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THESIS SUMMARY

The fatigue behaviour of the cold chamber pressure-die-cast alloys: Mazak3, ZAR,
ZA2T, M3K, ZABK, ZA2TK, K1, K2 and K3 was investigated ai temperaiure of
20 °C. The alloys M3K, ZABK and ZA27K were also examined at iemperatures of
50 and 100 °C. The ratio between fatigue strengih and tensile strengily was
established at 20 °C ar 107 cycles. The fatigue life prediction of the alloys MK,
ZA8K and ZA27K was formulated at 20, 50 and 100 °C. The prediction formilae
were found to be reasonably accuraie. All of the experimental alloys weis

heterogeneous and contained large but varying amounts of pores. These pores
were a major coniribution and dominated the alloys fatigue failure. Their effent,
however, on tensile failure was negligible. The ZA27K posessed ihe highse
tensile strength but the lowest fatigue strengih. The relationship between fhe
fracture topography and the microstructure was also determined by the use of a
mixed signal of a secondary electron and a back-scattered electron on the SEM.
The tensile strength of the experimental alloys was directly proportional to the
aluminium content within the alloys. The effect of copper content was also
investigated within the alloys K1, K2, ZA8K and K3 which contained 0%, 0.5%,
1.0% and 2.0% respectively. It was determined that the fatigue and tensile
strengths improved with higher copper contents. Upon ageing the alloys Mazak3,
ZA8 and ZA27 at an ambient temperature for 5 years, copper was also found io

influence and maintain the metastable Zn-Al ( o )phase. The copper free Mazakd

upon ageing lost this metastable phase. The 1.0% copper ZA8 alloy had lgst
almost 50% of its metastable phase. Finally the 2.0% copper ZA27 had merely lost

10% of its metasiable phase, The cph zinc contained a limited number of slip

Zinc-Aluminium Alleys.
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22 M cycles. b) Back-scattered image of (a).

High magnification of Figure 159.

SEM. Back-scattered image of cross-section. ZA27K
65 MPa at 20 °C/stopped at 30 M cycles.

SEM. Back-scattered image of cross-section. ZA27K
106 MPa at 20 °C/1.4 M cycles.

SEM. Back-scattered image of cross-section. ZA27K
131 MPa ai 20 °C/241 k cycles.

SEM. Back-scattered image of cross-section. ZA2TK
72 MPa at 100 °C/300 k cycles.

High magnification of Figure 164,

SEM. Secondary electrow/back-acatiered eleciron. ZA2TK,
tensile fracture sample.

High magnification of Figure 166.

SEM. Back-scattered image of cross-section. ZA2TK
tensile fracture.
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CHAPTER 1

1.0 INTRODUCTION

In the industrial world today zinc aluminium based alloys are considered to be of the
utmost importance. Zinc aluminium die cast components can be seen in a muliijude
of applications ranging from the very simple to the very complex. These alloys
possess numerous advantages to the manufacturer; mainly a low melting poini, Mgh
strength, corrosion resistance, and above all excellent castability. Indeed the fluidily
of the zinc alloys is very high and this important property assurves that with coires|
die design there is almost no limit to the complexity of shape or intricacy of suiface
detail which can be faithfully reproduced in castings with a full degree of soundness.
Mast research to date has concentrated on the casting of these alloys; the mechanieal
properties and siructure/properties relationships have recieved very litle aifeniion.
Surprisingly, little or no research has been carried out on their fatigue properties. It
is important to study the fatigue properties of zinc-aluminum alloys in order to enable
designers to design against fatigue. The past has demonstrated how fatigue failure
can give rise to unfortunate situations and even disasters. Furthermore, with
increasing dependance today upon modes of transport, machinery and structural
design, it is vital to ensure that the risk of fatigue failure is reduced, or ideally,
eliminated. This investigation has focused upon the structures and properiies of aines
aluminum alloys with an emphasis on their fatigue properties. Ultimaiely, (iis
research may be useful in helping to develop better fatigue-resisting zinc-aluminum

alloys.
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CHAPTER 2

2.0 Development of Zinc-Aluminium Die-Casting Alloys,

Zinc diecasting became recognised in 1929 as a reliable manufacturing method.
Today this method is widely used in industry. Before 1929 all attempis ai zinc
diecasting failed. These castings appeared at first to be satisfaciory, but in many
cases, rapid deterioration set in after a few months of service and the resulis wers
disasterous. The history of the present zinc diecasting alloys and the siruggle (o
prove their suitability was observed and recorded by Evans(1). The cause of failurs
in these early alloys was traced by Brauer and Price(2). They discovered thal fhe
failure was due to intercrystalline corrosion caused by the presence of impurities
such as lead, tin and cadmium. Consequently, Brauer and Price(2) sivessed the vss

of a high grade zinc as a basis for the die casting alloys. The highest grade of #ne

available commercially had a purity liitle above 99.90% and confained ahoiii 0.08%
lead and 0.02% cadmium.When 99.99% pure zinc became commercially available a
new alloy was put forward.This alloy contained 3.5-4.3% Al, up to 3.5% Cu and
0.03-0.08% Mg (Zamak2) and the danger of intercrystalline corrosion had been
eliminated .The presence of copper in this alloy bestowed strength and helped 1o

restrain intercrystalline corrosion. Later, the alloy suffered from ageing changes

resulting in the loss of strength and dimensional changes. Copper was found 1o be

the cause of the ageing problems. In the year 1930 a new copper-free alloy. wag
introduced called Zamak 3.This alloy contained 4% Al and 0.04% Mg“«@ﬁﬁmﬁ? wag
no longer needed to prevent intercrystalline corrosion and the alloy. offered more
reprodﬁcibility with respect to mechanical properties and dimensional stalilify:
Another very important commercial alloy was introduced. This alloy e’;mﬂmﬁ?ﬁﬁ%@ﬁ :
between the initially sironger and harder Zamak 2 and the mare sfable Zamak 3.
alloy contained 1% Cu, 4% Al and 0.03% Mg and was named Zamak 3;@(‘ 'f
afore-mentioned alloys (3), Zamak 2 has now Tost iis popularity and anly &

and Zamak § alloys are of importance today. Tt was in 1943 when il
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Sténdards Institution produced a specification ( B.S.1004 ) covering Ma:zak Jand
Mazak 5 ( Alloys A & B ). Alloys 3 and 5 have now been used for decades in a
multitude of engineering applications.They show a unique combination of properties
which permits the rapid economic casting of strong, durable, accurate paria. The
advantages of Alloy 3 and § over other die casting materials (e.g Aluminium and
Magnesium alloys ) lie in their castability, their strength and their durability. This
means that they require less finishing, that is the dimensions can be held (o lower
tolerances, and that the die life for zinc die castings far exceeds that of oiher die
casting materials. Furthermore, their production raie is much higher (4),

Table 1 (5:6) shows the nominal compositions of these alloys. Their properties and
performance are excellent,with one exception ; resistance (o deformation (creep) In
applications involving sustained load at temperatures ahove 100 °c(7), The
International Lead Zinc Research Organization, TLZROM) concentraied thelr rensarcly
upon the development of a pressure die casting alloy thai would have high cresp
resistance, without sacrificing the other excellent properties of Alloy 3 and 5. In the
mid-1960s, ILZRO developed an alloy (ILZRO 14) which was then further
developed into a superior alloy (ILZRO 16), the composition of which is shown in
Table 1. In terms of creep resistance, ILZRO 14 and 16 are superior(g) to the alloys
3 and 5, due to their alloying constituents of Ti and Cr. These elements with Wgh
melting points form a fine eutectic intergrowth of intermetallic Ti Zn ;5 compound
particles with zinc (9-11), The presence of such particles created an effective barrier

to grain growth and increased the étructural stability and creep resigtance by

eliminating substantial numbers of high energy, mobile grain boundaries (1011,
The room temperature mechanical properties of alloys TLZRO 14 and 16 are inferiar
to those of Mazak 3 and 5 (4,8) and their low aluminum confenis anly %@fifﬁw ﬂewﬁ i
be cast by means of cold chamber die casting techniques. The reason for adapiii
such techniques is that, unlike alloys 3 and 5 ( which are casi in 4 T ﬁ?iﬁmiﬁﬁ? |
casting machine), ILZRO 14 &16,with their low aluminum confenis, woawld %l@%ﬁ

dissolve iron, i€ left in contact with the steel plunger aleeve and casl fran gaae
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of a hot chamber machine, and continuously immersed in molien zinc in the

furnace.In a cold chamber machine, the furnace pot holding the molten metal s nof
an integral part of the machine. This drawback to ILZRO 14 & 16 is the reason why
they are not widely used.

Tn 1962(12) a new alloy ILZRO 12 was developed. This alloy was introduced ag &
high strength alloy and contained 12% Al. The alloy was then modified io improve
its non-sparking properties by reducing the Al content to 11%. The Naranda
corporation{13) then continued the development of further new alloys for ILZRO
and in the late 1970s introduced ZA8 and ZA27. These new alloys, along with
ZA12, offer exceptional high sirength and versatility. They can he made inia
components which can withstand high stress.Previously, such componenis wera
made from iron , aluminum or brass castings. The suitability of ZAR and ZA 13 {oy
pressing and fabricating and their non-sparking properties, make them suliable far
applications in hazardous environmenis such as coal mining and peiraleum planis.
Table 1(14) shows the compositional ranges of these alloys according to the ASTM
and the B669-82 ingot specification. Table 2 shows the mechanical and physical
properties of these new alloys in comparison with brass, aluminum and cast iron,
Although these new alloys were first introduced as sand and gravity cast alloys, they

were also produced by the cold-chamber pressure diecasting process. In fact the

properties of these alloys were found to be at their best when they were produced by

the pressure die casting technique later it was found that the low meliing point and

the lTow aluminum content of alloy ZA8 allowed it to be produced by:‘ii’i@

conventional hot chamber die casting technique thus greatly impurity 118 miﬁf‘i’i%’f@f@%i

acceptance(Mr]S). ‘
Within the new family of ZA alloys, ZA27 possesses the highest &iﬁf@ﬁgi’ﬁsaﬁéﬁ .
hardness, followed by ZA12 and ZA8 respectively (Table 2). Table 2 alao iﬁ%ﬁi%
that the tensile strength of ZA27 is not significantly affected by the casfing i’ﬁ%ﬂf ‘_
but in the case of ZAR and ZA12 it appears that their tenaile atrengih ﬁhﬁ fdl
are higher when produced by pressure die-casting. There 16 a §0% fmm‘m’@ﬂ‘l%ﬁ?

ihe
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tensile properties of the pressure die cast ZA8 and ZA12, compared with the gravity
cast ZA8 and ZA12. This improvement is due to a microstructural refinement,
resulting from the rapid cooling rate characteristics of the diecasting process (14),
Murphy, Hill and Durman (16) have investigated the effect of temperaiires in ihe
range 20 to 260°C on the tensile properties of pressure-diecast Alloy 3, ZAR and
ZA27, as shown in Figure 1, 2 and 3.

Figures 1 and 2 show that the ultimate tensile strength and the proof siress of ihess
alloys decreased with an increase in temperature. The rate of decrease was found io
be proportional to the aluminum conient. At 160 °C and 165 °C, the properties of the
alloys were virtually equal. Figure 3 shows the elongation properties of these allaya
with different temperatures. The rate of increase in the elongation of ZA27 alloy wan
very slow helow 100 °C but at higher temperatures, the rate of increase exhibited the
expected characieristics of the superplasticity of the alloy (ZA27).

Alloy 3 exhibiied a different behaviour fo the ZA27.There was a rapid infiial vise In
elongation, but this increase peaked between 150-200 °C and decreased thereafter.
ZAR’s elongation behaviour exhibited an elongation range between those of ZA27
and MAZAK 3. It elongated in a very similar manner to that of ZA27 up to a
temperature of 150 °C, and then peaked at about 200 °C. Then it decreased in a
similar manner to that of Mazak 3.

Loong(17) carried out tensile tests on Mazak 3, Mazak 5, ZA8, ZA12 and ZA27.Hin
results, referring to alloys Mazak 3, ZA& and ZA27, match those of Murphy, Hill
and Durman. In the case of Mazak 5 and ZA12, Loong found that their tengils
strengths lie between those of Mazak 3 and ZAS and ZAS8 and ZA27 respectively; a
expected. The elongation behaviour of ZA12 was similar to that of ZA&. On fhe @i’j‘i@?

hand, the elongation hehaviour of Mazak 5 was similar io thai of ZA27,
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2.2 The Effect of Copper & Magnesium additions to the Zn-Al Alloys

Investigations have been carried out on the effect of Mg and Cu as alloying elemenis
on the Zn-Al alloys.Investigators such as Youdelis & Dallin(18) have reparted thai
magnesium and copper of 0.25% and 3.0% respectively alloyed with zinc conialning
30 - 50% Al, can decrease the rate of decomposition of the high temperature phaaes,
therefore affecting the mechanical properties of the zinc alloy after solution hieaf
treatment. They reported a significant increase in strength and hardness, but the alioy
suffered a decrease in ductility. The work of Youdelis and Dallin was assisied by 4
high temperature X-ray diffraction technique to study the decompaosition rates in ihe
zinc-aluminum alloy powder, which was annealed in a helium atmosphere at 400 *C
in a high temperature diffraction chamber and then cooled on-site io the desired
transformation temperature by a helium gas stream directed anto the pawder sample.
They recorded the progress of the isothermal decompogition and observed (ke
integrated intensities of the [101] diffraction peak of the cph n phase ( zine ), and the
[200] peak of fcc o phase ( aluminium ).It was reported(w‘zz) that, depending on
quenching and tempering treatments, the super-saturated solid solution in Al-Zn
alloys high zinc content decomposed into two stages with formation of : a) an
equilibrium 1 phase ( hep lattice ) and b) quite a stable but strictly metastable o
phase enriched with zinc ( fcc ,a = 3.98 A ) It was also reported that(23) & amall

addition of magnesium to alloy Al +50 Zn delays the formation of the equilibirium T

phase .
Toldin, Burykin and Kleshchev investigaied the effect of magnesium on M@%w
alloys containing 60 and 73 wi% Zn both without and with an addition of 1wi% Mg
during ageing at 150 and 240 °C. They reported that there are fwo alages ?ffi? ’i‘h%
decomposition of the supersaturated solid solution in these alloys ; # métaifalile 'y -
phase is formed in the first and finally decomposed in the second. The ?ﬁ#"fgﬁ%gmm
¥

suppresses the development of an equilibrium 1 phase , as a resulf of which

stages take longer and the metastable o phase enjoys a preferred devel ﬁsi%mézv ;
Magnesium has limited solubility in pure zin¢ (24), Jess than 0.01% va%%sﬁ%? d




Furthermore, its solubility in the Zn-Al is limited.For example, its solubility in the
Zn-22% Al eutectoid alloy at 275 °C is 0.025% (25) and even at this small
percentage it limits the amount of solute strengthening A further increase in the
magnesium level results in the formation of (' phase which is based on ihe
intermetallic compound Zny; Mg, (26) Magnesium is mainly used as an alloying
element in the range of 0.02% and 0.1% (27,28) 10 improve the hardness, U.T.§
and créep strength (27,29) as well as to retard intergranular corrosion. The addition
of magnesium strongly influences the kinetics of the eutectoid transformation on ihe
TTT diagram. The presence of magnesium and copper in the Zn-22% Al alioy,
causes an increase in the temperature of the "nose” of the TTT diagram, but the e
for the initiation of the decompasition is virtually unchanged (30), However, ihe
time for the completion of the decomposition is dramatically increased(31) {vom &
presence of magnesium modifies the decomposition of a hyper-euiecioid alloy &
room temperature because the formation of the zinc rich n phase is depressed initially
and the aluminum rich o phase is developed preferentially (33) In the case of alloy
No 3 ( Zn-4% Al‘ ) there is an increase in the transition temperature due to
magnesium (34) Magnesium additions reduce the fluidity of Zn-Al alloys, and thia
could be due to the fact that the magnesium strongly influences the oxidation rate of
molten zinc-based alloys (35-39),

The solubility of copper in zinc metal is limited, some indications of the likelihood af
precipitation can be inferred from various solubility figures including 1%Cu ai 300

o¢ (40) 1.206Cu at 275 °C(41), 2.8%Cu at 375 °C41) and 2.5%Cu at 400 C{40)

Solubility in the a phase of Zn-Al alloy is, however , considerable. Moreaver; the
addition of copper to the Zn-Al alloys, increases the strength of these alloys and 1§ -
regularly utilised over a wide range of aluminum levels. The presence of %@iﬁ;@?ﬁﬁﬁ “
these allaya can only be chasen to a compromised level between possilile iﬁ@mﬁi@ |
ultimate tensile strength and hardness and decrease in ductility, while bearing in w

its influence on other properties such as castability, dimensional siahility, ﬁmw
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resistance, creep resistance and fracture toughness(42’43)n It should also be
remembered that the effect on the properties is also influenced by the relevant level of
magnesium presence. The mode of formation of the o phase dendrites in the as casi
structure for hyper-eutectic Zn-Al alloys can be affected by varying the copper
content .A study of the influence of 1wi%Cu and 0.2 wi%Mg on the heat evalution
and structural changes of Al-40 and Al 50wt% Zn alloys during isothermal ageing &
30°C and continuous heating up to 400 °C was made by Zahra, Zahra, Dutkiewics
and Ciach(44), from their results they reported that at 30 °C, mainly metaatakle
phases appear in Al-40% Zn alloys, at still higher zinc content, the discontinuous
precipitation of the equilibrium phase competes with the continuocus precipiiation
mechanism. The amount of metastable phases formed during room temperanire
ageing increases when the Al-50% Zn alloy contain a small amouni of magnesium
and copper. They also concluded that magnesium and copper additions Hmii ilie
extent of discontinuous n precipitates, magnesium being the more efficlent. This
may be due to the trapping of vacancies and/or the formation of 1’ precipitates in

magnesium containing alloy, or to a copper rich transition phase in copper containing

alloys which hinders the discontinuous precipitation front.

2.3 The Effect of Other Alloying Elements and Impurities.

2.3.1 Manganese.
The solubility of manganese in zinc is 0.47wt% at 400 °C (45 ihis solubility

decreases when decreasing the temperature, and at room temperaiure the solubility is
very small, and it gets smaller when the zinc is alloyed with aluminum. It has beai
reported(46) that in the case of alloy No 3, the solubility of manganese ai 350 °C {
0.0013% and 0.0006% at 420 °C. Therefore the use of manganese as alloying

element is very limited.

2.3.2 Silicown.

Silicon is virually insoluble in pure zinc as well aa in Zn-Al alloys (47 s%i?ﬁ“ »k
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present of silicon as low as 0.02% increases the ultimate tensile strength, but

drastically reduce the elongation and impact properties (49),

2.3.3 Titanium.

Titanium has only a limited solubility in zinc and forms a zinc-rich compound with
an eutectic at about 0.11% Ti. However this compound decreases the grain size of
cast zinc. The effect of titanium on the ultimate tensile strength and hardness is
negligible while it increases the creep resistance, especially with the present of

copper (50 in the Zn-Al alloys.

2.3.4 Lead and Tin

Lead and tin are considered to be impurities and should not exceed 0.07% and
0.05% respeciively. The solid solubility of lead in zinc ia very low and iis pressnce
in the Zn-Al alloy result in a massive corrosion which can spread quickly along e
grain boundaries. The presence of copper and magnesium in the Zn-Al alloys
increases the amount of lead and tin which can be tolerated due to the formation of

intermetallics which trap these heavy metals.

2.3.5 Cadmium.

The presence of cadmium exceeding 0.005% can be very harmful, as it affects bﬁﬂfi

the castability and the mechanical properties. It is not clear however as (o whether or

not cadmium encourages intercrystalline corrosion.

2.3.6 Tron.
The presence of iron to a degree of more than 0.02% can be harmful, as It tonde o
form a compound with the aluminum with a composition close fo e Aly. .
2.3.7 Other impurities.

e}

Arsenic, indium, antimony, bismuth and mercury should all be avalded ay

cause intercrystalline corrosion.
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2.4 The Equilibrium Phase Diagrams.
2.4.1 The Zinc-Aluminium Binary System.
Aluminium is added to zinc for increasing strength, reducing grain size and
decreasing the rate of attack of zinc on iron and steel parts of a diecasting machine or
mould. On the other hand aluminium increases the fluidity of the zinc and resulis in
improved mechanical properties (51). Anderson's(52) evaluation indicaies ai boih
extremities a constitutional condition favourable for the production of useful aljoys:
There is far-reaching solid solubility of zinc in aluminum and limited solid solubility
of aluminum in zinc. The equilibrium diagram of Figure 4(53) shows a eutectic allay
of composition 95% Zn, 5% Al, melting at 382 °C. At the euiectic temperature thers
occurs the simultaneous solidification of a solid solution of aluminium in zine, wiih
the closed-packed hexagonal lattice of zinc, and a zinc-aluminium solid solution of
face-centred cubic structure. Af the euteciic femperature the solubility of aluminium
in zinc is 1.14% falling to 0.05% ai 20 °C .

The face centred cubic structure 3 containing up to 83% zinc at the eutectic
temperature is stable only at temperatures above 275 °C. At this temperature 3 phase
containing 78% Zn undergoes an eutectoid transformation into a zinc rich n phase
with about 0.7% Al in solid solution and an aluminum rich solid solution of fec o
containing 30% Zn .

The possibility of a peritectic reaction with 78% Zn at 443 °C remains unsetfled(54-
56), Workers such as Owen, Pickup(57) and Elwood (58,59) failed 1o setile fhe
argument of such possibility, and other workers such as Fink, Willey (60) and
Sutherland (61) later denied the possibility of the peritectic reaction at 443 °C,
explaining the phenomenun of thermal arrest as due 1o a rapid change in compaaiiin
of the o’ solution along the solidus.

Sl the Zn-Al binary phase diagram shown in Figure 4 was not sailafactory 1o
workers such as Presnyakov et al (62), Goldak and Parr (63), wha disagresd witlh
Sutherland. Presnyakov carried out investigations on the Zn-Al system and cams ouf

with certain modifications to the sysiem chiefly a peritectic reaction, Freanyakavi
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modifications to the Zn-Al system as shown in Figure 5(62) were confirmed by
Goldak, Parr and so many others up till now. Presinyakov reporied the existence of
a peritectic reaction at 443 °C, he also reported that a § phase distinct from the o
phase existed, and involved a discontinuity in the high temperature solubility of zine
in aluminium. In 70% Zn, at 340 °C, Presinyakov found a second euieciold
decomposition of the a’ phase into a + . From Figure §, the alloy is at the liguid
state going through different phases as the temperature drops, the symbol o is ile
aluminum rich phase, of is the zinc-rich phase in the aluminium side (monotecioid },
f is the zinc-rich eutectoid phase, 1y is the zinc-rich phase in solid solution.

With 70% Zn ai 443 °C, both the liquid and the aluminium-rich phase o transfom
into P ( peritectic reaction ), while at 95% Zn at 382 °C the lquid transformed inis
B+m.

Between the temperatures of 443 and 340 °C a narrow gap (63) of o + f iakes place
and extends from 69.5% i 70.5% Zn

In 78% Zn at 275 °C ( eutectoid temperature ) the P phase decomposes into o + 17 .

