33. 

Transformations, instead of starting after one minute at 

room temperature, started after one week. Their TET 

diagrams for the binary and higher systems were used to 

show the suitable heat treatments to produce various 

microstructures. 

The effect of copper content in most monotectoidal and 

eutectoidal alloys was clearly visible on the retardation 
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of the ageing processes in Ciach's work (98) | As an 

example, the diffractometer traces for AlZn78Cul to 3 

alloys after 62 hours of ageing at 50°C are shown in 

Figure 32. 

In AlZn78Cu2 alloy it was observed that the beginnings 

of the four-phase transformation were evidenced by the 

appearance of the peak of the T' phase. The figure 

31 showed the completion of the four-phase transformation, 

i.e. the disappearance of the e phase with a simultaneous 

appearance of the line of the T' phase, after 614 hours. PP 

In AlZn78Cu2 alloy, the process of four-phase trans for- 

mation was well advanced after 62 hours, as might be 

inferred from the occurrence of both e and T' phases. 

As regards the AlZn78Cu3 alloy after the same time of 

ageing, only the beginning of the four phase transformation 

might be ascertained, this was manifested by the occurr- 

ence of a distinct line from the e« phase, 

Murphy (85) determined in detail the structure and properties 

of two Zn-Al-Cu alloys of monotectoid and eutectoid 

composition, produced by rheocasting. The dimensional 

stability of the alloys was measured and it was found 

that the expansions were caused by conversion of the e 

to T' by the four-phase reaction and by changes in the 

lattice parameters of n due to rejection of copper from 

supersaturated solid phase. 

Unfortunately, there are few references which have been 

(84) found dealing with Zn-Al-Si system. Nuttall tried 

to study the effect of Si additions on the mechanical 
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properties of the Zn-Al eutectoid alloy, but he failed 

to prepare the specimens properly. The silicon- 

containing alloy cracked on hot rolling or swaging 

and little further work was carried out on this material. 

Two other papers were published in 1978(85,86) | Alloys 

of Al-43.5wt% Zn-1.S5wt% Si and Al-39wt% Si were used only 

as the metal coating of steel. No further details were 

given. 

2.4 Effect of some ternary additions 

on the mechanical properties 

It was reported(®?) that in binary Zn-Al alloys of 

eutectoidal composition, as-quenched hardness was about 

H.V., rising to a peak of 120 H.V. during decomposition 

of the supersaturated 8 phase and falling quickly at 

first during attainment of chemical equilibrium and 

slowly thereafter and becoming almost stable with 1 day 

at about 60 H.V. The fine structure at this stage was 

readily coarsened and softened, Tensile properties 

were similarly dependent on structure as derived from 

thermal history, and on the rate of testing. Low yield 

strength and high elongation were found at room temper- 

ature, but below zero, as expected, the yield point rose 

and ductility fell. 

With a third alloy addition present the mechanical 

properties are much superior to those of the binary 

materials. 
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The mechanical properties have been established for 

several eutectoid based alloys. The results for four 

systems 

Zn-Al-Cu, Zn-Al-Mn, Zn-Al-Cu-Mg, Zn-Al-Cu-Mn, are shown 

in Tables (1) (84) (2) (62), 

A marked variation in hardness accompanied the room 

temperature ageing of the manganese-containing alloy 

after quenching from 375°C, which probably explained 

some of the variation in tensile properties observed 

ey The hardness in the first day after quenching 

eventually appeared to level off at a value of .about 

120 H.V. and little further change was observed after 

several weeks at room temperature. A very marked effect 

of small quantities of magnesium on the response of 

aluminium-zinc alloys to age hardening has been clearly 

shown in Polmer's investigation ®® , 

The most significant factor in the development of high 

strength properties in alloys based on the Al-Zn-Mg system 

appeared to be the pronounced effect that small quantities 

of magnesium have on the age hardening capacity of Al-Zn 

alloys. 

Copper was mainly used to increase the general level of 

mechanical properties for any equivalent structure, 

retaining impact strength to lower temperatures and 

raising creep-resistance (°?) , The peak hardness during 

transformation was raised, e.g. in an alloy with 0.15% 

Mg + 0.5% Cu it would be higher than 220 H/V. for a binary 

alloy. The reduced ductility was accompanied by a 

=50-



  

Table 1 : Mechanical Properties of Zn-Al Based Alloys 
  

    

  

    

  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

  

| Elongation, | Strain-Rate 
i UTS. ®, on Exponent, | Hardness, 

Alloy \ Condition Nimm? 23mm m HV 

Zn-Al | As-quenched 186 90 0-18 64 
|) grexleien As-rolled 191 105 O12 3 
| Zn-Al-O2 Mn As-rolled 35 6 O11 100 

| Zn-Al-4 Cu As-quenched 201 7 O14 84 
| Zn-Al-O2Mn | As-quenched 361 28 Or 108 
| Zn-Al-4 Cu | As-quenched+ aged at 250 C 232 83 0-13 90 
i | ($23 K) for 20 min Bs 

Zn-Al-0-2 Ma As-quenched* aged at 250° C 410 35 O1 1s 
| ($23 K) for 20 min , < 
! Zp-Al-0-2 Mn As-quenchedt aged at 22_C 462 21 o1 127 

‘ (298 K) for 100 h 
} -Zame 354420 384-680 4-17 _ ~1s 
| Prestaltt | 332-310 asses | = = ES 

* Depending on composition and thermomechanical fustory 
+ Strain rate unknown. 

f 
Taste 2 

Mechanical Properties of Heat-Treated Alloys 

Alloy Composition, wt.-2 Quenched from 360° C, Re-Heated for 2 h at 260° C, and Water-Cooled 
73 Zn: 22 Al Base 

| Tensile Strength,* N/mm? (tonf/in*) 

Oe ve ae a Impact Value,t Nm (Ftlb) 

015°; Mg 118-122 350 (226) 405 (26:2) 16-7 20°C 92 (68) 
- 29°C 43 (32) 

0-157, Mg + 102, Cu 119-128 392 (25:4) 437 (28:3) 185 129 (96) 
121 (90) 
140 (104) 

010°, Mg — 05% Cu 118 364 (23-6) 425 (27-5) 19-3 - 60°C — 142 (105) 

020°, Mg + 05% Cu 117-121 374 (24-2) 442 (28-6) 179 = 60°C 31 (60) 

Furnace-Cooled from 360°C at 30 degC h 

0-159, Mg 91-92 312 (20-2) 350 (22'6) 37 $8 (43) 
ST (sD 

0-159; Mg ~ 10°, Cu 98-99 324121) 362 (23:5) 14:2 65 (48) 
74(55) 
73 (34) 

0-10°, Mg — 0:5%5 Cu 96:5 |__ 309 (20) 350 (22-6) 142 S4 (40) 

0-209, Mg — 0:5", Cu 94-100 301 (19-3) 384229) | a7 71 (53) 
| 64(47)         

    
* No. 12 testorece: Hounstield Tensometer, handwound. 
+ Un-noiched Charpy specimens. 
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relatively high hardness. All the alloys made with and 

without copper, machined excellently. 

The effect on mechanical properties of the addition of 

0.5% Cu and 0.1% Mg to the super-plastic Zn-22% Al alloy 

was investigated (87) , It was found that the temperature 

of minimum transformation time of the TTT diagram of the 

modified alloy (SPZ-CM) was 50°C higher than that of the 

binary eutectoid alloy (SPZ), but the starting times of 

transformation were nearly equal. The dissolution into 

two phases at room temperature started 20 minutes after 

solution treatment and water quenching, and lasted about 

2 hours. This alloy was hardened and strengthened with 

ageing time at room temperature and did not soften as 

SPZ did. 

An elongation of more than 200% for SPZ-CM was obtained 

above 200°c, but such large elongation was not observed 

at room temperature (87) | 

Copper and magnesium were mainly dissolved in the n phase 

which was strengthened. The n phase was precipitated 

continuously at the boundary of the parent phase a’, 

The a'— boundary was destroyed instantaneously by cold- 

rolling after solution treatment. The precipitation 

of the n phase was made discontinuous so that the flow 

stress was reduced and the ductility was improved(87) , 

In 1973, Ananin and Efremov'88) studied the effect of 

silicon on the properties of aluminium-rich (Al-Zn-Mg-Cu) 

alloys. They found that mechanical properties were 

lowered by silicon for alloys in the quench-aged and 
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artificially aged condition, but the properties could 

be improved by raising the solution treatment temper- 

ature from 470°C to 500°C. This increase in temper- 

ature had no adverse effect on the corrosion properties, 

which, in general, were raised by silicon additions in 

the quenched and naturally-aged alloys. 

Suzuki (89) found the hardness of the aged ternary alloy 

AlCu2Mg 0.9 was increased by adding Si, probably due to 

the change in aged structures. The silicon addition 

was effective only when the specimen was water-quenched 

and not directly quenched into the ageing bath. On the 

other hand, silicon additions to a ternary alloy having 

a high solute content, ve AlCu4Mg 1.8 alloy, tended 

to lower the hardness after ageing. 

However, the influence of silicon on the instability 

and properties of Zn-Al alloy and Zn-Al based alloys 

with small amounts of copper has apparently not been 

investigated. 

Recently Savaskan (4) has extensively studied the structure 

and properties of Zn-Al based bearing alloys. Five 

ternary alloys were involved in his work. An alloy of 

A1Zn55Sil0 was prepared successfully. He pointed out 

that additions of copper increased the mechanical proper- 

ties (hardness, creep resistance and hot tensile strength) 

of the zinc-aluminium alloys, but the improvement in 

creep resistance was greater than that obtained in the 

hot tensile strength. 
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It was also shown that the zinc-aluminium-copper alloy 

had poor impact strength, but this is not a great dis- 

advantage for bearing applications where impact loading 

is not a significant service factor. It was found that 

the monotectoid zinc-aluminium based ternary alloys had 

higher strength and wear resistance than the eutectoid 

based alloys. 

Comparing the wear behaviour of these alloys with that 

of phosphor-bronze, he pointed out that the eutectoid 

copper-containing alloy AlZn62Cu3 was inferior while 

the monotectoid alloy AlZn55Si0O was superior to that 

alloy. 

In order to select the most suitable alloy composition 

and heat treatment condition for adequate physical and 

mechanical properties, it is necessary to further investi- 

gate in more detail the phase relationships and the phase 

transformations of these alloys, especially the mono- 

tectoid AlZnS5 to 60 based alloy, containing copper 

or silicon, or a combination of both. 

SAS



3. EXPERIMENTAL PROCEDURE 

3.1 Preparation of alloys 

Alloys for the investigation were made of commercial 

grade zinc (99.99%Zn), high purity aluminium (99.99%A1), 

copper (99.99%Cu) and commercial grade silicon (99.99%Si). 

The melts of Al and Si were first prepared in an induction 

furnace using a graphite crucible and a charcoal cover, 

with a shield of argon during the whole melting process. 

To avoid evaporation at high temperature, zinc was added 

to the melt after the Al and Si were melted. 

The resultant melts at 700°C-800°C were stirred mechanically 

and then poured into mild steel mould at room temperature 

to give ingots 16mm diameter and 160mm long. 

In an attempt to homogenise the structure, the ingots were 

hot rolled to strip 1.5 to 2mm thick at 400°C. Small 

sections were cut from each of the rolled samples for heat 

treatment and chemical analysis. 

Compositions of the alloys for determining phase diagrams 

and ageing are given in Tables 3-6. To avoid evaporation 

of zinc at high temperature, the four alloys with high zinc 

content, alloys ZAS7, ZACS26 for determination of phase 

diagrams and alloys AlZn95Si2, AlZn90Cu3Si2 for ageing, 

were made from a prepared master alloy of A120% Si. 

3.2 Heat Treatment 

Pieces cut from the rolled strip were sealed in glass 

capsules filled with argon. Solution treatment and 
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ee ee. 

homogenisation were carried out by heating in a large 

copper heat-sink inside a muffle furnace designed to 

O° 5 teas + ‘ 
give a temperature variation of - 1° over long periods 

of time. 

After solution treatment, the alloys were quickly quenched 

in iced water, the glass capsule being broken simultaneously 

with the quench. 

Disc-shaped specimens, 15mm diameter by approximately 

10mm thick, were ground and polished to 6um finish, 

The specimens for the determination of phase diagrams, 

were then homogenized at 400°C for 2 days for alloys 

ZAS1.2.3. and ZACS1.2.3. or 350°C for 1 day for the 

other alloys of Zn-Al-Si system in an air circulation 

furnace, while those for ageing were homogenized at 

400°C for alloys A1Zn75Si2, A1Zn95Si2 and A1Zn75Cu3Si2, 

A1Zn90Cu3Si2, AlZn30Cu3Si2, AlZn60Cu3Si2 for the same 

periods of time as those for determination of phase 

diagrams. 

All these homogenized specimens for ageing were quenched 

in a standard way into iced water and placed in the 

furnaces and ovens for ageing immediately after measuring 

their as-quenched hardness. 

Ageing processes were carried out at 21,1°C in a room of 

constant temperature, at 50°C in an oil bath, at 70°C or 

150°C in an air-circulation oven, or at 100°c and 170°C 

in muffle furnaces. The early stage of ageing at 100°c 

was done in boiling water. The nominal temperatures of 

21.1°c, 50°c, 70°c, 100°C, 150°C, 170°C were maintained 
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with less than ~ 1°C variation over the ageing period. 

The times required for specimens to reach ageing tem- 

perature were 30 seconds for 50°C. 70°C, 100°C ageing 

and 1 minute for 150°C and 170°C ageing. The ageing 

times were counted from when the sample reached its 

proper temperature. 

Special care was taken in the early stage of ageing 

at 100°C, where boiling water was used for the constant 

temperature bath. Specimens were put into boiling 

water with their marked surface lying on the bottom of 

the container. As soon as bubbles escaped from the 

gap between the marked surface and the container bottom, 

time counting was started. 

3.3 Hardness testing 

The aged specimens were quickly cooled in ice water for 

hardness testing. Hardness tests were made with a 

Vickers Pyramid Diamond Indentor, using 5kg load. Three 

to five hardness impressions were taken on each specimen, 

and in most cases duplicate specimens were used. After 

hardness testing, specimens were immediately moved back 

to furnaces for further ageing. The ageing time was 

accumulated by summing the interval ageing times. 

3.4 X-ray diffraction examination 

Immediately after the heat treatment, the specimens of 

size 15mm x 8mm x 2mm were quickly repolished on water- 

flooded 600 mesh silicon carbide paper to obtain a plane 

and clean surface. 

X-ray diffraction was carried out on the plate specimens 
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using nickel-filtered CuKqg radiation from a Philips X-ray 

diffractometer at 40kV and 20mA. The specimens were 

slowly scanned at a speed of t2e /min from 25° to 100° 

ee With integrated X-ray intensity data printing 

out at 6 second intervals, the diffraction peaks of the 

alloys were recorded on a chart simultaneously. 

The Bragg angle #and Miller indices (h k g) of each 

diffraction peak in the specified range of 2 9 were 

measured. Using standard methods, the structure cells 

and lattice parameters were determined for phase identi- 

fication. 

A quantitative X-ray diffraction technique was used to 

trace the phase transformation of alloys aged at 70°C, 

100°c, 150°C, V707G: The specimens for X-ray diffraction 

were aged at constant temperatures, then quickly trans- 

ferred into iced water.X-ray diffraction was immediately 

carried out and followed by the next period of ageing 

as quickly as possible to minimise the influence of room- 

temperature ageing. Scanning in an angular range of 

35°-48° 2 © was chosen to show the largest change of 

diffraction peaks in response to the phase transformation, 

with the shortest time of measurement. 

The integrated intensities of diffraction peaks were 

calculated from the data print-out and the change in the 

intensities during transformation were determined. 

Lattice parameters were calculated by using the data 

obtained from each peak, The method of least squares 

and Cohn's method were both used to determine the lattice 
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parameters with high accuracy (70.001 Rye A computer 

program was used to ensure accuracy in these calculations. 

3.5 Optical and scanning electron microscopy 

In order to study the structure and the effect of heat 

treatment standard metallographic procedures were carried 

out on all specimens, taking care to avoid distortion 

of the soft alloys. 

The heat treated specimens were cut in pieces of size 

10mm x 10mm. The pieces of specimens were mounted 

in groups in conductive bakelite at 170°C for 4 minutes, 

and quickly followed by water cooling. A longer period 

of pressure mounting at 170°C was avoided because it 

would cause significant further heat treatment. The 

specimens were then mechanically polished to lum finish. 

For optical microscope examination, all specimens of both 

the ternary Zn-Al-Si system and the quarternary Zn-Al-Cu-Si 

system were etched in 2% Nital for about 8-10 seconds, 

depending on the composition of the alloys. The optical 

microscopy examination was performed on a Reichart-Jung 

Polyvar metallurgical microscope. Both colour and black 

and white photographs were taken at several magnifications. 

A Cambridge Instruments SEM 150, operated at an accelerating 

voltage of 20kV, was used to obtain high resolution images 

of the fine structure. All specimens from both the systems 

were lightly etched in 2% Nital before examining on the SEM. 

The characteristic X-ray and electron images were both used 

to identify the phases. The X-ray energy-dispersive 

analyser gave semi-quantitative analysis. 
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3.6 Electron-probe microanalysis 

Determinations of phase fields in alloys of both systems 

were made on a Cambridge Instruments Microscan Five 

microanalyser, operated at 15kV at a beam current 70 

to 120nA using the Ka peaks for each element in these 

alloys. The specimens examined on the Polyvar micro- 

scope were used for further determination of phase 

compositions. Fresh polished, pure elemental standards 

were used, The intensity ratios were corrected to true 

concentrations using the computer program of Duncumb 

and Jones (99 , 

It has been found that the operating voltage of the 

analyser and size of the phase to be analysed influenced 

the accuracy of composition determination. This is 

because over-lapping of phases by the electron beam may 

be caused if the operating voltage is too high, e.g. 

20kV, or the particle too small. With alloys located 

in the a+Si-richo phase field, some particles of 

Si-rich phase (o) were very small, As a. result, it 

was not possible to determine the exact composition of 

the Si-rich phase o for several specimens despite numerous 

attempts. Ideally, particles should be small enough to 

homogenise quickly but large enough to avoid overlapping. 

The right size would be 50um in diameter. 

The same problem arose in determining the phase diagram 

of the Zn-Al-Cu-Si system. Some particles of T' phase 

were too small to determine the exact composition. 
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The great advantage of using EPMA is that usually a single 

specimen can be used to determine the boundary of a three 

or four-phase field and analyse the phases present, thus 

covering large areas of ternary phase diagrams quickly. 

3.7 Transmission Electron Microscopy 

Discs of 3mm diameter were produced in a Servomet spark 

erosion machine, then wet-ground on both sides by hand 

on 600 mesh paper to 0.5mm thickness using a small jig. 

A disc-jet polishing machine was used to electro-polish 

the centre part of these discs using about 15V in a 

solution of 20% perchloric acid 80% ethanol. The 

electrolyte used was kept below -20°C, to avoid the 

formation of an oxide layer on the surface of the disc 

which sharply reduced the efficiency of electro-polishing. 

Once the discs were penetrated at the centre, the process 

was stopped automatically. The penetrated discs were 

then quickly washed in low temperature methanol solution. 

Hot-rolled and homogenised strip specimens of 0.5-0.8mm 

thickness were solution treated and aged at various temp- 

eratures in the same way as that for X-ray diffraction 

testing. 

Following the process of thin foil preparation, specimens 

of alloys AlZn60Cu3Si2 and A1Zn30Si5 etc., were partic- 

ularly investigated on a JEOL TEM at 100kv. Various 

periods of ageing were selected according to the phase 

transformation information given by the hardness and X-ray 

diffraction results. For alloy AlZn60Cu3Si2, TEM 

examinations were carried out in the as-quenched state, 
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and after 0.5 minutes, 1 minute, 2 minutes, 5 minutes, 

8.5 minutes, 15 minutes, 24 minutes, 1.5 hours, 18 hours 

and 48 hours ageing at 100°C. The alloy A1Zn30Si5 TEM 

examinations were carried out immediately after quenching, 

8 minutes 1.5 hours, 18 hours and 24 hours ageing at 

100°C. 

To show the crystallographic and metallographic features 

of ageing processes of both the alloys, photographs of 

bright and dark field images were taken together with 

the corresponding diffraction patterns. 

The tilting technique was used to distinguish the 

diffraction pattern of precipitates from that of the 

matrix phase. By using one of the precipitate diff- 

raction pattern spots, the locations of many of the 

corresponding precipitates were shown up. The use of 

dark field illumination was often valuable when carrying 

out observations on foils containing more than one phase, 

and the formation and development of precipitates were 

detected clearly by the dark field images at various 

stages of ageing. 

A limited amount of work was carried out using a Philips 

EM400 TEM, equipped with STEM and a quantitative EDS system. 

By this means the zinc contents of some phases were 

determined which provided further information on the under- 

standing of certain phase reactions. 

3.8 Tensile testing 

The specimens for tensile testing were the standard size 

of Hounsfield No 12. The tests were carried out on a 

=626



5000 kgf Instron testing machine with a crosshead speed 

of O.Smm/min at room temperature. Two different load 

cells, 500 kgf and 1000 kgf, were chosen for different 

alloys. The specimens aged at 100°C for 100 hours 

were cooled in ice water. The initial diameters and 

lengths of the specimens were measured before the tensile 

test: The load-extension curves were recorded on Farnell 

Model W211 X-Y Plotter. The lengths of broken specimens 

were measured for calculation of elongation after the test. 

3.9 CHARPY V-notch impact test 

To determine the impact strength, the notched bar impact 

tests were carried out using a Charpy machine with a 

striker energy of 300 Joules and a linear striking velocity 

of Sm/sec. Standard test pieces were used. 

The homogenised specimens were solution-treated and quenched 

in iced water. To stop further phase transformation, 

specimens were plunged into ice water after ageing at 100°c 

for 100 hours. Two heat-treated specimens were tested 

for each alloy composition. 

3.10 Dimensional change test 

The as-cast silicon-containing alloys of compositions in 

various ranges were tested periodically for dimensional 

change during the 150°C ageing process. Ingots of 25mm 

diameter and 60mm long were cut longitudinally along 2 

diameters at right angles to give 4 pieces with polished 

end faces. A Universal Measurement Machine MU-2.413 was 

used for length measurements. The precision of the 

+ 
measurement results was about - 0.Syum.



Quench-aged alloys A1Zn10Si5, A1Zn30Si5 and Al1Zn60SiS 

were homogenised at 400°C for 20 hours, and alloys AlZn75Si2 

and AlZn95Si2 at 350°C for the same time, then quenched in 

iced water. 

Ageing of these alloys was carried out in an air circulation 

oven at 100°C and then these alloys were cooled to care- 

fully controlled room temperature of 21.1°C before each 

measurement. The dimensional changes were measured 

using the same procedure as for the as-cast alloys. 

3.11 Wear testing 

a), Ten as-cast The Pin-on-Disc dry wear method was use 

alloys of compositions in various ranges of both Zn-Al-Si 

and Zn-Al-Cu-Si systems were machined into pairs 6mm 

diameter and 50mm long, and ground flat and perpendicular 

to the axis on each end. The disc is made of En31, a 

bearing steel heat treated to 61-63Rc, machined, and then 

ground flat on each face. Before testing the discs were 

de-magnetised in order to minimise the effect of ferritic 

debris adhering to the surface. 

Both pins and discs were thoroughly degreased and then 

located on to the Kupp Wear Tester, the diagram of which 

is shown in Figure 34. The pin was held by a 6mm collet. 

An accurately machined iron block was placed between the 

end of the loading arm and the platform for stopping the 

screw to ensure that the arm and the disc were parallel. 