Table 3 shows the solid solubility of zinc in aluminium(64),

TEMPERATURE °C | SOLUBILITY ( % wt )

kLIRS Bl
443 0.0

Table 3. The Solid Solubility of Zinc in Aluminjum(69)
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2.4.2 The Binary Zn-Cu System

Alloys of Zn-Cu containing up to 45% Zn are known commercially as brasses.
Figure 6 shows the Zn-Cu equilibrium diagram, from this Figure it is seen thai ag ihe
amount of zinc increases, the solidified and cooled alloy changes from o ( fec ) o

a + {3 phases at around 40% Zn, and to f phase ( bee ) alone as it approaches S0%
Zn. With further increase of zinc beyond the composition of the f phase, fhere
occurs an o phase which is a compound of zinc and copper. The work reporied in
this thesis is concentrated only on alloys containing up to 29 Cu, therefore anly ong
part of the Zn-Cu diagram is involved, ie the zinc corner is considered in deiail,
Upon ageing the supersaturated solid solution of 1y phase precipiiate inio the € phaae,
Both the € and the 1) phase have essentially the same crysial structure and the lailice
spacing as follows :

£: a=2735A  c=4.285A a1 21% at % Cu (65)

n: a=2.668 A c¢=4.870A at 1.55% at % Cu (41)

The axial ratio of € decreases from about 1.58 to 1.55, when increasing the zinc
concentration from 68 - 88%, while on the other hand, the initial ratio of 1] increases
from about 1.78 near the ( € + 1 )/ 1) boundary to 1.856 at pure zinc (41,66),

Table 4 (67) shows the solubility of copper in zinc at different temperatures. From

this table it can be seen that the solubility of copper in zinc increases with increaging

temperature.

TEMPERATURE °C | SOLUBILITY ( wi % )
100 0.3
200 0.9 ) R
300 65 ;
400 , 2.5
424 2.7

Table 4. The Solid Solubility of Copper in Zinc(67)




Cu-2n

Copper-Zine

. Bramd s pmigye S e -
1300 o - ‘ N - & 0 80 50 f
. T
250 - . e e e R
! 450
1200 - - - - . . e e e - R U ——] A
@00
Wso-- - - - - R T

[l

1050 -

000 -

350

850 -

800 -

750 -

700

&30

395G

300 -

300 —— -

280~ - -

T

w e

2000

200 r -- - - - -~ - e 1__._“,..,,_‘_._\ .
] i
L e T T Ty S AU SRR A . e
] H
: L BRALLR
100 - - - . e ’&-—o—— —— - S - e s st e i scnnists e e+ i i 2 i
'J
$Q I =~ e - /" — — 165
oL , l , .
Cu 5 w0 18 20 29 30 38 &0 4% s6 44 @0 €% 7O 16 @6 €% w4 9% In
Soraag T weses Wyt Preeniags L

Figure 6

The Bquilibrium Phase Digram of the Binary Zn-Cu Sysien.




2.4.3 The Binary Al-Cu Diagram.

The Al-Cu equilibrium diagram is shown in Figure 7(68). When such an alloy say
3% Cu -97% Al, is slowly cooled the initial structure at about 540 °C is an a phase
solid solution, but when the temperature falls to below the solvus temperature, the
copper-CuAl, ( 0 phase ) aluminum compound is precipitated. Al room femperaiire
the result of this is an o solid solution in equilibrium with Cu Al, compouind,

The Figure also s’héws an eutectic between a solid solution containing §.6% Cu and
the intermetallic compound CuAl,.The lever rule indicates that the 0 phase
dominant in the eutectic structure, which is therefore brittle. Consequently most of
the useful alloys contains less copper than the 5.6% maximum amount solubls n
solid aluminium.The solubility of copper in aluminium decreases rapidiy wiili

decreasing temperature, from 5.65 ta less than 0.1% ai room IeTpemie.
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Figure 7 Phase Diagram of the Al-Cu System, from 0 to 54%- Cu W%J‘ S




2.4.4 The Ternary Zn-Al-Cu System

When three elements are combined, the equilibrium diagram requires three
dimensions, two for composition and one for temperature. [t may be noted that small
additions of further elements to a binary metallic alloy are frequenily made, not io
introduce a new phases, but to control the kinetics of reaction and hence ihe
distribution of phases. When aluminum and copper are alloyed with zinc, Burkhardi
(69) pointed out that a ternary eutectic at a composition of 7% Al, 4% Cu, 89% Zi
and a melting point of 370 °C was formed. He also calculated the solubilities af
aluminum and copper in the zinc-rich solid solution to be respectively [.6 and 3.4%
at the eutectic temperature falling to 0.1-0.2% and 0.6-0.8% ai room temperaiiie.
Then on the basis of his calculations, he pointed out that alloys containing leas thai
about 0.7% Cu should behave as a copper-free alloys .

Koster and Moeller (70-72) jnvestigated the Zn-Al-Cu alloys and their work enahled
them to establish the isotherrna;l section of the Zn-Al-Cu system at 350 °C as shown
in Figure 8. In addition to the phases present in the binary system Koster and
Moeller reported a new phase between 56 to 58% Cu and 10 to 30% Zn. This phase
is named ternary ” T ” phase and can be seen as a narrow strip in Figure 8. The
success of Koster and Moellers’ work on the Zn-Al-Cu system enc‘ourag‘ied them to
study these alloys at different temperatures of 400 , 500 ,.600 and 700 °C in order {o |
determine the shape of the liquidus surface as shown in Figure 9. Koster studied the

eutectic trough which extends from Al-Cu binary edge at 67% Al across to & poini

near 90% Zn, where it meets a peritectic trough from the Cu-Zn edge and & euteotic
trough from the Al-Zn edge to form a ternary eutectic point. v
Gebhardt (73) is in agreement with Koster,when he reported that & ternary allay
containing 89.2% Zn , 7% Al and 3.8% Cu would solidify at 377 °C. Furiher we
by Koster and Moeller concluded that the Al-rich end of the single phase ﬁ@iﬁ‘f‘gf .
st

&

below 4350 °C, The other end of the phase field corresponding fo aﬁiﬁfﬁﬁiﬁ?’%ﬁfi%f :

approximately Al § Cu 4 Zn ) had a lower crystallographic symmetry af iBImiET
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3.5 Cu 5 Zn 2 retained the CsCl structure. Koster denoted the ordc‘rcd CsCl type
structure as T phase and called the lower symmetry structure T'.

Work by Bradley and Lispon (74) based on X-ray diffraction, showed thai a similas
T phase in the Cu-Ni-Al alloy system had a structure based on a deformed bee
structure cell. The composition of this T phase was given as Al 4 Cuy Ni. Koster and
Moeller declared their T phase to be isomorphous with Al ¢ Cu 3 Ni, with an ordeied
CsCl structure at high temperature. Work was carried oul by Willey(75) on the
isothermal section of the Zn-Al-Cu system at 700, 550, 350 and 200 °C as shown in
Figures 10-13. Willey based his research on Koster and Moellers diagram, and
concentrated his work on areas bounded by approximately 60 Al-40 Cu, 15 Al-#]
Cu, 40 Cu-60 Zn and 20 Cu-80 Zn.

Arndt and Moeller showed a single phase of y from about 16-22 % Al when
temperatures of 700 and 550 °C were involved. When temperatures of 350 and 300
°C were involved, Amdt and Moeller divided ihis region info three paris, ihe Cu i
y ( 16-19% Al), the intermediate v ( 19-20.5% Al) and the Al richy, (20.5-22%
Al) .Also they identified the phase field in the binary system between temperatures
of 700 to 200°c as yy with aluminum range between 16 - 22%, yp + 8 (20-21% Al)
and & ( 21-22% Al). In addition to that, Arndt and Moeller76,77) showed a single
phase { at 700 °C and {, at 550 °C within the aluminum composition range between
22-26% .

Extensive investigations by Murphy(78) based on electron and X-ray diffraction and
electron-probe microanalysis, have determined the structure of the T phase in
equilibrium with o and 1 of the Al-Cu-Zn system. Murphy concluded that T hag &
rhombohedral structure with a = 8.676 A and o = 27.41°, The siricture wag &
superlattice based on the assembly of five CsCl type cells, joined comer o cormer
along the { 111} direction. Murphy(79) also studied the isothermal section of flie &l |
Al-Cu system at temperatures of 350, 290, 280, 270 and 250 °C as shown i
Figures 14-18, Murphy's results on ihe phase houndaries agree wiihi. fhai ¢

Gebhardt, but disagree in the amount of soluble Ci in the o and (& + [§ ), PArL¢
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Murphy’s work was concentrated on the changes of the § phase as he observed that
B phase field was large at 350 °C, but changed considerably on cooling as shown ii
Figure 19, at three different temperatures ( 350, 290, 280 °C ). On the other hand the
copper rich f in equilibrium with € and n was reduced rapidly in zinc content ai
lower temperatures .

Clearly the rapid changes in zinc content of § phase with copper content at 0 16 2%
level have significantly altered the relative proportions of § and 1 phases. Furilier
work was made by Murphy on the Zn-Al-Cu system with a low copper conient, and
resulted in a well established series of solid staie phase changes during cooling, and
his work is in agreement with Koster and Gebhardi(71,81-84),

" The 350 °C isothermal section was characierised by broad two-phase fields, bui the

B + T’ field was very narrow, and it was difficult to differentiate the o, o' and i
phases from each other when the compositions were similar, while on the ofher hiand
the extent of the o phase in equilibrium with 8 and T' increased considerably will
the amount of copper in the solid solution.

It was also found that the relationships of the phases at 290 °C were similar to those
of 350°C. It was difficult to analyse and determine the composition of the T phase
formed in ( a + p +T) due to its size, which was found to be very small, but the f
composition was measured and found to be very close to that in (p+T+e)phase
field .

The (B + T ) region was found to be very narrow, while the (e+f) region was
still relatively wide .

Clearly a phase reaction (p + T <==> a + £ ) was indicated by these observationg.
This reaction is a Class 11 four-phase reaction, and produced a two phase field { ot
£ ) which appeared instead of the two-phase field (f + T)

Two three-phase fields (a+ ¢+ T")and (a + f + & ) were found fo e &ﬁﬁ%ﬁ%ﬁ%@?
by a narrow two-phase field (o + &) at 280°c as shown in Figure 16, | :
At 270 °C shown in Figure 17, the (o + T + & ) phase feld was present i v

phase had disappeared and was faken over by the (a + & + 1 ) phage field Thd
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means that another Class II four-phase reaction is going to occur just below 270 °C,

a+ g {===>T+nq

Murphy found that all four phases co-existed in some of his samples, and concluded
that the transformation temperature must be at 269 or 268 °C. Figure 18 a1 250 °C,
shows the phase field ( a + T + n } which had resulied from the reaction just below
270 °C ( 269 or 268 °C ). Murphy found that the first and thivd four phase reaciion
hypothesised by Gebhardt did in fact occur. The first :

B+ T <===>qa+e (at288 °C)andihe

a+e <===>T"+¢ (at269or268°C)

The reactions proposed by Arndt and Moeller were denied by Murphy and he siqied
that such reactions do not take place. The reaction sequences in binary and iemary
system, summarized by Murphy are shown in Figure 20 while the formulas of fhieas

reactions are shown in Table 5.(79),
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g G Cu-Zn rich; composition range varies with femperature.
T . Cu-Al rich; composition range varies with (emperature.

Table §:  The Binary and Ternary Phases of Zn-Al-Cu Termary o

Syster and their Approximate Farmulas.




Figure 8 Tsothermal Section of Zn-Al-Cu Ternary Sysiem ai

350°C, according to Koster and Moeller(70-72),

Car
Figure 9 Liquidus Surface of the Zn-Al-Chi Sysiem scoerding o
Koster(70-72),
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Figure 10 Isothermal Section of Zn-Al-Cu System as 700°C(73)
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Figure 12 Isothermal Section of Zn-Al-Cu Sysiem at 350°C(75),
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Figure 14  Isothermal Section of Zn-Al-Cu Sysiem at 350°C(79).

Figure 15 Tsothermal Section of Zn-Al-Cu System at 290°C(79),
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Figure 16  Isothermal Section of Zn-Al-Cu System at 2800C(79),

Figure 17  Jsothermal Section of Zn-Al-Cu System at 370°0(79),




Figure 18  Isothermal Section of Zn-Al-Cu System at 250°C(79),
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The Shapes of the b-Phase Field ai 350, 360 and 280°C

Figure 19
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Figure 20  Solid State Reactions in the Low-Copper Part of the
Zn-Al-Cu System a ccording to Murphy(79)-




2.5 Phase Transformation.

2.5.1 Binary Zn-Al Alloys.

Investigations of the solid solution of zinc in aluminum has been discussed for many
years. Based on the Zn-Al phase diagram in Figure 5, four aluminium ranges wheie
possible phase transformation may occur in the Zn-Al system can be classified :

1) Al-rich o phase ( 60% Al)

2) Monotectoid o /o’ phase ( 40% Al)

3) Eutectoid f phase ( 22% Al)

4) The region in the (f + n ) composition and the Zn-rich 1 phase ( < 200 Al ).
These will be considered in turn.

Early investigations were made by Guinier (85) & Borellinus (86), claimed thai in
quenched aluminium in an o alloys, small spherical aggregates rich in solute aioma
( GP zones ) were responsible for the observed rapid hardening ai room fempsiaiiie
These GP zones were the first product of decomposition after quenching the (ee
single phase field and ageing at room or sub-zero temperatures. These
transformations were studied with the aid of low-angle X-ray scattering, electron
microscopy (TEM) and hardness and electrical resistivity measurements.

A large number of workers (87-93) believed that the exact nature of the
transformation depends on the zinc content of the quenched alloy. These workers
studied low-zinc fcc alloy with up to 30% Zn, and summarised their resulis ag
follows :

Spherical GP zones ----> Rhombohedral transition phase ", ----> fce tranaifion
phase o, ----> Zn -rich stable precipitates.

The rhombohedral a”,, is precipitated in the form of plates and differs only slighily
in lattice parameters (a=3.992 A, a = 91.36) from the cubic o phase
(a=3.995A) 04

The early stage of transformation is the rapid segregation of zine aloms o spherieal

regions to form GP zones. These zones continue 10 grow with ageing unill wp g -

#9

certain size of 30 {0 35 A, where these spherical zanss hecame eflipanidal. The




changes of the zone shape have a severe effect on the mechanical properties of the

alloy (89,92,95,96). On the other hand, on further ageing at a certain composition,
the a”, phase tends to grow to an extent that coherency is completely loat in (he
{111} habit planes. Since the rhombohedral distortion is due to coherency, the
structure become of non-coherent fcc type once coherency is losi and is called o'y
phase (94),

The stable Zn-rich phase is finally formed mainly on dislocations and grain
“boundaries (92), and the orientation relationship between the zinc precipiiates and ihe
aluminum matrix was determined to be :

[111]1A1/[0001 ) Zn,[ 1TOJAI/[1010]Zn

At this stage it is worth while to catagorize the decomposition mechanism fnfo fwa
types

1) A conventional cellular ( or discontinuous ) reaction, mainly resulting in graln
boundary nucleated lamellar segregates of o + 1) .

2.) Spinodal decomposition of the Al rich matrix leading ultimately to the formation
of the n.phase.

The conventional cellular decomposition occurs more frequently than the spinodal
decomposition in the Zn-Al system. A detailed study of this reaction was made by
Ramaswamy et al (97) which involved alloy Al-50% Zn. A more recent investigation
was made by Vijayalakshm}i et al (98,99), where investigation involved two types of
alloys one of 60% Zn and the other with 75% Zn. In all these investigations ihe
monotectoid alloys were subjected to solution treatment. Results by boih
Ramaswamy and Vijayalakshmi have arrived on the same conclusion, hat {he
cellular reaction started at grain boundaries. The mechanism of such a nucleation
stage was explained by Fournelle and Clark (100), 1n which it aitribuied the nei -
reduction of the areas of the grain boundary to the migration of & ewrved giin
boundary of the o matrix. The high diffusivities of the saluie atorms acrose %@WW?W .

boundary facilitates the nucleation of stable n precipitates, resuliing in the pinnin

the boundary. The migrated boundary leaves & narrow region depleied of salii
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atoms by diffusion to the newly formed allotriomorphs of n, thus a narrow

precipitates-free zone is formed. However lamellar structures were observed o have
developed from these grain boundary allotriomorphs and tended to grow into the
parent grain at later stages of the decompaosition. Two mechanisms were involved in
achieving and establishing their unique lamellar spacing.

1) A mechanism responsible for branching the existing lamellae (97,99)

2) A mechanism of nucleation of fresh lamellae at an advancing interface (98,99)
Boswell & Chadwick (101) Chatham and Ridley (102) have concluded that the raie |
of increase of the interlameller spacing is a function of the applied undercaooling and
thus of the ageing temperature. They observed a decrease in the interlamellar spacing
when decreasing the temperature. A relationship between the two was pul forwaid
by Cheetham and Ridley (102) .

S o AT <09

where S is the interlamellar spacing, and AT is the under cooling in an eniscioid
alloy under isothermal transformation conditions.

Boswell and Chadwick (101) on the other hand reported that during the growth of
the cells, the lamellae maintained the following orientation relation acroés th@ir
interface

[111] o /# [0001]  with (170) ¢ 7 (1210}

Other workers (102-104) carried out their studies on the decomposition of the
eutectoid alloy during quench-ageing, isothermal transformation and slow cooling o
the transformation temperature. These workers reported that depending on the
transformation temperature, more than one type of decomposition product was found
on ageing alloys with a composition corresponding to the eutectoid § phasy
(102,106,107), Decomposition of the eutectoid alloy during slow cooling, of
isothermally transforming at high temperature produced a lamellar sirogiire.

However decomposition at room temperature afier a rapid quench produced & fine

(1um) mixture of equiaxed zinc rich a”y, and aluminum rich gring. A posikle

interpretation of (hese changes may be due o a spinoidal decompasition wiileh foale
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place at about room temperature (102,104)

A detailed investigation(wS) on the processes of dc'composition of supersaturaied
solid solutions in Al-Zn alloys with 40, 50 and 60 wt% Zn (Al Zn IT) and in an alloy
containing 73wt% Zn ( Al Zn II ) was also made. The resulis of these investigations
have concluded that ( depending on the composition, cooling rate and heat treatment
temperature ) there were eleven sequences of phase transformations that could oceuf
through metastable phases ( R, a',;) or GP zones as shown in Figure 21.

In Figure 21, positions 6-9 show that the sequences begin with the formation of GP
zones after quenching the alloy in iced water , and the ( R ", ) phase is formed
preferentially by the mechanism of spinodal decompasition, while the metaatalle

o'y, phase is formed by nucleation.

A recent detailed investigation on the isothermal transformation of the euiecinid alloy
was made by Smith and Hare(108) and a fuller TTT diagram was obtalned ag
shown in Figure 22. Smith and Hare regarded the transformation to acour in fouf
stages (Figure 22) .

1) The quenched condition

2) Breakdown of § phase to products of intermediate composition .

3) Adjustment of these products to o and n of equilibrium chemical composition .

4) Adjustment of structure to virtual physical stability .

Further detailed investigations to define phases which might exist in the metastable
state in the binary system was made by Toldin, Burykin and Kleshchev
(20,109,110) from one and Krupkowski et al(111) ony the other side.

The work of all these investigators concluded that two types of melastable sinie
might exist in low temperafure ( a + 1 ) region, one being defined by %ﬁimﬁﬁiﬁ?’
limits of the (o + P ) region which continue to the low temperaiure ( o + ri) region, -
and the other bounded in the same way of the ( a + a' ) reglon which @m‘wiﬁu@ fohe

low temperature ( o + 1 ) region as shown in Figure 19 .
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2.5.2 Ternary Zn-Al-Cu Alloys.
Although a large number of researchers have investigated the Zn-Al-Cu phase
transformation, but still up till now the ternary phase diagram of this system is only
partially established in comparison with the Zn-Al binary system. The effect of
copper on ‘the mechanism of phase transformation in the Al Znyy Cu, alloy wal
investigated by Truszkowski, Dutkiewicz(!12),
Their work involved X ray diffraction, TEM aﬁd hardness testing. The
decomposition of the supersaturated phase was found and a tetragonal deformation
inside the GP zones was observed in the first stage of ageing after quenching ( The
same as in binary alloys ). At the 2% level and upon ageing at room fempeiaiimg,
copper-rich zones are formed. These zones are unstable al room temperature which
then transform through intermediate reactions to form a new phase € :
a(a)orp===>a+n+te
This reaction is then followed by a four-phase reaction below 273 sc(109),

to form the stable Cu-rich phase T’ (72,79,113,114,115),

o +g===>T +n
This transformation is very slow as it involves the long range diffusion of copper,
which requires months or years to be completed at room temperature.

Koster(116) suggested that due to this slow transformation, the sample suffered an
increase in the volume of about 4%, while on the other hand Gebhardt reporied an
increase of 0.53% in the linear dimension of his sample due to the above mentianed
reaction, corresponding to a volume increase of 1.6%.
Thus as well as retarding the exceptionally high transformation rate of the Zn<Al
binary alloys(115,116,11T)copper also causes an undesirable dimensional change '

when the alloy is subjected to ag@iﬁg(s 1,84,115,118)




CHAPTER 3

3.i. Fatigue Definition and Historical Review

The- term fatigue has been used throughout history to define a reduction in efficiency
of human or animal muscles after prolonged activity. This term is still used today but
now, since the advent of machines and technology, it is also used to define the
reduction in the ability of metals or components to withstand repeated variations of
loads and stresses.Furthermore, fatigue is defined as the tendency of a material io
fracture by means of a progressive brittle crack under repeated alternating or cyelic
stresses of an intensity considerably below the nominal strength. Although fhe
fracture is of a macroscopically brittle type, it may take some considerable time io
propagate, the time depending on both the intensity and frequency of the siress
cycle, nevertheless there is very little if any warning before failure, i the crack is nni

noticed. Probably the majority of engineering failures are of fatigue nature in origin.

3.2 The Appearance and Nature of Fatigue Fractures

The study of the appearance of fatigue fractures can be divided into two objectives :
1)The practical objective of leaming to diagnose failure by fatigue.

2)The long range objective of deducing information concerning the basic nature of
fatigue by identifying and differentiating between ductile and brittle fractures(119),
Figure 23 shows the ductile (A) and brittle (B) fractures of the same material, It musi
be acknowledged, however, that not every brittle fracture is necessarily a fatigue
fracture. Further examinations are necessary to identify the nature of ihe

fracture(120). For example certain cast irans and other materials including zine

alloys reveal brittle fractures in normal tensile loading at room temperatuie. Sleals, ‘

which are usually thought of as ductile, can fail in a britile manner al low -
temperatures, or under very high-speed loading, or when sharply notched. Alihaugh |
a brittle fracture may be due fo fatigue, ones can not be absolutely certaln and furiher

investigations are required .
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Figure 23  Failure of Steel Bars in Laboratory Tests. g




Fatigue cracks start at some nucleus(!21) and progress during successive cycles of

stressing, without causing large-scale plastic deformation. The fracture may be
completed by eventual overstressing after the crack has reduced the cross section of
the piece, this latter part of the crack may show evidence of large scale plastic
deformation. Examination of fatigue fractures reveals evidence of microacopic
deformation, even in the seemingly brittle region of origin and propagation of the
crack. Gough and Wood(122) reported that a microscopic slip generally precedes
fatigue cracking. However, slip bands have also been observed after repealed
stressing below the fatigue limit and without starting a fatigue crack. At any raie, the
plastic deformation is usually limited in extent to regions very near the crack.