Therefore the pin was secured onto the arm to touch the 

surface of the disc perpendicularly. 
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The length loss of the pin was measured by the wear 

transducer. The torque transducer was fixed to the 

machine. A stable torque was obtained during the wear 

testing. The linar speed of the disc relative to the 

pin was chosen as 0.84m/s and the speed of the chart 

recorder was 120mm/hr. The load was 2 kgf. The wear 

rate was defined as em?/cm, i.e. the volume of material 

lost from the pin due to wear, per unit distance travelled 

by the disc. 

Heat treated alloys of composition in various ranges of 

both systems were carried out in the same way as for the 

as-cast alloys. For an alloy AlZn60Cu3Si2, wear rates 

were measured with three different loads ; 1 kgf, 2 kgf, 

and 3 kgf. The conditions of heat treatment were as 

follows 

I 400°C for 3 days, quenched into cold water, 

150°C ageing for 3 days for alloys of 

A1Zn10Cu3Si2, AlZn30Cu3Si2 and A1Zn60Cu3Si2. 

2. 350°C for 2.5 days, quenched into cold water, 

150°C ageing for 2 days for alloys of AlZn75Cu3Si2 

and A1Zn95Cu3Si2. 

As-cast iron pins were tested by the same procedure for 

comparison. 
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4. RESULTS 

4.1 Phase diagram of Zn-Al-Si ternary system 

The chemical compositions of the alloys ZAS 1-8 are 

given in Table 3. 

The phases identified by combined SEM, EPMA and X-ray 

diffraction and their compositions are listed in Table 7, 

together with alloy number and heat treatment condition, 

as shown in Table 8. The microanalysis results in these 

tables were normalised to 100% after computer correction. 

Results summing to <95% or >105% were discarded. 

Using the data in Table 7, isothermal section of the 

Zn-Al-Si system at 350°C, 300°C, 280°C, 272°C, and 230°C 

were constructed as in Figures 35-39. 

The 8 phase decomposed into a phase and n phase during or 

immediately after quenching. When specimens of com- 

positions located in the a+8+c, B+o and $+n+o phase fields 

were slow-scanned on an X-ray diffractometer, no matter 

which field the composition lay within, three sets of 

peaks were shown as f.c.c. (Al-rich solid solution), 

diamond cubic (Si-rich o phase),and c.p.h. structure 

(Zn rich solid solution) n phase. 

However, the heights of the peaks were different in 

different compositions. From the optical microscopy 

and EPMA, one of these phases which occurred in all 

specimens, was found to be a mixture of a and n phases 

from the decomposed 8 phase. Because these two phases 

Were derived from 8 phase by short-range diffusion at



room temperature, a clear phase boundary between the prior 8 

phase and the neighbouring phase could be found as shown 

in Figure 41. The composition of this phase could still 

be determined by EPMA, since even a focussed beam covered 

a sufficiently large volume of material to allow the mean 

composition to be found. 

Even after prolonged annealing, sometimes there were con- 

centration gradients shown in the analytical results 

from decomposed 8 phase. In such cases, the 8 phase in 

the three phase field a+8+o0 or 8+n+o should be in equili- 

brium with Si-rich phase 9 and a phase or n phases at 

the point of contact, so the composition could be deter- 

mined by performing analysis close to the boundary between 

the two phases. 

The phase boundary between the 8 single phase field and 

the two phase field 8+0 was determined with particular care 

at 350°C, as it is of importance to the heat treatments 

of some commercial bearing alloys. This is shown in Figure 40. 

In all the isothermal sections of the Zn-Al-Si phase diagrams 

investigated, a terminal solid solution of Al and Zn in Si 

was found, which is represented by the symbol o. The 

boundaries of the 9 phase field were determined by detailed 

examination of the compositions of the Si-rich phases in 

the 4+0, a+8+0, 8+0 and 8+n+o0 phase fields, shown in 

Figure 41. The saturated solubility of Al in Si at 

350°C was measured as 2.4% Al in an A1$i20 binary alloy. 
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Table 3 

Alloy Compositions used for Determination of 

Phase Diagram of Zn-Al-Si Systems 
  

Alloy Number 

Zn Al 

1 10.7 80.6 

Z 43.9 50.8 

SI 69.7 Dies 

4 22.5 70.1 

5 60.7 29.3 

6 29.8 56.6 

y 81.0 14.9 

8 74.0 19.6 

Table 4 

Composition (wt.%) 

Si 

Alloy Compositions used for Determination of 
  

Phase Diagram of Zn-Al-Cu-Si Systems 
  

Alloy Number 

zn 

i 17.3 

2 32.6 

S 42.8 

4 63.7 

S 126k 

6 Sis7 
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Al 

58.2 

52.4 

42.2 

2S: 

dee 7, 

Cu 

4.5 

Composition (wt.$%) 

Si 

10.0 

10.9 

10.4 

10.5 

10.6



  
  

  

Fig.35 Isothermal section of Zn-Al-Si system at 350°C
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Table 7 7 

  

THE IDENTIFIED PHASES AND THEIR COMPOSITIONS 

FOR Zn-Al-Si SYSTEM 

  

  

Temp (°C) Phase Fields Phase Zn Al Si 

350 a+8+Si rich a 50.95 48.86 0.20 

8 67.06 32.59 0.35 

Si rich 2.96 0.75 96.29 

8+n+Si rich 8 79.76 15.96 0.28 

n 98.67 0.98 0.35 

Si rich 3.05 0.59 96.36 

300 a+8+Si rich a 39.11 60.68 0.21 

8 72.O00e2 7074: © 0.19 

Si rich 2.84 0.80 96.36 

8+n+Si rich 8 76073 23.06 0-22 

n 0859204 0..73 1 0435 

Si rich 2.74 1.03 96.33 

280 a+8+Si rich a 35.5. 064.37 1.0.13 

8 74.87 24.93 9 1.29 

Si rich 3.59 0.77 95.63 

84n+Si rich 8 75.23 24.56 0.21 

n 97087 =) 1687 | 0.26 

Sierich  Sti5e.1.1o¥ 95,71 

272 a+8+Si rich a 35262 66.15 0.24 

8 74.04 25.72 0.24 

Si rich 2.99 0.54 96.47 

B4n+Si rich 8 74.68 24.82 0.66 

n 98.83 0x88 0.50 

Si-rich 3.17 0.75 96.18 
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Table 7 (contd.) 

  

THE IDENTIFIED PHASES AND THEIR COMPOSITIONS 

FOR Zn-Al-Si SYSTEM 
  

  

Temp(°C) Phase Fields Phase Zn Al Si 

230 a+8+Si rich a 22547 77-49  0¥04 

n Daedoa tes - 0, 41 

Si rich 2.81 0.84 96.35 

250 atn+Si rich a 33535 66.27 0.38 

n 

Si* rich 
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Table 8 
  

THE EQUILIBRIUM TEMPERATURE AND TIME OF 
  

HOMOGENIZATION IN Zn-Al1-Si 

SYSTEM 

  

Heat Treatment Alloy Number Phase Field 
  

350°C 216 hrs 

300°C 384 hrs 

C 840 hrs 

272°C 960 hrs 

230°C 672 hrs 

U2 5450 

2,5,5,6 

78 

1 

29345556,758 

a+Si rich 

atg+Si rich 

8+Si rich 

8+n+Si rich 

a+Si rich 

a+B+Si rich 

6+Si rich 

B+n+Si rich 

a+Si rich 

a+8+Si rich 

6+Si rich 

8+n+Si rich 

a+Si rich 

a+8+Si rich 

8+Si rich 

B+n+Si rich 

a+Si rich 

atn+Si rich 

n+Si rich 
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Table 9 

LATTICE PARAMETER (&) IN Zn-Al-Si at 272°C 

Specimen 

ZAS1 

ZAS4 

ZAS6 

ZAS2 

ZAS3 

Al 

Zn 

Si 

aSpec 

Ca+B 

as Le Ceca) 

4. 

imen 

+0))"5 

044 

034 

021 

024 

024 

049 

ZAS6, 

a.(Diamond Cubic) a. en Cfa 

5.401 

5.420 DOO Oodle — Lad 

5.436 

5.437 

2.665 4.947 1.856 

5.430 

2 and 3 were in the same phase field 

Table 12 

LATTICE PARAMETERS (&) OF CUBIC PHASES 
  

Alloy 

ZACS2 

ZACS3 

ZACS 

ZACS5 

ZACS6 

IN Zn-Al-Cu-Si SYSTEM 

Phase 

n 
PD

 
DBD

 

Temperature 

290°C an = G003C) 5 350°C 

4.033 4.037 

3.989 4.079 

3.988 4.002 

3.971 3.985 4.078 

3.961 Sanoe 3.987 
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The room-temperature lattice parameters of the phases 

in alloys of the Zn-Al-Si system equilibrated at 272°C 

were measured. The data are shown in Table 9 with 

values for pure zinc, aluminium and silicon for com- 

parison. 

The metallographic work was performed in the SEM and the 

optical microscope. Figure 42 shows the X-ray and 

electron images for ZAS7 at 272°C. The dark field is 

the Si-rich o phase. The grey field is n phase and 

the 8 phase was found decomposed in the light area. 

4.2 Phase diagram of Zn-Al-Cu-Si quaternary system 

The chemical compositions of six Zn-Al-Cu-Si quaternary 

alloys are shown in Table 4. 

The phases identified by combined STEM, EPMA and X-ray 

diffraction and their compositions are listed in Table 10, 

The equilibrium temperatures and times used for different 

alloys are listed in Table 11, 

Optical metallography showed that n phase etched in 2% 

Nital solution more quickly than other phases and varied 

in colour from various shades of brown to green or blue, 

as shown in Figure 43. The same figure showed that the 

grey Si-rich 9 phase was typically angular in shape, 

the € phase appeared white and was more rounded thano . 

Both these phases were dispersed in a matrix consisting 

of 8 and 1 phases. The 8 phase was found to be de- 

composed after the quench, and was seen as an easily 

identified mixture of light a phase with very fine grey n 

precipitates, as shown also in Figures 44-48. 
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Identification of phases was performed semi-quantitatively 

using EDS on the SEM. Two sets of X-ray and electron 

images of specimens of Zn-Al-Cu-Si alloys quenched from 

285°C show the coexistence of five phases atBte+T'+o 

as shown in Figures 49,50. The 8 phase was easily identi- 

fied from its speckled appearance which occurs on decom- 

position as observed in the optical examination. € phase 

occurred as a deeper etched dark area. In the X-ray 

image of Al, the a phase appears brighter than the 8 phase. 

Only T' phase seems not to be etched by 2% Nital solution 

and has a flat polished surface. 

The isothermal sections of the Zn-Al-Cu-Si systems at 

350°C, 300°C, 290°C, 285°C, 280°C and 275°C were con- 

structed as in Figures 51-56 using the data in Table 10. 

Since the solubility of Si in all of the phases except o 

was very low, these can be regarded as sections through a 

quatenary isothermal body at a nominal 0.1% Si. The o 

phase is present in all the phase fields, but is ignored 

for the sake of clarity. 

The compositions of phases in these isothermal sections 

were determined from a single specimen and are shown in 

Figure 42. In ZACS1, it was not possible to determine 

the compositions of 8 phase and o phase as the particles 

of these two phases were too small for analysis. Dashed 

lines represent boundaries which were estimated from a 

vertical section of the Zn-Al-Si ternary phase diagram 

at 0.2% Si and were incompletely measured. 
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In the 300°C isothermal section, the two-phase field 

8+€ had narrowed and the solubility of copper in 8 phase 

in alloys ZACS4 and ZACSS decreased from 5.5 to 3.5%. 

The 8+T'+e phase field limits were determined from alloy 

ZACS4 and ZACSS, as shown in Figure 50. 

The T'+8 phase field was constructed at 290°C and dis- 

appeared at 285°C as shown in Figures 53,54. At 285°C 

the coexistence of four phases a+8+e+T' plus o was 

detected in alloys ZACS3, 4 and 5 from X-ray diffraction 

and SEM examination. The electron-probe microanalyser 

gave very close agreement in the compositions of a,8,T',e 

and o phases in these three alloys. The X-ray and 

electron images of ZACS4, 5 are shown in Figures 49,50. 

The four-phase coexistence was destroyed by the appearance 

of an ate two-phase field at 280°C. The composition of 

the phase in coexistence with T' phase shifted towards the 

Al corner, from 40% Zn to 31% Zn, with decreasing temperature 

from 300°C to 275°C. As the equilibrium temperature was 

reduced from 35000, the maximum solubility of copper in a 

phase decreased. Between 280°C and 275°C the 8 phase 

disappeared. 

The lattice parameters of a and 8 phases at various tem- 

peratures were measured, as shown in Table 12 and those 

of n and € phases were found to change little with 

annealing temperature. They were as follows 

€ phase ; a. = 2.767 R oc = 4.289 2 c- = 
° ° o/a, = 1.550 

n Phase : a, = 2.671 R c,= 4.946 R ci, 14 959 
°



Table 10 
  

THE IDENTIFIED PHASES AND THEIR COMPOSITIONS 

FOR Zn-Al-Cu-Si SYSTEM 
  

  

Temp (°C) Phase Fields Phase Zn Al Cu Si 

at+6+Si rich Geto 61. Som OLOlet0.2- 

ss ¥ = z 5 

Sie rich - - - - 

350 at6+T'+Si rich Gee 746m 59.18 23.255 10.17 

@ 5-05) 44.75 49.99 0221 

mm 9.91 35.52 54.48 0.08 

Si rich 2.94 1.86 0.77 84.43 

a+T'+Si rich a 46.78 48.59 4.54 0.10 

T! Te 20M S4 ca NeS4.25 | 0209 

Si rich 2.40 -1.09 0.74 96.45 

Btet+T'+Si rich Be SiG 7asUne 27 all 5.40 sm Os07 

€ Tie750 9 2k13 20.43.0008 

T! 11.67 33.55 54.73 0.06 

Si rich 2.65 0.49 0.46 96.39 

B+e+n+Si rich 8 75.592 22.20) 2.08 "0.14 

EF 83-04 0.96815 85 0515 

n 5055: 82.04 4 4.45, 0,18 

Si rich 3.19 0.26 0.46 96.08 

300 at+T'+Si rich a 18.76 80.92 0.02 0.29 
k i : a 

Si rich 

a+8+T'+Si rich a Sorcha vid 2 2031) 0.15 

8 Gae5one29.77 8 Last 10.17 

T! 11.32" 35:12 53.45 001d 

Si rich 2.07 0.96 0.61 96.36 

agd=



Table 10 (contd.) 
  

THE IDENTIFIED PHASES AND THEIR COMPOSITIONS 

FOR Zn-Al-Cu-Si SYSTEM 
  

  

Temp (°C) Phase Fields Phase Zn Al Cu Si 

300 Bte+T'+Si rich 8 72.10 24.28 Seok 0.10 

€ 80.76 Caxioe LOSS 0.13 

qT! 

Si rich 93.76 0.80 0.64 94.8 

Btetn+Si rich B 72.14 25.45 2.34 0.09 

€ 83.09 O69)" 16.14 0.06 

n 97.65 1.03 0.40 0.93 

Sf yich BAe 7 0.57 0.52 94.14 

290 a+T'+Si rich a 36.88 60.78 2.24 0.10 

T* 9.68 35.88 54.36 0.07 

Si rich 2.44 0.55 0.42 96.59 

a+8+T'+Si rich a 3929 85927 2.19 0.32 

8 70.98 26.17 Zot 7 0.09 

as O95. So 212 54:86 0.06 

Sierich 42.28 0.57 Oo59 ~ 96.45 

Bte+T'+Si rich 8 72.10 25.19 2.36 0.08 

€ 82.14 Peete 167.50 0.09 

Tr MOOS 9555054... 5 7 0.04 

Si fich= 2.45 0.51 0.45 96.61 

Bte+n+Si rich 8 74.69 23.03 2.16 0.08 

€ 83.59 0.73 15.60 0.09 

n 95.46 1.06 3.37 0.10 

oi P1ch! 286 0.42 0.43 96.30 

=85-



Table 10 (contd.) 

  

THE IDENTIFIED PHASES AND THEIR COMPOSITIONS 

FOR Zn-Al-Cu-Si SYSTEM 
  

Temp(°C) Phase Fields Phase Zn Al Cu Si 
  

285 at+Bt+e+T'+Si rich a 55255) — 62.582 1.78 0.07 

8 71.45 26.00 2.48 0.07 

€ 83.14 0.97 15.81 0.09 

Ta 10.24 34.73 54.98 0.05 

Si, rich = 2:79 0.47 0.49 96.26 

8+e+n+Si rich 8 732995 1 o4.0:5 Te 0.07 

€ 83.90 O27) 15.32 0.07 

v 95.61 Lod ee97, 0.10 

Sisrach 33.25 0.38 0.31 96.08 

280 ate+T'+Si rich a 32.04 65.75 2.02 0.19 

. 82.78 Loo 157 iL 0.17 

Tt 10237 35.94 53.63 0.08 

Si rich 1.83 0.79 0.52 96.86 

a+Bt+e+Si rich 8 71.43 26.37 2.10 0.09 

a 34.08 64.08 1.76 0.07 

€ 83.70 0.79 15.40 0.10 

Si rich 2.67 0.87 0.60 95.87 

Bte+n+Si rich 8 73.44 24.70 Ino 0.07 

€ 83.88 Ont Ae. de «OU: 0.07 

n 95.79 1.3) 2.83 0.06 

Si rich 

=B6-—



Table 10 (contd.) 

  

THE IDENTIFIED PHASES AND THEIR COMPOSITIONS 

FOR Zn-Al-Cu-Si SYSTEM 
  

  

Temp(°C) Phase Fields Phase Zn Al Cu Si 

275 ate+T'+Si rich @ 819529466.97 91.63 0.08 

e 8255e5 Tayi 15.67. 0.07 

qT! 10.58 36.90 52.42 0.10 

Si rich 1.99 0.84 0.54 96.64 

ate+n+Si rich a 52616 66.541.) 1525. 0.06 

€ 84.14 0.74 15.00 0.09 

n Ob 2A 937 06528 On IT 

Si rich 
  

Gs



Table 11 

  

THE EQUILIBRIUM TEMPERATURE AND TIME OF 
  

HOMOGENIZATION IN Zn-Al-Cu-Si 

  

  

SYSTEM 

Heat Treatment Alloy Number Phase Field 

350°C 336 hrs 1 a+8+Si rich 

2 Q+O+T*4+Si rich 

3 a+T'+Si rich 

4 B+e+T'+Si rich 

5 Bte+Si rich 

6 Bte+n+Si rich 

300°C 720 hrs 1,2 atT'+Si rich 

3 a+8+T'+Si rich 

4,5 8+e+T'+Si rich 

6 Btetn+Si rich 

290°C 1080hrs 1,2 OtLteSierich 

5 a+8+T'+Si rich 

4,5 BtetT'+Si rich 

6 Bte+nt+Si rich 

285°C 1440hrs Bes dS a+B+e+T'+Si rich 

6 Bte+n+Si rich 

280°C 1440hrs oe ate+T'+Si rich 

4,5 a+B+et+Si rich 

6 Btet+nt+Si rich 

275°C 2400hrs 2,554 Gren +Si rich 

350 ate+nt+Si rich 
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Fig. 42 Scanning Electron Micrographs for alloy 
ZnA1Si7 at 272°C 

Electron Image 

Dark field - 0 

Grey field - n 

Matrix - 8 

Zn X-rays image 
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Fig. 42 continued 

Si X-rays image 

Al X-rays image 

  
Eons



  

Fig.43 Optical micrographs for alloy ZnAlCuSi5 at 300°C. 

x560. 

  
Fig. 44 Optical micrographs for alloy ZnAlcuSi5 at 350°C. 

x560. 

012



  

Fig.45 Optical micrographs for alloy ZnAlcuSi5 

at 300°C. x980 

=92—



  

Fig. 46 Optical micrographs for alloy ZnAlCuSi5 at 350°C. 

x980 
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Fig.47 Optical micrographs for alloy ZnAlcusi5 at 350°C. 
430. 

  

Fig.48 Scanning electron micrograph for alloy ZnAlCuSi, 

ZnAlCuSi5 at 300°C. 
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Fig. 49 Scanning Electron Micrographs for alloy 

ZnAlCuSi4 at 285°C, showing five phases 
(a+8 +e + T' +0) coexistance 

Electron image 

Dark field - 0 

Grey field - € 

Light grey - a 

Grey flat - T' 

Matrix - 8 

Zn X-rays image 
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Fig. 49 continued 

Cu X-rays image 

Al X-rays image 

 



Fig. 49 continued 

Si X-rays image 

   



Fig. 50 Scanning Electron Micrographs for alloy 

ZnAlCuSi3 at 285°C, showing five phases 

(a +8 + € + T' + GO) coexistance 

Electron image 

Dark field - 0 

Grey field - € 

Light grey - a 

Grey flat - T' 

Matrix - 8 

Zn X-rays image   
298-



Figure 50 continued 

Cu X-rays image 

Al X-rays image 
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Figure 50 continued 

Si X-rays image 
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Fig. 51 Isothermal section of Zn-Alu-Si system at 
350°C 
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i ee 

Fig. 52 Isothermal section of Zn-Al-Cu-Si system 
at 300°C 
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Fig. 53 Isothermal section of Zn-Al-Cu-Si system 
at) 20006 
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Cu 

       
  

  

ie ED Sd em ey 
th wt%   

Fig. 54 Isothermal section of Zn-Al-Cu Si system 
at 285°C 
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Al 

  

  

  

10 

Fig. 

20 

ss 

jo go 50. 6 8 a 9 
bh w%— 

Isothermal section of Zn-Al-Cu-Si system 
at 280°C 
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Al 
  

  

  

Fig. 56 

x 40 30 60 70 60 9 

Da wth   

Isothermal section of Zn-Al-Cu-Si system 
at 275°C 
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The copper content in n phase increased as the temper- 

ature decreased from 290°C to 275°C, while the zinc 

content in n phase kept at nearly the same value, about 

96%. 

4.3 Hardness testing 

Although it is recognised that hardness is not a funda- 

mental property, this hardness testing has proved simple 

and satisfactory to get a general idea about phase 

transformations during the ageing processes, especially 

when a large number of specimens has to be examined. 

Ageing curves of alloys from the Zn-Al-Si system and 

Zn-Al-Cu-Si system have been determined from variation 

in hardness with ageing time over a wide temperature 

range. Alloy compositions used for ageing as shown in Tables 5 and 6. 

Figures 57 - 64 show the hardness versus time curves 

for several Zn-Al-Si and Zn-Al-Cu-Si alloys aged at 

PGs 100;G, ESO°G, and. 170°C, room temperature, 50°C, 70 

In all cases the time scale is plotted logarithmically, 

in order that the hardness changes occurring at short 

ageing times can be conveniently shown. 

4.3.1 Zn-Al-Si system 

Age-hardening occurred in AlZn30Si5 and A1Zn60Si5 when 

ageing in the range from room temperature to 170°C and 

multi-stage ageing curves were obtained, as shown in 

Figures 57,98. Well defined hardness peaks were deter- 

mined with alloy AlZn30Si5 aged at 70°C, 100°C, 150°C 

and 170°C and with A1Zn60SiS aged at 50°C, 70°C and 100°C. 

For example, with AlZn30Si5 three hardness peaks were 

PLOT =



observed during ageing at 100°C. The first hardness peak 

came after 9 minutes ageing, the second peak, i.e. the 

maximum hardness peak, was observed after 250 hours, as 

shown in Figure 50,58. 

However, for alloy AlZn60Si2, Figure 57, the hardness 

increments at very short ageing times <1 hour at lehten 

<24 minutes at 70°C, <3minutes at 100°C, <lminute at 

150°C and 170°C were quite large. The rapid hardness 

increase is interpreted as indicating a distinct stage(s) 

in the particular ageing processes of this alloy. 