It seems that when a fatigue crack starts, it follows a path of least resistancel 133)
through the metal, and very oflen crosses gi'ziih boundaries, whilst in oceasional
instances, cracks have been observed (o branch around grains, Indesd, faligue
cracks tend not only to commence at faults and inclusions in a metal but often they
will propagate along lines from one fault or inclusion, to another.

During investigations using X-ray diffraction to study the changes which occur in
metallic structures with the progress of fatigue, changes under repeated siresses
lower than the fatigue limit of a metal have been found not to be much different in
appearance from changes observed under static loading at similar low atress levels,
Higher repeated stressing produces severe lattice distortion(124) before fatigue
fractu‘re occurs. However continuous and cumulative lattice changes during the

whole progress of fatigue are seldom measurable.

3.3 Structural Failure By Fatigue.

Fatigue failure occurs in (wo main stages:

1) Crack initiation ( nucleation ), where a crack sfaris and spreads oui f“mﬁ?ﬁ fame
nucleus.

2) Crack propagation, where the crack continues through the abjeet urtil final




rupture. The relative proportion{125) of the total cycles to failure that are involved

with each stage depends on the test conditions and materials. However, it is well
established that a fatigue crack can be formed before 10% of the total life of the
specimen has elapsed. There is of course, considerable ambiguity in deciding when a

deepened slip band should be called a crack .

3.3.1 Mechanism of Crack Initiation

Fatigue cracks are usually initiated at a free surface(126) | while in those AT
instances where fatigue cracks initiate in the interior, there is always an interface
involved. Fatigue has certain things in common with plastic flow and fracture wider
static or unidirectional deformation .

Gough( 127) showed that a metal deforms under cyclic strain by slip on ihe same
atomic planes and in the same crystallographic divections as in unidirectional siraln.
However, with unidirectional strain, slip is usually widespread throughout all ike
grains.In cases of fatigue some grains will show slip lines while other grains will
give no evidence of slip .

Slip lines are generally(lzg) formed during the first few thousand cycles of stress.
Successive cycles produce additional slip bands, but the number of slip bands is noi
directly proportional to the number of cycles of stress.

In many metals the increase in visible slip soon reaches a saturation value, which is
observed as distorted regions of heavy slip.

Cracks are usually found to occur in regions of heavy deformation paraliel to whai
was originally a slip band. Slip bands have been abserwzd at siresscs wla:;vw ﬁ“i@
fatigue limit of ferrous materials. Therefore, the occurance of &lip dus i‘ig ﬁ‘mg
does not in itself mean that a crack will form .

A study of crack farmatmn in fatigue can be aided by interrupting the i&ﬁgﬂ@ Téf%i m '
remove the d@far’med surface by electropolishing. o
There will generally be several slip bands which are mare peraisient fhan fhe resf and

which will remain visible when the other elip lines have been palished away.
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Such slip bands have been observed after only 5% of the total life of the
specimen(lzg). These persistent slip bands(130)are embryonic fatigue cracks, since
they open into wide cracks on the application of small tensile stains. Once formed,
fatigue cracks tend to propagate initially along slip planes, although they later take a
direction normal to the maximum applied tensile stress.

Fatigue crack propagation is ordinarily transgranular (131), An important structursl
feature which appears to be unique to fatigue deformation is the formation on the
surface of ridges and grooves called slip-band extrusions and slip-band
intrusions:( I 32). Extremely careful metallography on tapered sections through the
surface of the specimen has shown that fatigue cracks initiate at intiusions and
exi:rusions( I 33)»

Considerable experimenial evidence indicates that cross slip is impariani io the alip-
band extrusion process. For example, fatigue failure is difficult to producs in ceral
ionic crystals which do not easily cross slip,and it is very difficult to produce fatigue
failure in zinc crystals which are oriented to deform only in easy glide. Pure
aluminum, in which cross slip is extremely easy, does not produce slipeband
extrusions (in contrast to most aluminum alloys).

A basic mechanism for producing slip-band extrusions and intrusions was proposed
by Wood(134) He determined that microscopic observations of slip produced by
fatigue show that the slip bands emanate from a systematic build up of fine alip
movements. These movements are of the order of 1 nm, unlike steps of 100 ww fo
10 nm observed for static slip bands.

This type of mechanism is believed to allow for the accomodation of the largs foial
strain (summation of microstrain in each cycle) without causing appreciable sirain
hardening. v P ‘.
Wood's idea (! 34), showing how continued deformation by fine &lip @@uid i@aﬁ e
fatigue crack, is illustrated in Figure 24. It indicates aﬁi‘iemﬁ.tiﬁéﬂyﬁﬁw ﬁﬁ%‘ ﬁi‘i%

structure of a slip band is seen with the electron-microscape. Section (24a) dhows
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that slip from static deformation produces a contour at the metal surface. Conversely,

the back and forth fine slip movements of fatigue may create notches (24b) or ridges

(24c¢) at the surface.
The notch would be a stress raiser with a notch root of atomic dimensions.Such 8

situation might well be the start of a fatigue crack .This mechanism for the initation

of a fatigue crack is in agreement with the facts that fatigue cracks start at surfaces
and that cracks have been found to initiate at slip- band intrusions and exirusions .

There is a large similarity between the dislocation structure produced by fatigue and

static deformation.The formation of a dislocation cell structure is favoured by a large
strain amplitude and a high stacking-fauli energy ,both of which are faciom
favouring cross slip .At low strain amplitudes dislocation loops and dipoles are
widespread.There is strong evidence that cell formation is related to the developmeni

of slip bands .

{(b) (¢)

Figure 24 W.A.Wood's Concept of Microdeformation Leading to-
| Formation of Fatigue Crack.

a ) Static deformaton |

b ) Fadgue deformation leading 1o surface notch (inimglon) - |

¢ ) Fatigue deformation leading to slip-band extruaion.




3.3.2 Mechanism of Crack Propagation.

The crack initiation stage ends in the formation of surface microcracks. These
microcracks lie along the active slip planes, in which the shear stress has maximum
values. The rate of crack growth depends primarily upon the amplitude of the cyclic
stress or strain, the material characteristic and the geometrical configuration of the
specimen, and the environmental test conditions. As the number of slip systems in
most metals is relatively high, those active slips having an orientation near the
maximum shear-stress planes, will propagate thus the planes of microcracks are
always inclined approximately 45°(135) 15 the of the applied stress veciar In il
course of further cyclic loading, the microcracks grow and link together. A greai
majority of these microcracks stop propagating quite early and only some achieve a
length ( or rather depth ) greater than a few tens of microns. With increasing lengil
the growing microcracks tend to propagate perpendicular to the sivess axis. This
transition of the crack plane from the active slip plane o a non-crysiallographic plane
perpendicular to the stress axis is often called the transition from stage |
(crystallographic propagation ) to stage II ( non crystallographic propagation ). In
stage I1 of fatigue crack propagation only one crack is usually propagating, all others
stop well within stagel.

Both stages are shown in Figure 25. Sometimes stage II does not occur at all, and

the whole propagation right through the fracture is of the stage [ tmw(l%). The
lower the stress amplitude, the higher the crack length corresponding to the stage I+
stage 11 t@nsitiaﬂ. As the crack propagation rate in stage [ is generally much lower
than that in stage II, the number of loading cycles spent in stage T propagation may
be much higher than that spent in stage IT propagation ( this case occurs when
unnotched specimens are used ) |
The number of cycles necessary for siage I propagation in sharply noiched
specimens becomes negligible and the whole fatigue crack is of e slage W _'
propagation. The rate of crack propagation is normally expressed ag da/dn, whers da |

is the increment of crack length, dn is the increment off nwmber of cyeles.
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An early attempt to relate da/dn to the range of applied stress, Ao was made by Frost

and Dugdale (137) :

da/dn = (Ao )3a/c

Where ¢ is a material constant

Furthermore modifications to this relationship were made by Liu (138,139)
giving : da/dn = A (Ac)2a

Where A is the material constant

The stage I crack propagates initially along the persistent slip bands.

In a polycrystalline metal the crack may extend for only a few grain diameters befoie
it advances into stage I1. The rate of crack propagation in the first stage is generally
very low, of the order of nm per cycle, in comparison with crack propagation rales
of um per cycle in the second stage .

By marked contrast the fracture surface in the second stage of cracl’s, shows &
pattern of vipples or fatigue fracture striations (Fig.26). Each striation repreaenis iho
successive position of an advancing crack front that is normal to the biggest tensile
stress. Each striation was made by a single cycle of stress. The presence of these
striations(140,141) unambiguously defines that failure was produced by fatigue, but
their absence does not prgclude the possibility of fatigue fracture. Failure to observe
striations on a fatigue surface may be due to a very small spacing that cannot be
resolved with the observational method used, insufficient ductility at the crack tip to
yield a ripple by plastic deformation that is large enough to be ohserved, or
obliteration of the striations by some kind of damage to the surface.

In the experimental ZA alloys, stage I must have g@@évw quickly o siage I due fo

the improbability of finding a suitable slip system.
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Figure 25  Siages of Fatigue-Crack Propagation,

Figure 26  Fatigue Striations in Cold-Warked Capper.




3.4 Means of Approaching the Fatigue Problem.

The fatigue life of a component can be estimated or determined either by using the

conventional S/N curve or by the fracture mechanics approach.

3.4.1 The S/N Curve Approach.

For evaluation of the basic fatigue strength of materials, machine parts or a whole
structure, the Wohler curve (S/N curve) is useful, here the fatigue behaviour of a
metal is determined by taking a number of carefully prepared samples and subjecting
them to endurance tests under a particular system of stresses. When a specimen
breaks the range of applied stress and reversals to failure are noted. The nexi
specimen is tested at a lower range and so on.Finally, a stresa range is reached ai
which fracture does not occur within 107 to 108 reversals. The curve obiained liy
plotting the range of stress S against the number of cycles N, tends (o become
parallel to the N axis. The degree io which this tendency ia found in any particular
metal has sometimes been ascribed to resistance to atmospheric corrosion within the
usual range of speeds of stress reversals.It takes a number of weeks to reach 107 .
108 reversals.

However increasing demands on machines(142), regarding both performance and
weight, lead to the need to design structural components not only in the classical way
for infinite life, but some of them also for finite life. In this case the S/N curve faila.
While in the case of a high number of cycles to fracture, the resisiance of matﬁﬁﬁl
against the cyclic stress might be considered of primary importance, in a low number

of cycles to fracture ( say 102< N < 109 ) the resistance against the cyclic plastic

strain is much more important. Thus another fatigue life curve, based on the plaatie
strain amplitude,became a necessity for engineering purposes. For noiched parE;
especially those designed for finite life, the farigue life predection requires bofl ii%@?:f
stress and plastic strain based maierial characteristic,

The calculation of the fatigue life of parts containing crack-like defects can besi b

performed by the application of fracnire mechanics. Criteria of material reaisfance



against fatigue which are generally valid can only follow from a deeper

understanding of the nature of cyclic deformation processes. The rela.tionahips( 138)
between cumulative damage, the intensity of the cyclic plastic strain and irreversible
absorbed energy made it possible to formulate both deformation and energy criteria
for fatigue failure. Their particular aim is to offer a basis for evaluating methods for
fatigue life calculations in real, complex service conditions.

Further examples of tendencies in fatigue behaviour may, however, be presented if
the time-dependent ageing characteristics of metals are considered. On this basis we
may consider metals and alloys in three groups: firstly metals which can underga
considerable strain ageing at the temperature of the endurance test, secondly mefals
in which no prominent ageing effects is found, and finally alloys, which have their
useful strength properties conferred upon them by precipitation hardening ireaimenia
and whose ageing characteristics extend to an over-aged state with a fall in hardness
and tensile sirength.

Extensive and comparable data for iron and mild steels, copper and brass and
precipitation-hardened aluminum alloys may be drawn upon to illustrate details of
fatigue characteristics for each group. It has long been known that iron and mild steel
give a very sharp endurance limit and Figure 27 shows typical curves for 0.93%C
steel after different heat treatments(143) While the limiting range of stress is well
marked for each heat treatment, it can be observed that, apart from the hardened
troostitic structure, there is a complete absence of fracture points between values of
N from a few million to one hundred milion. This remarkable failure was most
apparent with the simple steels used by the earliest workers, thus the classical
concept of an endurance limit implied that only a relatively brief period of siressing
was needed in order that it may be developed . o
The S-N relation for copper shows, by contrast, a failure point ihraughout the range
of N that can be conveniently investigated. An appreciable scatter in the §-N'
experimental points exists for mild steel and copper, his factor s apparent (0 sich &

degree for the precipitation-hardened allays as to be their distinciive feanire.
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Figure 28 shows the S-N relation for 24S-T aluminum alloys for different gﬁain
sizes It can be seen that breakages are found throughout the range of N and there is
no endurance limit.(144)

However, only one type of the S/N curve can be considered as characteristic of the
material- the case of homogencous stress loading (push- pull loading) of smaoih
specimens. All other S/N curves, such as those obtained in cyclic bending or those
obtained on notched bodies, reflect other factors as well as material properties.
Figure 29 shows two curves depicted Aschematically, Curve (a) is typical in that it
shows an asymptotic approach to a limiting value, the fatigue limit d,, below which
fatigue fracture is exc’ixided, irrespective of the number of loading cycles. Such
behaviour is typical mainly for steels and other interstitial alloys. In the case of curve
(b) the stress amplitude decreases steadily with increasing number of cycles to
fracture in such a way that the raie of decrease is lower for a higher number of
cycles, but there is no clear fatigue limit as in the preceding case. Insiead ihe
endurance limit is usually defined as the stress amplitude corresponding to a number

of cycles to fracture of 5x107. The curve (b) behaviour is most often exhibited by
aluminum alloys .For cyclic loading with controlled stress amplitude, the S/N curve
can be determined for different values of mean stress and is presented for
symmetrical cycling ( o, = 0 ) and for pulsating cycling (O = 0, O, being the
fatigue-life curve ). On these two curves the conventional division into different
regions according to both the number of cycles and stress can be shown .The region
of the number of cycles lower than N Ac, where N, represents the "Knee” on ﬁ‘ié curve
,ot the region Nf< N, is sometimes called the finite-life region, conirary to the
infinte-life region for Np> N¢. Very high amplitude loading, in the case of
symmetrical cycling, results in quasistatic fracture, and in the case of pulsating cycles,
in dynamic creep. The low cycle fatigue region is usually understood to be the reglon
102 < Ny < 105, and the high -cycle fatigue to be the region N> 105

The Wohler curves are most frequently detsrmined from stress amplitude contralled

iests. The other possibility i6 strain controlled feats.
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The stress amplitude for construction of the S/N curve then follows from tﬁe
simultaneous measurement of the cyclic stress-strain response, or rather, the cyclic
stress-strain curve.

Many attempts have been made to formulate mathematical equations for /N curves

Some types of equations are necessary to develop experimental methods . One of the

most useful equations was suggested by Weibull (145) These equations are hased on

the statistical theory of hyperbolic form :
(0-0,)"N=K(foro>a,)

where m and K are material constants, oe is the fatigue limil and o and N are the

variables .

This equation is mainly suitable for the long-life range and implies the existance of &
fatigue limit .When taking logarithms of both sides the equation becomes
milog(o-o0,)=logK-logN.

which indicates a linear relation between log (o - 0, ) and log N.

3.4.2 The Fracture Mechanics Approach

A crack represents a very effective stress raiser 146) . The stress-strain response of
the material surrounding the crack tip and the microstructural parameters of the
material determine the behaviour of the crack under the action of external forces. The
fracture mechanics approach is a study of the parameter AK/p0-3, where AK is the

stress intensity amplitude calculated by taking the notch as a crack of the same length
and p is the notch root radius.

To enable the prediction of fatigue life and performance of a cracked material if is
important to consider fracture toughness, the analysis of stress state for the loading
conditions, the nature of crack growth, and fracture criterion. Stress analysis and

particularly stress intensity factors, are evaluated generally by eifher analytical and /

or numerical methods(147):




3.4.2.1 Linear Elastic Fracture Mechanics.

The fracture toughness approach involves a quantitive study of the stress intensity
ahead of a crack tip.Linear elastic fracture mechanics are based on the siress field
magnitude and distribution in the vicinity of a crack tip in relation to the nominal
stress applied to the structure and to the size, shape and orientation of a crack or
defect and to the material properties.

Wﬁstergaard(mg) proposed two equations, shown in Figure 30, to describe a hady
subjected to tensile stresses normal to the plane of the crack in relation fo the crack
tip. Figure.31 shows the three crack displacement modes: the opening mode (1), the
sliding mode (11 ), and the tearing mode ( 111 )(]49)‘

3.4.2.2 Griffith’s Theory

Griffith(150) acknowledged the fact that defects give rise to and promote cracks i
any component subjected to stresses. Fracture mechanics is a method of siress
analysis which allow the determination of the stress field ahead of a sharp crack in
terms of the stress intensity factor K, which relates to both the nominal stress level
and the size of crack present in the structure to be evaluated.

Griffith’s analysis was based on energy conditions. If an infinite plate of unit
thickness, containing a through thickness crack of length 2a, is subjecied io a
uniform tensile stress o, applied at infinity, then the potential energy of the system U
may be written as

U=Uy- U, +Upcc (1)

where U, = elastic energy of the unnotched plate

U, = decrease in elastic energy caused by introducing the crack in the plate.

Uy ~ increase in the surface energy caused by the formation of the crack guifaces.

Applying the stress analysis developed by Inglis
Ua = 7102 8%/ Bo.oo.. (2)

(151), it can be shown that,

and Uy =2 ( 28y, Jerrevniees (3)




where v, = elastic surface energy of the material per unit area

and a = crack length.

The total elastic energy, U is thus:
U=1U-m0o"a“E +4day,......... (4)

If the first derivative of U is made zero with respect to a then

cal05=(2y E/m)05 ... (5)

As E and ye are material constants then the critical value 0al-5 must be excesded
before crack extension occurs.

Rewriting equation 5.

where the left hand side of the equation is equal to the energy release rate G and ihe

right hand side represents the materials’ resisiance fo crack extension.

3.4.2.3 Stress Intensity Factor.
Thé work of Irwin (152) and Orowan (153) suggests that Griffiths achievements can

be improved for brittle materials and metals exhibiting plastic deformation. By
incorporating the plastic strain work Yp into equation (6) the materials’ resistance to
crack extension can be equated to the sum of the elastic surface energy and the plastic

strain work accompanying the crack extension.Hence,

Irwin(154) defined Ge as a material property, this being the total energy absorbed
during cracking per unit increase in crack length per unit thickness. This is

equivalent to Zyp, as Y, can be ignored as it is two to three orders of magnitude less,
so equation (7) becomes

Ge = wo%a/E..veen(B).
Trwin further suggested that Ge was equivalent to Kc, the critical iress inienalty
factor. The stress intensity factor ia relaied to the magnitude of the elastic afress field

in the vicipity of the crack tip, hence Kc i the level of stress distribuiion necessary

io permit fraciure.

~J
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Irwin later suggested a relation ship between Ge and Kc which is
Kc=(E Gec )05 ... (9)

where E’ = E for plane stress conditions ( thin section )

E’ = E/( 1- v2) for plane strain conditions ( thick section )

and v = Poissons ratio

Then for a through thickness crack of length 2a

KC = U( a ) 0.5....... uee“( 10 )=

And the Griffith equation can be modified to become
of = (EGe/ma) 0-3 = Ke/(mwa )05 (11)
where of = gross fracture stress.

Hence of is not a material property, since it depends on the absolute size of the crack

or defect.There will exist a critical sized defect for a given applied atress, so this
favours the use of Kc as opposed to Ge. Consequently, by using Ke, the
comparison of fracture resistance of different materials at equivalent siress levels

does not necessitate a knowledge of Young’s Modulus.




Figure 20  Schematic Drawing of Farigue-Life Curve aa vs Nf.
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3.5 Fatigue Life Prediction.

No progrcss can be achieved at this stage unless the fatigue life under random
loading is to be theoretically predicted under the assumption that :

1) Material parameters, including cyclic-strain relation, are known.

2) The real spectrum has already been replaced by a full cycle spectrum using a
proper cycle counting method. A problem arises at this stage, concerning how fo
relate these data to the resulting fatigue life, or in other words, seeking a law for
summation of damage,knowing that fatigue damage is a very poorly defined ierm
except for damage in the stage of crack propagation, where it is proportional to the
crack length. Then it is not possible {o derive a general summations rule from the
knowledge of the nature of the fatigue process. Thus, in nearly all cases, we must

rely on empirical formulae.
3.5.1 Linear Summation of Cycle Ratios ( Miner’s Rule ).

Miners(155) hypothesis is propably the oldest cumulative damage hypothesis,

which assumes that damage D for N cycles at the ith stress or strain level is given by
D = Ny/Nfj = (N/N¢);
where Nf is the number of cycles to fracture at this level.

The ratio ( N/N¢ ) is often denoted as cycle ratio Ri=(N/N¢); .
Fatigue life under the loading condition at further stress or strain levels is then given

by the relation :
LR = L(N/Np; =1

3.5.2 Double Linear Summation. |

Minors rule for the crack propagation stage can be arranged so that ﬂ’i@?méiﬂﬁﬁg ‘

equation includes the number of cycles(Np) of nucleation, assuming that af the

begining of the cycling of fhe specimen with crack lengh Lo. the counting of eyeles




starts with values N, resulting in
L N/ (Np -Nog =1

The number of cycles No can be understood to be the number of cycles at which the

nucleation stage ends and the propagation stage begins. This suggests a double Hnear
summation of cycle ratio, which was proposed by Grover (156)i, 1959 in the form :
¥ Ni/Ngi + £ Ny/(Ng - Ny =2

Bui the disadvantage of this summation lies in the determination of the end of the

nucleation stage Ng. For this reason this method is not widely used.

3.5.3 Other Procedures

Attempts have been made to improve Minor's rule by proposing more complicaied
cumulative damage hypotheses.In Minor's hypothesis the damage is defined ag a
cycle ratio N/NT =R and assumes that failure occurs for some ratios equal to 1.0ther
hiypotheses proposed the preservation of the second condition { sum of damage ecqual

to 1 at failure ), but express the damage differently.Such hypotheses came from Cort

and Dolan (157) -They state that;
D =Rw(0a).

While Manson, Nachtigal and Freche (158) state :

D=1-(1-R )‘U(Ua) where y is a coefficient depending on the material strength

Other modifications were made (159“]61), but none of these proposed the

cumulative damage hypothesis, although the different stages of fatigue were taken

into account they probably do not give better results than Minor's hypothesis. A

further and more recent development on fatigue life prediction was made by, A

Buch, T. Seeger and M. Vormwald(162), Their work was based on improving he

Miner's damage calculation, which is also called noich analysia(163:164), They

stated that for damage calculation, according to the naminal streas approach ( NSA ),

numerous constant stress amplitude test data ( &/N/M lines for notched apeciment )

are required and cannot be found in hand books. The NSA does not allaw for the

loading sequence but does fake into accaunt the effect of specimen size, Guriios
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quality and fretting, all of which affect the S/N/M lines. Furthermore, for notch
analysis, according to the local strain approach ( LSA ), only cyclic o/¢ and P/N
lines for small, unnotched specimens are needed ( P is the damage parameter ). This
type of analysis can allow for the effect of loading sequence on the crack initiation
life, while it does not consider the surface quality, the fretting and the stress
gradient. Both life prediction methods failed to give accurate evaluations of small
frequent stress cycles which lie below the fatigue limit of the notched component.

Therefore, the authors (162) have introduced the use of a method called "The

Relative Miners Rule”, to improve the NSA estimates. The basic assumption of this

method is that, for sufficiently similar loading programmes, the deviations from

Miner’s failure criterion have the same direction and similar realistic magnitudes.This
means that when a test result for a suffeciently similar loading frequency distribution
is available and the ratio N’expiremental/N’calculated may be estimated, it is possible
to predict the fatigue life N” for the considered case from the equation N”/N”calc =
N’exp/N’calc N” = N”calc N’exp/N’calc = N”calc C where C is a correction factor -
established from tests and calculation results for the related loading spectrum .In the
case of these predictions it is important to consider that experience is needed to
decide which two loading distributions are close enough to result in the successful
application of a correction factor .It should also be noted that damage calculations in
the case of NSA are mostly performed by various authors in quite a similar way .In
contrast, the application of the LSA is characterised by numerous variants

(165,166) and results from different sources can not be compared. Virtually no

information is available for zinc-based alloys, therefore, for the purposes of this

thesis, it was decided to determine the fatigue life of the zinc alloys by using the 4
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curve for unnotched specimens as it is important to know this before going into the

prediction techniques.

3.6 Factors Influencing the Fatigue Life of a Component.

3.6.1 The Effect of Notches oﬁ Fatigue.

The fatigue Abehaviour of a material depends on many variables associated with
specimen preparation, environmental conditions, testing procedures and techniques
ie; it is difficult to describe an absolute property in the fatigue context{ 167), In other
words only a set of properties determined under closely specified and controlled
conditions can be stated.

The basic and fundamental fatigue properties of a material, whether in the form of
bar, sheet, casting or forging, are usually determined using carefully prepared,
longitudinally polished, un-notched specimens tested in a normal laboratory
environment. The precise size and shape of the specimen depends on the type of
fatigue machines, the method of gripping employed, and the form and type of
material being tested. All specimens must have a test section free of any intentional
defects and stress raisers. Th.ere must be a gradual increase in section frdm the test
section to the gripping portion of the specimen,and the proportions should be such
that premature failure in the grips does not occur.

If a test piece of the same material contains a geometrical discontinuity, such as a
notch, this discontinuity will give rise to a stress concentration(168). If the elastic

stress concentration factor is known, then under ideal conditions the fatigue strength

of the notched specimen would be defined as :

-

where fn =fatigue strength of notched test pieces
fu = fatigue strength of un-notched test pieces

Kt = elastic stress concentration factor.

Figure 32 shows the variation of the fatigue limit with specimens size of three steels

using un-notched and notched specimens (169).
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The notched test pieces were geometrically similar. In ail cases the curves show
appreciable variation of strength with size up to a certain diameter, above which it
remains constant. This behaviour is not universal, but indjcates a number of points
that have to be explained.

Another noticeable fact is that the ratio between the fatigue strengths in the un-
notched and notched conditions (fatigue strength reduction factor )

in no case equals the theoretical (elastic) stress concentration factor for the notch.
The notch gives a theoretical factor of 2, while the specimens give fatigue strength
ratios respectively for the three steels of 1.6, 1.7 and 1.8. This means thai these
results do not conform to the equation (1)

This deviation from equation is measured by the notch sensitivity of the material in

an equation of the form

where q is the notch sensitivity .
Notch sensitivity has a value of zero for the case in which the notched test piece has
a fatigue strength as high as the un-notched one, and a figure of unity where the ratio

of fatigue strengths is equal to the stress concentration factor.

An early paper (170) by R.E.Peterson shows the notch sensitivity for two steels
plotted against the number of grains within 5% of the maximum nominal stress.
These curves (Fig.33) suggest that by control of the ratio between the grain size and

the volume of the material under a high stress, it is possible to get almost any value

for notch sensitivity, even with similar materials. This does not mean that notch

sensitivity is necessarily associated with grain size. [t may be that in the case of ;

Peterson’s illustration, the grain size is merely indicative of some other factors in the

structure of the material It is enough to show that the structure of the material is of

great importance, and that it is not possible to state a single figure for notch

sensitivity for any material. The diagram also confirms that there is a definite size

effect for notch sensitivity as well as for the basic fatigue properties, and suggests
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that for a given material, if e notched specimen is made large enough with respect to
the metallurgical structure of the material (particularly when the root radius of the
notch is large ), a notch sensitivity of unity should be reached, which means that the
notch reduces the strength of the specimen by a factor equal to the theoretical stress
concentration factor. '

Petersons’ results also suggest that, if the specimen is made small enough (and the
notch ;adius is small enough ), a notch sensitivity of zero will be obtained. The
inferénce that q shall tend to unity for large pieces seems quite acceptable because if a
considerable volume of material is subjected to the high stress, it is reasonable to
expect that volume behaves like an independent test piece. On the other hand, the
opposite inference that q tends to zero for very small pieces, is less easy to assimilate
because it implies that very high stresses developed only locally should have no
effect at all. |

Local strain and stress measurements at the notch root can give useful information
for more precise fatigue life evaluation. The method generally used(171,172) jn the
evaluation of fatigue crack initiation life is based on the stress/strain concentration
factor at the notch root and the small specimen simulation method. However, when
used in cyclic fatigue tests, these methods do not always give an accurate prediction
of the crack initiation life. Barson and McNicol (173) have used the fracture
mechanics method to evaluate fatigue crack initiation life by using the stress intensity
factor with flat notched specimens. However, in the crack initiation process, when

the initiated crack ( small crack ) propagation has been located in the components, the

application of the stress intensity factor is not appropriate. Hudak J.R (174) also

stated that in crack initiation and small crack propagation, the evaluation by stress

intensity factor is difficult.

A new evaluation was put forward by, T. Sato and H. Shimada( 175) Their method

assumes that measured maximum strain behaviour at the region local to the notch

root during fatigue tests could systematically explain the crack initiation mechanism.

Their test involved using low cycle fatigue conditions a
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175 .
method(175). The local maximum strain under loading must be measured
continuously to evaluate the crack initiation life from the notch root. The results
confirmed that the strain value at the first cycle of the fatigue test and the measured

maximum strain value at crack initiation are nearly equal but the physical and the

mechanical meaning of this phenomenon is not yet entirely clear.

3.6.1.1 Theories Explaining Size Effects and Notch Sensitivity
Variation.

Notch sensitivity can be explained to some extent by these three hypothesis:

1) The Elementary Block Concept.

2) The Inherent Flow Concept.

3) Non-Elastic Behaviour.

1) The elementary block concept :

This concept has be:en developed by Newber(176). It is suggested that, although the
stresses in a body are similar to those calculated from elastic theory, fatigue failure is
governed not by the maximum stress present but by the average stress over an
elementary block of finite size. Thus, the average stress over a certain block of
material must reach a critical value to cause failure, rather thah the maximum stress
reaching a critical value. |

The elementary block concept implies that the behaviour of the material will be
closely linked with the stress gradient . This is demonstrated in Figure 34 where two
similar cases of stress concentration over notches varying only in size are shown.
The distance (d) is in each case the depth of the elementary block, and it can be seen

that the actual stress in the case of the small stress concentration will be much higher

than with the other.
This means that the nominal stress at failure of the small specimen will be greater

than that of the larger one.
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2) The inherent flow concept

This hypothesis was developed basically by Griffith (159) and it states that materials
behave as if they contained large numbers of internal stress conéentrations. These
stress concentrations are referred to as ”flaws” for convenience, although this is not
meant to imply that the materials concerned are faulty. These inherent flaws are
thought to be distributed randomly throughout the material and there are several
ways in which they might be expected to behave, accordingly to how. large and how
numerous they are. Firstly, consider the case where they are small and in abundance.
Then again, as in the elementary block theory, the behaviour of the material will be
linked with the stress gradient. The reason for this is shown in Figure 35 which also
shows the case of an external notch varying only in size. Where the notch islarge,
the stress concentration factor for the flaw must be applied to the full stress at the

notch root so that the actual stress at the flaw will be (fn x Kt x Kf)

where fn = nominal fatigue strength of notched specimens.

Kt = elastic stress concentration factor of notch.

Kf = effective stress concentration factor of flaw.
The actual stress of the nominally plain (notch-free ) specimen will of course also be
multiplied by Kf. ie.(fu x Kf), so that the actual reduction of strength fu/fn will be
equal to Kt. This means that the notch sensitivity will be unity. In the case of the

smaller notch, the stress concentration factor of the flaw is applied to a much lower

stress value (see point ”a” in Figure 35 )and, therefore, the maximum actual stress

due to notch and crack is much less than with the large notch.

This indicates that where the flaw is of the same order of size as the notch, the two

stress concentration factors do not multiply together and, therefore, the external

notch appears to have much less effect. With reference to this the question made by

Moore, Lyon and Inglis (177) in 1927 is of interest.

stress raiser acts merely as one more defect and

"If the defects are large, then the

weakens the metal but little in addition. If a piece of metal has a hundred small hole.s__'
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drilled in it at random, it will not be greatly weakened by another small hole, but it -
will be appreciably weakened by a hole ten times the diameter of the ;mall holes,
even though the larger hole makes a negligible reduction of the area of the cross
section of the piece ”.

There is another aspect of the inherent flaw hypothesis which concerns flaws of
relatively sparse distribution like, for example, some forms of porosity or
intermetallic constituents. These may be distributed such that the probability of their
occurrance on the surface (or in the volume) of notch-free specimens is very high,
whereas the probability of their occurance at the root of a small notch is remote. The
influence of such sparse flaws may be expected to be related to their frequency and
magnitude. |

Upon examinations of the experimental alloys, it was found that all these alloys had

various degress of porosity.

3) Non-elastic behaviour .

Some materials can behave non-elastically for an infinite time under fatigue stress.
The effect of this is shown in Figure 36 If we take into consideration the case of
plain specimens under bending, or of notched specimens. Let AOB be the stress
distribution according to elastic theory, and COD be the distribution under non-
elastic conditions. In each case, the second moment of areas (for cylindrical

specimens) beneath the two parts of the curves must be exactly the same, such that

the specimens support the required load. It can be noted that the maximum stress

according to elastic theory will be the values PA in each case, whereas the actual

stress is equal to PC. This means that, where non-elastic behaviour occurs, the

theoretical stress distribution in the specimen due to the assumption of elasticity 15

jations i itivi i t be real.
wrong. Apparent variations i notch sensitivity can occur which may no
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3.6.2 The Effect of Mean Stress.

Figure 37 shows test results recorded by J.0.Smith (178). I the case of un-notched |
test pieces the range of stress drops with increasing tensile mean stress as we would
expect. However, with compressive mean stresses there is little change on the
average up to considerable values, although some materials show a drop and others a
rise. In the case of notched test pieces ( Fig 38) attention is drawn to the sharp rise in
stress range on the compression side of the diagram. It should be noted that Smiths’
co-ordinates are not identical for the tension and compression diagrams, and that he
regards as notched everything which has not got a smooth polished, surface .

Gunn( 179), who researched the effect of tensile mean stresses, has explained the
shape of the R/M diagram (where R=range of stress, M=mean stress ) for notched
test pieces as follows (Fig.39). If AB is the R/M diagram for notch-free test pieces,
assuming a constant strength reduction factor and elastic conditions, the curve
expected for the notched test pieces would be CD, meaning that the intercepts on
both axes are divided by the reduction factor. Moving along the curve CD from left .
to right, at some point the maximum cycle stress will equal the yield point of the
material at CH (Fig 39) where the curve CD intersects the line EF which represents
the yield point of the material divided by the stress concentration factor. From point
H onwards for some distance, as higher mean stresses are applied, the mean stress
of the specimen as a whole will be greater, but the mean stress at the root of the
notch will stay constant, as a result of the yield. Therefore, the range of stress
supported by the specimen will also stay nearly constant, as shown. This indicates
that there should be a link in the R/M diagram for notched te;t pieces at a point not

far distant from the zero mean Stress axis Gunn (179)has shown that several

experimental investigations fit this theory perfectly. With regard to the behaviour

under compression ,the test findings by Moore, Lyon and Inglis( 177) on cast iron

prove interesting since the material in this case is like heavily-notched material (Fig

s . ' far
40), in that the range of stress associated with high compressive mean Stress 18

greater than those associated with zero or tensile mean stre
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Nominal Mean Stress.

Figure 39  Effect of Mean Stress on Notched Test Pieces
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of great interest to discover whether tests oﬁ notched specimens of cast iron under
compressive mean stresses manifest insensitivity to notches ,as in the case of tests
with zero mean stress. The effect of compressive mean stresses in augmenting the
range of stress associated with the notched test piece has been ascribed to the
possibility of cracks forming but not progressing since they do not open and shut
under the alternating stress, and can still transmit compression. This is highly
important because it lets us see signs of a possible relationship between the shape of

the R/M diagram and the structure of the material.

3.6.3 Effect of Residual Stresses.

Up until now notch sensitivity, as related to non-elastic behaviour and the structure
of material has been considered, but initial stress conditions have been overlooked. It
has been acknowledged of late that it is far from easy to produce fatigue specimens
or machined parts in an initially stress-free condition. Residual stress may emanate
from non-uniform deformation resulting from heat treatment or mechanical action, eg
: by quenching from a high temperature, stretching of sections with non-uniform
properties bending, drawing, rolling or machining. There is no general upper limit to

the stresses which may be produced except that which is set by the yield

characteristics of the material concerned (180)

In 1936 Becker and Philips(18 1) examined the effects on a chrome-vanadium steel

of residual compressive stresses developed by quenching from the tempering

temperature. Their findings are recorded in Table 6 and they reveal that temper-

: 0,
stresses gave an improvement of 8% on notch-free test pieces and of 14% on

notched test pieces. Table 7 reveals that improvements up to 44% were achieved by a

combination of temper stressing and stressing by mechanical action. Figure 41

shows the effect of residual stressés (182)as a result of quenching after a solution

nd notched test pieces of an aluminum alloy. It reveals

heat treatment on notch-free a

. . m
that for the wrought materials with notch-free test pieces, no difference resulted fro!

the high residual compression resulting from the quenching operation.

g1




The notched test pieces, on the other hand, showed an improvement of up to 80%. .
Cast material has also shown an improvement with notch-free test pieces.
Interestingly, these results show that compressive residual siresses alone can alter
the apparent notch sensitivity of material from a reasonably high value to a very low
one. Where the residual stresses are tensile they can give apparent notch sensitivity
values greater than unity .

The effects of residual stresses must be related to the effects of external mean
stresses and the relaxation of residual stress under the fatigue action .

The effects of an externally applied mean stress have been described above.
Relaxation of stress during the fatigue test can occur in some materials with low
limits of proportionality or non-elastic behaviour under fatigue. Rosenthal and Sines
(182) showed an example of this behaviour on an annealed aluminum alloy, which
revealed zero effect of residual stresses iln the annealed state but a large effect in the

heat treated condition .

3.6.4 The Effect of Surface Finish.
Surface finish can have a substantial effect on the fatigue strength of nominally

notch-free specimens. Many examples of this can be found in the literature

concerning the subject. Typical of these is an early example quoted by Gough(183)

and first published by Moore and Kommers( 184)(’I‘able 8). This phenomenon can
also be considered in terms of surface geometry, the variation of material properties
and the applied stress system. Even a polished surface contains notches, albeit they

are only of shallow depth. Due to this fact, the general assumptions W‘hich have been

applied to notched test pieces can also be applied to surface finish. On the other

hand, the size of the notch is very small and the notch sensitivity of most materials

would be expected to be relatively low.

. ‘ rk ;
A further point to be considered is the effect of the manufacturing process i WOI2

: mmer and
hardening and surface stressing the material. Several workers (e.gFro

L10yd(185) ) have stressed that many mac

a"D

hining operations result in resxldualv,"’j: .




compression of the surface of the material, but that grinding operations ( or, in fact
» 5

operations which heat a thin layer on the surface to a very high temperature ) can

cause high residual tensions.

3.6.5 The Effect of Temperature.

Fatigue strength is affected by temperature and is generally reduced by raising the
temperature. At high temperature there is a correlation between the fatigue strength of
several metals and their creep rupture strength(186). Lowering the temperature
towards absolute zero has been found to raise the fatigue strength in approximately
the same proprtion as the U.T.S(187),

Tests on a number of aluminum and steel alloys ranging down to 50 °C, and lower in
some cases, have shown that the fatigue strength is as good as and often better than
at normal ambient temperature. However, fatigue tests at higher temperatures show
little or no effect up to about 300 °C, but in the case of steel at 400 °C there is an
increase in fatigue strength to a maximum value, followed by a rapid fall to values
well below that at +20 °C. Above a certain temperature there is an interaction
between fatigue and creep effects. It is found that up to say 700 °C for heat-resistant
alloy steel, fatigue is the criterion of failure, whereas-at higher temperatures, creep
becomes the cause of failure.

At higher temperatures plastic flow tends to become predominantly a grain boundary
sliding mechanism, so that creep rather than fatigue failure becomes increasingly
probable. A good high-temperature fatigue strength would be expected from a

material able to retain a high resistance to cyclic slip within a grain ( initiation

resistance ) to sliding at grain boundaries ( creep resistance ) and to atmospheric

attack. Because high creep-resisting materials possess those properties, they usually

have correspondingly good high temperature fatigue strength (188). Figure 42

shows the variation with temperature of tensile strength, fatigue strength and creep

strength of a low carbon steel ( Tweedale (189)).
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700 °C (Nitrates), W. Q

Temper-Stressed

TEST HEAT TREATMENT CONDITION ENDURANCE
SERIES No FATIGUE
LIMIT
_ tons / sq. in
—> 850 °C (Cyanide), 0. Q; T Un-Notched, Un- 1+ 382
700 °C (Nitrates), A. C stressed
3 850 °C (Cyanide), 0. Q; 1 Un-Notched; +414
700 °C (Nitrates), W. Q Temper-Stressed
a4 850 °C (Cyanide), 0. Q; T Notched; Un-Stressed + 18.1
700 °C (Nitrates), A. C
5 850 °C (Cyanide), O. Q; T Notched 1+ 20.6

Material. Chromium-Vanadium Steel; Machined Surfaces.

|
Table.6 : Results of Rotating Cantilever Fatigue Tests ( Becker & Phillips )(

81)

TREATMENT CONDITION LIMITING SAFE
SE%SIES * RANGE OF
No STRESS
tons / sq. In
11 800 °C (Muffle), 0.Q; T | As-Rolled,Un-Stressed 0-25
600 °C (Nitrate), A.C
15 850-800 °C (Nuffle), As-Rolled,Un-Stressed About
0.QT Scragged 0-33
600 °C (Nitrates),
A. C, Scragged
16  [850-800 °§ %Mufﬂe), As-Rolled, Temper- 0- 36
0.QT Stressed. Scragged
600 °C (Nitrates),
W. Q, Scragged

merial, Low-Chromium Steel.

Table.7 : Summary of Results of Scragging Tests ( Becker & Phillips ).
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3.7 Fatigue of Zinc Alloys.

Generally fatigue research has been concentrated on ferrous materials and mainly on
steel and iron. Later on considerable attention was given to non-ferrous materials
such as aluminum because of its importance in the aircraft industry. Workers such as
Forrest (190) and Templin (191 have reviewed the fatigue of aluminum alloys and a
large amount of data has been collected by Grover, Gordon and Jackson (192).
Alloys containing zinc, as a small addition in aluminum-zinc-magnesium and
aluminum-zinc-magnesium-copper alloys, were fatigue tested (193), as shown in
Figure 43. Further fatigue work on aluminum-zinc ( magnesium or copper ) alloys
was made by Oberg( 194), Waisman(195) and many others. But these fatigue tests
were on alloys in which zinc was merely an alloying element. However, some later
fatigue work was carried out on zinc-based alloys, as shown in Table 9. From this
table it can be seen that fatigue tests were made on both gravity-cast and sand-cast
zinc alloys, but not on pressure die-cast zinc alloys.

It was only recently that some work on pressure die-cast zinc alloys was reported
and published by C.S Shin and N.A.Fleck( 196).They have determined the fatigue
properties of the No.3 alloy by the fracture mechanics approach. Compact tension ( /
CT ) specimens of 50mm width, by 3.2mm thickness, and a notch length of 15mm
were used in their investigation. The No.3 alloy claims a yield stress oy of 210
MPa, an ultimate tensile stress of 285 MPa, an elongation on 50mm of 15%, and a
Young’s modulus of 73 GPa at a strain rate of 10-3s-1.

Firstly, 3.2mm thick specimens were used to determine the fracture toughness and

fatigue crack propagation ( F.C.P ) response of this alloy. In addition, 1.6 mm thick

specimens were also used to study and compare the effect of thi‘cknes’s on fatigue

crack propagation bebaviour. Due to the invalid size of the specimens, as stated in

ASTM E399-81, the K;. measurements had to be abandoned, but the J integral test

procedure was found to be appropriate for these specimens, as stated in ASTM

hness was measured by using the single speci

men
E813-81. Therefore, the Klc toug e

i i i eAK' '~
technique. The specimens were fatigue pre-cracked using a stress mtensny rang :
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of 8 MPa m!/2 and a load ratio R of 0.05. A travelling microscope was used to

measure the crack length during the tests and later fractographic examination
indicated that the crack front had remained straight throughout the test, thus the
surface measurements of crack length were valid. The J -integral versus crack
extension, Aa, response was calculated from the load P, versus crack opening
displacement v of a specimen. The displacement v is measured along the load line by
mounting a slip gauge across the notch on one side face of the specimen. Figure 44
shows the results for initial crack length-to-width ratios ranging from 0.52 to 0.67.
From Figure 44 the least squares fit through J-Aa gives a linear regression line
which intercepts the blunting line J = 20yAa at Jo=45x 10-3MNm™. The quantity
ZSJQ/oy = 0.56 mm is less than both the specimen thickness ( 3.2 mm ) and the
minimum initial size ( 16.4 mm ). Furthermore, the slope of the regression line is 18
MPa, which is less than the yield stress ( 210 MPa ). Thus, J Q is a valid measure of
the plane strain toughness and can be designated J;..The scatter in the J - Aa
response in Figure 44 is due to the fact that the material contains a random
distribution of pores, as shown in Figure 45 .The fatigue crack propagation was also
observed by a travelling microscope and the crack closure response was monitored -
by an offset-compliance technique using a back face strain gauge. Crack closure was
quantified by the U value, defined as the fraction of the load cycle for which the

crack is open, thus

U= (Kmax-Kop) _ Pkeff
Kmax-Kmin) gk

where Kmax, Kmin and Kop are the maximum, minimum and crack opening stress

intensities respectively, both crack length and crack closure were taken at a

frequency of 5Hz .Constant amplitude tests were carried out to determine the

influence of specimen thickness on crack growth . The ratio R ( min load / max load )

of 0.05 and 0.5 was used on the 3.2 mm thick specimens, while the 1.6 mm thick

specimens were subjected to a load ratio R of 0.05 only. The results of these tests

. . : LY t
are shown in figure 46. From this figure it can be noticed that there is no significan

100




difference in crack growth rate between thick and thin specimens for the same load

ratio of 0.05, to within the experimental scatter which was probably due to the

influence of pores in the structure .