Careful tests carried out at very short times showed 

that some small hardness peaks occurred before the 

maximum hardness peak. At 150°C and 170°C) even the 

maximum hardness peak itself was barely determined. 

For alloys AlZn10Si5, AlZn75Si2 and A1Zn95Si2, as shown 

in Figures 59,60, there was no marked hardness change 

during the ageing processes. The over-aged hardness 

of alloys AlZn75Si2 and A1Zn95Si2 were about 60 VPN 

and 70 VPN respectively, at 50°C, 70°C and 100°. 

The ageing curves of alloy AlZn10Si5 at all the ageing 

temperatures appeared to flatten out, particularly at 

the lower temperatures 50°C and 70°C, and there was 

little change in hardness over periods of dozens of 

days. An incubation period of 100 hours was found during 

the ageing at 100°C, 150°C and 170°C. 

The marked effect of content of zinc on the extent of 

hardening in the Zn-Al-Si alloys was clearly demonstrated 

at various ageing temperatures. For example, after 100 

hours at 70°C, the hardness of A1Zn30Si5 had increased 

-108 -



by 70 VPN from a quenched value of 95 VPN, as shown in 

Figure 58. The corresponding increase in A1Zn60Si5 

was only 20 VPN while alloy AlZn75Si2 and A1Zn95Si2 

showed only 15 VPN and 10 VPN increase in hardness from 

as-quenched conditions respectively, as shown in Figures 

57,59. 

As expected, it was found that the maximum hardness peaks 

decreased and were recorded at short times as the ageing 

temperature increased. 

Four peaks were found in the hardness/time curve of alloy 

A1Zn60Si5 aged at 100°C, Figure 57. The first peak came 

after 1.5 minutes ageing at 100°¢ accompanied by a change 

in the height and position of the supersaturated phase 

(a 5) peak following the development of a little peak 

(at) beside the a'p phase peak (the shifted a'; phase 

peak) on the X-ray diffraction, shown in Figure 69. 

Here an was forming as a transitional phase. 

The maximum hardness peak occurred after 2.5 minutes on 

ageing at 100°C with growing the peak of an phase and 

shifting the Al-rich matrix phase (a5) peak. The third 

hardness peak occurred after 12 minutes ageing at 100°C 

with a further shifting of the arn matrix phase peak to 

a' peak (i.e. shifted an peak). The fourth hardness 

peak came after 60 hours ageing at 100°C. The oe phase 

was found to be vanishing with further shifting of the 

matrix phase %' (the shifted a'r) to the right at the 

same time. 

=109>



Table 6 

Alloy Compositions used for Ageing Processes of 

Zn-Al-Cu-Si Systems 

  

  

  

  

Alloy Composition (wt.%) 

zn Al Cu Si 

A1Zn10Cu3Si2 9614 84.13 5282 ae OL 

A1Zn30Cu3Si2 29.44 66.01 5614 1.41 

A1Zn60Cu3Si2 6L.11 52.96 3.36 2.57 

AlZn7SCu3Si2 75.02 19.44 3.14 1.40 

AlZn90Cu3Si2 S955 4.21 4.01 Chas 

Table 5 

Alloy Compositions used for Ageing Processes of 

Zn-Al-Si Systems 

  

  

  

Alloy Composition (wt.%) 

Zn Al Si 

A1Zn10Si5 10.85 83.735 5.42 

A1Zn30Si5 28.87 67.42 Sel 

A1Zn60Si5 61.43 53.76 4.81 

A1Zn75Si2 76.01 21.86 2ekS 

A1Zn95Si2 94.56 3,10 2.34 
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Table 13 

  

DATA FOR ACTIVATION ENERGY OF HARDENING 

OF ALLOY A1Zn30Si5 FROM THE HARDNESS CURVES 

IN FIGURE 
  

  

TCs 19K (P°K) =! x 10m tC) gnt 

BO) 6526 3.09 1260000 14.04 

70 343 2.91 360000 12.79 

100 373 2.68 14400 9.57 

150 423 2.36 7200 6058 

170 443 De 26 360 «5.89 
  

Table 14 

  

DATA FOR ACTIVATION ENERGY OF HARDENING 

OF ALLOY AlZn60SiS FROM THE HARDNESS CURVES 

  

  

IN FIGURE 

TG GK 2 (T°K) + x 100” ~~ t(s) ant 

50) 523 3.09 3600 8.19 

70 343 2.91 1080 6.98 

100 373 2.68 147.6 5.00 
  

qTis=



  18 

17 

154 

14 

134 

124 

ld 

10 

    
  

O——._ A12n30Si5 

ao——  Alzn60sis 

Fig.65 

Arrhenius plot for determination of activation energies of 

hardening for alloy Zn-Al-Si 
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The Arrhenius plot, (time to maximum peak hardness) versus 

the reciprocal of absolute temperature of ageing, is shown 

in Figure i using the data in Tables 13 and 14. A 

good straight-line fit was obtained for Al1Zn30Si5 and 

AiZn60SiS and the calculated activation energies were 

79 and 61 KJ/mol, respectively. 

4-soe. Cn-Al-Cu-Si system 

The same technique was used for hardness testing as that 

used for ternary Zn-Al-Si system. 

Distinct age-hardening was observed not only in alloy 

A1Zn30Cu3Si2 and AlZn60Cu3Si2, but also in Al1Zn75Cu3Si2 

when aged in the range from room temperature to EZOo Ge 

Well determined multi-stage ageing curves were obtained 

with alloy AlZn30Cu3Si2 aged at 100°C, ,150°C and 170°C, 

and with alloys Al1Zn60Cu3Si2 and AlZn75Cu3Si2 aged at 

50°c, 70°c, 100°c 150°C and 170°C in the present work, 

as shown in Figures 61-64. 

Five hardness peaks were found in the whole process of 

ageing at 100°C of alloy Al1Zn60Cu3Si2, and are shown 

in Figure 61. The first peak was observed after about 

5 minutes. Ten minutes later another increment in 

hardness occurred. The hardness increased to the maximum 

after 1 hour ageing at 100°C. Two small hardness peaks 

were detected on prolonged ageing. One was after 2 hours 

ageing, which was close to the maximum hardness peak, the 

other was at a well over-aged stage after 150 hours at 

d007G. 

=l17-



In order to check that the peaks were real, for the 

100°C points the standard deviations were calculated 

using the following formula 

  

ne 

2 

where =x - the sum of each hardness measurement 

squared for one ageing time, 
2 

(2x) - the square of the sum of all the 

hardness measurements for one 

ageing time, 

n - the number of measurements at the 

ageing time. 

The error bars for the points were drawn on the 100°C 

ageing curve in Figure 61, and it is plain that the 

peaks are indeed real. Further confirmation was 

provided by the fact that the peaks were reproduced 

in repeated experiments and in curves for different 

temperatures. 

The three lower temperature ageing treatments at room 

temperature, 50°c and 70°C show the first three hardness 

peaks too. The fourth hardness peak was also observed 

after 250 hours, 40 hours, 30 minutes and 18 minutes 

aged at 50°C, 70°C, 150°C and 170°C respectively. The 

fifth peak came earlier at higher temperatures 150°C and 

UOC: 
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More complicated hardness/time curves occurred during 

the ageing processes of the higher aluminium alloy 

AlZn30Cu3Si2, as shown in Figure 62. There were two 

peaks occurring both before and after maximum hardness 

peak during the 100°C ageing process. The first hard- 

ness peak occurred after 18 minutes ageing, and was 

followed by a sudden hardness change 4 minutes later, 

i.e. the second hardness peak observed. The maximum 

hardness peak developed strongly after 45 hours ageing 

at 100°C. After 10 hours the rate of decreasing hard- 

ness of the alloy slightly slowed down, and suddenly 

became faster after 80 hours. 

The hardness curves for 150°C and 170°C ageing show 2 

peaks after the maximum hardness peak, such as occurred 

during 100°C ageing, but none before, 

The as-quenched zinc-rich alloy A1Zn75Cu3Si2 was quickly 

overaged at various temperatures, as shown in Figures 

63 and 64. Maximum peak hardnesses of about 170 VPN 

occurred on 50°C, 70°C and 100°C ageing. The last 

small hardness peaks occurred during 150°C and 170°C 

ageing. By using the data listed in Table 15 the 

Arrhenius plots were constructed and are shown in Figure 66. 

The activation energy of the formation of the last small 

hardness peak (which corresponds to the fifth hardness 

peak in alloy A1Zn60Cu3Si2) was calculated as 33.7 KJ/mol 

using the same method as used for the Al-Zn-Si alloys. 
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Both alloys AlZn30Cu3Si2 and Al1Zn60Cu3Si2 show a great 

extension of hardening at various temperatures. The 

effect of zinc content change on the hardening in the 

quaternary system Zn-Al-Cu-Si was found to be not as 

marked as that in the ternary system Zn-Al-Si. Aged 

at 100°C, about 50 VPN increase in hardness from the 

as-quenched state was measured at the maximum peak 

in alloy AlZn30Cu3Si2, while the corresponding hardness 

increase in alloy AlZn60Cu3Si2 was 45 VPN. That means 

that the addition of small quantities of copper to 

Zn-Al-Si alloys counteracts the decrease in the response 

to age-hardening of the higher zinc alloys. 

The maximum peak hardnesses of Al1Zn30Cu3Si2 and A1Zn60Cu3Si2 

at various temperatures are listed in Table 16 and 17. 

The activation energy of hardening of alloys Zn-Al-Cu-Si 

were calculated as 69 KJ/mol for alloy A1Zn30Cu3Si2, 

and 51 KJ/mol for alloy AlZn60Cu3Si2, using the same 

method as that for alloy Zn-Al-Si. The Arrhenius plot 

is shown in Figure 67. 

The pronounced response to age-hardening on adding small 

quantities of copper to the ternary Zn-Al-Si alloys was 

evident, the maximum hardness peak increased about 50 VPN. 

For example, the maximum peak hardness increased from 

170 VPN for alloy A1Zn60Si5 to 220 VPN for alloy AlZn60Cu3Si2, 

both aged at 100°C. 

A great change in maximum peak hardness with zinc content 

was found. For example, the maximum peak hardness of 

alloy A1Zn30Cu3Si2 was 160 VPN while that of alloy 

AlZn60Cu3Si2 was 220 VPN. 
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Table 15 

  

DATA FOR ACTIVATION ENERGY FOR FOUR-PHASE 

TRANSFORMATION ag + ¢ + T' +7 

OF ALLOY AlZn75Cu3Si2 DEDUCED FROM HARDNESS TESTING 
  

  

  

TO GgeeTOKe™ ODOK) a. 10n- t(s) gnt 

50 325 3.09 736747 13.51 

AO) 343 2.91 396329 12.89 

fiery - 2 2.68 144350 11.88 

150 423 2.36 39735 10.59 

170 443 are 28855 10) 27 

Table 36 

  

DATA FOR ACTIVATION ENERGY FOR FOUR-PHASE 

TRANSFORMATION ag+ € > T' + 7 

OF ALLOY AlZn7SCu3Si2 DETERMINED ON 

X-RAY DIFFRACTION EXAMINATION 
  

1 3 

  

To Une eK enh eK) oes lOn t(s) ant 

100°C 373 2.68 162754 12.0 

150°C 423 2.36 38177 10.55 

170°C 443 2.26 24343 10.10 
  

SbZ5=



Table 16 

  

DATA FOR ACTIVATION ENERGY OF HARDENING 

OF ALLOY A1Zn60Cu3Si2 FROM THE HARDNESS CURVE 

  

  

  

IN FIGURE 

mG | poke eCIoK) «> x 107° t(s) ant 

501 325 3.09 32400 10.38 

70 343 2.91 10800 9.28 

100 375 2.68 2420) 7.285 

Table 17 

  

DATA FOR ACTIVATION ENERGY OF HARDENING 

OF ALLOY AlZn30Cu3Si2 FROM THE HARDNESS CURVE 

  

  

IN FIGURE 

TC | Toke GrCK) x10 ~ t(s) ant 

1ogh) 373 2.68 16200 9.69 

TsO. 425 2.36 720) 6.58 

170 447 2.26 540 6.29 
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Fig. 66 

Activation energy plot of ag+ ¢ + T' + n in alloy AlZn75Cu3Si2
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For both AlZn10Cu3Si2 and A1Zn90Cu3Si2, no marked age- 

hardening was observed during ageing processes, and the 

over-aged hardnesses were about 60 VPN and 100 VPN 

respectively. 

In both the Zn-Al-Si, and Zn-Al-Cu-Si systems, it was 

found that the positions of peak hardness moved to 

shorter times with increase in zinc in the higher- 

aluminium alloys, i.e. alloys AlZn10Cu3Si2, Al1Zn10SiS, 

A1Zn30Cu3Si2, A1Zn30Si5, A1Zn60Cu3Si2, A1Zn60SiS. 

The maximum hardness was decreased and shifted to shorter 

times by increasing the temperature of ageing. 

For both alloy systems, the as-quenched hardnéss, maximum 

hardness on 100°C ageing and overaged hardness at 100°¢ 

were tabulated and are shown in Table 18. 

4.4 X-ray diffraction examination 

The X-ray diffraction examination was based on the hard- 

ness results obtained during the ageing process. 

The various phases involved in the phase transformations, 

and their characteristic Bragg angles (20) measured at 

room temperature, using Cuk, X-rays, are listed in 

Table 19. 

It is possible to find the effect of zinc content and 

small additions of copper on the lattice parameters of 

the Al-rich phase, by comparing the 20 value in Table 19.
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For comparison, two lists of 2@values are derived from 

Table 19 

  

AlZn30SiS AlZn60SiS AlZn30Cu3Si2 AlZn60Cu3Si2 Al1Zn7SCu3Si2 

  

  

  

  

  

a’, or 8 44.8 45.1 45.0 45.2 45.5 

aE 44.7 44.9 44.8 44.9 44.9 

A165Zn30 A1Zn60 

Cu 3% 45.0 45.2 

Cu 0% 44.8 45.1 
  

From Braggs law, the diffraction condition is 

nd 
_ = Sind 
2d 

Thus an increase in 2 @ is due to a reduction in d-spacing. 

For f.c.c. structures the formula for interplanar spacing, 

(d), is 

  

where a is the lattice parameter and h,k,2 are the Miller 

indices of the plane. Decrease in d-spacing indicates 

a decrease of a. So from the data listed above, it is 

clear that both Zn and Cu control the lattice parameter 

of the Al-rich phase. For the same reason, 2 9 values 

=132a-



of the Zn-rich transition phases ar and a were always 

found to be bigger than that of on ,» a' and a" phases, 

and smaller than that of phases which contained more zinc. 

During the ageing process, zinc atoms were progressively 

removed from the Al-rich phases, so it is found that the 

changes in 2 © are as follows 

2 6(8)> 2 O(ah) > 2 O(ag) 

Based on the 2 © changes during the ageing processes, the 

structural changes were determined. Different ways of 

changing of the diffraction peaks implied different modes 

of phase transformations. Two modes of precipitation 

were found in the decomposition of the supersaturated 

phases 8 and a\- Because the diffraction lines of a', 

6) oF mye phases were close to each other for a copper 

tube on the X-ray diffractometer, it was impossible to 

follow these transformations quantitatively. 

The areas covered by the diffraction peak were a quanti- 

tative measure of the relative quantity of phases. The 

fractional transformation of phases in some Zn-Al-Si and 

Zn-Al-Cu-Si alloys aged at 100°c,150°C and 170°C were 

calculated using print-out data measuring the integrated 

area covered by selected diffraction peaks. Figures 69-75 

show fractional transformation versus %nt, ageing time. 

The values of fraction transformation were calculated by 

I 
Trax fo" the {1011} or {0002} using the equations f = 

diffraction peaks of n phase and « phase and {433} diff- 

raction peak of T' phase. I is the integrated intensity 

of the characteristic diffraction peak at any given moment 

and Wes is the maximum intensity recorded. The data are 

listéd in Tables 20-35. 

=1355=
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Transformation curves of phases in alloy A1lZn75Cu3Si2 

aged at 150°C
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f[e] 

  

  

      

4.00 5.00 6.00 7.00 8.00 9.00 1.00 

Fig. 74 

Fraction transformation of € phase in alloy AlZn30Cu3Si2, 

deduced from « (1011) peak, aged at 170° 
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Table 20 

  

  

  

DATA FOR TRANSFORMATION CURVE OF n PHASE IN 

ALLOY A1Zn60Cu3Si2 AGED AT 100°C 

t.(s)) ant i gn2n as gn ue 

20 3.00 0.03 -3.49 -3.48 

90 4.5 ‘Ores ee LS -2.09 

120 4.8 0.14 -1.89 -1.82 

165 oe 0.28 =1.11 -0.94 

210 ayo 0235 -0.92 -0.71 

240 Die 0.40 -0.67 -0.41 

360 a9) 0.64 0.02 0.57 

450 6.1 0.68 O15 On7o 

600 6.4 0.73 O27 0299 

720 6.6 0.74 0.30 105 

1440 Wisc) 0.76 0.36 eS 

1620 7.4 0.74 0.30 1.05 

2340 7.8 0.77 0539 teed 

2520 78 0.77 0.59 dl eG: 

3960 8.3 Oe: 0.45 Deo 

5040 8.5 0.81 0.51 1.45 

7200 8.9 0.81 0.51 1.45 

18000 9.8 O'.92 0.93 2.44 

28800 10527 0.93 0.98 2.99 

72000 11.18 4.99 dees) a 4.59 

11600 11.6 0.94 1203 25) 

154800 Les: 1.00 @ oa 
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Table 21 

  

DATA FOR TRANSFORMATION CURVE OF n PHASE IN 

REACTION a' + ay + € + n FOR ALLOY 

AlZn60Cu3Si2 AGED AT 100°C 
  

  

  

  

  

  

t (s) ant £ Qngn a gn oe 

20 320 0.035 -3.49 -3.48 

90 4.5 0.14 -1.89 -1.82 

120 4.8 0.18 -1.67 -1.52 

165 Decks 0.357 -0.77 -0.53 

210 So 0.42 -0.61 -0.32 

240 5.05 ORs: -0.31 0.08 

360 Disa 4.83 0.57 eso 

450 O.2 0.87 0.71 1.90 

600 6.4 0.94 1.03 Zot! 

720 6.6 0.96 dye Ls 

1440 TS 0.98 1.356 589 

1620 7.4 0.96 ve Lay: 3.18 

2340 7.7 OLSS i533 4.60 

2520 Fos 1.00 © 0 

Table 22 

DATA FOR TRANSFORMATION CURVE OF e PHASE IN 

ALLOY A1Zn60Cu3Si2 AGED AT 100°C 

t (s) Qnt ig Qnkn we Qn a 

120 4.8 0.27 -1.16 -0.99 

165 Diawk 0.30 -1.03 -0.85 

210 S07 0.28 Siieid -0.94 

a2 2



Table 22 (contd.) 

  

  

  

  

  

  

  

DATA FOR TRANSFORMATION CURVE OF e PHASE IN 

ALLOY A1Zn60Cu3Si2° AGED AT 100°C 

£u(S)) gQnt f: gngn = an — 

240 Deo 0.61 -0.06 0.45 

360 5).9 0.85 0.64 A eS; 

840 Gieaz, 0.90 0.83 2.20 

2520 138 0.92 0.93 2,44 

3960 S23, 0.83 O57 ro9 

5040 825 0.93 0.98 Ze59 

18000 9.8 0.91 begs 3.48 

28800 LO 53 0.91 eae 3.48 

72000 Aelaetes 0.97 125 3.48 

111600 i. O: 0.98 dele 3.18 

129600 11.8 0.98 1.50) 3409 

154800 Lid 1.00 @ a 

Table 23 

DATA FOR TRANSFORMATION CURVE OF n PHASE IN 

ALLOY Al1Zn30Cu3Si2 AGED AT 170°C 

t (s) ant f Ree tne 

480 6.2 Oe ad -2.15 -2.09 

780 O07 Ore -1.45 -1.32 

1200 71 0.38 -0.74 -0.49 

1920 7.6 0.68 0.43 0,75 

3000 8.0 0.85 0.64 Lert 

5400 8.6 0.96 een 3.18 
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Table 24 

  

DATA FOR TRANSFORMATION CURVE OF n PHASE IN 

ALLOY AlZn60Cu3Si2 AGED AT 150°C 
  

d. £ 

  

  

t (s) &nt £ &ngkn [=r Qn Tr 

30 3.40 0.14 -1.89 -1.82 

60 4.09 0.40 -4.47 -0.41 

90 4.50 0.65 0.05 0.62 

150 5.01 0.66 0.08 0.66 

720 6.58 0.78 0.41 Lie, 

1080 6.98 O79 4.45 Toe 

1800 7.50 0.86 0.68 1.82 

5400 8.99 0.88 4.75 1.00 

16200 09 0.90 0.83 Ziat 9 

28800 10:27 0,94 1S 275 

79200 11.28 0.95 1.10 2.94 

198000 11.20 1.00 0 oO 

Table 25 
  

DATA FOR TRANSFORMATION CURVE OF e PHASE IN 

ALLOY A1Zn60Cu3Si2 AGED AT 150°C 
  

  

Cs) &nt £ gngn r= Qn os 

30 3.40 One22 -1.39 =i .27. 

60 4.09 0.78 0.41 eee 

90 4.50 Oa7r7 O59 ad 

150 oO 0.93 0.98 Ze59 

720 6.58 OLS7 1.25 3.48 

1800 7.50 0.98 356: 3.89 

28800 10.27 1.00 @ 
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Table 25 (contd.) 
  

DATA FOR TRANSFORMATION CURVE OF e« PHASE IN 

ALLOY A1Zn60Cu3Si2 AGED AT 150°C 
  

  

  

talse) gnt as gngn es an 

79200 eh O99 4.61 4.59 

108000 11559 0.92 O93 2.44 

158400 Io 0.56 -0.20 0.24 

198000 12520 0.43 -0.58 -0.28 

32400 12269 0.36 -0.81 -0.58 

Table 26 
  

DATA FOR TRANSFORMATION CURVE OF T' PHASE IN 

ALLOY A1Zn60Cu3Si2 AGED AT 150°C 
  

z 

  

tc. (50. &nt £ gndn Tt an Tt 

28800 10227 0 

79200 ea, 0.12 -2.06 =tee oo 

108000 11259 On1Z -2.06 -1.99 

158400 1597 0.21 -1.44 -1.32 

198000 220) On57 -0.77 -0.53 

388800 Laat 1.00 © ao 
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Table 27 

DATA FOR TRANSFORMATION CURVE OF e€ PHASE IN 

ALLOY A1Zn75Cu3Si2 AGED AT 150°C 
  

  

  

t G89 ant £ &ngn Te Qn ce 

0 0.61 -0.06 0.45 

9 2.20 0.78 0.41 ey 

zy 2.835 0.82 0.54 TS, 

720 6.58 1.00 oO co 

2880 Los 1.00 oO oo 

18000 S279 0.91 0.88 10.21 

32400 10.39 OL 55 -0.28 OohZ 

39600 LOSS 0.51 -0.34 0.04 

$0400 10.83 0.38 -0.74 -0.48 

64800 11.08 0.35 -0.92 -0.71 

86400 Ties3 7: 0.16 -1.75 -1.66 

223200 D237 0 - - 

Table 28 
  

DATA FOR TRANSFORMATION CURVE OF n PHASE IN 

ALLOY A1Zn75Cu3Si2 AGED AT 150°C 
  

  

ts) gnt £ gngn ie Qn a 

0 0.04 -3.20 -3.18 

ZL 9 Ost -0.34 0.04 

10 2.3 0.65 0.05 0.62 

30 3.40 0.83 O57 1.58 

120 4579 0.89 0.79 2.09 

2880 TaO7 0.94 1.03 15.67 

18000 9.80 0.94 1.03 O07 
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Table 28 
  

DATA FOR TRANSFORMATION CURVE OF n PHASE IN 

ALLOY AlZn75Cu3Si2 AGED AT 150°C 
  

  

  

t.GS)) Qnt fe &ngn as gn oe 

32400 LO 55) 1.00 co oO 

39600 10.59 0.96 Ley 3.18 

64800 11.08 0.98 Ae-o8 3.89 

86400 den SZ O95 1210 2.94 

219600 12530 0.95 LO 2.94 

Table 29 
  

DATA FOR TRANSFORMATION CURVE OF T! PHASE IN 

ALLOY AlZn75Cu3$i2 AGED AT 150°C 
  

  

= (s) gnt £ gn&n a Qn i 

32400 10.38 O652 -0.31 0.08 

39600 102359 0.73 O27 0.99 

64800 11.08 0.87 O71 L930 

86400 11537 1.00 oc @ 
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Table 30 
  

DATA FOR TRANSFORMATION CURVE OF 

ALLOY AlZn75Cu3Si2 AGED AT 170°C 

PHASE e« IN 

  

  

  

  

  

  

t (Ss) &nt e Qngn as &n ee 

as quenched 0.08 -2.48 -2.44 

Zz 0.69 0.34 -0.88 -0.66 

> dO 0.65 0.05 0.62 

i ie D 5 0.69 0.16 0.80 

15 Zeek 0.73 0.27 ©799 

20 Coa9 0.77 0.39 Wee 

30 3.40 O.91 0.88 woe 

25 4.01 0.94 dieOS eS. 