Figure 47 shows typical fatigue surfaces of the 3mm thick specimens when R was
equal to 0.05 and 0.5. For R values there is a large area fraction of transgranular
cleavage of the primary Zn-rich B dendrites and of the eutectoid (a+B) mixture
between the dendrites. |

When comparing the fatigue crack propagation data of the zinc alloy with other
metallic alloys (197), as shown in Figure 48, it was found that crack growth in the
zinc alloy is higher than that in other metallic materials under the same AK/E. The

faster growth in the zinc alloy may be due to the fact that it has an hexagonal close-

packed structure with a limited number of slip systems. Shin and Flieck concluded

that fatigue crack growth in zinc alloys is accompanied by crack closure when the

load ratio equals 0.05, but no closure was observed at a load ratio of 0.5. The zinc

alloys display faster crack growth rates than aluminum or two typical steels when

compared on the basis of AK/E or AK¢/E. Fatigue crack retardation, following an

over-load in zinc alloys, is primarily due to crack closure. The apparent discrepancy .
between measured growth rates and the predicted growth rates from closure

measurements is as a result of discontinuous closure.
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CHAPTER 4
4.0 EXPERIMENTAL WORK.

4.1 Preparation of the Alloys.

Fatigue tests were carried out on three different batches of alloys

a) Commercial alloys ( Mazak 3, ZA8 and ZA27 ) supplied by Mazak Ltd. These
alloys were cast by means of cold-chamber pressure die-casting machines, into
plates of 2.18 mm in thickness, 250 mm in length and 50 mm in width with shallow
ribs and bosses. Standard fatigue test samples were machined out of these plates.
The size specifications of these samples are shown in Figure 47.

b) Ingots of the above-mentioned alloys were also supplied by Mazak. These ingots
were melted and pressure die-cast at the Aston foundry. The alloys were then called
Mazak 3K, ZA8K and ZA27K .

c) Three alloys called K1, K2 and K3 were also pressure die-cast at Aston foundry.
The compositions of these alloys were based on the standard ZA8 alloy, but with
copper contents altered to 0%, 0.5% and 2% respectively. Calculated proportions of
zinc and aluminum with commercial purities of 99.99% and 99.985% respectively
were used in the charge of these ingots. In the case of alloys containing copper (K2,
K3), a calculated amount of the master alloy, containing 50% Cu and 50% Al, was
added to the charge and then stirred vigorously. The calculated amounts of
magnesium for each alloy were added to the melt at lower temperatures and again
stirred vigorously. The melts were then poured into a coated steel mould to form the

required ingots. Silicon-carbide pots in an induction furnace were used in the melting

procedure.

4.2 The Die Casting Machine and Die Design.

A cold-chamber pressure die-casting machine (EMBI0 ) as shown in Figure 48 with

a locking force capacity of 76 tonf was used. This machine is operated in two phas_es‘ :

Phase 1. A fixed low-speed movement of the injection plunger.

Phase 2. The injection plunger was accelerated to high speed the speed was -
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adjustedto suit the required castings. The fixed low-speed of phase 1 is used to draw
as much air as possible away from the sleeve and die cavity. When the molten metal
reaches the gate of the die cavity, a sudden acceleration ( phase 2 ) takes place to
force the metal into the die cavity at the required speed.

An optional third phase can be seen in the more advanced pressure die-casting
machines in which a high pressure is applied to the castings during solidification in
the die to compensate for shrinkage and minimise porosity. This third phase is not
needed with the present alloys. However, to ensure optimum pressure in the second
phase of the casting , an extra high pressure reservoir was fitted in series with the
present reservoir.

A specific die was designed for these experimental alloys by the author, and co-
workers(M Durman ). The die was designed in such a way that the castings would
be produced in the form of two identical rectangular plates .The designers carefully
considered the following factors :

1) The feed systems.

2) Cavity fill time.

3) Gate velocity and fill pattern.

The die design was based on computer data supplied by Mazak Ltd and then
translated into a form suitable for the Macintosh computers. The programme
basically matches the characteristics of any die casting machine, for example, the
maximum pressure capacity of the machine, the maximum er shot plunger speed,
the plunger diameter and line pressure and the volume of the casting. When selecting
the afore-mentioned conditions, the computer displays the recommended gate areas,
the gate velocities and the cavity fill times. Figure 49 shows a schematical drawing

of the die cavity indicated by following the above procedures and it is characterised

by the following design parameters :

Machine Calibration Parameters .

Plunger diameter 44.4 mm

i 1.03 MPa
Line pressure




Maximum pressure on metal

Dry shot speed

Working Parameters

Plunger diameter

Line parameter

Castings data

Number of components in shot
Total component weight

Total component volume

Selected casting conditions

Gate area
Gate velocity

Fill time

Gate dimensions
Gate length
Gate thickness

To aid the selection of design parameters, the programme was designed to display a
graph, as shown in Figure 50. When the graph shows a smooth section decrease

from the feed system to the gate of the cavity ( goqd hydrodynamic behaviour ), it

indicates that the parameters

by Durman by machining the gate length down to the levels of the imp

give a gate length of 110 mm for each gate. Eventually good quality castings were

33.73 MPa
7.6 m/s

44.4 mm
0.93 MPa

2
2X378=756¢g
2(2X25X120)= 12000 mm3

60 mm2
58.1 m/s

3.4 ms

100 mm

0.30 mm

are suitable. Moreover, further modifications were made

achieved, and an example is shown in Figure S1.
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4.3 The Die Casting Procedure.

The ingots were placed in a clay graphite pot with a charge capacity of 30 kg. They
were left to melt and stabilise at the required temperature in an electrical resistance
furnace. Thermocouples were placed into the melt to monitor the temperature. The
molten metal was stirred every few minutes using a coated steel bar to prevent
segregation of aluminium from the zinc. Then the melt surface was skimmed to
remove any oxides and slags.

The die was preheated and stabilised at a temperature between 180-220°C. Two
thermocouples ( chromel-alumel ) were located in the die block at a distance of 20
mm away from the middle of each impression.

The casting of these alloys then commenced with a variation of injection speed and
pressure until the required quality was obtained. The castings were inspected for
porosity by X-ray radiography. The best samples were then selected for
experimentation; During the casting process the die faces were lubricated sparingly
with an oil based lubricant ( Dycote-2021 ).

The best castings were obtained for the low-freezing range alloys M3 and ZA8,
when the highest injection pressure and plunger speed were used. The gate velocity

at this setting was calculated to be about 53 mv/s.

4.4 Fatigue Tests

Fatigue tests were carried out on an ESH 50 KN electrohydrauhc machine as shown
in Figure 52. The machme was equiped with an electrohydraulic control system.
This was regulated by a local cell or a stroke transducer, which controls a servo-

valve governing the oil flow. In order to ensure complete thermal and electrical

stabilization of the electrical and electronic systems, the machine had to be switched

on and run for about 30 minutes before the testing commenced.

A logic box was fitted to the machine to enable the operator to control it by the use of

an Apple Macintosh computer programme.

The specimens were mounted on the machine by using Hounsfield clamps.
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The work in this thesis is only concerned with tension fatigue tests of flat specimens

Some of these specimens were supplied by Mazak in the form of plates which were
then machined into the required size recommended by BS 18 (1970)

The vast majority of the specimens‘used were produced at the Aston foundry. The
fatigue tests were firstly carried out at room témperature and, after establishing the
fatigue life curves of these alloys, a decision was made to investigate the effect of
elevated temperatufes on their fatigue life. Therefore, further sets of tests were
carried out at temperatures of 50 and 100 °C. The elevated temperature tests were
achieved by the use of a variable resistance electric furnace. A reasonable period of
time was given to each sample to ensure that it stabilised at the required temperature
before any loads were applied.

The aim of these investigations was to find the fatigue life curve of the alloys
involved, therefore, in every case, the samples were tested té rupture. The number
of cycles to failure was recorded with either the use of a digital counter on the
machine or from the display on the Macintosh computer screen. The fatigue life
curves for the ZA alloys involved in this work were unknown. Hence it was
necessary to determine a range of loads to be used on each alloy under differing
conditions of stress and temperatures. Therefore, one specimen from each alloy was
tested at a high load, then another specimen was tested at a low load. A frequency of
50Hz and a fixed R ratio ( min stress/ max stress ) of 0.1 were both used throughout
the tests.

" Nominal stress data, attained from the division of loads into the initial cross-sectional

areas, and the number of cycles were collected for each alloy under every

condition. Then the computer provided a plot of the S-N curves.

4.5 Tensile Tests
e Instron 100 KN Universal Testing Machine as

unsﬁéltd: :

Tensile tests were carried out on th

shown in Figure 53. The specimens Were mounted on the machine with Ho

clamps. The tensile tests were carried out on all the ZA alloys, firstly at room




temperature, then at 50 °C and 100 °C. The UTS, the elongation, and the 0.2% proof

stress were calculated for each alloy. Furthermore, an electrical strain gauge was
fitted on to one sample of each alloy and with the aid of digital strain counter and a

chart recorder, the Young’s Modulus was determined for each alloy at room

temperature, at 50 °C, and at 100 °C.

4.6 Metallographic Examination.
The as-cast structures of all the alloys involved in this work were examined by the
optical microscope and the electron microscope (SEM). Then, for further detailed

investigations, the transmission electron microscope (TEM) was used.

4.6.1 Optical and SEM Metallography

Samples were cut from each alloy and mounted in bakelite. These samples were then
ground on silicon carbide papers and polished on diamond abrasive to a final finish
of 1 um. In some cases, however, 1/4 um was needed to obtain a very fine finish .
For the optical metallography, the polished samples had to be etched in 2% Nital for
an adequate time, depending on the type of alloy. The optical metallography was
then abandoned as the alloys exhibited a very fine structure which could not be
revealed by the limited magnification power of the optical microscope. Attention,
therefore was then drawn to the SEM in back-scattered electron mode which
provided good resolution at higher magnifications. The contrast in back-
scatteredelectron mode mainly depends on the average atomic number distribution,
therefore the zinc-rich phases appeared light, while the aluminum-rich phases

appeared darker. This is due to the fact that zinc has a higher atomic number than

aluminum and has more electron scattering power and gives a greater number of

back-scattered/electrons.

A Cambridge 120 SEM, fitted with a special large-area back-scattered electron

detector. was used for the metallographic examinations of the alloys involved in thi

work.
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4.6.2 Fracture Topography.

The binocular microscope was used with a maximum magnification of 40x to

examine the fatigue-fractured surfaces. Secondary electron images in the SEM was
used to study the fracture topography in greater detail. A mixture of back-scattered

and secondary electron signals was used to show both the fractured surfaces and the

microstructure at the same time.

4.6.3 Transmission Electron Microscopy.
It was necessary to use the TEM to investigate the structures in more detail. Unlike

the case of the SEM, the TEM samples had to be made in the form of electron-

transparent thin foils.

4.6.3.1 Thin Foil Preparation.

The preparation of thin foils involved three stages :

1) Thinning 2mm-thick samples to 150um by grinding them on silicon carbide
papers, starting with a grit size of 120 and finishing at 600 grit .

2) Spark machining the 150um thick samples to produce discs 3mm in diameter.
The discs were then thinned down to about 100um by holding them in a small jig
and grinding them on 1200 grit abrasive papers ( wet grinding ).

3) The final stage of thinning was carried out by electropolishing, using a
commercial Tenupol electropolisher as shown in Figure 54. The machine is a
double-jet device which thins both sides of the specimens simultaneously. A pump (
in the electrolyte reservior below the polishing cell ) circulates electrolytes through
the dual jets, which are directed at the centre of the 3mm disc specimen. The

specimen is mounted in a removable holder and an anode potential is applied via a

metal strip which runs through the centre of the holder. The polishing action is

stopped as soon as a hole has formed in the disc specimen, an indication of this is

given by a buzzer sound from the light source detector ( Photo cell ).

. d
Several recipes of electrolytes were given for each material of the Zn, Zn alloys an
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Al-Zn alloys. Those electrolytes were based on a mixture of perchloric acid ( 10-
20% ) and ethanol. However, the afore-mentioned recipes were not suitable for these
present alloys because of chemical attack by the perchloric acid. Trial and error led to
the development of a new electrolyte containing 4-5% perchloric acid, 20-25% 2
butoxy ethanol and 65-70% ethanol. Liquid nitrogen was added to cool this
electrolyte to about -30 °C during polishing. The specimens were cleaned instantly
when polished, firstly with water and secondly with methanol. They were then dried

with clean filter papers. Table 10 shows the operating conditions for electropolishing

for commercial ZA alloys.

4.6.3.2 Transmission.Electron Microscopy.Work.

Unlike the SEM, the contrast in the TEM is only slightly affected by the atomic
number, as it is dominated by the orientation and foil thickness variations. Therefore,
the zinc-rich phases appeared darker than the Aluminium-rich phases due to the
difference in thickness resulting from the preferential thinning of phases when
preparing foils. Four different types of transmission electron microscopes were used
in the examination of the thin foils; Jeol JEM 100B, Jeol JEM 100C, Philips
EM400T and Jeol 2000FX respectively. These four types of transmission electron
microscopy lend themselves to a variety of techniques to suit different purposes.
The conventional TEM mode enabled bright and dark field images of the structures
to be studied with the corresponding selected area diffraction patterns (SADP ). The
tilting technique, using a double-tilt stage, was employed in order to aquire three-
dimensional information and to allow selection of particular crystallographic
directions to reveal structure and to differentiate the diffraction patterns of small

particles with similar lattice parameters for the matrix phase. In order to procure

selected crystallographic directions, tilting about the direction determined by the

Kikuchi line was followed by using schematic Kikuchi maps as an aid in selecting

tilt axes. This was carried out by firstly tilting to the nearest attainable and




recognizable pole, then by calculating the angle between the beam direction of this
pole and the pole of interest and finally by tilting through this known angle about a
defined tilt axis, detemined by the Kikuchi map. This method necessitate tilting
through large angles and was seen as a rather difficult job in CTEMs because the
small areas of interest moved laterally resulting in the corresponding SADPs of these
areas disappearing during tilting. However, the use of a small convergent probe (
convergent beam ) served to overcome this difficulty. The angle of the beam was
controlled by the size of the second condenser lens aperture and the siz.e.by the
strength of the first condenser aperture. This method focused the second condenser
lens aperture onto the specimen, creating diffraction patterns of various disc sizes,
depending on the size of the second condenser lens aperture being utilised. With this
method, convergent beam diffraction patterns ( CBDP ) of very small areas were
also cfeated.

The STEM mode of the microscope was also used to analyse the chemical
composition of the present phases. In order to carry out analyses on a selection of
small phases, the smallest probe was achieved by switching off the second
condenser lens and enlarging the strength of the first lens, and by using the smallest
second condenser lens aperture, and then by focusing the probe onto the area to be
analysed ,using the objective lens.

An EDS system was used to make X-ray microanalyses of the phases. In order to
prevent any X-ray contamination arising from the standard specimen holders, a
special carbon specimen holder was utilized. The analyses were then carried out on

the samples’ thinnest areas. X-ray intensities were obtained after various times,

between 200 and 500 live-seconds.

A computer programme was used to accomplish the background fitting-to the

. » 3 . Ofa
elements’characteristic peaks. This programme also enabled the modification

fitted background in some regions which were clear of the elements’ chara

peaks. When an adequate fit was found, it was subtracted from the characteristic .

peaks to formulate the elements’ real intensities. The intensities were then computé
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to find the true concentrations with atomic number correction only

Figure 52  The ESH.50.KN Testing Machine.
Alloy Yoltage Current Density Flow Rate Temperature
(V) ( Ajcmz) Setting (°C)
M3K 25-35 0.3-0.37 6.5 -15t0-25
ZA8K 25-35 0.28-0.34 6.5 -15t0-25
ZA27K 25-35 0.25-0.28 6.5

: *20 to -30

Table.10 : Operating Conditions for vElectropoishing Commercial ZA Alloys.




Figure 53  The Instron 100KN Universal Testing Machine.

The Electropolisher ( Tenupol, Struers Ltd ).

Figure 54




CHAPTER 5

5.0 EXPERIMENTAL RESULTS

The experiments were carried out initially on the commercial alloys Mazak 3, ZA8 and
ZA_27., These alloys had been cold-chamber pressure diecast elsewhefe.In order to
carry out the required tests for these investigati‘ons, hundreds of .samples were needed.
It was, therefore, decided to pressure die-cast these commercial alloys at the
University of Aston’s foundry. The require‘d amount of samples was produced and

the initial K was appended to each alloy as a means to differentiate them from the

above mentioned commercial alloys.

After completing the tests on these alloys ( M3, ZA8, ZA27, M3K, ZA8K and
ZA27K) three more alloys, based on the standard ZA8, were produced at Aston. The ‘
only difference between these alloys and ZAS lay in their copper conteﬁts, which
were 0%, 0.5% and 2% for K1, K2 and K3, respectively .

Table 11 shows the chemical compositions of all the alloys involved and investigated

in this work.

Alloy % Al % Cu % Mg % Fe % Zn
Mazak.3 %) <0003 0049 | <001 | Rem
7ZAR 81 106 | 0024 | <0.01 7
ZA27 785 7.08 | 0.016 0.01 7
M.3K 475 | <001 | 0041 | <0.01 7
ZA 8K 8.7 704 | 0.026 | <0.01 T
ZAZIL | 269 502 | 0014 017 | W
K.1 ) =001 | 0024 | <0.01 7
K.,2 g7 053 | 0024 | <0.01 7
K3 g5 102 | 0.024 0.01 7

Table. 11 : Chemical Compositions of T he Experimental Alloys. -
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5.1 Metallography of The Commercial Alloys M3, ZA8 and ZA27 |

The as-cast structures of the commercial alloys M3, ZA8 and ZA27 have been
examined using SEM techniques. The structure of each individual alloy was
thoroughly examined in at least three different-magnifications, in order to discover
further information about the change of phases, as a result of decomposition or

transformations on cooling after casting.

5.1.1 Mazak 3 Alloy

The as-cast structure of the alloy M3, shown in Figures 55-57, at different
magnifications, exhibits the different phases present in this alloy. The structure of this
alloy was very heterogeneous, but was clearly hypoeutectic. The structure shown in
Figures 55-56 consisted of a few large (about 20 um) and many small dendritic
particles of the primary zinc-rich n phase, appearing as white areas with different and
variable sizes. A small portion of lamellar eutectic pools surrounds the zinc-rich n
phase. Many small rounded dark particles, about 1 pm in diameter, were attached to
the hypoeutectic n particles. These small dark particles are revealed at high
magnification in Figure 57, and believed to be a pseudoprimary aluminium-rich
former f phase, as a result of high undercooling during eutectic solidification. They
had subsequently decomposed into some aluminium-rich o and zinc-rich n phase
mixtures at below the eutectoid temperature of 275 °C. In addition to that, the edges of
the primary n dendrites were decorated with thin haloes of the eutectic aluminium-rich
o phase. They were thought to have formed due to the process of removing the excess
aluminium from the supercooled liquid before normal eutectic solidification took

place. This is because the solubility of aluminium in zinc is reduced at Jow

temperatures. The eutectic phase ( Figure 57 ) had formed as plates or lamellae of p

phase in a zinc n matrix with an interlamellar spacing of about 0.5 um, and this B

phase had also decomposed on cooling through the eutectoid temperature after

solidification. The Figure also showed that the former p plates had apparently
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decomposed into rows of aluminium-rich o particles or thinner plates of , the n

constituent of the eutectoid reaction presumably joining the matrix.

Figure 55. SEM.As-cast structure of Mazak3, showing the primary

n of different sizes surrounded by eutectic.
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of the micrograph.




5.1.2 ZA.8 Alloy

The as-cast structure of ZA8 is shown in Figures 58-60 at three different
magnifications. The structure of this alloy ( Figure 58 ) was heterogeneous and clearly
hypereutectic, and consisted of uniformly distributed primary f particles of different
shapes and sizes, with an average size of 12 pm. The structure also consisted of
eutectic pools surrounding the primary f phase. The P had decomposed into two
different morphologies, as shown in Figures 59-60, one being a well developed
lamellar form, mainly in the central portion of the grains surrounded by a rim of
coarser mixture of phases. The second, and less frequent, was only a .coarse mixture
of phases. Also seen at low magnification in Figure 58 was the presence of zinc-rich n
phase. These regular n areas were almost the same size as the primary f phase. These
n areas are believed to be pseudoprimary n, or rather they are the eutectic 7, resulting
from a highly supersaturated zinc-rich liquid subjected to temperatures below the
eutectic temperature, during rapid cooling of the castings. Thin haloes of n phase can
be seen to have formed around the primary  dendrites and were probably due to high
undercooling applied to the castings. The Figures also showed that the majority of the
eutectic had formed into lamellar-like shapes, whilst the remaining part had develbped

into different and peculiar shapes.

Figure 58 SEM.As-cast structure of ZA8, showing primary f

particles surrounded by eutectic, with some pseudo-

primary n phase.
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Figure 59. SEM.As-cast structure of ZA8, showing decomposed
primary { particles surrounded by a thin film of ), and

set in an eutectic matrix.
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SEM.As-cast structure of ZA8, showing the decompos-
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Figure 60.

ition of B into nicely formed lamellae and a coarse

mixture of phases at the edge.




5.1.3 ZA27 Alloy

The as-cast structure of ZA27 is shown in Figures 61-63, at three different
magnifications. The alloy was heterogeneous and consisted of a multi-phase complex
structure. Figure 61, at low magnification, showed a fine dendritic o structure in a
mass of much smaller aluminium-rich p, and the interdendritic eutectic zinc . In other
words (1 + B ). The average size of the primary o was found to be about 14 um.
Figures 62 and 63, at high magnifications, showed that the solidification of this alloy
commenced with the formation of aluminium-rich ( & - & ) dendrites, and was
followed by the precipitation of a further zinc-rich p phase, specifically around the
primary dendrites, through a peritectic reaction between the first-formed a-phase and
the residual liquid.

The decomposition of § particles resulted in the formation of coarse lamellar cellular
products and a fine mixture of a zinc-rich phases in an aluminium matrix. The 3
subsequently decomposed into lamellae or irregular particles of o and n, with eutectic

pools occupying the remaining interdendritic areas.

SEM.As-cast structure 6f ZA27, showing o dendrites

Figure 61.

surrounded by p with small amounts of interdendritic 1.
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Figure 62. SEM.As-cast structure of ZA27, showing details of the

decomposition of primary o’ and p phases.

Figure 63. SEM.As-cast structure of ZA27, showing the decompo-

sition of  into fine particulates or lamellar products.
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5.2 The Metallography of Alloys M3K, ZA8K and ZA27K

The as-cast structures of the commercial alloys M3K, ZASK and ZA27K were firstly
examined in the SEM using a back scattered scanning electron microscope, and details
of their structures were recorded on micrographs .In order to analyse the structures in
greater detail, the Transmission Electron Microscope was used, as it is capable of

providing micrographs, quantitive analysis and diffraction patterns analysis.

5.2.1 M3.K Alloy

The as-cast structure of the alloy M3K is displayed in SEM micrographs and is found
in Figures 64-67 at four different magnifications. Figure 64 revealed that the structure
consisted of a large number of the primary zinc-rich phase n distributed throughout
the structure. These primaries consisted of various sizes, ranging from as small as 1

um up to 20 um and averaged out at 7 um.

The structure also consisted of eutectic pools surrounding the primary particles. Two
different kinds of tiny dark spots were also associated with the primary n, one being
on the edges of the primaries, which is believed to be derived from the pseudoprimary
aluminium-rich former P phase, and the other kind was found surrounded by the n

grains and is believed to be porosity, developed due to the different magnitude of
surface energy between the gas bubbles and the zinc-rich n during solidification. This
will be revealed at higher magnification later on in this chapter. The pseudoprimary
aluminium-rich former p phase can be seen more clearly in Figures 65-67. Figures
66-67 at high magnification, showed the aluminium-rich o particles at the dendrite
edges, and the decomposition of eutectic p and pseudoprimary f3. The Figures also

showed fine precipitates within the primary n dendrites and radial eutectic cells

nucleating on the primary n.

The as-cast structure of the alloy was also examined in detail in the TEM. Figure 68

depicts primary n particles surrounded by eutectic. When these primary particles were

examined at higher magnifications (Figures 69-70), tiny white areas were seen

scattered on the n particles. These white areas were thought to be aluminium-rich o
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precipitates résulting from the precipitation of excess aluminium from solidiﬁcatién,
Electron diffraction patterns were obtained from the primary 1| particles (seen in
Figure 70 ). This pattern, shown in Figure 71, revealed the reflections of the zinc
matrix with a beam direction of <1§10>, but failed to show any reflections from the
precipitates.

Thin haloes of the eutectic Al-rich a phase around the 1 phase can also be seen in
Figures 68-69. Figures 72-74, at high magnifications, showed that the eutectic
appeared to have taken the form of lamellar shapes and, in some cases, oval shapes.
This was due to the fact that on cooling through the p-transformation, the lamellae had
broken up into strings of « particles and zinc-rich portions of the eutectoid in the form
of n precipitates in the eutectic region. The tiny dark spots that appeared on some parts
of the eutectic in Figures 72-74 will be discussed later on in the thesis. Chemical
analyses, using a small probe obtained in STEM mode of operation, were carried out
on different areas, which have been labelled on the figures. The results of these

analyses are shown in Table 12.

Phases Analysed %Al | %Cu | %Mg | %Zn
Primary 7 : ( area.l in Figure.69 ) ' 0.35 0.5 0.4 Rem
Eutectic Matrix : ( area.2 in Figure.72 ) 0.70 0.6 0.9 i
Eutectic o : ( area.3 in Figure 73 ) 79.0 0.4 0.9 i
o', Phase in Eutectic : ( area.4 in Figure.73) 12.7 0.5 0.4 i

Table.12 : STEM Analysis of Alloy M3K.

128




Figure 64.

BN

rs

SEM.As-cast structure of M3K, showing primary 1 of

ranging sizes surrounded by eutectic.

2,89KX 25KV WD:9MM $:00083 P
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Figure 65.

SEM.As-cast structure of M3K, showing the former

P particles formed on the primary .
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4,14KX 25KU WD:9MM

Figure 66. SEM.As-cast structure of M3K, showing nicely formed
pattern consisting of primary 1, pseudoprimary 5 and

radial eutectic cells nucleated on the primary n.

8,29KX 25KV WD:9MM T - P+ EEEpgk

Figure 67. SEM.As-cast structure of M3K at high magnification,
showing the decomposition of a pseudoprimary f particle

and fine precipitates within the primary n dendrites.
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Figure 68. TEM micrograph of M3K, showing primary n

surrounded by eutectic. » X 631{

Figure 69. TEM micrograph of M3K, showing primary n grain

with internal precipitates. X 1 3 k
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Figure 70.

TEM micrograph of M3K, at high magnification of a

primary n particle, showing internal precipitates. x mu B
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Figure 71.

a) SADP’s taken from figure 69, showing a diffraction

patterns with a beam direction of [1510]_

b) Indexing of the above pattern.




Figure 72. TEM micrograph of M3K, showing ribbon-like a-phase
in eutectic. X33k

Figure 73. TEM micrograph of M3K, showing dark particles in

XGBK

the eutectic .
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Figure 74 TEM Micrograph of M3K, Showing Eutectic in a Form
of o Lamellae with Very Few Internal Phases. xz ﬂk

5.2.2 ZA.8K Alloy

The as-cast structure of the ZA8K alloy, as revealed by SEM micrographs, is shown
in Figures 75 to 80 at six different magnifications. The structure consisted of the
primary B phase with different shapes and sizes ranging from as small as 3 pm up to
15 um, and averaging out at about 6 um (Figure 75). The Figure also showed the
eutectic pools surrounding the primary P particles. Figures 75 and 76, at low
magnification, showed the presence of zinc-rich n particles with almost the same size
as the primary P particles. Pores are also observed in Figures 75 and 76, these pores
were surrounded by the n particles, which seemed to have grown around the pores
due to the different magnitude of surface energy between the gas and the zinc-rich 1
phase. The decomposition of the B phase is shown in Figures 77-79, Figure 77

showed a variety of decomposition structures in the former B dendrites surrounded by

haloes of n. Figure 78, at high magnification, showed the

decomposition of p into well developed lamellae, and a coarse mixture of different
phases around the edges. Figure 79 showed the decomposed B, and also focussed on

the eutectic matrix, to show a good eutectic lamellar morphology with an interlamellar



spacing of 0.5 pm. The eutectic was also formed into nicely-formed particulate pools
and is shown in Figure 80 at high magnification.

Further detailed investigations on the as-cast structure were conducted by using the
TEM and are shown in Figures 81-87. General structure of this alloy can be seen at
low magnification in Figure 81. The structure consisted of the primary § (white)
surrounded by polycrystalline eutectic cells. In the eutectic, short and irregular
aluminium lamellar arms enclosed a small dark particle of a different phase. These
were shown in most of the later Figures at higher magnifications. Also seen in this
Figure, thin haloes of n surrounded the B dendrites. The grey areas,
seen in the bottom left side of the micrograph, which appeared to be decorated by dark
pen points, are the e-precipitates.

Figure 82, at higher magnification, showed the decomposed 3 particle surrounded by
haloes of zinc-rich n phase. Both this Figure, and more apparently Figure 83,
revealed the tiny dark spots on almost every aluminium-rich o particle. These dark
spots were either rounded or, less frequently, elongated shapes. The presence of these
spots will be discussed in the following chapter. SADP diffraction pattern was taken
from the aluminium-rich o phase in the eutectic region from area 1 in Figure 83 and is
shown in Figure 84(a). The indexing of this pattern is shown in Figure 84(b), which
revealed that the pattern was fcc o with a beam direction of (110). Another SADP was
taken from area 2 in Figure 83 and is shown in Figure 85(a), the indexing of this
pattern is shown in Figure 85(b). The pattern revealed an fcc of with a beam direction
of {110)a’. Quantatitive analyses on areas 1 and 2, from Figure 83 of the aluminium-
rich o, are shown in Table 13. The results of these analyses did not correspond to any
equilibrium phases in the Zn-Al system.

The eutectic and two families of e-precipitates - within the n matrix can be seen in
Figures 86 and 87 at higher magnification. The precipitates had nucleated
heterogeneously in very large densities covering the eutectic matrix. A number of
SADP’s were taken from the areas of precipitates in Figure 87. One example is shown

in Figure 88(a) and the corresponding indexing is shown in Figure 88(b). Figure
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88(b) revealed that these precipitates had a beam direction of <O 1T1> of cph structure
of the n matrix, but failed to show any clear evidence of the presence of a precipitate
phase. Further SADP’s were taken from the areas of precipitates in Figure 87, and
one is shown in Figure 89(a) and indexed in Figure 89(b). The pattern revealed two
sets of identical streaks around the matrix reflections, both of which were found to
correspond to the cph e-phase ( CuZn, ) with the same zone axis of <1§10> as the
matrix. STEM analyses were conducted on these areas of precipitates ( area 3 / Figure
83 ), and are shown in Table 13. The analyses revealed that these areas contained
1.2%Al, 3,5%Cu, 0,7%Mg and 94.6%Zn.

Further TEM work was focussed on the decomposed primary f3 particles, as shown at
high magnification in Figure 90. The Figure showed the final products of the

decomposed primary { particle to form regular and irregular lamellae.

Phases Anaysed % Al | % Cu | % Mg | % ZIn
0'm Phase in Eutectic (area.l in Figure.83) | 19.0 1.0 0.6 | Rem
o Phase in Eutectic ( area.2 in Figure.83 ) 67.0 1.2 0.9 i
Eutectic Matrix (area.3 in Figure.83 ) 1.2 | 3.5 0.7 I

Table 13 : STEM Analysis of ZASK.
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Figure 75.

SEM.As-cast structure of ZA8K, showing primary p-

pahse surrounded by thin film of n and set in eutectic.

Figure 76.

SEM.As-cast structure of ZA8K, showing primary B,

n particles. Pores have nucleated on 1 particles. Eutectic

cells have nucleated on the primary p and grown radially.
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Figure 77. SEM.As-cast structure of ZA8K, showing variety of

decomposition structure in the former B dendrites.

Figure 78. SEM.As-cast structure of ZA8K, showing b decom-

posed into well-formed lamellae and a mixture of phases.
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Figure 79. SEM.As-cast structure of ZA8K, showing decomposed

f and eutectic matrix with good lamellar morphology.
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Figure 80. SEM.As-cast structure of ZA8K, showing a nicely-

formed particulate eutectic pool.
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Figure 81. TEM micrograph of ZA8K, showing primary p dendrites

(white) surrounded by polycrystalline eutectic cells. x 20 K

Figure 82. TEM micrograph of ZA8K, showing decomposed 3

particle at high magnification. £ 29 k
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Figure 83. TEM micrograph of ZA8K, showing eutectic area and

also revealing dark particles formed within the o part

of the ( o + 1) eutectic. , ¥3B}{

Figure 86. TEM micrograph of eutectic in ZA8K, showing two

families of e-phase precipitates within the n matrix.x GU k
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Figure 84.

a) SADP’s taken from area 1 in Figure 83, showing a
diffraction pattern from fcc crystal with abeam direction

of [ 110 ]« b) Indexing of the above pattern.
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Figure 85. a) SADP's taken from area 2 in Figure 83, showing a

diffraction pattern from fcc crystal with a beam direction

of [ 110 ] a’pp,. b) Indexing of the above pattern.
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Figure 87. TEM micrograph of eutectic in ZA8K, showing eutectic

o with internal phase and two families of precipitates of

e-phase within the n matrix. X 10014
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Figure 88. a) SADP's taken from the precipitates in Figure 87,

showing a diffraction pattern with a beam direction of

[O ITI} 7 b) Indexing of the above pattern.



:f::—_%. 1¥ ° | A
—_ __ I - — > — i . S R

1012 1011 1010 71011l 71012 1013 1014

0002 0001 0000 0001 0002 0003 0004

T - l_ ;' —_— R ’__ '
2022 2021 2000 2021 2022 2023 2024

Figure 89. a) SADP’s taken from the zinc-rich area 3 on Figure 83,

showing a diffraction pattern with a beam direction of

[1_7:10] n and [1510} ¢. b) Indexing of the above pattern.




Figure 90. TEM micrograph of ZA8K at high magnification,
showing finally decomposed primary 3 particle. The
precipitates of e-phase, with Al-rich area in the middle.
o lamellae contain internal phasé particles and the n
contain e-precipitates like those in the eutectic n surr-

ounding the dendrite. EU k
5.2.3 Alloy ZA27K '

The as-cast structure of the alloy ZA27K is shown at four different magnifications in
Figures 91 to 94. The alloy exhibits a very complex heterogeneous structure. Figures
91 and 92 showed o’ dendrites (seen as dark areas) surrounded by a decomposed 3
layer with small pockets of interdendritic eutectic 1. The average size of the o’
particles was found to be about 7 um. Figures 93794, at high magnifications, showed
the final products resulting from the decomposed B, these were mostly cellular
lamellae and fine zinc-rich phases in an aluminium matrix. The Figures also showed
lamellar or irregular particles of o’ and n, with n occupying the remaining
interdendritic areas.

TEM work was also condﬁcted on the as-cast structure of ZA27K alloy and is
revealed in Figures 95-99. A fine equiaxed mixture of the decomposed o structure is
shown in Figure 95. The grains shown in this Figure are very small. EDS[STEM

analyses were carried out on the area marked 1 in Figure 95, the results are shown in
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Table 14. Figure 96 showed another type of discontinuous decomposition of o,
producing a lamellar array of final products. Figure 97 showed these lamellae at high
magnification, and the numerals label the parts which were chemically analysed by
EDS in STEM mode, and the results are shown in Table 14.

An SADP was taken from the aluminium lamella marked 2 in Figure 97, and is
shown in Figure 98. The diffraction pattern revealed the fcc structure of the o phase
with a zone axis of (211). The complex structure revealed in Figure 99 is of
aluminium and zinc-rich phases resulting from the decomposition of §, which also
contained large dark particles. These dark particles are probably metastable epsilon
phase. EDS/STEM analyses were conducted on the area marked 4 in Figure 99, and

the results shown in Table 14 revealed a high copper content of 15.2%.

Area - Figure % Zn % Al % Cu % Mg
1 - 95 29.8 65.4 3.7 1.0
2 - 97 76.2 18.1 5.3 0.4
3 - 97 26.1 71.2 1.8 0.8
4 - 99 83.3 0.8 15.2 0.2

Table 14. STEM Analysis of ZA27K.

BELS
fgg

structure of former o’ particles surrounded by p and

interdendritic 1.
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2,11KX 25KV WD:9MM §:00027 P:00823

Figure 92. SEM.As-cast structure of ZA27K, showing the decom-

posed o and f3.

_ 4,18KX 25KV WD:3HM $:00027 P:00032

Figure 93. SEM.As-cast structure of ZA27K, showing the decom-

position of o’ particles.
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Figure 94. SEM.As-cast structure of ZA27K at high magnification,

showing the final product of decomposition of o’ and 3.

Figure 95. TEM micrograph of ZA27K, showing equiaxed mi:

of phases within the former o’ cores of the dendrite
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Figure 96. TEM micrograph of ZA27K, showing discontinuous

decomposition of o dendrite cores into a lamellar final

product. A X28 k

Figure 97. TEM micrograph of ZA27K, showing decomposed o’

at high magnification analysed areas marked 2 and 3. X44k
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Figure 98. a) SADP’s taken from area 2 on Figure 97, showing

a diffraction pattern with abeam direction of [211]a.

b) Indéxing of the above pattern.

14



Figure 99. TEM micrograph of ZA27K, showing a complex
structure of eutectoidally-decomposed f3. Fine surface

oxides formed on the 1 phase during electropolishing. )171{

5.3 Metallography of the K1, K2 and K3 Alloys
K1, K2 and K3 alloys, which are based on the ZAS8 alloy but vary in their copper
content, have been examined using the SEM technique. The as-cast structure of these

alloys was examined at three different magnifications.

5.3.1 Alloy K1

The as-cast structure of the K1 alloy, shown in Figures 100 and 101 at two different

magnifications, shows primary {3 (black areas) surrounded by eutectic. The figures

also show the presence of n particles (the white areas).

Details of the p phase, decomposed into lamellae and a particulate phases, is shown in

the higher magnification micrograph of Figure 102.
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The average size of the primary §§ was found to be about 5 pm, whilst the average size

of the eutectic pools was about 11 pm.

5.3.2 Alloy K2

The as-cast structure of the alloy K2 is shown in Figures 103, 104 and 105 at three
different magnifications. Figures 103 and 104 show primary § surrounded by
eutectic, whilst Figure 105, taken at a higher magnification, shows the decomposed p
which had formed lamellar and particulate products. The average size of the primary f

was about 8 um, and the average size of the eutectic pools was about 10 pm.

5.3.3 Alloy K3.

The as-cast structure of the alloy K3, shown in Figures 106 to 108 at three different
magnifications, shows primary f surrounded by eutectic. Also seen in Figures 106
and 107, is the presence of n particles.

The average size of the primary particles was found to be about 3 um, whilst the
average size of the eutectic was about 11 pm. Figure 108 illustrates the final products
of the decomposition of B particles. The Figure also shows large cells of intermetallic

particle ( CuZny ).

A/

s-cast structure of K1, showing primary B

o

Figure 100. SEM.A

particles surrounded by eutectic.
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Figure 101. SEM.As-cast structure of K1, showing some pseudo-

- primary n phase as well as the primary B and eutectic.
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Figure 102. SEM.As-cast structure of K1, showing P particles dec-

omposed into lamellae and a mixture of particulate phases.
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Figure 105. SEM.As-cast structure of K2, at high magnification,
showing 3 primaries decomposed into lamellae and

particulate mixture of phases.

Figure 106 SEM.As-cast structure of K3, showing primary f

surrounded by eutectic.
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Figure 107. SEM.As-cast structure of K3, showing primary p

and pseudoprimary n particles surrounded by eutectic.

Also showing intermetallic particles.

Figure 108. SEM.As-cast structure of K3, showing internal structure

of primary p.

159



5.4 Fatigue' Results

Fatigue tests were carried out on the commercial alloys, M3, ZA8, ZA27, M3K,
ZA8K and ZA27K. Tests on M3, ZA8 and ZA27 were carried out at room
temperature. Furthermore, the alloys M3K, ZA8K and ZA27K were tested at room
temperature, but samples of these alloys were also fatigue tested at 50 “C and 100 °C.
Alloys K1, K2 and K3 were fatigue tested only at room temperature.

In order to obtain a direct comparison of the fatigue life of these alloys, all the fatigue
tests were carried out under standard conditions. A direct uniaxial pull-pull test was
used, so that the stress at any given moment was constant across the whole cross-
section. The frequency was chosen to be 50 Hz, however, in each case throughout the
fatigue tests. The ratio R between the minimum and the maximum stresses was chosen
to be 0.1. In addition, the same range of loads and stresses was also applied
throughout the tests because the cross sectional area of all the samples was 14+0.2
mm2. All the samples were tested to failure to establish the S/N curve for each alloy
individually, and also to try to discover the fatigue limits of these alloys, if indeed
there were any.

After the tests had been completed the S/N curve for each alloy was drawn and these
are shown in Figures 109 to 121. Figure 121 shows the 20 °C results for the alloys

with different copper contents K1, K2, ZA8K and K3 plotted on the same graph.

5.5 Tensile Test Results

Room temperature tens.ile tests were carried out initially on the commercial alloys M3,
ZAS8 and ZA27. The U.T.S, 0.2% proof stress and % elongation to failure values for
each individual alloy were calculated. The results of these tests are shown on Table
15.

In the case of alloys M3K, ZA8K and ZA27K, the tensile tests took place at room
temperature, 50 °C, and 100 °C, respectively. The results of these tests are shown in
Figures 122 to 124. These figures show the effect of temperature, respectively, on the

U.T.S, 0.2% proof stress and % elongation of these alloys. Furthermore, the
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Young’'s moduli of these alloys were also determined at each of the above-mentioned
temperatures and are shown in Table 16. Subsequently, the K1, K2 and K3 alloys
were also tensile tested at room temperature. Their U.T.S, 0.2% proof stress and %
elongation values were also calculated, and the results, together with those for the 1%

copper alloy ZA8K, are plotted respectively as a function of copper content in Figures

125 to 127.

Alloy U.T.S 0.2 % P.S %
( MPa ) ( MPa ) Elongation

Mazak.3 270 213 7.0

ZA.8 315 264 4.0

ZA.27 420 371 2.0

Table.15 Tensile Test Results from the Commercial Alloys Mazak3, ZA8 and ZA27

Young's
Alloy Modulus
( GPa )
20°C 50°C 100°C
M.3K 82.0 75.0 67.0
ZA.8.K 88.0 84.0 65.0
ZA27.K 75.0 66.0 50.0

Table.16 : Young's Modulu

7Z.A .27Kat Different Temperatures.
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Squeeze-cast samples from the ZA27 and the ZA8 alloys were fatigue and tensile
tested at 20 °C. The results are shown in Table 17
The fatigue lives of these queeze cast alloys is similar to the pressure die-cast ZA27K

and ZA8K at 20 °C. UTS similar for ZA8K but higher for ZA27K.

Alloy Fatigue Life at 110 MPa U.T.S / MPa
ZA 2] 13 M Cycles 480
ZA 8 9 M Cycles 320

Table 17. Fatigue and Tensile Results of Squeeze-Cast ZA27 and ZA8 at 20 °C.
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5.6 Fracture Morphology of Alloys M3K, ZA8K and ZA27K.

The fractured surfaces of these alloys were examined using the binocular optical
microscope and the SEM technique of both secondary electron and back-scattered
imaging. Furthermore, metallographical studies were made on the cross-sections of
the fractured samples using back-scattered imaging. The aim of these studies was to
determine where the cracks initiated and to observe their propagation. Because of the
uniform applied stress, there was no preferred point for crack initiation, and this was
thus controlled by the local microstructure.

From each alloy fractured samples were selected from those which had been subjected
to high, medium or low stresses, ie from samples which ranged from short to long
fatigue lives. The stress direction is indicated by an arrow on the side of the

micrographs.

5.6.1 The Fracture Morphology of Alloy M3K.

The fractured surfaces of the M3K alloy were examined and topographs of the
fractured surfaces were taken using the SEM utilities, to show both the fractured
surface and the microstructural damages to that surface. Figure 128 shows -what
appears to be a crack initiation starting on the surface of the sample subjected to a
stress of 78 MPa and lasting for 14.9 M cycles at 20°C. Figure 129 shows a similar
sample subjected to a stress of 92 MPa at 20 °C and lasting for 24.9 M cycles. These
two figures are believed to indicate that pores have acted as stress raisers and are
responsible for the initiations of cracks. It is also observed from these figures that
cracks had propagated for a short distance only, before the sample failed under
tension. In the beginning it was difficult however to decide which structural phases
are targeted by the crack progress. The use of back-scattered imaging on the fractured
surface made it possible to see the cracks’ starting point and the relationship between
the plane of cracking and microstructure.

Figure 130(a) shows a SE micrograph of a fractured sample subjected to a stress of

80 MPa at 20 °C which lasted for 5.6 M cycles, while Figure 130(b) shows the
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microstructure of the fractured area in terms of atomic number contrasts (B.S.E.). In
this figure (130(b)) cracks have developed from the various sized pores. The stress is
concentrated more on the larger pores, as can be seen from this figure. Large pores
have contributed to establish wider and deeper cracks. The figure also shows a scatter
in the crack propagation due to random porosity. In the centre of Figure 130(a) a
large cleaved area is observed. Figure 130(b) identified that area to be a concentrate of
zinc-rich primary 1 phase. The nature of cph zinc is that it contains insufficient slip
system to accommodate plastic flow, therefore, it deformed by twinning. Figures
131(a) and (b) show the cleavage and possibly twinning of Figure 130 at higher
magnification. It is clear that the cleaved area was a concentrated colony of primary n
dendrites with some eutectic pools.