80 4.38 0.97 25S Site 

360 5.89 0.99 1253 4259 

900 6.80 1.00 ao} Qo 

2700 7.90 0.96 ie? 3). 48 

10800 O29 0.98 1556 DEO 

25200 LOLS 0.99 1653 4.59 

28800 10.27, 0.96 ele Sek: 

Table 31 

DATA FOR TRANSFORMATION CURVE OF PHASE T' IN 

ALLOY A1Zn75Cu3Si2 AGED AT 170°C 

t Js) &nt & gngn ws gn a 

2700 thes 0...13 -1.97 -1.90 

5400 8.59 0225 =1.25 -1.10 

10800 9.29 0.50 -0.37 0 

25200 10.13 0.83 OND 7 1.58 

36000 10.49 0.85 0.64 eS 

158400 1.97 OL10 > oo 
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Table 32 

DATA FOR TRANSFORMATION CURVES OF e PHASE IN 

ALLOY AlZn75Cu3Si2 AGED AT 170°C 
  

  

  

toi) &nt t gn2n ae an s 

as quenched 0.61 -0.06 0.44 

5 eo 0.76 0.36 dis 

1 1.95 0.80 0.48 7s 

15 Deegel: 0.81 0.51 1.45 

20 2399 0.92 0.93 2.44 

30 1.40 0.972 0.93 2.44 

40 3.69 Or9S 0.98 goo 

80 4.38 1.00 - @ 

900 4.80 1.00 - c 

2700 1630 Od = oO 

5400 8.199 0.80 0.48 1.38 

10800 9.29 0.68 Ono: 0.75 

25200 LOLS Owl? -1.68 -1.58 

28800 10527 Oe: -1.45 -1.32 

36000 10.49 0.12 -2.06 =1.99 

Table 33 
  

DATA FOR TRANSFORMATION CURVE OF e¢ PHASE IN 

ALLOY A1Zn75Cu3Si2 AGED AT 100°C 
  

  

t (s) &nt £ &nLn cd &n te 

60 4.09 0.61 -0.06 0.44 

90 4.50 0.62 -0.03 0.49 

150 5.01 0.63 0.53 

480 OL17 0.78 0.41 1.26 

900 0.80 0.79 0.45 LiSZ 
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Table 33 (contd.) 
  

DATA FOR TRANSFORMATION CURVE OF e PHASE IN 

ALLOY A1Zn75Cu3Si2 AGED AT 100°C 
  

  

  

  

  

  

t (s) ant £ ye ae 

1800 7.50 0595: 1.10 2.94 

14400 9.57 1.00 oO fore) 

32400 10.39. 0.89 0.79 2.09 

68400 iets) 0.83 0557 1.58 

104400 11:56 On 77. 0.39 leak 

154800 ToS 0.61 -0.06 0.44 

234000 12.36 0.27 -1.16 -0.99 

352800 Leet: 0213 -1.97 -2.03 

Table 34 

DATA FOR TRANSFORMATION CURVE OF n PHASE IN ” 

ALLOY AlZn7SCu3Si2 AGED AT 100°C 

tos) nt £ &nkn roe gn re 

as quenched 0.06 -2.78 =2.75 

20 2,99) 0.27 -1.16 -0.99 

Z5 3.20 0.27 -1.16 -0.99 

35 S550 0.51 -0.34 0.04 

45 3.80 Oeoh -0.17 0.28 

60 4.09 0.66 0.08 0.66 

90 4.49 Derk O22 0.89 

150 OL Onds 0.27 0.99 

480 6.17 O35 0.64 Less 

900 6.80 0.91 0.88 Deol 
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Table 34 (contd.) 
  

DATA FOR TRANSFORMATION CURVE OF n PHASE IN 

  

  

  

  

  

  

ALLOY A1Zn75Cu3Si2 AGED AT 100°C 

t (s) ant £ gngn inte I-F I-f 

1800 7.50 0.94 1.03 CR aL S: 

5400 8.59 OO f dees 3.48 

32400 10:39 0.98 1.36 3.89 

104400 1256 1.00 oO ao 

154800 Lie 0.90 0.83 d59) 

23400 1230 0.92 0.95 2.44 

352800 D2 ry 0.91 0.88 2.31 

568800 as .25 0.96 ek; S58 

936000 TS or 5) 0.96 Pty Se LS, 

Table 35 

DATA FOR TRANSFORMATION CURVE OF T' PHASE IN 

ALLOY AlZn75Cu3Si2 AGED AT 100°C 

(5) &nt £ &ngn a gn 

32400 10639 0.10 2.25 -2.19 

68400 Te 1S Ones -1.16 -0.99 

104400 11,556 0.26 -1.20 -1.05 

154800 11..95 0.39 -0.70 -0.45 

180000 12.10 0.47 -0.45 0512 

234000 TL 2eS6 0.64 0.02 0.58 
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Obviously, the appearance of a set of new diffraction 

peaks means the formation of a new phase and the dis- 

appearance of a set of diffraction peaks means the 

vanishing of the phase which contributed that set of 

diffraction peaks. The changes in the peak heights 

or more accurately in the area of the diffraction peaks 

were used for tracing the phase transformation. 

Eleven sets of short angular range X-ray diffractometer 

scans on alloys of Al-rich, monotectoid and eutectoid 

compositions were carried out during 1026), TO0"Gs 150°C 

and 170°C ageing processes. The Cuk, radiation applied 

within the angle range 2 6 from 35°C to 47°C produced 

the strongest lines of the phases assessed. The published 

diffractometer trace from an alloy 7nA153Cu26 (23) was 

used for the identification of T' lines. 

4.4.1 Zn-Al-Cu-Si system 

4.4.1.1 Alloys of monotectoid composition in 

Zn-Al-Cu-Si system 

The X-ray diffractogram of alloy AlZn60Cu3Si2, aged at 

100°C is shown in Figure 76. After 3.5 minutes ageing, 

the diffraction peak of the supersaturated phase as had 

decreased accompanied by appearance of three sets of new 

diffraction peaks from Ons € and 1 phases. Here on 

was an Al-rich metastable phase, the diffraction peaks 

of which were located only 0.3°C to the low angle side 

of the original peaks of the supersaturated phase ore 

After 12 minutes of ageing, the peaks of as from both 

(200) and (111) positions, vanished and left the increased 

peaks of a}, e€ and n phases clearly visible. 
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From the X-ray diffractogram in Figure76-, this trans- 

formation from q' to Ores e and n was distinctly 
s 

observed. 

During subsequent ageing at 100°c, the ot (200) peak 

kept stable for about 12 minutes, while the intensities 

of peaks of ¢ and n phase increased very slowly. After 

24 minutes ageing at 100°¢, small peaks of the first 

transition phase on appeared at higher angle side of 

the main peak and the Al-rich metastable phase became 

unstable. Three minutes later, the multiple peaks of 

oN had combined to a single peak On and the (200) peak 

from the Al-rich metastable phase at gradually shifted 

to the position of a" (200), the Al-rich matrix phase. 

At the same time, the peaks of e€ and n phases developed 

further. After 5 hours ageing at 100°C, an had dis- 

appeared and the ap (200) had changed to Og (200). 

The fraction transformation of n phase in alloy AlZn60Cu3Si2 

aged at 100°C deduced from n (0002) peak for o's > btety 

is shown in Figure 73. 

On prolonged ageing, the diffraction peak of T' phase 

(433) appeared after 66 hours and then developed with ageing 

time, accompanied by a decrease in the intensity of 

diffraction from phase. After 496 hours ageing at 100°C, 

the phase peak had greatly reduced and the T' phase peak 

had grown to the maximum. No further changing in diff- 

raction peaks was observed with further ageing. 

The X-ray diffractogram of this alloy aged at 70°C. in 

Figure 77, showed specifically the same kind of changes 
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in the diffraction peaks. After 1.5 hours ageing at 

70°C, three new sets of diffraction peaks of ap e and 

n phase occurred and grew up while those of as (200) 

and (111) dropped down quickly. After 8.45 hours, these 

newly formed peaks were well-developed and the as peaks 

had vanished from the diffractogram. The whole process 

is shown clearly in the six diffractometer traces in 

Figure 77. Subsequent changes were the same as for 

100°C ageing. 

The X-ray diffractogram of this alloy Al1Zn60Cu35i2 aged 

at 150°C, Figure 78, showed the same sequence of phase 

transformation as observed at 70°C and 100°C. During 

the first 2 minutes of ageing, the first stage of decom- 

position of the supersaturated alloy was the transfor- 

mation from a phase to ap e and n phases. The 

transition phases an and On and their related Al-rich 

matrix phase were observed on subsequent ageing. The 

appearance of the T' phase in the alloy after 8 hours 

ageing and the disappearance of the e phase after 158 

hours were both observed in the alloy. 

The integrated peak areas of different phases were used 

to show quantitatively how the different phases developed 

or disappeared with time. The transformation was the 

same for alloys aged at 100°C or 150°C and Figure 69 shows 

the result for 150°C ageing. 

4.4.1.2 Alloy of eutectoid composition in Zn-Al-Cu-Si system 

Alloy A1Zn75Cu3Si2 was investigated on ageing at 100°C, 

150°C and 170°C. The supersaturated alloy was found to 
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decompose quickly. Even in the as-quenched condition, 

part of the supersaturated phase g was decomposed into 

Ops e and n phases as shown in the X-ray diffractograms 

of Figures 79,80,83. Duplicated examinations on 100°C 

ageing are shown in Figures 79, 80. 

Optical micrograph of this as-quenched alloy showed the 

discontinuous precipitates along the grain boundary as 

in Figure 81. After 0.5 minutes ageing at 100%G, eit 

was observed that the discontinuous precipitates along 

the grain boundary developed in the optical micrograph, 

Figure 82. 

Careful examinations were carried out at very short ageing 

time to show the decomposition of supersaturated 8 phase, 

as seen in Figure 80. The first four X-ray diffraction 

traces in Figure 73, revealed the first stage of ageing. 

The supersaturated 8 phase had transformed into oe S 

and n phases after 1.5 minutes ageing at 100°C. Then 

the op phase line was observed to shift to the position 

of the line of the aluminium-rich a' phase after 2.5 

minutes. The transition phase and a' phase were well 

developed after 8 minutes, as shown in both Figures 79 

and 80. The € phase started to reduce and T' phase 

appeared after 3 days ageing at 1002¢- 

The 150°C ageing process of this alloy involved the same 

stages of phase transformation, shown in Figure 83, but 

as expected each stage came earlier than in 100°C ageing. 

The first stage, the decomposition of supersaturated 8 

phase into a'r, © and nN phases was completed in only 
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10 seconds. The final stage ended after 61 hours ageing. 

The activation energy of the final stage was calculated 

using the Arrhenius plot, shown in Figure 66. The data 

is lasted in Table 32. 

The fraction transition curves, in Figures 70-72, present 

the phase change quantitatively. It was found that the 

same kind of phase transformation occurred in all 100°C, 

150°C and 170°C ageing processes. 

When the integrated intensities from the € (0002) line 

were used to plot out the curves of fraction transformed 

versus £nt, the curves of Figure 75 were obtained for 

the temperatures 100°C, 150°C and 170°C. 

Using the times to f = 0.5, an Arrhenius plot was made 

which allowed the activation energy for ¢ phase formation 

to be calculated as 37.4 KJ/mol. 

4.4.1.3 Al-rich alloy in the Zn-Al-Cu-Si system 

Compared with the monotectoid and the eutectoid alloy, a 

different mechanism of ageing was observed in alloy 

A1Zn30Cu3Si2. Instead of the decomposition of super- 

saturated che or g phase into a'p, e and n phases, first 

the transition phase On was observed on X-ray exami- 

nation e.g. after 2 minutes ageing at 170°C. A sudden 

reduction in the intensity of ote phase was observed 

accompanied by the appearance of ¢ phase after 5S minutes 

ageing at 170°C, while the a phase peak was still grow- 

ing up. During ageing for 5 to 30 minutes at 170°C, 

the peaks of «@' were found to shift gradually to lower 

Bragg angle positions and the phase peaks n (1011) and 

=1562



€ (1010) increased rapidly after 24 minutes, as shown 

in Figure 84. 

From the fraction transformation curve of alloy AlZn30Cu3Si2 

in Figure 74, it was found that the fraction of ¢ phase 

increased to about 50% of maximum just after 24 minutes 

ageing at 170°C. 

In the 100°C ageing process, the same stages occurred, as 

shown in Figure 85. After 45 hours ageing the transition 

phase was well developed. Accompanying the transformation 

of an to an changes in the matrix phase and n phase were 

observed from 10 hours till 63 hours of ageing at 100°C. 

These changes may explain the appearance of the two hard- 

ness peaks after the maximum hardness peak shown in 

Figure 62. 

4.4.2 Zn-Al-Si system 

4.4.2.1 Alloy of monotectoid composition in Zn-Al-Si systems. 

X-ray diffraction examination of alloy A1Zn60Si5 was 

carried out on 100°C and 170°C ageing. In both cases, 

the rapid decomposition of supersaturated a', phase was 

observed and the transition phases on and a}, occurred 

in both ageing processes, as shown in Figures 86 and 87. 

On ageing at 100°C, at and n phase were observed to co- 

exist with oe phase in the as-quenched state, but the 

decomposition of the supersaturated at, phase had not 

been completed, as shown in Figure 86. During the first 

1 minute's ageing, the intensities of phases involved 

were re-distributed, diminishing for the supersaturated 

Ore phase, and increasing for the Ole and n phase. 
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Set of X-ray diffractograms of alloy A1Zn60Cu3Si2 
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Set of X-ray diffractograms of alloy AlZn60Cu3Si2 
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Fig.81 Optical micrograph of as-quenched alloy AlZn75Cu3Si2 
showing the discontinuous precipitates along the 

grain boundary. x420. 

  

Fig.82 Optical micrograph of alloy AlZn75Cu3Si2 showing 

the developed discontinuous precipitates along the 

boundary after 25 minutes ageing at 100°C. x420. 

-165-



ce \ \ ks 

AWS 

ca NO 

$l i 
& \\ A 

    
   

hl 
Eton mf 

= 
AI 

<—_+—_+—_| 28 
AGC SAO ans 550 

Figure 83 

as-quenched 

Tesecs. 

10 secs. 

17 secs. 

30) secs. 

1 min. 

4 mins. 

2 hrs. 

9 hrs. 

14 hrs. 

61 hrs. 

Set of X-ray diffractograms of alloy Al2n75Cu3Si2 
aged at 150°C 

-166-



1 min. 

  

ap 2 mins. 

Ne 5 mins. 

8 mins. 

13 mins. 

20 mins.   
32 mins. 

50 mins. 

1.5 hrs -         

  

200 hrs. 

. 20 

G50 0auach) 35° 

Figure 84 
Set of X-ray diffractograms of alloy AlZn30Cu3Si2 

aged at 170 

S16 )=



  
-168-. 

| r 

| 

s/t ynenerand as-quenched 

- 12 mins. 

45 hrs 

4 . 

a pale 10 hrs. 
eu |! 

A \\ 
ee 12.5 hrs 

i "Ih 

\ 
ih Man 2145 hrs. 

| | \ 

| | 
ee Pe a5 tires 

MS eo 46 hrs. 

il jo 
M ce J NA 
| 63 hrs. 

Wad. 270 hrs. 

268 

45° 400-350 

Figure 85 

Set of X-ray diffractograms of alloy AlZn30Cu3Si2 
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Set of X-ray diffractograms of alloy AlZn60Si5 
aged at 100°C 
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Set of X-ray diffractograms of alloy AlZn60Si5 
aged at 170°C 
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Set of diffractograms of alloy A1Zn30Si5 
aged at 170°C 

-171-



4.4.2.2 Al-rich alloy in Zn-Al-Si system 

Alloy AlZn30SiS was examined on ageing at ONC. The 

X-ray diffractogram is shown in Figure 88. ine 170°e 

ageing process, it was found that the supersaturated as phase 

" had started to decompose to one a" and n phases after 5 

minutes ageing. The composition of a" phase, which was in 

equilibrium with aj} was so close to as that it was hard 

to detect. 

During the first 10 minutes, n phase increased slowly, while 

the transition phase an grew rapidly to a maximum. On 

prolonged ageing, this transition phase an changed gradually 

to the single peak a phase with simultaneous shifting of 

Al-rich matrix phase toa', After about 1 to 1.5 hours 

ageing at 170°Gs a great increase in intensity of n phase 

was observed accompanied by a decrease of or phase. All 

phase changes were completed after 67 hours ageing at 

170°C: 

In all X-ray diffraction examinations of both Zn-Al-Cu-Si 

and Zn-Al-Si systems, there was little change in Si-rich, 

o, phase (220). 

4.5 TEM Examination 

4.5.1 Alloy AlZn30Si5S 

According to the hardness test and X-ray diffraction 

examination, the phase transformation of alloys A1Zn30Si5 

consisted of three typical stages of decomposition. In 

order to investigate the structural change during the 

ageing process, transmission electron microscopy studies 

were carried out on the corresponding stages. 
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General precipitation was observed within the greater 

part of the alloy AlZn22.4Si7.4 after ageing at room 

temperature for 2 months. Particles of average size 

1200 R diameter were shown in both bright and dark field 

images (Figure 89) and the contrast at a particle con- 

sisted of one or two dark lobes. It was concluded that 

the particles were probably coherent plates, made visible 

by strain field contract. The diffraction pattern from 

this area is shown in Figure 90. After 3 months ageing 

at room temperature, these particles were elongated 

parallel to a <110> direction in the [112] orientated 

region seen in Figure 91. The diffraction pattern is 

shown in Figure 92. The average spacings between the 

five rod-shaped precipitates an were about 2000 &. 

Very fine precipitates, about 100 R in size and spaced 

about 200 & were observed in alloy A1Zn30Si5 aged at 

100°C for 8.5 minutes, as shown in Figure 93. Since the 

spinodal wavelength is about 50 R in Zn-Al alloys, these 

probably represent G.P.zones or small, coherent precipi- 

tates. Larger precipitates are also visible in the same 

area. 

After 1.5 hours ageing at 100°C elongated precipitates of 

the first transition phase on corresponding to the broad 

diffraction peak to the low angle side of the (200) peak 

in the X-ray diffractogram of Figure 87 were well developed. 

Discontinuous precipitates adjoining a grain boundary are also 

evident in Figure 94, 

According to the diffraction pattern of the matrix phase,



as shown in Figure 95, apparent growth directions of 

the precipitates were [001] and (etas) in a<110 >zone, 

as observed in Figure 92. At that stage of ageing, 

G.P.zones still existed as seen in the micrograph. 

After ageing for 24 hours at the same temperature, the 

' 
m 

advanced. A rod or lath structure orientated in one 

development of phase separation into a' anda was well 

distinct direction can be seen in Figure 96. The rods 

were found to be 0.1-0.15um wide and were segmented into 

portions which had dark and light contrast alternatively. 

Generally each dark portion in a band was next to a light 

portion in the adjacent band (Figures 96-100). 

The colonies apparently nucleated at a grain boundary 

and after growing with some slight curvature initially, 

adopted a preferred growth direction across the entire 

grain. The growth morphology was rarely precisely main- 

tained and degenerated into rounded particles or short 

rods in some areas, (Figures 97,99,100). Branching 

was found to be entirely absent, and when the colonies 

were sectioned (e.g. lower L.H.corner of Figure 99) 

the ae rods seem to be isolated from each other in the 

Qt matrix. No interconnection between lamellae were 

observed in the successive interfaces exposed as a cell 

was sectioned and in an overlapping case in Figure 100. 

Figures 98 and 102 indicated that the an phase was 

parallel to [111] in (112) oriented plane of matrix. 

At this stage of ageing, diffraction patterns and its 

index (Figures 104,105) corresponding to the f.c.c. crystal 
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(a) 

  

(b) Fig. 89 

Transmission electron micrographs showing particles precipitation 

in alloy AlZn225Si2.4 after 2 months ageing at room temperature 

x42.4K. 

(a) bright field (b) dark field



  

Fig. 90 

The electron diffraction pattern from the matrix shown 

in Figure 89 (a) 
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(b) 
Pig. | 91 

Transmission electron micrographs showing rod shaped precipitates 

parallel to a[110] direction in the (112) oriented region. xlosK 

(a) bright field (b) dark field 
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Fig. 92 

The electron diffraction pattern from the matrix shown in 

Figure 91(a) 

  

Fig. 93 

Transmission electron micrographs showng G.P.zones in alloy 

Alzn30Si5 aged at 100°C. 8.5 minutes. x42.4K 
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~<a : 

Fig. 94 

Transmission electron micrograph of alloy AlZn30Si5 aged at 
1oo°c for 1.5 hrs. x42.4K 

  

Fig. 95 

The electron diffraction pattern from the matrix in Figure 94



  

Fig. 96 

Transmission electron micrograph of alloy AlZn30Si5 aged 

at 100°C for 24 hrs showing the segmentation of the 

zinc-rich precipitates. x34.5K 
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(a) 

  

(b) 

Fig. 97 

Transmission electron micrograph of alloy AlZn30Si5 aged at 

100°C for 24 hrs, showing the segmentation of the zinc-rich 

precipiates. x34.5K 

(a) bright field (b) dark field 
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(a) 

  

(b) 

Fig. 98 

Transmission electron micrograph of alloy AlZn30Si5 aged 
at 100°C for 24 hrs, showing the segementation of the 

zinc-rich precipitates. x42.4K 

(a) bright field (b) dark field 

18 27



  

Fig. 99 

Transmission electron micrographs of alloy AlZn30Si5 aged at 

100°C for 24 hrs, showing the segmentation of the zinc-rich 

precipitates 

  

Fig. 100 

Transmission electron micrographs of alloy AlZn30Si5 aged at 

100°C for 24 hrs, showing the seg-mentation of the zinc-rich 

precipitates. x34.5K 
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Fig. 101 

Transmission electron micrograph of alloy AlZn30Si5 aged 

at 100°C for 24 hrs, not showing the segmentation of 

the zinc-rich precipitates. x130K 

  
Fig. 102 

The electron diffraction pattern from the matrix in 

Figure 97 
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(a) 

  

Fig. 103 

Transmission electron micrographs of alloy AlZn30Si5 aged 

at 100°C for 24 hrs. x86.5K. 