Figure 132 shows BSE of a fractured sample subjected to a stress of 60 MPa at 20°C
lasting for 24 M cycles. Various sizes of randomly distributed cracks emerged from
the pores. Cleavage is also observed in this figure at three different locations, just
before the ductile failure.

Figure 133 (SE/BSE) showed a fractured surface of a sample subjected to a high
stress of 120 MPa at 20°C, and this sample lasted for 368 k cycles. The ﬁgure
showed cleavages and ductile fracture area.

Figure 134 showed a cross section of a fatigued sample subjected to a stress of 70
MPa at 20°C, which lasted for 19 M cycles. The figure shows a crack, which initiated
from a concentrated area of micropores, grew parallel to the fractured surface,
advanced through the eutectoid and reached the primary n, splitting it in half before
continuing its course. In some cases this crack went under the n particles and
continued to advance through the structure. Similar investigation was carried out on a
fractured sample, subjected to a stress of 110 MPa at 20°C, which lasted for 687 k
cycles, as shown in Figure 135. From this figure a cluster of pores is seen to be

responsible for the development of a non-planar crack parallel to the fractured surface,
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with subsiduary cracks elsewhere.

Fatigue tests were also conducted at 100°C, the relevant samples of which are shown
in Figures 136 and 137, at the two different magnifications. These figures were
obtained from a cross-section of a fatigued sample subjected to a stress of 60 MPa
which lasted for 700 k cycles. Figure 136, taken at low magnification, presents the
badly damaged sample caused by tension. It also indicates the beginning of crack
developments parallel to the fractured surface. Figure 137 shows elongated n particles
caused by tensile plastic deformation at a high temperature. Samples ffactured in
simple tension were also studied.

Figure 138 shows a general area of a tensile fractured sample, obtained by using a
mixture of secondary electrons and back-scattered imaging. From this figure it appears
that cracks spread through the sample in a triangular manner.

Figure 139, at high magnification, depicts cleavage cracks going through and more
extensive plastic deformation with eutectic regions. A cross section was taken from a
tensile sample to show that microcracks had developed from the opening of a pore
lying parallel to the fracture surface, as shown in Figure 140. The micrograph also
shows elongated primary n dendrites indicating extensive plastic deformation under

the fracture surface.
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Figure 128. SEM. M3K, 78 MPa at 20 °C / 14.9 M cycles. Defect and

initiation point ( arrowed ).

Figure 19. SEM. M3K, 92 MPa at 20 °C / 24.5 M cycles. Defect and

initiation point ( arrowd ).
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Figure 130.

a) SEM. Secondary electron. M3K, 80 MPa at 20 °C/

14.9 M cycles. Cleavage and crack ( arrowd ).

b) Back-scattered Image of (a).
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Figure 131. High magnification of Figure 130, showing the large cleaved area.

cleavage edge ( arrowed ).
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°C/ 24 M cycles.
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SEM. Secondary electron. M3K, 60 MPa at
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Figure 134. SEM. Cross-section. M3K, 70 MPa at 20 °C/14 M cycles.

Subsidiary cracks developed from pores and propagted 90°

to the applied stress.
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Figure 135. SEM. Cross-section. M3K, 110 MPa at 20 °C/46‘§’37\ lzlcy.ciés.

Subsidiary cracks developed from stress concentrated areas
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Figure 136. SEM. Cross-section. M3K, 60 MPa at 100 °C/700 k
cycles. Severe damage ( ductile ) due to high temperature.

Opening of pores towards the stress direction .
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Figure 137. High magnification of Figure 136. Elongated primary n due to

elevated temperature.

Figure 138. SEM. Mixed signals of Secondary/back-scattered electrons. M3K,

tensile fracture. Large number of cleavages as a result of tension.
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Figure 139. High magnification of Figure 138. Complex and mulnti

directional in a transgranular manner.

Figure 140. SEM. Cross-section. M3K. Tensile fractured sample. Badly
elongated n particles ( worse near the fracture ) and severe

opening of pores in towards the direction of stress.

192

UORIRIK] SIS



5.6.2 ZA8K Fracture Morphology

The fracture morphology of ZA8K was examined initially by the optical binocular
microscope and then by the SEM using both techniques of secondary electron and
back-scattered image. The areas responsible for initiating the cracks were located.
Figure 141 shows an image of a fractured surface obtained by the binocular
microscope. the Figure exemplifies how a crack initiated on the surface of the sample
had propagated inwards to cause failure after the sample was subjected to a stress of
70 MPa at 20 °C and which lasted for 30 M cycles. The figure also reveals that the
sample failed shortly after the initiation of the cracks, by showing only a small fatigue
area prior to catastrophic ductile/cleavage failure.

Figure 142 shows a secondary electron micrograph, taken at low magnification, of a
fractured sample subjected to a stress of 113 MPa at 20°C, which lasted for 6.5 M
cycles. The crack had initiated at the centre of the sample from a large pore.

Figure 143, which was taken at a high magnification, shows cleavage through a
largely eutectic area adjacent to the pore.

Figures 144 and 1435, taken at two different magnifications, show a fractured surface
of a sample fatigue tested at 20°C when subjected to a stress of 70 MPa, which lasted
for 23 M cycles.

Figure 144(a) reveals a general view of the fracture in topographical (SE) mode,
whilst Figure 144(b) shows the back-scattered image revealing the structural damage
on the sample. Pores of various depths and sizes are seen in this figure. These pores
initiated the cracks in the sample and were randomly distributed around the sample
and, in fact, some of these cracks, travelling ina direction perpendicular to the major
cracks, could have also contributed to delay the failure of the sample.

The very white areas, seen in Figure 144, and more clearly in Figure 145, mostly
represent ductile surface extension around the cusped regions, and are associated with
the aluminium-rich former p region. These figures also showed that pores surrounded
by the n particles, due to different magnitudes of surface energy between the gas and

the low energy of n during solidification. Figures 144 and 145 have also indicated a
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transgranular fracture. Cleavage and twinning can also be seen in these figures.
Another fractured sample was examined, and is shown in Figures 146 and 147, at fwo
different magnifications. This fracture surface resulted from a fatigue test conducted at
20°C when subjected to a stress of 110 MPa, which lasted for 1.5 M cycles. The
figures were taken using secondary electron and back-scattered electrons. Severe
cleavage can be seen in these figures as a result of high stress. The cleavage is mainly
seen in the n and the eutectic areas. The fracture went through in a transgranular
manfier.

Cross sections were taken from fractured samples and polished down to 1um to
investigate the possibilities of subsidiary microcracks. Figure 148 reveals the
development of microcracks from a number of shrinkage pores, found very close to
each other in a cross section from a fatigued sample, subjected to a stress of 0.5 MPa
at 20°C and left to run for 30 M cycles. If the fatigue test had been allowed to continue
then probably those cracks would have been responsible for the failure. Figure 149
shows a cross section of a fractured sample which was fatigue tested at 20°C when
subjected to a stress of 89 MPa which lasted for 7 M cycles. The figure also shows
the development and linkage of cracks parallel to, and below, the main fractured
surface. When a sample was fatigue tested at a high stress of 115 MPa at 20°C, the
sample lasted for 1.5 M cycles. Figure 150 depicts a cross section of that sample and
indicates that a large crack had initiated from a pore and advanced parallel to the
fractured surface, opening out during its propagation.

ZA8Ksamples were also fatigue tested at 100°C, an example of which is revealed in
the cross-section in Figures 151 and 152. The sample was subjected to a stress of 86
MPa and it lasted for 630 k cycles.

Figure 151 shows a general area of the cross- section indicating a crack forming at a
high angle to the fractured surfacé. Figure 152, at a high magnification, shows some
microcracks that had developed parallel to the fractured surfaces, splitting a primary {3

particle into halves. The figure also shows a pore coated by the zinc-rich n particle.
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The tensile fracture surfaces of alloy ZA8K were also examined and are shown in
Figures 153 and 154, at two different magnifications. Figure 153 shows a photograph

of a general fracture, obtained by the use of a mixed signal of secondary electrons and

back-scattered images. Cracks which originated from stress concentrated areas (pores)
can be seen avancing through the fractured surface in a transgranular manner. The
figure also shows cleaved areas resulting from the twinning deformation and the
severe tensile force. Figure 154 shows a large cleavage due to tensile force.

Figure 155 shows a cross-section taken from a tensile fractured sample, and polished
down to 1 um to show the development of cracks in the stress concentrated areas

(pores). The figure also shows the development of the cracks from pores. The

severity of the crack depends on the size of the original pore and location of their

stress concentration in relation to the tensile stress direction.

Figure 141. Light micrograph of ZA8K, 70 MPa at 20 °C/ 30 M cycles.

Surface defect and crack initiation ( arrowed ).
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Figure 142.

1,67KX 25KV WD:31MM

Figure 143. High magnification of Figure 142, showing cleavage in the

eutectic area resulted from the advanced cracks from the nearby

defect ( pore ).
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Figure 144. a) SEM.Secondary electron. ZA8K, 70 MPa at 20 °C/23 M cycles.
b) Back-scattered image of (a), revealing the structural damage.
Cracks radiating from pores and linking up to form larger cracks.

Twinning ( arrowed ).
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4, showing transgranular

Figure 145. High magnification of Figure 14
propagation. White cusps ( arrowed ) are associated with the

pseudoprimary p..
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Figure 146.

537X Z0FE HO:zZaR

a) SEM.Secondary electron. ZA8K, 110 MPa at 20 °C/1.5 M
cycles. b) Back-scattered image of (a), showing cracks going
through the structure in a random maner depending on the stress

concentrations orientations ( pores, cleavages ).
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Figure 147. High magnification of Figure 146, showing massive cleavage

( arrowed ).
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Figure 148. SEM. Back-scattered image of cross-section: ZA8K at 20 °C/

65 MPa at 20 °C/stopped at 30 M cycles. Voids started to link up.
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Figure 149. SEM. Back-scattered image of cross-section. ZA8K 89 MPa at

20°C/T M cycles. Subsidiary cracks with high angle to the stress

direction.
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Figure 150. SEM. Back-scattered image of cross-section. ZA8K 115 MPa at

20 °C/1.5 M cycles. Susidiary cracks developed from apore in

right angle to the stress direction.
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Figure 151. SEM. Back-scattered image of cross-section. ZA8K 86 MPa at
100 °C/630 k cycles. Severe temperature effect with tension

causing rough fracture.
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Stress Direction

Figure 152. High magnification of Figure 151 focused on some part of the
fracture sample, shwoing evidence of subsidiary cracks parallel to
the fracture surface. Also showing that crack was developed from

a pore coated with an n particle during castings (arrowed ).

58X 2551 WD : 26 HH 5:HBHER P!

Figure 153. SEM. Mixed Secondary electron/Back-scattered image. ZA8K

tensile fracture. Large number of cleavages ( arrowed ) caused by

the tensile force.
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Figure 155. SEM. Back-scattered image of cross-section. ZA8K tensile
fracture. Subsidiary cracks are formed in a right angle to the

nearest stress concentrated area of fracture.
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5.6.3 Fracture Morphology of ZA27K

The fractured surfaces of the ZA27K alloy were studied using the same SEM
techniques as before, to obtain information on both the fracture morphology and the
microstructure. Figures 156 and 157 show a fatigue fracture of the ZA27K sample
subjected to a stress of 86 MPa at 20°C and lasting for 10.9 M cycles. Figure 158
reveals that the cracks initiated from a pore on the bottom of the micrograph. Figure
157, at high magnification, reveals small cracks linking up between the pores and
shrinkage. The fracture is of transgranular type. Large cleavage areas can also be seen
in Figures 156 and 157.

Figure 158 shows a general area of fractured samples, subjected to a high stress of
131 MPa at 20°C which lasted for 241 k cycles. The figure shows a randomly selected
area of the fracture surface consisting of large pores, large shrinkages and small
cracks progressing to link the pores and shrinkages together. The figure also reveals
large cleavages, resulting from the high tensile force, to fail the sample prematurely.
Figures 159 and 160, at two different magnifications, depict a fatigue fractured sample
subjected to a stress of 70 MPa at 20°C, which lasted for 22 M cycles. A SEM
secondary image of Figure 159(a) shows numerous large and small pores in the
sample. Figure 159(b), which is the back scattered image of the fractured sample,
shows that the highly irregular fracture surface was forced due to the very
inhomogeneous structure. Figure 160(a) shows the same area at higher magnification.
Figure 160(b) shows that, in some cases, the cracks went through the hard o particles
to split them up into halves. In some cases the cracks seem to have progressed
through the interface between the hard o particles and the zinc-rich n particles. The
white areas seen in this figure are believed to be the former aluminium-rich {3 particles
(ductile).

Figure 161 shows a cross-section taken from a sample before fracture. This sample
was subjected to a low stress of 65 MPa at 20°C, and the test was stopped at 30M
cycles. The sample was cut longitudinally into 4 cross-sections from the gauge length

and polished down to 1 pm on a diamond wheel. All these cross-sections were
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examined thoroughly on the SEM by back-scattered imaging. The area seen in Figure
161 was .the largest colony of pores, and it is believed that with prolonged fatigue
testing, this area could have caused the failure. As seen from Figure 161 the pores had
stated to link together with some form of cracks between them.

Figure 162 shows a cross-section taken from a samble tested at 20°C when subjected
to a stress of 106 MPa that lasted for 1.46 M cycles. The figure shows the linkage
between the pores below the fractured surface. Subsidiary cracks are also seen parallel
to the fractures surface. Figure 163 shows a cross-section of a sample subjected to a
high stress of 131 MPa at 20°C for 241k cycles. The figure shows the severe damage
caused by tensile stress which caused a wide opening of the pores.

Figures 164 and 165, ta.ken at two different magnifications, show a cross-section of
fractured samples subjected to a stress of 72 MPa at 100°C for 300 k cycles. Pores
have linked together through the structure and widely opened in the zinc-rich 1
particles and the aluminium-rich former f dendrites. No damage can be seen on the o
particles. Figure 165, at higher magnification, shows the linkage between pores below
the fractured surfaces. The linkage is formed by small cracks running through the
interface between o particles and the zinc-rich n areas. One example of these cracks is
illustrated by an arrow on the micrograph.

Figures 166 and 167, at two different magnifications, show a fractured surface
subjected to tensile testing at 20°C. The mircographs were obtained by using a mixed
signal between secondary electron and back scattered images.

Figure 166 shows cracks progressing from pores or shrinkage areas. The figure also
shows cleavage caused by the severe tensile force. The cracks have developed in a
random way depending on the étress concentration in relation to the applied stress.
Figure 167, at higher magnification, shows the severe cleavage produced by the
tensile force.

Figure 168 shows a cross-section taken from a tensile fractured sample at 20°C. The
figure shows the tensile effect on pores near the fractured surface. The arrow indicates

a linkage between a pore and a shrinkage that are very close to each other. The linkage




occurred easily as the distance between the pore and the shrinkage was very small, to

withstand the tensile force.

Figure 156. SEM. Secondary electron. ZA27K, SrgMPa at 20 °C/10.9 M

cycles. Void and crack initiation ( arrowed ).
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Figure 157. High magnification of Figure 156. Showing large number of

shrinkages. microcracks developed from shrinkage ( example

arrowed ).

Figure 158. SEM. Secondary electron. ZA27K, 131 MPa at 20 °C/241 k

cycles. The sample contained more the less the same number of

pores and shrinkages as in Figure 157.




Figure 159.
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a) SEM.Secondary electron. ZA27K, 70 MPa at 20 °C/22 M
cycles. Large shrinkage ( arrowed )

b) Back-scattered image of (a). Cracks developed from the
shrinkage and linked up with other smaller cracks developed from

smaller shrinkages and voids. Transgranular propagation.
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Figure 160. High magnification of Figure 159. Cracks going through o
dendrites ( arrowed ). Also cracks went through the interface
between the soft 1 and the hard a dendrites. White cusps are the

~ B particles.
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Figure 161. SEM. Back-scattered image of cross-section. ZA27K

65 MPa at 20 °C/stopped at 30 M cycles. Evidence of a linkage

started between the shrinkages ( arrowed ).
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Figure 162. SEM. Back-scattered image of cross-section. ZA27K 106 MPa

at 20 °C/1.4 M cycles. Subsidiary linkages between voids.
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Figure 163. SEM. Back-scattered image of cross-section. ZA27K 131 MPa at

20 °C/241 k cycles. Rough fracture caused by shearing at high

tensile force.
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Figure 164. SEM. Back-scattered image of cross-section. ZA27K72 MPa at

100 °C/300 k cycles. Subsidiary linkage between voids.




Figure 165. High magnification of Figure 164. Concentrated area of voids
below the fracture surface with claer indications of linkage

( arrowed ).
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Figure 166. SEM. Mixed signal of Secondary electron/back-scattered electron.
ZA27K/ tensile fracture sample. Cracks developed from shrinkage

( arrowed ).
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CHAPTER 6
6.0 DISCUSSION OF THE EXPERIMENTAL RESULTS
6.1 Metallography of the Mazak3 and M3K Alloys
The Mazak3 and M3K alloys are meant to be the same as they both originated from
commercial Mazak3 alloy. This can be confirmed by their chemical composition
which was determined by the Atomic Absorption Spectro-analyser, and were revealed
in Table 11.
Furthermore, the as-cast structure of the Mazak3 and M3K alloys, shown in figures
55-57 and 64-67 respectively, reveals the same structural phases. The structure of
both alloys was heterogeneous but it was clearly hypoeutectic and consisted of a few
large (about 20 pm in the M3 and 14 pm in the M3K) and many small (about 8 um in
the M3 and 5 um in the M3K) dendritic particles of the primary Zn-rich 1 phase
surrounded by a relatively small volume of eutectic matrix. Many small rounded
particles of about 1 pum were attached to the primary n - phase dendrites. Figures 56
and 65, taken at a medium magnification, showed that these small dark particles were
a pseudoprimary aluminium-rich § phase which had formed on the primary phase at
high undercooling during solidification of the eutectic. As 3 is unstable below 275 °C
(eutectoid temperature), it had subsequently decomposed into zinc-rich n and
aluminium-rich o phases. Figures 66 and 67, taken at a high magnification, show in
detail the nucleated pseudoprimary 3 and the radial eutectic on the primary n. The
Figure also shows the presence of fine precipitates within the primary n - dendrites.
These fine precipitates were studied in greater depth with the use of the TEM, and are
shown in Figures 68, 69 and 70, at three different magnifications. Figure 69, taken at
a medium magnification, shows the precipitates formed in the primary n grain. Figure
70, displays a primary n particle taken at a high magnification. It shows in greater
detail the precipitates of the aluminium-rich o within the 1 particle. This phenomenon
was due to the fact that the solid solubility of aluminium in zinc is very little at room

temperature and the excess aluminium is removed by precipitation of the aluminium-
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rich o phase in zinc matrix. When studying Figures 69 and 70, it can be noted that the
precipitation of the excess aluminium in the primary 1 has one habit in respect to the
zinc matrix. This phenomenon was then revealed by the SADP’s shown in Figure 71.
The Figure shows a diffraction pattern taken from Figure 70. The SADP’s showed
the reflections of the zinc matrix with a beam direction of [1510] and failed to show
any double diffraction effects.

Returning to the SEM micrographs in Figures 65, 66 and 67, it can be seen that the
eutectic had formed radially on the primary n. The TEM micrograph, revealed in
Figures 68 and 69, shows that the eutectic Al-rich o phase had formed into the shape
of thin haloes. These thin haloes of the eutectic might have been caused by the process
of removing the excess aluminium from the supercooled liquid as a thin f layer before
normal eutectic solidification took place. Upon subsequent cooling, this had
transformed into a string of o + n particles as shown in the TEM micrographs in
Figures 72, 73 and 74. These figures indicate that the eutectic firstly grew
asymmetrically to form irregular ribbon-like lamellae, which acted as nuclei for further
growth of irregular lamellae in a complex morphology. Upon cooling through the (3-
transformation, the lamellae had transformed into strings of o and eutectoid 1
particles. Three TEM micrographs showed a large number of small dark particles
enclosed within the o phase of the eutectic. These micrographs are shown in Figure
68 and more clearly in Figures 72 and 73. These particles were rounded or elongated
and had distinct boundaries with the surrounding o phase. These particles were seen
in a smaller number within the o phase of the Mazak3 alloy, but they could not be
identified and it was suspected that they might be transitional phases almost
completely removed after five years of ageing at ambient temperature. However, in
the case of M3K, which was freshly cast, the particles were more numerous and some
of them were large enough to analyse quantitively by SED using STEM mode to
minimise the beam diameter. The matrix o phase had an aluminium content

corresponding to the o’y phase found previously in a quenched-aged alloy(114) and
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this did not correspond to the equilibrium state of the o phase. The unknown phase
had a larger zinc content than that of the p phase, which is presumed to be its
precursor. Several attempts were made to obtain diffraction evidence for the structure
of the transitional zinc-rich phase, but no separate diffraction reflection could be
obtained. It is a fact that Mazak3 is a copper-free alloy and the amount of copper
expected was merely up to an impurity level, but the results of the analyses showed
that there was a reasonable amount of copper and that the zinc-rich phase was
relatively higher in copper than in the aluminium-rich phase. This cannot be the case,
however, and these results could have occurred due to an error introduced by the
background fitting process to the characteristic peaks of the elements, or to
redeposition of copper on the surfaces of the foil during electropolishing. The same
problem occurred in the case of magnesium, where analyses showed an enormously
high overall magnesium content within the aluminium-rich phase. Despite the
analyses, this is thought to indicate that the majority of magnesium in the alloy must
have been in solid solution in the aluminium-rich phase.

Figure 69 revealed that the primary n contained internal precipitates, whilst the higher
magnification micrograph of Figure 70 showed these to be a group of rounded or
plate-like dispersed small particles with a single habit plane or growth direction. The
different contrast within the precipitates indicated more than one grain orientation
relationship. Distinct precipitate-free regions, some 0.3 um thick round the edges of
the dendrite, together with a layer of aluminium particles coating the outer surface
were also clearly shown. Identification of these interior precipitates was attempted
using chemical analysés (EDS) and by crystallographic analyses using SADP’s.
Chemical analyses of individual particles was not possible owing to the fine scale of
precipitation, even though the STEM mode was used to produce a finely focussed

beam. However, comparison of the EDS spectra from the precipitate-free region with

that from the interior region, showed that the latter had a substantial aluminium

content, whereas the former had not.




In view of the undoubted overlap of phases in the thin foils, a fully-quantitative
analyses of the precipitates was not attempted, but quantitative analyses from the
precipitate-free region gave the following composition: 98.9wt% Zn-0.3wt% Al-
0.5wt% Cu- 0.3wt% Mg(198). The zinc and aluminium contents are thought to be
reliable and show that the primary phase contained very little aluminium, but the
copper and magnesium contents were too high because of the reasons discussed
earlier.