(a) bright field (b) dark field 
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Fig. 104 

The electron diffraction pattern from Figure 103 (a 

  

Fig. 105 

The index of the electron diffraction pattern in Figure 104 
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(a) 

  

(b) Fig. 106 

Transmission electron micrographs of alloy AlZn30Si5 aged 

at 100°C for 24 hrs. 

(a) bright field (b) dark field 
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structure only were found, even from areas with particulate 

morphology for the precipitates, e.g. Figure 103. 

The chemical compositions of both the matrix phase and 

the oriented zinc-concentrated ak phase were determined 

using quantitative EDS analysis in STEM mode. Figure 106 

shows the area where the chemical analyses were made. 

Figure 107 shows the spectrum and analysis of the matrix 

phase and Figure 108 that from the zinc-rich an phase. 

4.5.2 Alloy A1Zn60Cu3Si2 

Transmission electron microscopy investigations were 

carried out during the 100°c ageing process for alloy 

A1Zn60Cu3Si2. Special care was taken in the first 5 

minutes ageing at 100°C. The lamellar structure was 

not detected before 1.45 minutes. After 2 minutes, the 

lamellar structure and a two-phase equiaxed structure 

in the micrographs (Figures 109,110). 

After ageing for 8.5 minutes at 100°C, two different modes 

of precipitation were observed, as seen in Figures 111,113 

General precipitation was typically shown on one side of 

boundary and discontinuous precipitation on the other. 

The diffraction pattern from the matrix is shown in Figure 112. 

According to the hardness and X-ray diffraction results, the 

alloy was at G.P.zone stage after 8.5 minutes ageing at 100°c. 

In the continuous precipitation region, the bigger particles 

were about 3008 in size, the composition Puprice in 

G.P.zones was clearly observed in Figures 111 and 113. On 

the other side, the lamellar grew parallel to the (111) 

direction in a <011* zone of matrix phase. The average 
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interlamellar spacing was 150 R from the three micro- 

graphs of Figures 111, 1135114. 

The small precipitate particles grew on further ageing, 

and after 15 minutes were about 650 & diameter. More 

lamellae had formed from the matrix phase (Figure 115). 

The increase in particle size indicated that they were 

going to lose their coherency with the matrix phase, 

while the phase was forming according to the X-ray diff- 

raction results, shown in Figures 76 and 78. 

After 24 minutes ageing at 100°C, the lamellar structure 

was well developed in most parts of the specimen both on 

grain boundaries and inside the matrix. The lamellae 

were found growing in two apparent directions [111] and 

[200] in a <O11> zone of the matrix. The micrograph 

and the diffraction pattern from the matrix are shown in 

Figures 116 and 117. This result is consistent with 

<111> growth. 

Considerable coalescence and some spheroidization of the 

precipitate rows had occurred after ageing for 18 hours 

at 100°C. The formation of the second transitional 

phase a) was observed as f.c.c. zinc-concentrated dark 

lamellae in matrix phase. The mechanism of the for- 

mation of a) phase was similar to that in Zn-Al-Si system 

presented before. In Zn-Al-Cu-Si system after 18 hours 

ageing at 100°C, the oriented shiftings of Zn atoms inside 

the or lamellae lead to the formation of the mn phase 

of £.c.c. structure. The shifting traces were observed 

in the lamellae, but there was no distinct boundary at the 
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end of the lamellae with the shifting of Zn atoms, no 

segmentations were observed, as shown in Figure 118. 

Also seen in Figure 118 were very wide lamellae structure 

of s“width with spacing of the lamellae about 24” It was 

observed that the lamellae in a single family formed 

from a single initial lamella by a branching mechanism. 

Precipitates of e phase were detected after 18 hours 

ageing at 100°C. Bright and dark field electron micro- 

graphs are shown in Figure 119. The diffraction pattern 

of the area is shown in Figure 120, where the encircled 

diffraction spot gave the centred dark-field image. AEG 

was found that the precipitate of phase was rod shaped 

with long edges parallel to the [011] direction in a 

<122> zone. The chemical composition was determined, 

using quantitative EDS system in the Scanning Electron 

Microscopy. 

The energy dispersive X-ray spectrum, and the composition 

are shown in Figure 121. This composition lies in the 

¢ phase field in the Zn-Al-Cu-Si quartenary phase diagram 

with 0.1% Si, as seen in Figures 51 to 56. 

The electron micrograph of this alloy after 48 hours 

ageing at 100°C are shown in Figures 122 and 123. The 

spacing of the lamellae had increased to 4ym, The volume 

fraction of the wide lamellae in the specimen was found 

increased considerably. This coarsening gave rise to a 

further decrease in hardness, 
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Fig. 109 

Transmission electron micrograph of alloy AlZn60Cu3Si2 aged 

at 100°C for 2 minutes, showing a two-phase equiaxed structure. 

x39K. 

  

Fig. 110 

Transmission electron micrograph of alloy AlZn60Cu3Si2 aged at 

100°C for 2 minutes showing the lamellae structure. x86.5K. 
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Fig. 111 

Transmission electron micrograph of alloy AlZn60Cu3Si2 

aged at 110°C for 8.5 minutes. x130K. 

  
Fig. 112 

The electron diffraction pattern from the matrix in Figure lll 
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Fig. 113 

Transmission electron micrograph of alloy AlZn60Cu3Si2 aged at 

110°C for 8.5 minutes. x64. 8K 

  

Fig. 114 

Transmission electron micrograph of alloy AlZn60Cu3Si2 aged 

at 100°C for 8.5 minutes. x78.9K 
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Fig. 115 

Transmission electron micrograph of alloy AlZn60Cu3Si2 

aged at 100°C for 15 minutes. xl08K. 

-196-



  

Fig. 116 

Transmission electron micrograph of alloy AlZn60Cu3Si2 

aged at 100°C for 24 minutes. x64.8K 

  
Fig. 117 
The electron diffraction pattern from the matrix in Figure 116 
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Fig. 118 

Transmission electron micrographs of alloy AlZn60Cu3si2 

aged at 100°C for 18 hours 
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(b) 

Fig. 119 
Transmission electron micrographs of alloy AlZn60Cu3Si2 aged 

at 100°C for 18 hrs, showing the € precipitate. 

(a) bright field (b) dark field 
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Fig. 120 

The electron diffraction pattern from Figure 119(a) 
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Fig. 122 
Transmission electron micrograph of alloy AlZn60Cu3Si2 aged at 

100°c for 48 hrs. x42.4K 

  

Fig. 123 

Transmission electron micrograph of alloy AlZn60Cu3Si2 aged 

at 100°C for 48 hrs. x42.4K 
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It was found that the spacing of the lamellae decreased 

in the early stage of ageing and then increased in the 

over-ageing state, and therefore caused the increase and 

then decrease in hardness of the alloy. 

4.6 Physical and Mechanical Properties 

4.6.1 Dimensional stability 

From the measurement of the initial length (as-quenched 

condition) and the length change on ageing for Zn-Al1-Si 

alloys, the linear expansion or contraction due to 

ageing was calculated. The results of the percent of 

the linear expansion versus logarithmof time of ageing 

are shown in Figure 124. With alloys A1Zn10Si5, 

A1Zn30Si5, A1Zn6O0Si5 and A1Zn95Si2, a contraction occurred 

during the first stages of ageing. Alloys A1Zn10Si5 

and AlZn75Si2 expanded on ageing, but the others continued 

to contract until stability was reached. All these alloys 

except alloy Al1Zn10Si5 became reasonably stable after 20 

hours ageing at 150°C, but the total changes were small 

in each case. 

4.6.2 Impact and tensile strength 

The ultimate tensile strengths (U.T.S.) and 0.2% yield 

strengths were determined from the stress curves and are 

listed in Table 37, together with the elongation and 

impact data measured under the same experimental con- 

dition, i.e. after 100 hours ageing at 100°c. 

Both alloy AlZn95Si2 and alloy Al1Zn90Cu3Si fractured in 

a brittle mode at 112 N/mm? and 164 N/mm? respectively 

and no 0.2% yield strengths were obtained. 
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4.6.3 Wear property 

The wear rates of alloys of both systems in both as-cast 

and heat treated condition were listed in Tables 38,39. 

The pins of AlZn60SiS and AlZn75Si5 melted during the 

testing under so called ‘severe wear'conditions, and it 

was not possible to obtain the wear rates of these two 

alloys. 

It was found that the wear resistance of alloys in the 

Zn-Al-Cu-Si system were higher than those of the 

Zn-Al-Si systen. In both systems, heat treatment 

improved the wear resistance of the alloys tested. 

In each system, the alloys of monotectoid composition 

were found to have lower wear rate, viz. about 0.4 x 

Som? /em compared with the Al-rich and eutectoid 10" 

alloys or cast iron. Little change in wear rate was 

observed when the load increased from 1 kgf to 3 kgf, 

as shown in Table 40. 
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Table 38 

8 
The Wear Rate (x10 cm>/cm) for Zn-Al-Cu-Si System 
  

and Cast Iron with 2kgfLoad and 0.84 m/s. 

As-Cast Heat Treated 

Al1Zn10Cu3Si2 2.4 oe? 

A1Zn30Cu3Si2 Sine 139 

A1Zn60Cu3Si2 eo) death 

AlZn75Cu3Si2 2.4 Lee 

A1Zn95Cu2Si2 4.8 4.5 

Cast Iron 2.6 cs 

Table 39 

8 
The Wear Rate (x10 cm?/cm) for Zn-Al-Si System 
  

with 2kgfLoad and 0.84 m/s. 

As-Cast Heat Treated 

A1Zn10Si5 302 325 

A1Zn30Si5 3.8 1.8 

A1Zn60Si5 = a 

A1Zn75Si2 - 3-0 

A1Zn95Si2 6.7 Ged 

Table 40 

The Wear Rate of Alloy AlZn60Cu3Si2 with 
  

Different Loads 

Load (kg¢) Wear Rate (x1078cm3/cm) 

A 1.8 

2 oe 

3 138 
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5 DISCUSSION 

5.1 Phase diagram of Zn-A1-Si 

The isothermal section in Figures 51-56 show the simplicity 

of this ternary system compared with that of Zn-Al-Cu. 

There are intermetallic phases introduced by adding 

silicon to the Zn-Al system. The silicon exists as a 

terminal solid solution with limited solid solubility 

of aluminium and zinc, and this phase, shown as 9 in 

isothermal section, is in equilibrium with the phases 

introduced by the Zn-Al binary. 

The isothermal sections are characterised by two en- 

larging three-phase fields of a+8+a, and @+n+o with 

decreasing temperature. When the temperature fell to 

266°C, the phase transformation 8~a+n occurred. Below 

this temperature, 8-phase disappeared, and the three 

phase at+nt+o formed. Only the Zn-rich n phase was found 

to change very little in composition. 

A vertical section through the Zn-Al-Si diagram at 0.2% Si 

was constructed, and is shown superimposed on the binary 

Zn-Al diagram in Figure 125. Silicon appears to have a 

minor effect on the phase boundaries, but stabilizes the 

8 phase to lower temperature. At temperatures below 

266°C and 275°C, the isothermal section of the phase 

diagram must have the form of a typical ternary phase 

diagram, as shown in Figure 126. There must exist a 

single phase field 8, three binary phase fields a+8, 

8+n and a+n and one ternary phase field a+8+n. All 

these phase fields contain 0% to 2% of Silicon only, but
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Fig. 126 

The typical ternary phase diagram in temperatures 

in range 266°C - 275°C 
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due to this low solubility of Si ina, Bandn, the a+8m 

is extremely narrow and would be very difficult to detect 

experimentally. 

The isothermal sections have shown that the compositions 

of the Si-rich corners of both a+8+0 and Band three 

phase fields changed slightly with temperature. They 

were of composition about 96% Si. This result contra- 

qt) which considered that aluminium and dicts early wor 

zincwere insoluble in silicon, but repeated determinations 

gave the same result. it is interesting that the solu- 

bility of Zn in g exceeded that of Al, whereas it would 

be expected that the higher valency solute would be 

accommodated more easily in the covalent silicon structure. 

This effect may be due to zinc dissolving interstitially 

in the o phase. 

The lattice parameter of the diamond cubic structure was 

measured as 5.437 & in alloys containing 69. 7%equilibrium 

at 272°C. This is substantially higher than the figure 

for pure silicon (5.430 R) and supports the hypothesis 

of interstitutial zinc solution which, due to the larger 

diameter of the zinc atom than the interstitial volume, 

must expand the o structure cell. 

Sigma phase with higher concentrations of aluminium and 

low zinc, ZAS 1,ZAS 4, had lattice parameters (5.401 g 

and 5.402 &) smaller than that (5.430 R) of pure silicon, 

Table 9, indicating that the aluminium is probably sub- 
in 

stituted for silicon,the diamond cubic structure. 
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Both the Al-Si and Zn-Si phase diagrams show no appreciable 

solubility of either of these components in silicon, which 

might imply that Al and Zn together are soluble but each 

separately is not. However the fact that an Al-Si alloy 

with 20% Si equilibrated at 350°C contained o with 2.4% Al 

by EPMA, shows on the contrary that the presence of zinc 

decreases the solubility of aluminium in Figure 41. 

The two binary phase diagrams which show negligible solu- 

bility of Al and Zn in silicon should be redetermined. 

Low solubilities of Si were found in all three single 

phases g, gand n. The solubility of Si in g phase of 

different compositions is shown in Figure 41. Comparison 

of the isothermal sections shows that the low solubility 

of Si in these phases does not change drastically with 

temperature, so silicon precipition is unlikely to con- 

tribute significantly to the hardness of the alloys on 

quench-ageing. 

In the aluminium-rich solid solution q, the lattice 

parameter decreased from 4.044 R to 4.021 8 (or 4.024 R) 

with increasing zinc up to about 33% Zn. Thisyis to 

be expected since the atomic radius of zinc is substantially 

lower than that of aluminium. 

Zinc-rich n phase has a close packed hexagonal structure 

with a) = 2.675 R, cy = 4-961 R and co/a, = 1.855. 

5.2 Zn-Al-Cu-Si phase diagram 

The silicon contents of all the phases except go are so 

small that the quarternary phase diagram can be adequately 
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represented by a pseudo ternary or a quaternary section 

at a nominal 0.1% Si. ophase is present as an additional 

phase in all the phase fields but is omitted from this 

discussion for the sake of clarity. 

When the quaternary diagram is represented in this way, 

there is a very close similarity between the isothermal 

section of the Zn-Al-Cu-Si system and those of the Zn-Al-Cu 

system. 

The 350°C isothermal section is characterised by a broad 

two phase field a and 8+T' and considerable solid solu- 

bilities of copper in a and 8 phase. The broad phase 

field a+8 with a relatively high Cu content allows 

precipitation hardening on heat treatment of this Zn-Al 

based alloy. 

At 300°C, two three-phase fields a+T'+g and g+T'+e, are 

separated by a two-phase field T'+8. But with falling 

temperature, the two-phase field T'+8 narrows while the 

copper content in 8 phase remains at about 2%. The 

phase relationships in the quaternary Zn-Al-Cu-Si system 

at 290°C are similar to those in isothermal section of 

the Zn-Al-Cu ternary phase diagram(7), 

The four phase transformation was determined at 285°C 

as follows 

Five phases, a, 8, €, T and o co-existed at 285°C. 

representing a pseudo four phase plane. The phase field 

T'+8 contracted into a line, so that at temperatures 
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slightly higher than Ze5-G, T'+8 exists, while the 

ate phase field appears just below 285°C. Comparing 

this phase diagram with that of the Zn-Al-Cu ternary 

system(’), the addition of small amounts of Si gave 

rise to only a 3°c decrease in the temperature of the 

four-phase transformation. No further influence was 

found. 

At 230°C, the two three-phase fields, at8te and B+e+n 

were separated by a two-phase field g+e, but this had 

disappeared at 275°C. That means a four-phase trans- 

formation occurred between 280°C and 275°C to remove 

the g phase. The Al content of gq in equilibrium with 

e had decreased. The increase of copper content in n 

with decreasing temperature should be noted as far as 

its effect on quench-ageing treatments is concerned. 

Another four-phase transformation must occur below 275°C 

in the quaternary Zn-Al-Cu-Si system to eliminate the 

€ phase in zinc-rich, low copper alloy. Based on the 

Zn-Al-Cu diagram this must be 

oes een 

However although an isothermal section at 230°C was not 

constructed, the ageing of low copper alloys showed that 

the episilon phase eventually was replaced by T' phase, 

so the system did follow closely the Zn-Al-Cu system. 

Compared with the phase diagram of the Zn-Al-Cu ternary 

system, the quaternary phase diagram has a similar con- 

struction and nearly the same positions of the phase fields 

at various temperatures except for the contents of Cu in 
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the T' phase which are different at 280°C and 275°C. 

The isothermal sections below 290°C showed a similar 

sequence of changes to those in the Zn-Al system, i.e. 

the a+8 field enlarged and the Al content of a phase 

increased with decreasing temperature. The movement 

of the a phase corner closer to the pure aluminium 

corner may possibly change the mechanism of phase trans- 

formations in quench-ageing processes. 

The data listed in Tables 7 and 9 give more evidence of 

the solubility of Al and Zn in silicon, As in the 

Zn-A1-Si system, the composition of the Si-rich phases 

in nearly all the specimens at various temperatures was 

about 96% Si. It was noticed that the solubility of 

Si in the a phase was generally bigger than that in 8, 

¢, T' and n phases. 

The data at 290°C are as follows 

Solubilities of Si 

in 8 phase 0.08-0.09% 

in q phase 0.10-0.32% 

in ¢ phase 0.08-0.09% 

in T'phase 0.04-0.07% 

in n phase 0.10% 

The lattice parameter data in Table 12 shows that the 

larger the Zn content in Al-rich phase, the smaller the 

lattice parameters of the Al-rich phase. It was also 

found that the lattice parameters of q and g phases were 

very close to each other in the q+g phase field which is in 

agreement with Golda 's result, shown in Figure ave 
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5.3 Mechanism of Phase Transformations in Zn-Al-Si 

and Zn-Al-Cu-Si systems 

Hardness testing on alloys of the whole comnosition range 

in both the Zn-Al-Si and Zn-Al-Cu-Si systems showed that 

in the Al-rich, monotectoidal and eutectoidal composition 

ranges, pronounced age-hardening occurred durine the ageing 

processes at various temperatures. Five different 

mechanisms of age-hardening were revealed by the hardness/ 

time curves, Figures 57-64. 

Subsequently, X-ray diffraction examinations were carried out 

in detail for the five alloys with pronounced age-hardening 

responses. Eleven sets of X-rav diffractograms and seven 

fraction transformation curves revealed the distinct 

mechanisms of phase transformations in both the systems. 

Two typical structural changes occurring as a result of 

quench ageing processes were observed on the transmission 

electron microscopic studies. 

Based on the X-ray diffraction examination, correlating 

with the results of hardness testing and TEM studies, the 

mechanisms of phase transformations were deduced as follows. 

5.3.1 Zu-Al-Cu-Si system 

5.3.1.1 Alloys of Monotectoid and eutectoid comnositions 

The ageing process in supersaturated solid solutions of 

both AlZn60Cu3Si2 and AlZn75Cu3Si2 involved three stages, 

on ageing at various temneratures. In the first stage, 

the Al-rich terminal eutectoid ap phase is formed by a 

cellular reaction: - 
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Bato eh +e +n (+o) for eutectoid alloy 

or: af (to) +ap te +n (+o) for monotectoid alloy 

The occurrence of a cellular reaction in a discontinuous 

formation mode was verified by the electron microsconic 

investigation. The lamellae were observed after 2 minutes 

ageing at 100°C in alloy A1Zn60Cu3Si2. Discontinuous 

precipitates were observed at grain boundaries in the 

as-quenched alloy AlZn75Cu3Si2, as shown in Fig. 81, 

After 30 minutes ageing at ‘idole nto the discontinuous preci- 

pitates had grown larger, and are shown in Fig. 82. For 

alloys of monotectoid composition, this kind of discontin- 

uous precipitation was reported to form along the grain 

boundaries on ageing at room temperature for 4 hours COT) 

The X-ray diffraction peaks of the sunersaturated 8 or ag 

phases reduced with ageing time, while the peaks of Op 

phase of lower zinc content appeared separately from the 

peaks of 8 and as at lower Bragg angles on the X-ray 

diffractograms, accompanied with the development of neaks 

from the « and n phases. 

This first stage of phase transformation was observed in 

all X-ray diffractograms of alloys AlZn60Cu3Si2 and 

AlZn75Cu3Si2 at various temperatures, shown as Figures 

76, 80, 83. Among these, Figures 76, 77 and 80 especially 

showed the first two stages of nhase transformation on 70°C 

and 100°C ageing of alloy AlZn60Cu3Si2 and on 100°C ageing 

of alloy AlZn75Cu3Si2. The hardness/time curve of alloy 

AlZn60Cu3Si2, aged at 100°C showed a neak corresnonding to 

this first stage (Fig. 68). 
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The second stage of the phase transformation, i.e. the 

spinodal decomposition of the Al-rich terminal eutectoid 

op phase, occurred in both alloys after the first four- 

phase transformation, i.e. the cellular reaction, as the 

following sequence: 

Rh Gla Cie 
an > at 

ap— G.P. zones~ 

sae 

In the metastable phase ap, small fluctuations in comno- 

sition that produced the first transitional phase a in 

equilibrium with the matrix a" nhase, caused the total 

free energy to decrease. So call 'un-hill' diffusion 

leading to spinodal decomposition took place. A fine- 

scale clustering of zinc atoms to form G.P. zones then 

developed. Contrast changes similar to that exnected 

from G.P. zones were observed after the cellular reactions 

by TEM examination, as shown in Figure 111. The hardness/ 

time curve showed an increase in hardness at 8.5 minutes 

(Figure 61), while the X-ray diffraction peak of the Op 

phase did not change detectably in size or vosition during 

that period of ageing. 

The formation of the G.P. zones was followed by the preci- 

pitation of the transitional phase on and On: The first 

transitional phase on was found to form homogeneously from 

the G.P. zones after 24 minutes ageing at 100°C, as shown 

in electron micrograph Ficure 116. On the X-ray diffracto- 

gram, the peak from the an nhase occurred separately from 

the peak of op vhase, because the concentration of smaller 

zinc atoms within the coherent precipitates caused a 

lattice contraction. The renorted rhombohedral distortion 
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of the structure cell was manifested by an elongation of 

precipitates parallel to {111} direction in the <011> 

zone of the diffraction pattern of Figure 116. Coherency 

between the {111} planes in on and the matrix is possible 

due to the relative ease with which the f.c.c. cell can 

Ce) but such a distor- be distorted in that direction 

tion reduces the symmetry of the structure cell to rhom- 

bohedral and destroys coherency in directions away from the 

{111}. The matrix phase a" peak in equilibrium with On 

was too close to the veak of a+ phase to be detected on 

the X-ray diffractograms. 

On prolonged ageing, the second transitional phase On 

formed by a discontinuous mode by the oriented concentra- 

tion of zinc atoms inside the ane The zinc-concentrated 

lamellae were found to have the Poke: crystal structure. 

From the X-ray study the multinle peaks of the On were 

replaced by a single peak from on? and the Zn content in 

the matrix phase decreased further, so that the diffraction 

peaksof the f.c.c. matrix phase moved to the low angle 

side of the X-ray diffractogram. On further ageing the on 

and a' phases changed into n and a phases respectively by 

continuous precipitation. The diffraction peak of the a) 

phase, i.e. a transitional phase, disanpeared while the 

peak of a' shifted to a lower Bragg angle. Side bands on 

the X-ray diffractograms of both alloys were observed at 

various ageing temperatures, as shown in Figures 76 and 78. 

The decomposition of the metastable phase Op was followed 

by a four-phase transformation: 
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Ap +e (40) 293" = ye (Fo) 

This third stage of ageing in both AlZn60Cu3Si2 and 

AlZn75Cu3Si2 was shown by the appearance of a diffraction 

peak from the T' phase at 2 @ = 44,4°, This development 

is shown quite clearly in the sequence of diffractograms 

of Figures 78 and 83. The final stable phases were Ae, 7 

and 77. 

The above results show that the decomnosition of super- 

saturated solid solutions in alloys AlZn60Cu3Si2 and 

AlZn75Cu3Si2 involved the formation of phases in the 

following sequence: 

€ 

y ; m 
n 

  

ag (Comes Veer oar 

  

The Si-rich phase, o, was found to change little during 

the phase transformation. As a result, the above mentioned 

sequence should also apply to the Zn-Al-Cu system. 

§.o.1.2- Al-rich alloy 

The X-ray diffraction results demonstrated a different 

mechanism of phase transformation in alloy AlZn30Cu3Si2. 

As-quenched, supersaturated as phase probably decomposed 

spinodally in the early stage of ageing. Having nassed 

through G.P. zone formation, it was found that the 

rhombohedral transitional phase on occurred first, then 

e and T' phases came before the full development of one 
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The appearance of e and T' indicated a cellular mode of 

decomposition: 

t arte ne +7! Os ap +e + T 

Following the cellular reaction, the nhase transformations 

were carried out in two ways simultaneously. The e and T! 

phases increased while a, started to decompose sninodally. 

The fractional transformation curve Figure 74 showed that 

€ phase increased to a maximum after 24 minutes ageing at 

170°G. 9 The five-phase coexistence of Ae, Ey T',nand o 

phases was observed on the X-ray diffractogram after the 

spinodal decomposition. This means that another four- 

phase transformation occurred, i.e. 

ap te (#0) > Tt +n (#0) 

Since the « phase was a metastable phase, the final stable 

phases were Ge, 1, o and T' phases, the same as those in 

the alloys AlZn60Cu3Si2 and A1Zn75Cu3Si2. 

Therefore the sequence of phase transformations is outlined 

  

as: 

T! T! 

€ € 

vom? on FN a 
Op — G.P. zones © 

See at n 

as !—= G.P.zones vo “3 On, ce 

av = at 
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5.3.2 2Zn-Al-Si system 

5.3.2.1 Alloys of monotectoid and eutectoid compositions 

The phase transformation of ageing in alloy Al1Zn60Si5 

started with a cellular reaction: 

OG. (to) te tone (te) 

Four phases were detected at the as-quenched stage. The 

supersaturated as phase had started to decomnose into 

the metastable phase ap and zinc-rich n phase. After the 

cellular reactions were completed, the alloy entered into 

the G.P. zone stage and then decomposed into the first 

transitional phase ay in equilibrium with the matrix phase 

" a On prolonged ageing, the a" phase and the first trans- 

itional phase on transformed to a' and the second transi- 

tional phase On: Finally Ae and n formed by continuous 

precipitation from a' and on phases. 

Because the transformation occurred ranidly, the contribu- 

tion of the cellular reaction and the formation of G.P. 

zones to the increase in hardness combined to give rise to 

a hardness peak in the hardness/time curve at an early 

stage of ageing, shown in Figure 57. 

The sequence of the phase transformation is as follows: 

  

Cor ae na nS a 
on * GeP.zones=al > a” 

a c m m 

iC Sa? 
a a oc 
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BeS.202 ) Al-rich alloy. 

According to the results of hardness testing, X-ray 

diffraction and TEM investigation, the three hardness 

peaks of the hardness/time curve, Figure 58, were related 

to the phase and/or structural changes. The nhase trans- 

formation consisted of four tynical steps: 

1) formation of G.P. zones 

2) the first transitional phase on in equilibrium with 

the matrix phase a" 

3) the second transitional phase on in equilibrium with 

the matrix phase a' 

4) final stable Oe and n phases. 

The sequence is described as: 

(ena epe § A at as G.P zones a) On n 

" ' CER °C. 
£ 

According to the observation on the TEM, particles with 

f.c.c. structure and discontinuous striated nrecinitates 

of on phase formed adjoining a grain boundary after the 

formation of G.P. zones in alloy Al1Zn30Si5. These are 

shown in Fig. 94. 

In all the alloys involved in the present investigation, 

the Si-rich o phase had only a minor influence in phase 

transformations. 

5.3.3 Fraction transformation curves 

The fraction transformation curve is often used for 

describing schematically the sequence of phase transform- 

ation. 
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5.3.5.1 elhe cellular reaction 

Seven fraction transformation curves were constructed 

with distinct sequences for alloys AlZn30Cu3Si2, 

Al1Zn60Cu3Si2 and AlZn75Cu3Si2 aged at various temperatures. 

The first stage of phase transformation in alloy AlZn60Cu3Si2 

and AlZn75Cu3Si2, i.e. the cellular reaction, was clearly 

presented by the fraction transformation curves of ¢ and n 

phases. From Figures 68 to 72 it was found that over 70% 

of the incoherent precipitates of n formed by the cellular 

reaction. Only 30% came from spinodal decomposition. The 

optical and transmission electron microscopic observation 

on both the alloys provided evidence. The lamellae 

structure occurred after 2 minutes ageing at 100°c, as shown 

in Fig. 110, and was well developed after 8.5 minutes ageing. 

Figures 81 and 82 show the cellular reaction in this early 

stage of ageing. Therefore it is reasonable to assume 

that cell nucleation and growth is one of the most important 

modes of formation of incoherent vrecipitates, which is in 

agreement with Turnbull's observation or 

In his recent investigation, Toldin et al (67) found that 

the decomposition of the supersaturated solid solution in 

alloy AlZn60 and AlZn73 and AlZnMg alloys consisted of two 

stages, both in natural ageing and in treatment at higher 

temperature. In the first, the zinc-enriched aj phase of 

f.c.c. structure was formed by a cellular reaction after 

the formation of G.P. zones. It was suggested that this 

cellular reaction was in accordance with the horizontal 

eutectoid at T = 340°C (67) in the binary system. 
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The present investigation has ascertained that the 

cellular reaction: (see section 5.3.1) 

as Cor. 8) > Op +e * 

or as (ores )i Op Tan 

is in accordance to the horizontal eutectoid at about 

T = 276°C and occurs before the formation of G.P. zones. 

Because a small addition of conner totally changes the 

phase relationship, new metastable phase e« takes part in 

the phase transformation, the difference between two 

horizontal eutectoids can be distinctly determined. A 

more detailed discussion of this is in section 5.4. 

Extrapolation of the solvus line from (a, ! + ay") two- 

phase monotectoidal region in the metastable diagram as 

shown in Figure 4 according to (67) was formed close to 

the coherent spinodal curves. The composition of the one 

on determined by EDS (4.5.1.) was: Zn 49.4 at%, Al 50.6 

at % and that of the corresponding matrix phase a! was Zn 

14.4 at 3, Al 85.6 at 3. Therefore one must be careful to 

distinguish these two stages of ageing. Actually it would 

be very difficult to maintain the metastable phase at a 

temperature higher than 200°C, because according to the 

metastable solvus curves for G.P. zones and an in Al-Zn 

system, Figure 17, there would be only the transitional 

phase a, OF OF existing at higher temperature. 
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As discussed in Section 5.3.2.2, the cellular reaction 

mentioned by Toldin naturally is a part of the spinodal 

decomposition. The zinc-enriched a} phase of f.c.c. 

structure formed by this cellular reaction actually is 

the second transitional phase involved in the present 

investigation. This cellular reaction (by Toldin) has 

nothing to do with the horizontal eutectoid at 340°C or 

276°C: 

Based on the observation of discontinuous precipitation 

at an early stage of ageing in Al-38 at % Zn alloy by 

opteical and TEM, Vijayalkshmi et al ) suggested 

this microstructure formed probably as a result of the 

monotectoid reaction er Ayo Ore (ZnAl), but according 

to the present investigation this discontinuous precipi- 

tation along the grain boundary at the early stage (before 

the formation of G.P. zones) is due to the above-mentioned 

cellular reactions at about 278°C or 276°C for Zn-Al, 

Zn-Al-Si, Zn-Al-Cu and Zn-Al-Cu-Si systems. 

5.3.3.2 The fraction transformation curves of Os and 

8 phases 

In the literature, much effort has been devoted to describing 

the decomposition of the supersaturated phases a! and 8 by 
s 

fraction transformation curves and calculating their 

activation energy. But the results seem not to be correct. 

As seen in Figures 69 and 72 the whole process of the 

decomposition of as and 8 phases consists of several stens, 

such as: 
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a: for 6) + Op Peach of) 

ap * G.P. zones + on tra" 

i ech Ser on moe 

on ent at) at) ae 

It is impossible to describe all these steps in one 

single fraction transformation curve of the matrix nhase. 

Because there is only 0.1 % 0.3° 29 difference showing 

on X-ray diffractograms corresponding to these steps in 

the decomposition, overlapping of diffraction peaks of 

these matrix phases makes it impossible to calculate the 

fraction transformations separately. The steps in the 

decomposition can only be described qualitatively as a 

series of overlapping curves, shown as dashed lines in 

Figures 69, 71 and 72. The activation energies of these 

steps, except for the cellular reaction, could not be 

calculated from X-ray diffraction data. Even using the 

plot for activation energy of hardening of these alloys, 

the results represent mainly a part of the transformation, 

es 

G.P.| zones) + on tye! 

because the maximum hardness peak is contributed mainly 

by the formation of the first transitional phase on 

according to the X-ray diffraction examination. 

However, by combining hardness testing and X-ray diffrac- 

tion examination, the detailed decomposition can be qual- 

itatively represented using a dashed line. The sequences 

are presented schematically in the fraction transformation 

curves of Figures 69, 71 and 72. 
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So one of the two phase transformation patterns attributed 

(58) to the Zn-Al-Cu system 8 + a + n, should be corrected 

as follows: 

e 
ve 

8 n n 

Tt 7 G-P.zones x oa ea re 

  o 

  

a. 
m 

nae: Oe 

5.3.3.3 The activation energy of the four-phase 

transformation 

The fraction transformation curves are usually used for 

calculating the activation energy of a four-nhase trans- 

formation. As an example (described in Section 4.4), the 

activation energy of the final four-phase transformation, 

+ > Hot Oe € g n 

is calculated as 37.4 KJ/mol which is close to 33.7 KJ/mol 

deduced from hardness testing. 

5.3.4 The segmentation of the precipitation 

Of special interest was the phenomenon of the segmentation 

of the elongated phase at a subsequent stage, as shown in 

the electron micrographs of Figures 96-100 taken after 24 

hours ageing at 100°C. The oriented concentration of zinc 

atoms within the phase gave rise to a further increase in 

the lattice parameter difference between the transitional 

phase and the matrix phase, and therefore to growth of 

the local strain nearby the interface between the precini- 

tates and matrix. The strain increase due to the increased 

difference of lattice parameters destroyed the orientation 

relationship between the phases and raised the interfacial 
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free energy. This process might move the interface away 

from a 'cusp' orientation with its stabilizing 'tongue' 

term and cause fracture of the lamelle ne 

A gradual change in zinc-content at one of the zinc concen- 

trated lamelle was observed in the same specimen, as shown 

in Figure 101. According to Zener and Cahn 

2o4V 
RAG =e et   

S 

where V is the molar volume, which is assumed to be the 

same for the solution and the precipitate, and R is the 

fraction of AG that goes into the interfacial tension, 

S is the interlam ellar spacing, the interfacial tension 

is partly dependent on the interlamellar spacing values. 

(48 
From Turnbull's conclusions y the precinitation rate 

was determined by three parameters: 

DE - the diffusion coefficient of atoms in the cell 

boundary 

& - the spacing between precinitate lamellae in the cell 

N - the number of cell/volume nucleated 

and was inversely proportional to the specific free energy 

that drove precipitation. That result was quantitatively 

in agreement with Zener's formula. It was found that S 

value of 0.3 um in Figure 101 was about 3.7 times bigger 

than S = 0.08 um in Figure 96 showed broken-shot lamellae. 

Therefore it is concluded that the segmentation of the 

second transitional phase shape of lamellae is caused by 

the oriented concentration of zinc atoms within the 

lamellae with small interlamellae spacing. 
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In the Zn-Al-Cu-Si alloy, it is presumed that due to the 

different effect of atoms of various size on strain field, 

copper atom in matrix phase decreased the lattice nara- 

meter of the matrix phase and reduced the strong strain 

field between the lamellae and the matrix phase which 

causes lamellae and the matrix phase, which causes lamellae 

to suddenly break, therefore the segmentation does not 

occur. 

5.4 The general rule of phase transformations of super- 

saturated solid solution of alloys 

5.4.1 Relationships between the equilibrium nhase 

diagram and the phase transformation of ageing 

The phase relationships in the equilibrium state are a 

basis for investigation of phase transformations occurring 

during quench-ageing. Alloys of different composition 

which occupy different phase fields at high temperature, 

will transform to their final stable state in different 

ways. It depends on which phase fields the alloy passes 

through and what kind of phase transformation occurs. If 

the high temperature alloy cools down to room temperature 

very slowly, and remains in close approach to equilibrium 

all the time, the rule of lowest free energy is always 

obeyed. Whatever phase transformations take place, they 

must keep the alloy at the lowest free energy. 

In non-equilibrium processes, the alloy may miss out some 

phase transformations and arrive at the final stable state 

directly from some phase field at high temperature. During 
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quench-ageing processes, a high temperature vhase is 

retained at room temperature as an unstable suner- 

saturated phase, and will eventually transform to a 

final stable state. Though the driving force at the 

ageing temperature is larger at a high transformation 

temperature, the possible phase transformations may 

be the same, i.e. the value of rree energy must be at 

the lowest value allowed by the kinetics of the changes 

involved, while the mechaism of these transformations 

could be or must be different. 

Phase transformation starts in quenched alloys with 

decomposition of the unstable supersaturated vhase. It 

is because the driving force of the phase transformation 

consists of two parts, one, the main nart (if ageing 

temperature is not high) is from the unstable super- 

saturated phase itself, which depends on the quench 

temperature and the composition, while the other is from 

the ageing temperature, i.e. the thermal conditions. 

Based on the well determined equilibrium phase diagram, 

the high temperature equilibria which correspond to 

decomposition of the supersaturated phase in alloy 

Al1Zn60Cu3Si2 and AlZn75Cu3Si2 are 

Bi + cao = 7 at 276°C 

Therefore, in both the alloys, the nhase transformation, 

which occurred at a temperature higher than 276°C, (at 

which the equilibrium, 8 + e==a + n exists), could not 

occur at ageing temperature, because it needs only a smaller 
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driving force to pass over the energy barrier. However, 

this may not always be true, if the driving force of the 

quench-aceins can be decreased, é€.g. bv decreasing 

pressure (8) or by addition of some of the third 

elements which may totally change the phase relationships. 

The phase transformations corresponding to all the 

equilibria below the above mentioned equilibrium are 

possible, while what kind of phase transformation will 

happen depends on which phase field the alloy was located 

in at the solution treatment temperature. For example, 

alloys AlZn75Cu3Si2 and AlZn60Cu3Si2 are in the (8 + €) 

and (a) phase fields respectively, according to the 

equilibrium phase diagram, both alloys are located in a 

five-phase field (a +e +n+B + o), and enter another 

five-phase field (a + « + n + T' +o) below the equilibrium 

reaction 8 + € a +n. There must be another equilibrium 

reaction, a + €==-T' + n, going to occur, if they cool 

down very slowly. Therefore, the phase transformations of 

these two quenched alloys, start with the decomposition of 

ag or 8, i.e. the so-called cellular reaction, 

a CODE GEO) act ee ain (to) 

and the cellular reaction must eventually be followed by 

the other four-phase transformation, a- + € + T'+ n. 

In the equilibrium state, the solubility of zinc and conner 

in aluminium decreases gradually as equilibrium temperature 

decreases below the temperature for the transformation 
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8 +e=s=a tn, at 276°C. The content of Al in the a vhase 

increases and the composition position on the phase diagram 

moves closer to the pure Al corner. 

Because the driving force of these alloys after the 

cellular reaction is not so high that they have to pass 

through steps of transformation, i.e. the sninodal decomp- 

osition to finish the composition modulation above mentioned 

and start to occur the other four-phase transformation 

O- +e > T'+ n. The € phase, as a metastable phase, will 

disappear finally in both alloys during the ageing 

processes. The es T' and n phases are the final stable 

phases. According to the same consideration, this final 

phase transformation, a, + « + T' + n, will eventually 

occur for all the alloys of composition within the phase 

fields (a + T!' +n) at about 268°C. 

The well determined sequences of phase transformation in 

both alloys 

€ rs € 

A T 
ag (or 8) —-_qn  ————_______—_+_ 9 

Ma 0 ! + GP. > gi + Op G.P.zones an on 

ne 
Oh Sg Oe 

is in good agreement with the principle. According to this 

principle, the cellular reaction must be in accordance with 

the horizontal eutectoid at about T = 276°C thermodynam- 

ically. 
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Based on the phase relationshins in the equilibrium state, 

all alloys of compositions such that the alloys pass 

through the (a + 68 + e€ + n) phase field of the nhase 

diagram during cooling from high temperature to room temp- 

erature, will obey this sequence of phase transformation 

during the quench-ageing processes. 

For alloy AlZn30Cu3Si2, because it is out of the 

(a + 8 + ¢« + T') phase field, a different mechanism should 

be obeyed. 

The decomposition of the supersaturated solid phase in 

alloy AlZn30Cu3Si2 starts with the transformation as 

follows: 

G@ieo GD. ZOMESE cue Ce ¢ G.P ° On in 

a" + a! 

The ag phase begins to decompose after 1 minute ageing at 

170°C as shown in the X-ray diffractograms of Figure 84. 

From the equilibrium phase diagram of Zn-Al-Cu-Si and 

Zn-Al-Cu systems in Figures 51-56 and Figures 11-15 it 

has been found that the same phenomenon occurred in both 

alloy A1Zn60Cu3Si2 and A1Zn75Cu3Si2, none of these 

equilibria such as 

Bor T! =a + € 

can occur, because 8 phase does not decompose at tempera- 

tures higher than 275°C. This is also seen in the phase 

diagram. The



aluminium content in a phase increases from 65% at 275° 

to 703 at 268°C. The positions of the a phase corner in 

both (a + T' + ¢) and {a + € + n) three phase fields 

migrate towards the pure aluminium corner when the alloys 

slowly cools down from 275°C. 

During the ageing process, the migration of the corner 

of Op phase field happends in the same way as in equili- 

brium transformation. So long as the alloy enters the 

three phase field (a} + T' + €), the four vhase transform- 

ation, 

{+a + T' + aS Op qT € 

occurs, accompanying the spinodal decomposition of ag. 

By then the alloy is located well inside the three phase 

field (a + T' + n) at about T = 268°C. The final 

four phase transformation takes place as 

Ge + e+ Teo 

The sequence observed on X-ray diffraction examination 

was in agreement with this explanation. 

Therefore, for Al-rich alloys (Al content up to 86%) the 

sequence of the phase transformation is summarised as 

follows: 

  

Tt 

5 

  

mn Seo an 

oS git >a! 

at —eG.P.zones —ea" > a S GaP s 

at + a! 
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For the Zn-Al-Si and Zn-Al systems, the mechanisms of 

phase transformation in alloy AlZn60Si5 and A1Zn75SiS 

are similar to those in alloy AlZn60Cu3Si2 and AlZn75Cu3Si2, 

as have been shown on the X-ray diffraction examination. 

The phase transformation starts with the cellular reaction: 

fe een ta ue 
as On n 

Then op phase decomposes spinodally into transition phases 

on and an in equilibrium with the matrix phase a" and a' 

respectively. G.P. zones form before the formation of On 

and a!. The final stable phases are a, and n. 

This is the same as in the Zn-Al-Cu-Si and Zn-Al-Cu systems, 

it is reasonable to conclude that all alloys of composition 

within the zinc range of the eutectoidal line at 278°C, have 

the same mechanism of phase transformation in quench-ageing 

processes. No matter where the alloys are quenched from 

either (8 + n), 8, or a' (beyond the monotectoid curve in 

equilibrium phase diagram) phase fields, the cellular 

reaction, as Se Op + n, should always occur first, followed 

by the spinodal decomposition. The A and n vhases are the 

final phases. 

The sequence of phase transformation in monotectoidal and 

eutectoidal alloys is outlined as follows: 

n 
a as re eae 

Ss a. ~*~ 

PSs + G.P. zones ™ Ls 
i +o! > 0 - i 

  

n



It has been found that the 8 nhase decomposed into at and 

n phases during or immediately after quenching just as 

observed in the determination of the vhase diagram of 

Zn-Al-Si and Zn-Al-Cu-Si systems, seen in Section 4.1 and 

4.2. This is because as-quenched 8 is located in the so- 

called 'coupled region) .e. the shadow area in the meta- 

stable phase diagram Figure 128. Within the 'counled 

region', Op » 8 and n coexisted. From the point of view 

of thermodynamics, 8 in this region is unstable. In alloys 

of the eutectoidal composition, the G.P. zones become 

unstable at a high ageing temperature oy, from the point 

of view of kinetics which will be discussed in more detail 

in Section 5.4.4.Therefore the cellular reaction and the 

G.P. zones are very difficult to detect. 

Previous work dealt with it as a different mechanism of 

transformation. 

According to the equilibrium vhase diagrams of the 

Zn-Al-Si and Zn-Al systems, the Al-rich alloys cross only 

one phase boundary, a/a + n, when slowly cooled down from 

high temperature to room temperature. But the super- 

saturated solid phase in the as-quenched Al-rich alloys 

cannot transform into Xe and n in one step. G.P. zones 

are fully coherent with the matrix and therefore have 

a very low interfacial energy. Transition phases are 

intermediate between those of the supersaturated phases 

and the equilibrium, and therefore can achieve a high 

degree of coherence and a low interfacial energy. The



equilibrium phases on the other hand usually have a 

complex crystal structure which can only form with high- 

energy incoherent interfaces. Therefore the activation 

energy barrier to the formation of G.P. zones and each 

transition phase is very small in comparison to the 

barrier against the direct precipitation of the equili- 

brium phase. As-quenched alloys will be easy to transform 

into final stable phases by passing through G.P. zones 

and transitional phases. 

For Al-rich alloys in Zn-Al-Si and Zn-Al systems, the 

sequence of transformation should be as follows: 

Glos Gab. Zones Cas Ol 
s m mais 

ets a8 a 
f£ 

which is in agreement with Ciach's sequence for low zinc 

alloys (up to 30% Zn) (55), Strictly speaking, all 

alloys of composition between Op (i.e. the Al-rich end of 

the eutectoid line) and the composition of G.P. zone 

solvus line, shown in Figure 17, at ageing temperature 

have the same sequence. 

5.4.2 The general rule of phase transformation 

Correlating all the mechanisms of phase transformation 

with the equilibrium phase relationships, the general 

rule of phase transformation of supersaturated solid 

solution of alloys is summarised as follows: 

"Phase transformation of a supersaturated solid solution 

of an alloy begins with decomposition of the suner- 

saturated phase, which is associated with some nhase 

equilibrium at high temperature. Then it is followed 
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by one (or more) phase transformation(s) which agrees 

with all these phase equilibria with the alloy after 

the first associated vhase equilibrium at the high 

temperature. Steps of intermediate transformation 

with a low activation energy barrier, such as the 

formation of G.P. zones or other transitional phases, 

etc., could always be involved in the whole vrocess 

of phase transformations. The higher the degree of 

supersaturation, the more transitional phases may occur. 

The final products of ageing must be the stable phases, 

if the kinetics allow this to be reached." 

From the view of thermodynamics, the rule reveals the 

relationship between equilibrium and non-equilibrium 

states. According to the rule, it becomes possible to 

predict what kind of phase transformation will occur 
* 

in non-equilibrium processes based on the understanding 

of the phase relationships in equilibrium. 

With the same chemical composition, the way to approach 

the final equilibrium state for alloys both at high 

quench temperatures and supercooled temperature would, 

thermodynamically, be the same, if the driving forces for 

the phase transformation were the same. Apparently the 

driving force in the quench-ageing alloy is bigger than in 

alloy at high quench temperature. The process of moving 

towards the equilibrium state can start with some 

lower level equilibrium, i.e. the phase transformation 

associated with the decomposition of supersaturated phase 

(the main part of the driving force). This starting level 
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is dependent on the degree of supersaturation and ageing 

temperature. 

On the other hand, for alloys with low temperature 

eutectoid equilibrium, the cellular reaction corresponding 

to the eutectoid equilibrium is more likely to occur prior 

to G.P. zones during the quench-ageing process. Whether 

the cellular reaction occurs prior to the formation of 

the G.P. zones depends also on the competition of the 

activation energy barrier between the cellular reaction 

and the G.P. zones. If the activation energy barrier of 

the cellular reaction, which corresponds to the equili- 

brium associated with the decomposition of the super- 

saturated phase, is higher than that which the driving 

force of the supersaturated nhase can jump over, the 

phase transformation starts with the formation of G.P. 

zones. But the phase transformations, the activation 

energy barriers of which are lower than those of the 

formation of G.P. zones,will occur followed by the G.P. 

zones. Because the circumstances are different from 

that at high temperature, at low-ageing temperature 

diffusion of solute atoms in the supersaturated vhase 

becomes very difficult, the same phase transformation 

is carried out, in a different way from high temperature 

equilibrium. Steps of transformation with low activa- 

tion energy barriers, such as G.P. zones and some trans- 

ition phases, etc., could always be necessary to the 

whole process of phase transformations. As supersatura- 

tion decreases, the number of intermediate transformation 

steps decreases. The multi-stage precipitation process 
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will continue until the most stable state is produced, 

i.e. the formation of a more stable product resulting 

in the re-solution of less stable phases formed in the 

earlier stages. 

Most papers concerning the phase transformation in 

Zn-Al and Zn-Al-Cu systems dealt with the decomposition 

of as and 8 phase simply as a spinodal decomposition 

(i738 527 It is correct only for those alloys, the 

composition of which are within the range between op 

and the G.P. zones solvus curve or surface at the ageing 

temperature in Zn-Al, Zn-Al-Si, Zn-Al-Cu and Zn-Al-Cu-Si 

systems. The mechanisms of alloys of monotectoid and 

eutectoid composition become more complicated because of 

the cellular reactions: 

Ge (oreB), Hap ton in Zn-Al and Zn-Al-Si systems 

as (ore), = OP eee dT in Zn-Al-Cu and Zn-Al-Cu-Si 

systems 

and the phase relationship changes due to the addition of 

the third or fourth component element. 

The mechanisms of the decomposition of supersaturated 

phase in Zn-Al binary and Zn-Al-Cu, Zn-Al-Mg ternary 

system have been a topic for discussion for many years. 

Most investigations provided only the mechanism for single 

compositions or limited composition ranges which were 

selected by investigators. 
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According to the general rule, the mechanism of phase 

transformation in an alloy represents not the alloy 

itself but a general pattern of phase transformation 

for some phase field. Correlating the determination 

of the transformation mechanism of one or two alloys 

with the well-established vhase diagram actually 

provides the mechanism of alloys within one phase field 

in a phase diagram, as described in Section 5.4.1. 

Based on a detailed investigation of the mechanisms 

of the successive phase transformations, the mechanisms 

for the whole composition range in Zn-Al binary and 

Zn-Al alloys containing copner and/or silicon have been 

provided in the present investigation, as described in 

Section 5.3.1 and 5.3.2, using the general rule. Vice- 

versa, the phase equilibrium at relatively low temneratures 

can be established by tracing the vhase transformation on 

the quench-ageing, i.e. the non-equilibrium processes. 

5.4.3 Free energy curve and surface 

The general condition of equilibrium is defined by the 

four fundamental equations of thermodynamics 

dE = TdS - PdV QO) 

aH = TdS + VdP (2) 

dF = - SdT - Pdv (3) 

dG = - SdT + vdP (4) 

Equation (1) relates the change in energy to the change 

in entropy and volume. Equation (2) relates the change 

in entropy and pressure. Equation (3) relates the change 

in work function t) changes in temperature and volume. 

Equation (4) relates the free energy to changes in 

temperature and pressure. 
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For phase transformations that occur at constant temperature 

and pressure the relative stability of a system is deter- 

mined by its Gibbs free energy. This Gibbs free energy 

is particularly interesting because equilibrium is then 

characterised by a minimum in this quantity and the decrease 

in Gibbs free energy during a spontaneous transformation 

can be regarded as the driving force. The free energy 

curve is used for describing the change in free energy 

with the change in composition, The common tangent 

is basic to the interpretation of all free energy curves. 

In order to demonstrate the relationships between the 

equilibrium and non-equilibrium states, the free energy 

curve (for binary alloys) or free-energy surface (for 

multi-component systems) with the common tangent con- 

struction are presented for comparison. 

Figures 127 a and b, show the free energy vs composition 

surfaces in equilibrium and quench-ageing processes 

respectively. 

For the equilibrium state in Zn-Al-Cu and Zn-Al-Cu-Si 

systems there is a four-phase transformation ; 

Go 4°T! Seea 4 e at about 285°C 

The four free energy surfaces of T', a, 8 and € phases 

at 285°C have a common tangent plane. The free energy 

surfaces of 8 and € phases have in addition a common 

tangent plane with the free energy surface of n phase 

at different positions on their surfaces, as shown in 

Figure 127 a. The free energies of a and € phases 

increase more slowly with the decrease in temperature 
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cooling. In comparison, Figure 127 b presents the move- 

ment of free energy surfaces correlating with phase 

transformations during the quench-ageing processes, based 

on the results of the X-ray diffraction examination. 

The free energies of the system decrease and approach 

their final equilibrium value during the whole process 

of ageing. As a result of the competition of the 

increase in free energies of phases, common tangent 

planes of phases form and change their shape and position 

in space. 

The phase transformation during ageing starts with the 

decomposition of supersaturated at or 8 phases. The 

free energy surface of ag (or 8) phases is well within 

the common tangent plane of Ops e and p phases. After 

the cellular reaction 

al (orp) an Fe Aon 

the phase relationships is similar to that below 276°C 

in equilibrium state, as shown in Figure 127 a, The 

common tangent planes of Op» n and e occurs. Because 

the phase transformation taking place at low temperature, 

the driving force is not big enough to migrate the op 

phase free energy surface towards the pure Al corner in 

one step. A typical spinodal decomposition is described 

in Figure 127 b. The free energy surfaces of the two 

transition phases on and On form and bring about two 

common tangent planes of a", One e andeqs sa, Ooty» € 

and n. The composition of the matrix phase is moderated 

from at to ac by the formation of these two common tangent 0 £ 8 
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than those of T' and g phase, and two phase field (ate) 

occurs. The free energy of n phase increases more slowly 

than those of a,8 and e phases, and at about 276°C the 

common tangent plane of a, 8, e and n phases occur while 

the two-phase field (8+e) disappears. That means that 

the other four-phase equilibrium 

Bre =S atn 

exists at about 276°C. This four-phase co-existence of 

a, 8, € and n phases corresponds to the decomposition of 

the supersaturated phase in quenched-aged alloys. As 

the temperature is lowered just below 276°C the 8 phase 

becomes unstable, the free energy surface of which migrates 

up from the common tangent plane of a, e and n phases, 

and disappears in the alloy. When the alloy is cooling 

from 276°C to 268°C, the T' and n phases become more 

stable and their free energy surfaces migrate down faster 

than those of o and ce phases. Both common tangent plane 

beside the free energy surfaces of q and e phases ; 

(ate+T') and (atet+n) are getting closer and closer, mean- 

while the a phase free energy surface migrates towards 

the pure Al corner. At 268°C the two phase field (ate) 

disappears from the phase diagram while the final four- 

phase co-existence (ate+n+T') occurs. On prolonged 

cooling, the « phase becomes unstable and its free 

energy surface moves up from the common tangent plane 

of a, n and T' phases. By then there are only three 

phases a, n and T' stable in the alloy. 

Figure 127ashows the free energy surfaces movement 

correlating with the phase equilibrium on very slow 
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planes in sequence, as arrow points in Figure 127 b. 

Meanwhile the free energy surfaces of n phases 

is lowered more quickly than that of ¢« phase. On 

prolonged ageing, a four-phase co-existence of Ags E> 

n and T' comes into being. That implies the existence 

of a common tangent plane of free energy surfaces of 

%e, €, 7 and T' phases, which is correlating the 

equilibrium: a+ ¢e =m T' +n at 268°C. After the 

four-phase reaction 

ate —=T' + 7 

the free energy surfaces of e« phase separates from the 

common tangent plane and the common tangent plane of 

Ae, 1 and T' phases below, while the X-ray diffracto- 

gram shows three stable phases Oe, 1 and T' as the 

final products of ageing in the alloy. 

From figures 127 a and b, it is found that both g and 

€ phases are unstable at low temperature and decompose 

before the formation of the final stable phases during 

ageing. Under equilibrium conditions the 8 phase 

disappears at a higher temperature than e phase, 

and on ageing after quenching, it decomposes at an 

earlier stage. 

It is clearly seen that the phase transformations which 

take place during the ageing process are in agreement 

with phase equilibria occurring in equilibrium states 

in their general sequences. The free energy surface 

appears to be one of the ways of interpreting graphically 

the relationship between equilibrium and non-equilibrium 

phase transformations. 
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Fig.127 Free energy surfaces of phases in alloys Zn-Al-Cu and 

Zn-Al-Cu-Si at various temperatures (a) and at various 

stages of ageing (b). 
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524 Kinetic considerations 

According to the general rule, phase transformations 

which agree with all the phase equilibrium in the phase 

diagrams after the first phase equilibrium associated 

with the decomposition of supersaturated solid solution, 

will occur. From this point of view of thermodynamics, 

it predicts what kind of phase transformation could 

occur during the quench-ageing process. But the ageing 

process is actually taking place in certain kinetic 

circumstances where the alloy is involved. 

At as-quenched state, the kinetic condition is 

apparently different from that at high quench temperature. 

Solutes in supersaturated solid solution tend to precipi- 

tate out and lead the system to the equilibrium state. 

But at low temperatures this thermodynamically possible 

process could not be completed due to the very low diffusion 

rates. 

For spinodal decomposition which is often involved in 

ageing processes, its sequence could be different at 

different temperatures of ageing. For example, in Zn-Al 

and Zn-Al-Si systems, all alloys of composition within the 

eutectoid reaction line or plane at about T = 278°C have 

the same mechanism thermodynamically, that is 

n 

a! (or 8) B 
' “Py " ' a7 G zones Yan 

a" ea! = og 

n 

  

But G.P.zones could be missed for alloy of composition 

80% Zn aged at 100°C. Instead of the above mentioned 
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sequence, the transformation occurs in the following 

sequence 

It is because the alloy is beyond the metastable solvyus 

for G.P.zones that the G.P.zones have dissolved at 100°C, 

as seen in Figure 7. 

Therefore the kinetic condition could practically change 

the sequence of transformation and some phase transformation 

would 'never' complete. For example, in alloy Al1Zn75Cu3Si2 

aged at 100°C, all the phase transformations are completed 

in only about 100 hours, according to the X-ray diffraction 

examination shown in Figure 70, while the final four-phase 

transformation, oprerT ttn in alloy AlZn60Cu3Si2 lasts more 

than 500 hours due to the low diffusion rate of zinc in 

aluminium matrix, shown in Figure 23. If the ageing 

temperature is decreased, the time to complete the final 

four-phase transformation will be much longer, and practi- 

cally can be considered never to be complete. 

In order to understand the phase transformation better, 

combination of considerations of both thermodynamics 

and kinetics is necessary. 

As far as the Zn-Al based alloys are concerned, the well 

determined G.P.zones and R phase (i.e, an or on phase) 

solvus in Figure 17 should be especially considered when 

the general rule is used for investigating the phase 
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transformation during quench-ageing processes. These 

two solvus curves imply the sequence of the spinodal 

decomposition which could always be an important part 

of an age-hardening. 

According to these two solvus lines the Arrhenius plots 

for determining the activation energies of age-hardening 

in alloys Al1Zn30Si5, A1Zn60Si5, Al1Zn30Cu3Si and A1Zn60Cu3Si2 

can not be extrapolated indefinitely in the direction of 

increasing temperature, shown in Figures 65 and 67. 

The broken lines represent the ageing temperature above 

G.P.zones, and the mechanisms of hardening are different 

from those at temperatures within the solid straight line 

where or or combinations of on and On contribute to the 

maximum peak hardnesses. 

5.5 The response of properties to phase transformation 

5.5.1 Hardness 

Physical and mechanical properties of alloys Zn-Al-Cu-Si 

and Zn-Al-Si, such as hardness, impact, tensile strength 

and dimensional stability have been measured in quench- 

ageing processes. Correlating with the mechanisms of 

the phase transformation deduced from hardness tests, 

X-ray diffraction and transmission microscopy investigations, 

the relationships between the properties and phase trans- 

formation are simply displayed in Figure 68 as an example, 

The phase transformation occurring in alloy AlZn60Cu3Si2 

aged at 100°C consisted of three stages, which were as 

follows 
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1. The decomposition of as phase, i.e. cellular 

reaction, into aps e and n phases and led the 

first peak, 

' ' 
ms en ae 

where a, was still an unstable phase and was going 

to further decompose spinodally. 

2. The spinodal decomposition of op phase, 

" ' 
Onn ae nae n 

op —» G.P.zones 

" ' CP —e — Op 

3. The four-phase transformation, 

+e —~T' +7 
co 

With respect to all these phase transformations, the 

hardness curves of alloy AlZn60Cu3Si2 aged at 100°c 

showed five hardness peaks. In the ageing processes 

of most specimens of A1Zn60Cu3Si2 and AlZn75Cu3Si2 at 

various temperatures, the first peak occurred in the 

first stage of ageing, because the precipitates of Zn 

and Cu formed n and € phases, 

Then on metastable phase started to decompose spinodally 

as small fluctuations in composition, that produced later 

on Al-rich a" phase and Zn-rich ot phase. G.P.zones 

appeared to be homogeneously nucleated on a fine scale 

throughout the matrix crystal and fully coherent with 

the matrix phase. The hardness increased due to the 

extra stress required to force dislocations through the 

(30) coherent zones shown as the second hardness peak. 
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The hardness continued to increase to maximum with the 

formation of the coherent 4" and a because the dislocations 

then must also be forced through the highly strained matrix 

phase. The third hardness peak occurred. After partial 

formation of on phase homogeneously throughout the crystal 

by growth of some G.P.zones at the expense of others, the 

second transition phase or started to form heterogeneously 

on dislocations, grain-boundaries, etc., as happened in 

A1Zn30Si5, shown in Figure 100. Combination of the 

formation of an and or phases (on mainly) contributed 

to the maximum hardness peak. 

The hardness then decreased due to transformation of an 

into On in other words, due to the coarsening of one 

At the same time, the zinc atoms continuously diffused 

into on phase, which gradually gave rise to a great change 

in the lattice parameters of the transition phase and the 

matrix phase. The dastic strain due to the increased 

difference of lattice parameters and loss of coherency 

was responsible for structural change from rhombohedral 

to f.c.c. and for the hardness increase. Therefore, the 

formation of a phase contributed the fourth hardness peak, 

which appeared as a plateau because coarsening of all 

precipitates had already commenced. 

Prolonged ageing increased the distances between the 

precipitates making dislocation bowing easier and the 

hardness decreased. The matrix phase a' in equilibrium 

with a, changed into Oe and as a transitional phase, on 

transformed into n phase and disappeared by the end of 

the second stage. 
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The fifth peak of hardness was associated with the four- 

phase transformation 

Cee hae Tee 

The € phase was converted into Cu-rich T' phase of high 

hardness, so the hardness of alloys increased. 

Thus, Zn-rich phase n, Al-rich phase Oe and T' phase were 

formed as the final stable phases. 

A lower peak hardness formed on ageing at higher temper- 

ature. This was because at high temperature the on 

nucleated under the influence of a smaller driving force 

(100) 
than at lower temperature and resultant precipitate 

(2205 Also the maximum dispersion was therefore coarser 

volume fraction of on was reduced. From the metastable 

monotectoid curve in Figure 128 for the Zn-Al binary 

system, the higher the ageing temperature, the smaller 

the fraction of oF phase responsible for the maximum hard- 

ness peak, according to the Lever Rule, The position of 

the hardness peaks were shifted to shorter times by in- 

creasing the temperature of ageing, as the diffusion rate 

was faster at higher temperatures, 

Figure 68 shows the response of hardness to the phase 

transformations deduced from X-ray diffraction for alloy 

A1Zn60Cu3Si2 aged at 100°c. A good agreement was found 

between hardness testing and X-ray diffraction examination. 

The mechanism of phase transformation of alloy A1Zn30Cu3Si2 

in the ageing process is quite different from that of alloy 

A1Zn60Cu3Si2. It is because alloy AlZn30Cu3Si2 is located 

outside the phase field (a+8tetn) at about 276°C. 
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The supersaturated phase oe began to decompose spinodally 

after quenching and entered the phase field (T'+an+e) . 

The first stage was 

a! —» G.P.zones ——a" + a" 
$s m 

The second stage was 

a'——.» at +e +tT! 
s Tf 

eG Pe eones Seach ENS is 

In these two stages, the hardness of alloy AlZn30Cu3Si2 

aged at 170°C climbed over a small peak, which was contri- 

buted by G.P.zones, and then quickly increased up to the 

maximum value. The X-ray diffractogram showed that the 

on decomposed into % and the ee phase diffraction peak 

developed to the maximum height after about 8 minutes at 

170°C in Figure 62. The hardness curve showed a maximum 

hardness peak at nearly the same time as the oF diffraction 

peak arrived at the highest level. Then on changed to or 

and finally to n phase, and hardness decreased with ageing 

time. The matrix phase changed gradually from a4 to a", 
T 

a' and finally to Oe, while the precipitates were developing. 

The rate of precipitation of € increased sharply to the 

maximum after 24 minutes ageing at m70°C, showing in the 

fractional transformation curve of € phase as ffe](1011) = 0.5 

in Figure 74. The increase of hardness due to a phase 

formation and precipitation of zinc balanced the decrease 

caused by over-aged coarsening, a hardness peak appeared 

just after 24 minutes aged at the temperature. The result 

from X-ray diffraction was in a good agreement with that 

from hardness testing. So the next hardness peak after 

the maximum hardness peak was contributed by both the 

-255=-



eaction a! —e- at + rs "ie gt, cellular rea ag Op € and an on 

Comparing the hardness curve and X-ray diffractogram of 

alloy AlZn30Cu3Si2 aged at 100°c, the maximum hardness 

peak occurred after 4.5 hours ageing and was due to the 

formation of an phase. The first hardness increase after 

the maximum hardness peak was caused by the rapid formation 

of e« phase and the changing ol one After a long period 

of ageing, e.g. 270 hours, T' phase formed, as ate+T'+n, 

and the rate of softening slowed down, 

Because the spinodal decomposition happened simultaneously 

with decomposition of the supersaturated phase as into Ops 

¢ and T' phases, the hardness curve showed a changeable 

wave shape and on the X-ray diffractogram a sudden change ~ 

in height of the characteristic diffraction peak a! {200} 

occurred after 5 minutes ageing at 170°C, shown in Figure 62. 

During the sharp increase in hardness, a small hardness peak 

occurred due to the competition between the two decom- 

positions, and the G.P.zones gave rise to the first hardness 

peak, as shown in hardness curves at 100°C in Figure 62. 

All alloys of compositions within the phase field a+T'+e+n 

of high temperature equilibrium phase diagram will have the 

final phases 4, T' and n after ageing. The four-phase 

transformation will definitely occur during ageing processes 

according to the general rule of phase transformation. 

This four-phase transformation always gives rise to an 

increase in hardness. The results of hardness testing 

and X-ray diffraction examination showed a good agreement 

in the activation energy of the phase transformation, shown 
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in the Arrhentus plot in Figure 59. They were 33 KJ/mol 

for hardness testing and 37,3 KJ/mol for X-ray diffraction 

examination on alloy A1Zn75Cu3Si2, 

For the Zn-Al-Si system, good agreement of mechanical 

properties and transformation has also been found. 

In alloy AlZn30SiS, there existed three hardness peaks 

in the hardness/time curves for various ageing temper- 

atures. As discussed in the section on hardness results 

in the Zn-Al-Cu-Si system, G.P.zones contributed the first 

peak hardness. The other two hardness peaks were due 

to the formation of the two transitional phases on and 

a respectively. On the X-ray diffractogram of Figure 88, 

the first transitional phase a came after 8-10 minutes 

ageing at 170°C, and gave rise to a maximum hardness peak 

shown in Figure 58. After 15 minutes ageing the multi- 

peaks of the of reduced on X-ray diffractogram, while the 

hardness dropped down sharply. The third hardness peak 

occurred after 1-1.5 hours, while the simple peak of the 

second transitional phase oo was well developed and the 

matrix phase peak shifted to a' position on X-ray diff- 

ractogram. 

For alloy A1Zn60Si5, the response of mechanical properties 

to the phase transformation was similar to alloy A1Zn60Cu3Si. 

The first stage was found to be the cellular reaction, i.e. 

It was found that the supersaturated oe phase decomposed 

during or immediately after quenching, and the of phase 

was observed in the as-quenched state. As a result of 
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the cellular reaction followed by the formation of G.P. 

zones, the hardness of the alloy increased a great deal. 

Because both the precipitation of formed in the cellular 

reaction and also the formation of G.P.zones contributed 

to the hardness in only 1 or two minutes ageing at 100°C, 

the hardness testing was not able to separate these first 

two hardness peaks from each other. 

After 3 minutes ageing at 100°C, the well-developed on 

phase brought the hardness up to a maximum. As in all 

cases, the matrix a' phase was observed to develop, 

accompanied by the changing of the multi-peaks of on 

phase to a single peak of the on phase. Thereby the 

hardness curve right after the maximum hardness peak 

flattened out as a plateau, and this is shown in the 

hardness curve of Figure 57. 

On prolonged ageing, or disappeared and the n both from 

the cellular reaction and decomposition of the second 

transition phase a coarsened. This growth made it 

easier for dislocations to bow through between the precipi- 

tates, and the alloy softened further. 

Based on all these investigations of the mechanism of 

age-hardening, it became quite clear that phase trans- 

formations cause the change in mechanical and physical 

properties of alloys during quench-ageing processes, and 

therefore the change in properties can be used for tracing 

phase transformations. Any fluctuation observed on 

hardness/time curves should be associated with a phase 

transformation and/or crystal structural change. But 
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X-ray diffraction is a much more sensitive technique for 

the investigation because it is based on the structural 

change that occurs during the phase transformation. 

The response of hardness to the phase transformations 

are summarised as follows 

1. Precipitation caused increase in hardness of alloys 

2. G.P.zones always increase alloy hardness 

3. The subsequent transitional phase formations 

contributed a great deal to the hardness increases, 

usually coinciding with the maximum hardness peak. 

In other words, a sharp decrease in hardness always 

occurs when these transition phases transform to 

final stable phases 

4. The second transition phase, e.g, On often gives 

rise to a distinct hardness peak on hardness/time 

curves (i.e. inner strain hardening due to lattice 

parameters of phase changing (81)), 

5. The formation of new phases of high hardness, e.g, T' 

phase bring about an increase in the hardness value 

of the alloy. 

The mechanism of phase transformations in the Al-Cu system 

has been well investigated, and the principles of age- 

hardening have been established. The present investigation 

gives strong support to these principles. The responses 

of the properties to the phase transformations were investi- 

gated in more detail in this study by using X-ray diff- 

raction and electron microscopy techniques. 

According to the phase relationships and the mechanism of



phase transformation in Zn-Al based alloys which have 

been well established, the effect of Zn content on the 

extending of age hardening should be considered in 

several different cases. 

Within the composition range where the eutectoidal 

reaction occurs at about 276°C, the extent of age- 

hardening increases with decrease in Zn content. et 

has been found that the maximum hardness peak is con- 

tributed mainly by the first transition phase One The 

a is one of the intermediate precipitates formed from 

the metastable a, phase. Therefore the extent of age- 

hardening is mainly dependent on the volume fraction of 

ap phase in the quenched alloys. From the Zn-Al binary 

phase diagram, shown in Figure 128, the extrapolated 

lines of the monotectoidal curves, eutectoidal curve and 

terminal solid solution curve are considered as the 

(2). metastable phase boundaries According to the Lever 

Rule, zinc content controls the volume fraction of Ou 

the less Zn in the alloys, the more ap phase exists after 

the cellular reaction 

at —e at +7 
s sly 

and therefore, the more the first transition phase an 

contributes to the age-hardening. In other words, the 

higher the Zn content the lower the maximum peak hardness 

will be. 

As-quenched alloys of eutectoidal composition at s in 

Figure 128 are. located within the so-called 'coupled region' 

which is shaded in that Figure 101. According to the 

Lever Rule the a, phase from the cellular reaction is less 

=260-



than that in monotectoid alloys and contributes a lower 

maximum peak hardness. 

However, when the alloy composition is close to the zinc- 

rich end of the 276°C eutectoid reaction line, as a 

result of little an existing, the precipitates of n 

phase play the main part in causing hardening. The 

closer the composition to the zinc-rich end of the 

eutectoidal line, the greater the volume of zinc precipi- 

tates that will form and the maximum peak hardness increases 

again. Therefore the maximum hardness and over-aged 

hardness values of alloy A1Zn95Si2 are both higher than 

that of alloy AlZn75Si2 aged at 100°C and shown in Table 

18. As far as the initial decomposition is concerned, 

the full sequence of G.P.zones and transition precipi- 

tates is only possible when the alloy is aged at a 

temperature below the G.P.zone solvus. The temperature 

used for ageing alloy AlZn95Si2 is above the metastable 

solvus of G.P.zones in Figure 17. So the G.P.zones 

contained in alloy AlZn95Si2 aged at 100°C do not form 

at the higher ageing temperature and a ‘different’ mechanism 

of age hardening comes about. A large amount of Zn 

precipitates gave rise to a higher hardness than that 

in alloy AlZn75Si2. 

For Al-rich alloys of the Zn-Al-Si system (Zn content less 

than 32wt% i.e. at point T in Figure 128), the more zinc 

the alloy contains, the more the volume fraction of an 

and the less the volume fraction of matrix phase at" will 

be present. and therefore the higher the maximum peak hard- 
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ness will be, according to the Lever Rule within the 

metastable monotectoid curve, as shown in Figure 128. 

Comparing the alloys Al1Zn30Si5 and A1Zn60Si5 aged at 

the same temperature, the volume fraction of the 

transition phase an in alloy AlZn60SiS is higher than 

in alloy AlZn30SiS, as shown in Figure 128. Meanwhile, 

the cellular reaction gives rise to an increase in hard- 

ness in alloy AlZn60SiS. So the maximum peak hardness 

of alloy A1Zn30Si5S is lower than that of alloy AlZn60SiS. 

So, for Zn-Al binary and Zn-Al-Si ternary systems (as Si 

does not take part in the transformation), the composition 

near to the Al-rich terminal eutectoidal composition 

produces the greatest age hardening. The alloy of 

eutectoidal composition, S, in Figure 128 shows the 

property of superplasticity and being near to the Zn-rich 

terminal eutectoidal composition, a reasonable high hard- 

ness is also obtained. 

For ternary Zn-Al-Cu and quarternary Zn-Al-Cu-Si systems, 

instead of the eutectoidal reaction line in the Zn-Al 

binary system, the eutectoidal plane where q,8,¢ and n 

coexist at 276°C is dealt with. As discussed before, 

all alloys of composition located within the eutectoid 

plane (i.e. with 4 coexisting phases) at 276°C show the 

same sequence of phase transformations and in particular 

the first cellular reaction occurs before formation of 

G.P.zones. According to the same principle dealt with 

for the Zn-Al binary system, the closer the alloy com 

position to the q phase corner, the more ao phase will op P 
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form by the cellular reaction 

om (or8)—ea, +e 27 

Therefore, the more volume fraction of an will be obtained 

by the decomposition of Cup phase. As a result the alloy 

shows a greater extent of age-hardening. 

As in the Zn-Al binary system, a reasonable high hardness 

will be obtained during the ageing process for alloys of 

composition close to n phase corner within the eutectoid 

plane (i.e. with 5 coexisting phases) (@#+€+nw). 

Alloys near the 8 phase corner show superplastic properties. 

For Al-rich alloys (Zn content up to % phase corner of 

the eutectoid plane, i.e. 4 coexistent phases), the 

extent of age-hardening is smaller than that of alloys 

which are close to the ® corner within the coexistent 

plane. Again, according to the Lever Rule, the more 

zinc in the alloys, the more 4) will form, therefore a 

greater extent of age-hardening will occur. 

5.5.2 Tensile, impact strength, dimensional stability 

and wear property 

The responses of mechanical and physical properties to 

the phase transformations are seen in Tables 37 and 38. 

For Al-rich Zn-Al-Si alloys (Zn content up to 32wt%), 

increased zinc had a marked strengthening effect on the 

matrix phase. The tensile strength 9 and 0,2% yield 
uTs 

strength 85 2y increased from 190 N/mmn2 and 120 N/mm? 

respectively for alloy AlZn10Si5 to 296 N/mm” and 262 

N/mm2 respectively for alloy A12Zn30Si5. The elongation



and impact values decreased from 10.2% to 6.0% and 37.5 J 

to 6.0 J respectively. These changes came about because 

the volume fraction of on phase increased. 

Within the composition range where the eutectoid reaction 

occurred, the strength properties of alloys decreased 

with increase in zinc content. Alloy ZnA160Si5 had 

2 of 286 N/mm’, Fazy = 

278 N/mm? and lowest elongation, 2.5%, coinciding with 

the highest tensile strength a... 

the highest hardness, as shown in Table 18. Asein Ad= 

rich alloys, the greater volume fraction of On phase was 

taken to be responsible for the increase in strength and 

the decrease in elongation value. 

Superplastic behaviour was observed in alloy A1Zn75Si2. 

The elongation value was 73.0% and the hardness, tensile 

strength and 0.2% yield strength were relatively low. 

It was because the volume fractions of both a and n 

precipitates were not high in the alloy and a fine, 

uniform equiaxed grain structure formed after rapid 

phase transformation (°9) (60) | 

The high volume fraction of on in alloy AlZn60Si5 and 

of 1 precipitates in alloy AlZn96Si2 lead to low elon- 

gations of 2.5% and 1.9% respectively. 

For the volume fraction of a» alloy AlZn60Si>alloy 

A1Zn30Si5* alloy A1Zn10Si5, and as a result, the elon- 

gation values of these three alloys were in an increasing 

Series Wwec.ot Gb LO;2s 

With the addition of copper to Zn-Al-Si alloys, the 
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hardness increased, but the elongation of all the alloys 

examined decreased a great deal accompanied by an increase 

in tensile strength. Especially for the superplastic 

alloy A1lZn75Si2, the elongation value decreased from 

73.1% to 9.3% with an increase in tensile strength from 

IT9' -tor2z 39 N/mm? . The impact property of the alloys 

decreased, especially for alloy AlZn10SiS, from 37.5 down 

to 8.0 J. 

All these changes in properties came about because Cu- 

rich precipitates and T' phase of high hardness formed 

in alloys of the Zn-Al-Cu-Si system. 

The decomposition of supersaturated phases oe and g was 

responsible for the length contraction and major heat 

evolution, observed in other work. Because the decom- 

position of 8 phase was so rapid, the dimensional stability 

testing on 150°C ageing did not show an initial length 

change. After about 50 hours ageing at 150°C, the phase 

transformations were completed in all these Zn-Al-Si alloys 

and therefore little change in dimensions was observed. 

However, with copper additions to Zn-Al-Si alloys, the 

decomposition of the supersaturated phases was followed 

by a four phase transformation 

a 

By this means, the intermediate € phase was replaced by 

a stable copper-rich intermetallic phase T' of high 

hardness, which gave rise to an increase in length and 

hardness in An-Al-Cu-Si alloys on prolonged ageing (°8) (85). 
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A very fine two-phase structure obtained during the 

spinodal decomposition is also responsible for the 

increase in wear resistance as seen in Tables 38 and 39. 

The similar explanation to the response of the hardness 

and tensile strength to the phase transformation is suited 

1 to the wear property. More transition phase an forms for 

the Al-rich terminal eutectoid alloys giving rise to a 

lower value of wear rate and therefore to a better wear 

resistance and for the same reason by wear rate of the 

superplastic alloy AlZn75Cu3Si2 decreased from 0.64 to 

0. 46cm9/cn. With copper additions, T' phase of high 

hardness forms in the alloy and adds to the effect of Si- 

rich (oc) phase. The dispersed hard T' phase particles 

bear the loads in softer matrix phases, and therefore 

improve the wear properties. 

To summarize the relationship between the properties and 

phase transformation, it is found that different Zn-Al 

based alloys proved to be different structural materials 

which will be suitable for different commercial demands. 

It is practically possible to use different types of heat 

treatment to improve the mechanical and physical properties. 

For example, the Al-rich terminal eutectoid alloys show 

high tensile strength, high hardness and good wear property 

due to a great deal of oT formed in the spinodal decom- 

position. However, as phase transformations last a long 

time, one may apply two steps of ageing to take the bene- 

fits of transition phases ar and or in using this alloy 

with oil lubricant agent at low temperatures in which 
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condition the thermodynamically unstable transition 

phases an and Cn are actually stable kinetically. For 

superplastic alloys, it is better to use the two steps 

($4) | and with small of ageing to get the stable phases 

amounts of copper addition the hardness, tensile strength, 

and wear property of the alloys are apparently improved 

at the expense of the elongation and impact properties 

which are not important as far as the tribological and 

mechanical properties are concerned. 
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CONCLUSIONS 

The Si-rich terminal solid solution was found in 

both Zn-Al-Si system and Zn-Al-Cu-Si system. The 

composition of Si ino phase at various temperatures 

are about 96% Si. In Al-Si binary systems, the 

saturated solubility of aluminium in silicon at 

$50°O is 2.4% Al (97483 Si). 

The isothermal sections of Zn-Al-Si system at 

350°C, 300°C, 280°C, 272°C and 230°C are constructed 

asin’ Figures 35, 39. In aluminium 'rich' solid 

solution a the lattice parameter a,(f.c.c.) decreased 

from 4.044 8 to 4.021 8 with increasing zinc up to 

about 33% Zn. In Si-rich solid solution o, the 

lattice parameter a, (Diamond cubic) increases from 

5.401 8 to 5.430 R. Zinc-rich phase n has a close 

packed hexagonal structure with an 2.675 R, 

c, = 4.691 & and c,/a, = 1.855. 

The isothermal sections of Zn-Al-Cu-Si systems at 

350°C, 300°C, 290°C, 285°C, 280°C and 275°C are 

constructed as in Figures 51, 56. The four phase 

transformation was determined at T = 285°C as follows : 

6 + T's @ + € 

Both 8 and ¢€ in Zn-Al-Cu-Si system are unstable at 

low temperature. The 8 phase decomposes at about 

276°C while « at 268°C. The 8 phase is found to 

decompose during or immediately after quenching. 

The lattice parameter of n and € phases are as follows 
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i " n phase a, = 2.6718 c, = 4.9468 e5/8, a 1.852 

€ phase a, = 2.7678 Cons 4.2898 cy/ay 1.550 

Among Zn-Al based alloys with small amounts of 

silicon and silicon together with copper, those of 

compositions in five ranges, i.e. Al-rich, monotectoid, 

eutectoid in the Zn-Al-Cu-Si system and Al-rich, 

monotectoid in Zn-Al-Si system, show pronounced 

age-hardening responses, as shown in Figures 57,64. 

Distinct increases in hardness occur at the different 

stages of phase transformation. The response of 

hardness to the phase transformations are summarised 

as follows 

1. Precipitation causes increase in hardness of alloys. 

2. G.P.zones always increase alloy hardness. 

3. The subsequent transitional phase formations con- 

tributed a great deal to the hardness increases, 

usually coinciding with the maximum hardness peak. 

4. The second transition phase, e.g. on often gives 

rise to a distinct hardness peak on hardness/time 

curve. 

5. The formation of new phases of high hardness, e.g. 

T' phase bring about an increase in the hardness 

value of the alloy, 

The pronounced response to age-hardening on adding 

small quantities of copper to the ternary Zn-Al1-Si 

system was evident, the maximum hardness peak in- 

creased about SO VPN. 

In both the Zn-Al-Si and Zn-Al1-Cu-Si systems, the 
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10. 

1s 

Tz. 

positions of peak hardness in hardness/time curves 

moved to shorter times with increases in zinc in 

the Al-rich a phase (e.g. for alloys AlZn10Cu3Si2, 

A1Zn10Si5, AlZn30Cu3Si2, A1Zn30Si5, A1Zn60Cu3Si2 

and AlZn60Si5), and the maximum hardness peaks de- 

creased and was recorded at shorter time as the 

ageing temperature increased. 

The activation energy of hardening of alloys in 

Zn-Al1-Si system were calculated as 79KJ/mol for 

alloy AlZn30SiS and 61KJ/mol for alloy A1Zn60SiS. 

The activation energy of hardening of alloys in 

Zn-Al-Cu-Si system were calculated as 69KJ/mol 

for alloy AlZn30Cu3Si2 and 51KJ/mol for alloy 

A1Zn60Cu3Si2. 

The cellular reactions were for the first time 

observed before the formation of the G.P.zones in 

alloys of monotectoid and eutectoid compositions 

in Zn-Al binary alloys and Zn-Al based alloys with 

small amounts of silicon and/or copper as follows ; 

ay Core) = On + 7 for Zn-Al and Zn-Al1-Si alloys 

oe (or 8) > Oh tis + for zZn-Al-Cu and Zn=Al-Cu-Si alloys 

About 70% incoherent precipitate of € or Nn phases 

formed in this cellular reaction. It was character- 

istic of the appearance of the distinct lamellar 

structure. The cell nucleation and growth is one 

of the most important modes of formation of incoherent 

precipitates. The cellular reactions were according 

to the horizontal eutectoid at about T = 276°C rather 

than T = 340°C.



13. 

14. 

1s 

For Zn-Al based alloys, the spinodal decomposition 

was one of the most important transformations which 

occurred in the quench-ageing process. 

All alloys of compositions within (4+T'+) phase 

field at about 270°C in both Zn-Al-Cu and Zn-Al-Cu-Si 

systems have the four phase transformation as the 

final stage of the ageing processes 

aO+€ —» T' +7 

The activation energy of the four phase transformation 

in alloy AlZn75Cu3Si2 is 33.7KJ/mol deduced from 

hardness testing, or 37.4KJ/mol calculated from the 

fraction transformation curves, shown in Figure 66. 

For alloys of compositions in various ranges in Zn-Al, 

Zn-Al-Cu and Zn-Al-Cu-Si systems, the mechanisms of 

the phase transformations during quench-ageing are 

as follows 

1. For all alloys of compositions within the (a+8+e+n) 

phase field in equilibrium phase diagram of both 

Zn-Al-Cu and Zn-Al-Cu-Si systems at about T = 276°C, 

the sequence of phase transformations during the 

ageing process is as follows 

  

  

ws € a 

ag (org) o- n n n 

a" —. a! 
a4—»G.P.zones— ™ a 

: sr alll ro a 
ag £ 

2. For alloys of compositions within the eutectoid 

horizontal of Zn-Al and Zn-Al-Si systems at about 

-271-



16. 

Les 

T= 278°C, the sequence of phase transformation 

during ageing processes is as follows 

  

n n 
a al (or BS 

u oP S$ a —e op G zone oe a. a 
m 

' 
Ss 

" al ag 

For alloys of compositions between op (lee. Alerich 

terminal eutectoid) composition and the composition 

on the G.P.zone solvus surface shown in Figure 17 

at ageing temperature in both Zn-Al-Cu and Zn-Al-Cu-Si 

systems, the sequence is as follows 

    

  

  
  

‘EY 4a 

va fe € alt 

N ees 
ap —G.P. zones T mm 

ques 

' " att oe G.P.zones CA ee 

att 

For alloys of composition between on (se, Al-rich 

terminal eutectoid) composition and the composition 

on the G.P.zones solvus line for Zn-Al system, or 

the G-P.zones solvus surface for Zn-Al-Si systems, 

at ageing temperature the sequence is as follows 

t— G.P.zones —-Q" —. as ° on ee) 

The addition of a small amount of copper retarded the 

ageing process in Zn-Al based alloys. 

The sequence of phase transformation in quench ageing 

process depends on the quench rate and temperature 
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18. 

19. 

20. 

and the composition of alloy, i.e. the intrinsic 

phase relationship. 

The mechanism of phase transformation in an alloy 

represents a general pattern of phase transformation 

for one phase field. 

Correlating all these mechanisms of phase trans for- 

mations with the equilibrium phase relationship, the 

general rule of phase transformations of supersaturated 

solid solution of alloys is summarised as follows 

"Phase transformation of a supersaturated solid solution 

of an alloy begins with decomposition of the super- 

saturated phase, which is associated with some phase 

equilibrium at high temperature. Then it is followed 

by one (or more) phase transformation(s) which agree 

with all these phase equilibria with the alloy after 

the first associated phase equilibrium at the high 

temperature. Steps of intermediate transformation 

with a low activation energy barrier, such as the 

formation of G.P.zones or other transitional phases 

etc. could always be involved in the whole process 

of phase transformations. The higher the degree of 

supersaturation, the more transitional phases may 

occur. The final product of ageing must be the stable 

phases, if the kinetics allow this to be reached'. 

For alloys with low temperature eutectoid equilibrium, 

the cellular reaction corresponding to the eutectoid 

equilibrium is more likely to occur prior to the 

formation of 6.P,zones. 
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21. 

22. 

23. 

24. 

25. 

26. 

The G.P.zones and R phase (i.e. on or an phase) 

solvus in Figure 17 imply the sequence of the 

spinodal decomposition which could always be 

an important part of age-hardening. 

According to the general rule, it becomes possible 

to predict what kind of phase transformation will 

occur in non-equilibrium processes based on the 

understanding of the phase relationships in equili- 

brium. 

The phase equilibrium at relatively low temperature 

can be established by tracing the phase transformation 

in quench ageing, i.e. the non-equilibrium processes. 

Transmission electron microscopy investigation shows 

in alloy A1Zn30SiS the precipitates in G,P.zones are 

elongated parallel to a [110] direction in the (412) - 

oriented region, as shown in Figure 90. The average 

fringe spacing between rod-shaped precipitates is 

about 2000 8. 

When the first transition phase on is developed, 

discontinuous precipitates (striated)adjoining a 

grain boundary was observed. The directions of 

growth of the precipitates are [100] and [111] in 

(011) - oriented plane, as shown in Figure 94. 

In alloy A1Zn30Si5, the segmentation of the second 

transitional phase ot (£.c.c.) shape of lamellae is 

caused by the oriented concentration of zinc atoms 

within the lamellae with small interlamellae spacing. 
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28. 

29. 

30 

In alloy AlZn60Cu3Si2, because the lattice parameter 

of the matrix decreases due to the copper atoms 

existence, the strong strain field between lamellae 

and the matrix phase reduced and therefore the broken 

short phenomenon disappears. In both alloys, the 

shifting traces of zinc atoms were observed inside 

the lamellae. 

The second transition phase on had the £.c.c. 

structure. The chemical compositions of both 

oriented zinc concentrated and the matrix phase 

were determined as follows 

on $0.57 at % Al 49.43 at % Zn 

at 85,62 at % Al 14.38 at % Zn 

In both alloy A1Zn30Si5 and AlZn60Cu3Si2, considerable 

coalescence of precipitates occur at over-ageing stage 

accompanying with decrease in hardness. 

Within the composition range where the cellular 

i ' + gt + t{+aqlh +e + reaction a! T N or a ep € n occurs 

the extent of age-hardening increases with the 

decrease in zinc content, while the rate of trans- 

formation in ageing increases with the increase in 

zinc content. 

The decomposition of supersaturated phases aS and 8 

was responsible for the length contraction and 

major heat evolution. 

After shrinkage reduced by decomposition of super- 
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31. 

32. 

saturated solid solution in the early period of 

ageing, the Zn-Al based alloys with additions of 

small amounts of silicon show a good dimensional 

stability. 

The formation of the transition phases g/ anda, 

appears to be responsible for the increases in 

hardness, tensile strength and wear resistance etc., 

properties. The alloys of compositions close to 

Al-rich terminal eutectoid, show the greatest increases 

in these properties, while the alloy of s, in Figure 

128 show the property of superplasciticy. 

Zinc-aluminium based alloys, especially those with 

small amounts of copper together with silicon, proved 

to be a good bearing material, The addition of 

small amounts of copper changes phase relationships 

of zinc-aluminium alloy. The T' phase of high 

hardness increases the hardness, tensile strength 

and wear resistance of the alloys at expense of the 

elongation and impact properties, Combining the 

effect of T' phase and Si-rich (oc) phase on these 

properties, the alloys of monotectoid and eutectoid 

composition are supposed to be the superior bearing 

materials of high tribological and mechanical 

properties. 
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FUTURE WORK 

The mechanisms of the Zn-Al binary alloys of 

composition in various ranges and the Zn-Al 

based alloys with additions of small amounts 

of silicon and/or copper have been well deter- 

mined by hardness testing and X-ray diffraction 

examination and TEM observation. But more 

detailed TEM investigation on structural change 

of these alloys would be necessary to explain 

the change in physical and mechanical properties 

by alloying and heat treatment. 

It has been suggested that the additions most 

likely to be useful would be Mg, Cu, Ag, Si, Fe, 

Mn, Ni and Li to improve the physical and mechani- 

cal properties and among these additions of magnesium 

showed the outstanding effect. Detailed investi- 

gation of the mechanism of Zn-Al based alloy with 

addition of small amounts of Mg, and Mg together 

with Cu and Si will be able to provide some of the 

best compositions of alloys with high tribological 

and mechanical properties. 

Correlating the well-established equilibrium phase 

diagram and the detailed investigation of mechanism 

of phase transformation in the Zn-Al based with 

addition of small amounts of silicon or silicon and 

copper, the general rule of phase transformation 

of supersaturated solid solutions has been summarised 

based on the thermodynamical and the kinetic 
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consideration. This general rule is supposed to 

suit other alloy systems. In order to improve 

the correctness, one or more alloy systems should 

be investigated in the same way as that presented 

in this work. 
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