The solid solubility of aluminium in zinc is very low at room temperature, therefore it
was concluded that the excess aluminium had been removed by precipitation of an Al-
rich phase from the supersaturated zinc matrix. A SADP diffraction pattern, taken
from the n dendrites, showed that the matrix zone was [1 150] of hcp zinc and the
subsidiary reflections were from fcc zones of the form (110). The ¢/a ratio of the hcp
phase corresponds closely to that of zinc, and in view of the fact that chemical
analyses showed very little aluminium in the matrix, a calibration factor was obtained
from the zinc reflections which allowed the lattice parameter of the fcc phase to be
determined as a = 0.404 nm. It was then demonstrated by this diffraction pattern that
the precipitates were aluminium and that two families of the fcc o phase particles were
present in the hcp n phase matrix, each of which had adopted a different variant of a
single orientation relationship between the matrix.

At this stage it is worth while indicating the differences between the Mazak3 and the
M3K alloy. As both the Mazak3 and the M3K alloys originated from the same ingots
of Mazak3, one expects the outcome to be the same. The analyses shown in Table 11

confirmed that both alloys have the same chemical composition. Upon examination of
their structure, the SEM micrographs showed that Mazak3 had an overall coarser
structure than that of the M3K alloy. The average size of the primary zinc-rich n

phase, found in the M3K, was almost 60% of that of the Mazak3 alloy.

The other difference between these two alloys was discovered during the TEM work

on their eutectic morphology and, more specifically, the small dark particles enclosed

within the a phase. These particles could not be identified in the case of Mazak3.
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However, they were succesfully identified in the case of M3K. This incidence
indicated that these dark particles were transitional phases and they were almost
completely removed after five years of ageing at ambient temperature. In the M3K
case, these phases were large enough to analyse quantitively by EDS using the STEM
mode, and the results are shown in Table 12. The aluminium content of this matrix
corresponded to the o't phase found previously in the quench-aged alloy (114) and
this did not correspond to the equilibrium state of the o phase. The unknown phase
had a large zinc content even above that of the § phase, which is presumed to be its
precursor. Several attempts were made to obtain diffraction evidence for the structure
of the transitional zinc-rich phase, but no separate diffraction reflections could be

obtained.

6.2 Metallography of the ZA8 and ZA8K

The as cast structure of the alloys ZA8 and ZA8K are shown in SEM figures 58-60
and 75-80 respectively. The structure consisted of the primary  phase comprised of
different sizes and shapes with an average size of 12 um in the case of ZA8 and 6 um
in the case of ZA8K. Eutectic pools can also be seen surrounding the primary 3
particles. The general structure was similar to that of the M3 alloy, but the primary £
particles replaced primary n particles and were more uniformly distributed. Figures
59-60 and 76-77 showed that as ZA8 is hypereutectic, f dendrites had decomposed
into lamellar products in the central portion of the grains, surrounded by a matrix of
irregular phases. In addition to the primary f, n phase particles with similar sizes and
shapes to the primary [ were observed, although less frequently. These n particles are
believed to be of eutectic composition rejected from the highly supersaturated zinc-rich
liquid below the eutectic temperature during rapid cooling of the castings. In some
cases the eutectic 1} can be seen as haloes around the B dendrites, as shown in Figures
77, 78 and 79 taken at three different magnifications. The o haloes formed around the

primary 1 in the M3 alloy were observed to be thinner than these eutectic n haloes as
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shown in Figure 65. It was first thought that this was due to the higher undercooling
applied to ZA8 from the melt, since the casting temperature of ZA8 was theoretically
higher than that of the M3 alloy. One can argue that in most cases the castings of M3K
were cast at temperatures as high as those applied to the castings of ZA8K, to
compensate for heat losses when transfering the molten metal from the furnace to the
feeder of the die-cating machine. An alternative hypothesis for this phenomenon can
be explained by the amount of aluminium present in the M3 and ZAS.

The TEM micrographs in Figures 81-82 show the general structure of the alloy ZA8K
taken at two different magnifications. The structure consisted of the primary B (white)
surrounded by pools of eutectic. Here the eutectic consists of more irregular and
shorter aluminium lamellae than those found in the eutectic of the M3K alloy. Each
ribbon of aluminium encloses a small dark particle of a different phase. These
particles were either round or, occasionally, elongated, as shown in Figure 83, and
were similar in all respects to those found in the M3K alloy. These dark spots were
analysed by STEM and the results are shown in Table 13. Comparing the results of
the analyses in Table 13 with similar analyses* conducted on the dark particles of the
fong term aged ZAS8 alloy, the latter showed that these dark particles contained only
11% Al. The aluminium content seems to have dropped by almost 50% after long-
term natural ageing at ambient temperature. There is no equilibrium phase in the Zn-
Al-Cu system with these compositions, which confirms that these dark spots are
transitional phases and it is believed that they might completely disappear with
prolonged natural ageing at ambient temperature. In the case of Mazak3, it was not
possible to identify such particles after five years of natural ageing, as they had
virtually disappeared by then. The freshly made alloy M3K was a different case as
these phases were easily identified because they were both numerous and large in
size. Figure 85 shows a SADP of the aluminium-rich o phase in the eutectic region
taken from an area marked 2 in Figure 83. The diffraction pattern had a beam direction

of [ 110 ]. This diffraction pattern also had the symmetry of the fcc structure of the o
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phase. The lattice parameter calculated by using an internal calibration from the nearby
zinc-reflection was found to be a little smaller than that of pure aluminium, as
expected in the o region, since the lattice parameter of aluminium decreases in the o
and P region with increasing zinc content. The SADP shown in Figure 86 was taken
from the area marked 1 in Figure 83 from one of the dark particles embedded in the o
constituent of the eutectic. The diffraction pattern had a beam direction of [110] which
confirmed that the dark phases were the fcc o, phase with smaller lattice parameters
than the neighbouring «.

A number of SADP’s were taken from the areas of precipitates in the zinc of the
eutectic regions in Figures 84 and 87. One example of these diffraction patterns is
shown in Figure 88 which corresponded to a beam direction of [OTI 1] of the hcp
structure of n matrix, but failed to show any clear evidence of the presence of
precipitate phases. Further SADP’s investigations on these precipitates in Figure 87
have revealed a different diffraction pattern, shown in Figure 89. This time streaked
reflections were observed on the diffraction pattern from [1510] zones and the pattern
indicated two sets of streaked reflections with the same symmetry deviated by 5°. In
order to ensure clarity, however, only one set of reflections was indexed. The streak’s
reflection was found to correspond to the hep e-phase ( CuZny ) with the same (_1510]
beam direction as the n matrix, but with [0001] ;; not-parallel to [0001]¢ In order to
carry out further examinations of these streaks in relation to the matrix, a
stereographic projection was then established as shown in Figure 169. From this
figure the projection of € on [0001]was rotated by an angle of 5° in the clockwise
direction around [OTIO} * and superimposed on a [0001] standard projection of the zinc
matrix (n). Similar proximities of planes in the stereographic projection are also
observed in the diffraction pattern in Figure 89. To find a unique orientation
relationship, two sets of these parallel planes were selected, ie (0110 ) n/l (0110 ) £
and(2112) n'l (2112 ). The precipitates were needle-like and were about 20-30 A

thick and 800 A long parallel to ( 2112 ) and (2112 planes of zinc-matrix.

* Co-Worker. M.DURMAN.
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Figure 169. Stereographic projection of Zn and € phases representing

the orientation relationship between the two phases.
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The diffraction pattern consisting of [1510} zone revealed that the streak runs towards

( 2ﬁ7) and (7117) plane normal to the zinc-matrix. Regarding the formation of
diffraction patterns in reciprocal space, if a crystal is thin in direction normal to the
beam, streaks are expected in the diffraction pattern parallel to this direction, due to
lower scattering intensity along this direction(199). Thus streaks observed in the

diffraction pattern (Figure 89) indicated that the precipitates were needle-like with

(2117) and {2117) habits. Therefore, it should be expected that the e-phase would
form on a particular habit plane, along which the atomic planes facing each other
across the matrix-precipitate interface would have very similar arrangements, ie
coherent interface with minimum misfit. Returning to the stereographic projection in
Figure 169, and upon examination of planes on the great circle, the <2ﬁ3> zone
indicates that the planes of both phases in the zone were parallel. The parallelism was
achieved by rotating one crystal relative to the other away from a symmetrical
orientation relationship, therefore, all other sets of planes were made non-parallel
including the (0001) close-packed planes.

The decomposition of the primary p phase was firstly observed by the SEM
micrographs in Figures 77-79. The primary § had decomposed specifically into well-
formed lamellae near the edges, while regular lamellae tended to occupy the centre. In
addition to that a coarse mixture of phases had also resulted from the decomposition
of the primary B phase. In conjunction with the SEM, a more detailed study on the
decomposition of the primary p was conducted on the TEM as shown in Figures 82
and 90. The primary p had decomposed into a final product in the form of o + n
lamellae, granular n and a mixture of the same phases in the form of irregular particles
as shown in Figure 90.

STEM analyses in Table 13 showed that both azand 0 lamellae from the decomposed
B were generally in equilibrium, although some dark metastable particles (seen in
Figure 90) formed within the o lamellae, were similar to the metastable a’seen within

the eutectic o ( seen in Figure 83 ). A comparison between those metastable phases
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was made by co-worker Durman. He found that the metastable phases found in the
Al-rich oo matrix had a higher aluminium content of about 22.7% than the o found in
the eutectic o. Furthermore, the copper content was lower by about 0.5% at 1.4%.
This was also in accordance with the metastable extensions of the binary Zn-Al
system, but in this case it was bounded by the extension of the ( ot + o ) region to
low temperatures.

Thus, the metastable phase here was an analogue, not of the f phase but of the of
phase, due to the more aluminum-enriched nature of the primary particles than the
eutectic 3. This may also explain the lower copper content of the latter phase since the
f phase dissolves more copper than the o phase at high temperatures (79).

Under equilibrium conditions f decomposes into 1} and o at above 275 °C. However,
in this case the p undergoes two different transformations depending on its zinc-
aluminium ratio. Upon rapid cooling, solidification firstly occurs with considerable
undercooling followed by retention of the high temperature p phase to low
temperatures at which decomposition takes place. At low temperatures the diffusion
rates are very small and probably the cellular decomposition products would not be
the same. In the case of the aluminium-rich cores of the primary 3, it is suggested
that a lamellar or sub-lamellar product of n and transitional alumimium-rich metastable
o’y was formed, due to the difficulty of reducing the zinc content of the aluminum-
rich plates to that of o in one step . o’y and o are crystallographically identical and
differ only in chemical composition and thus lattice parameter and o't is known to
persist for a substantial time on low temperature ageing (93-95), Furthermore, the n
plates of the eutectic mixture would be very thin due to the fact that o’y contains more
zinc than a. Figures 82,83 and 90 show the products of the decomposed {3, in which
the o’ is mostly transformed into o after the diffusion of zinc from the o’y into n

resulting in strings of elongated o particles in the middle of the aluminium-rich

lamelilae .

In addition, the same case applies to the p lamellae forming an integral part of the

224




eutectic. Because of the higher zinc content of the  in this case, however, the
metastable phase formed in the cellular decomposition reaction would be the lower
aluminum metastable phase indicated by extension of the ( o + ) phase field to
lower temperatures, resulting in the decomposition of B into 1 plus another higher
aluminium version of 3, metastable at the transformation temperature .

There is evidence to suggest that such a diffusion mechanism can only apply to certain
conditions and depends mainly upon the chemical composition of this alloy as well
as upon the cooling rate involved. The copper-free M3 alloy did not show any signs
of the o’ in the eutectic, therefore the presence of copper acting in combination with
the magnesium and the other alloying elements may be responsible for the stabilisation
of the o’ phase. Thus an alternative to the proposed ( a + f ) products as a first
stage in the eutectic p decomposition in alloy ZA8 is simply another ( n + o' ),
where the composition of the o’ is different from that formed from primary p due to

the lower aluminum and increased copper contents of the eutectic (3.

6.3 Metallography of the ZA.27 and ZA 27K Alloys

Unlike the M3 and the ZA8 alloys, the ZA27 has a higher aluminium and copper
content. It is expected, therefore, that the ZA27 alloy will reveal a more complex
multi-phase microstructure than the M3 and ZA8 alloys. The as-cast microstructure of
ZA.27 and ZA.27K is shown at a low magnification on the SEM micrographs in
Figures 61 and 91. The Figures revealed a fine dendritic structure formed in a mass of
much smaller aluminium-rich particles and some pools of eutectic zinc.The average
size of the a particles was about 14 um in the case of ZA.27. In the case of ZA.27 K,
the average size of the o particles was about 7 um. Due to the very small volume of
eutectic liquid, a regular eutectic such as that seen in M3 and ZAS8 is not formed.

Instead, a pool of eutectic zinc occupied the interdendritic spaces and the o phases

joined the o phases from the decomposed B of the dendrites. From the SEM

micrographs in Figures 62-65 and 92.94 of ZA27 and ZA27K respectively, it is clear
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6 5 Primary Size Variation

The alloys M3K, ZA8K and ZA27K have revealed a finer microstructure than that of
alloys Mazak3, ZA8 and ZA27. The pressure die- castlngs of these exp@rxmental alloys
should now be explained briefly. The cavity first fills with molten metal, trbulence
and fluid flow ceases and solidification then pmcﬁcds undm‘ steady=stat¢3 thermal
conditions. When the molten metal enters the c;avity through the gate in a high velocity
stream, in a simple rectangular cavity, the stieam stmkcs the face ﬂppcrmm i‘he gate arit;i
fiows back around the periphery of the cavity at high vclcnmty As more matai @m@”‘s
the cavity, it causes increased turbulence in the liquid metal already pms&mg T he
growing dendrite nuclei are thus rotated Vio]cntly within the cavuy A h gh degr@e of
wibulence is experienced(200) in the cavity during the pmductim‘i of most modem
c@r‘tmclcxal castings. The energy involved in stirring the mmai cluring cavity fill can be

as high as 20 kw for a 70 g casting. The effectweness at the mfbulenc@ Cﬂﬁ@ﬁd by the

dissipation of the kinetic energy in the metal strea i mﬂuencm ,the mlcrostructure
depends on : | e O

1 ) The effective length over Whlch the stream from the gate has to travel bcfare
stnkmg a wall ( Is). The value of Is depends also on t’h@ numbcr and ty‘pes of tum& m
thc ﬂow path within the cavity. |

2 ) The time lapse between the ends of cav1ty ﬁll and the start of solidification,
o *th . lt/ rmg of thc: wc of the

Another 1mportant factor wh1ch mlght alﬁo contﬁbu

pﬁmary phase, is the die temperature Thc Igwer th@ die tempemtumoih@ 51‘?1&11@1" ﬂ
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rectangular castings than in those of the long and wider platéé; Euﬁhﬁﬁnérg?, theri’bs
and bosses cause destruction to the turbulence flow,

It is not clear, however, if the prolonged ageing at ambient temperature has any

coarsening effect on the microstructure,

6.6 Tensile Strength Properties of the Experimental Alloys

A study of the U.T.S, 0.2% Proof Stress and elongation to failure, which was.
conducted on M3K, ZA8K and ZA27K at temperatres of 20, 50 and 100°C, is
revealed in Figures 122-124 respectively. The ZA27K revealed a superioriiy in its
U.T.S values over the ZABK and M3K alloys at all the abave iemperatures, as shown
in Figure 122, The figure shows that at 20 °C, the ZA27K alloy had a U,T.S value of
ahout 26% higher than that of ZA8K and 73% higher than that of the M3K allay. At
50 °C, the U.T.S value of ZA27K was about 7% higher than thai of ZARK and 40%
higher than that of M3K. At 100°C, the U.T.S value of ZA27K was also 14% higher
than that of ZA8K and 53% higher than the M3K alloy. If the U.T.S valueat-20°C is
to be considered as standard, then it can be seen that at 50.°C this value was dropped
by 12% in the case of M3K, 15% in the case of ZA&K and 29% in the case of
ZA2TK. At 100 °C, however, this value was dropped by 33% in the case of M3K,
35% in the case of ZABK and 41% in the case of ZA27K.

The U.T.S values and 0.2% proof stress of the above alloys is directly proportional to
their aluminium contents. The high strength nafure of oand o are responsible for the
high tensile strength of the ZA27K alloy, as the structure of this alloy is dominated by
the o and of phases. The M3K structure is different fo that of ZA2TK. This atruchure:

I8 heterogeneous and is dominated by the Tow strength 1 phase. In addition, the

eutectic nature of the MK alloy is of low to medium sirengfh. In the case of ZABK,
~ the tensile strength of this alloy was infermediate berween the M3K and the ZA2TK
. “Wlloys, The stiucture of this alloy is similarto fhat of M3IK, bt is less
and s dominated by the primary  phase which 16 of medium airengih t%ﬁWﬁ@ﬁ? '

)

heterogencous




Jow strength of the n and the high strength o phases. The eutectic nature‘.féun din this

alloy was also of medium strength.

The 0.2% proof stress of ZA27K was also revealed to be higher than that of ZASK

alloy and the M3K alloy at all the given temperatures ( see Figure 123). Figure 124

shows the effect of temperature on the % elongation of alloys M3K, ZARK and
7ZA2TK. At 20 °C, the M3K alloy suffered an elongation of almost twice that of ZABK
and three times that of ZA27K. At 50 °C, the ZA8K and ZA27K alloys elongated 10%
further than at 20°C, whilst the M3K alloy suffered a 100% increase compared fo the
elongation at 20 “C. At 100 °C, the ZA8K suffered an increase of 30% in elongation
compared fo the 20 °C result, whilst the ZA27K suffered an increase of 30%. The
M3K alloy had suffered the most. Its elongation increased by 200% compared to that
at 20 °C, This rapid increase in elongation in the M3K alloy is due (o the fact that the
primary 1 phase is very ductile even at room temperature. Similar experimental work
was conducted(16) on Mazak3, ZA8 and ZA27 at higher temperatures. The work
showed that at 160 and 165 °C, the properties of the alloys were virtually equal. The
rate of increase in elongation of the ZA27 alloy was very slow below 100 °C, but it
was found that at higher temperatures the rate of increase exhibited the expected
characteristics of the superplasticity of the alloy. At higher temperatures the Mazak3
exhibited different characteristics to the ZA27. There was a rapid initial rise in
elongation and this increase peaked between 150-200°C and decreased thereafter. The
ZA8's elongation behaviour exhibited an elongation range between that of the ZAZ7
and Mazak3 alloys. It elongated in a way similar to that of ZA27 up toa temperature
of 150 °C, and then peaked at about 200 °C. It then decreased in a likewise manner fo
that of Mazak3,

Tensile tests were also carried out on alloys K1, K2 and K3 which were based on the
tents of 0.0%, 0.5% and 2.0%

he

ZARK alloy, but which have different copper con
respectively, These alloys were produced in order fo study the effect of copper on |

. - o omeriiie di | cem 1981t o b6
 Techanical properties of the ZABK alloy, From ihe resnlis in Figurs 128, it can be




seen that the U.T.S value of these alloys is directly proportional to their copper
contents. If the U.T.S value of the free copper (K1) alloy is taken as a standard value,
then upon adding 0.5% Cu (K2), the U.T.S value increased by 5.0%. When 1.0%
Cu (ZA8K) was added, the U.T.S value increased by 6.5%. An increase of 11.3%
was noticed when the alloy contained 2.0% Cy (K3). The ratio of increase in the
U.T.S is insignificant compared to the ratio of increase in copper. A further increase
in copper to the K3 alloy might cause a very small increase in the U.T.S value. The
increase of copper content in the K3 alloy can only be effective to a certain extent and
any further increase could lead to negative effects. The solubility of copper in zinc is
very limited at low temperatures, and the remaining copper might not be soluble and
could form into intermetallic compounds ( Cu Zny ), as shown in the case of the K3
alloy in Figure 106. The content of copper in the ZA alloys can only be chosen (o a
compromised level beiween the possible increase in U.T.S and the hardness and

decrease in ductility. This is, however, true as can be seen in Figures 125 and 127.




6.7 Fatigue of The Experimental Alloys

The fatigue-life data, or the S/N curves, for all the alloys involved in this work have
now been established and are shown in Figures 109-12], Upon examination of these
curves, the effect of temperature on the fatigue-life of these alloys can be determined.
Furthermore, the superiority of the ZA8K fatigue life over alloys ZA27K and M3K is
manifest. In order to examine the effect of temperature on the fatigue fife of fhese
alloys, the test results for each alloy were superimposed onto & single graph, as

shown in Figures 170-172
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Figures 170 and 171 show that there is a negligible difference in the shape of the
fatigue curves of M3K and ZA8K when tested at temperatures of 20 and 50 °C. There
was, however, a sharp change in the slope of the curve when a test temperature of
100 °C was used , especially in the case of the M3K allay. In the case of the ZA2TK
alloy, as shown in Figure 172, the shape of the curve was hardly affected when
temperatures of 50 and even a 100 °C were used, although the figure shows that the
fatigue life had dropped.

In order to make a fair comparison between the alloys M3K, ZABK and ZA2TK, their
YN curves were plotted simultaneously onfo three single graphe corresponding fo the
temperatures of 20, 50 and 100 °C respectively ( see Figures 173-175). Figure 173
shows the 20 °C results. From this figure, the ZABK alloy revealed a superlority over
the M3K and the ZA27K alloys, with an average fatigue life that is about 20% higher
than the M3K alloy and 25% higher than the 7AZTK alloy. Tt s clear from ihia figure

ihat in the range of 109 cycles, the ZABK allay clearly showed that it could withstand
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much higher stresses than the M3K and ZA27K alloys Even at lower s‘tm&sés ihev
7ZA8K revealed that it can achieve g longer fatigue life than the MBK and ZA2’7K
alloys. When 50 °C tests were applied, as shown in Figure 174, the ZASK alloy still
revealed a higher fatigue life than the M3K and ZA27K alloys, This time the fatigue

life of ZA8K was averaged to be about 15% higher than ZA2TK and 25% higher than
M3K. The fatigue life of M3K was exceeded by that of ZA27K.

In Figure 175, when the alloys were tested at 100 °C, i js shown that the effect of
temperature is very clear. The ZA8K alloy still showed a higher fatigue life than
ZA2TK. The M3K alloy, however, had suffered the most and its resistance o fatigue
al that temperature was very low, as revealed in Figure 175, The ZARK and ZA2TK
alloys had offered a reasonable resistance at that temperature.

At the 20 °C temperature, the fatigue life of these alloys ( Figure 173 ) had exceeded
107 cycles, whilst at 50 °C ( Figure 174), the fatigue life of these alloys ended just
before 107 cycles. At 100 °C, however, the fatigue Tife of the MIK and ZA27K alloye
had reached almost 500 K cycles. The fatigue life of ZASK, héwever, exceeded this
and rose to almost 106 cycles. If lower stresses were used at 50 and 100 °C, the
fatigue life of these alloys will doubtless increase, but thia; would /bc of no practical
use. The idea, however, was to conduct the fatigue tests at similar ranges of
reasonable stresses to enable there to be a fair comparison between the fatigue lives of
the experimental alloys.

Figure 121 shows the S/N curves of the alloys K1, K2 and K3 in relation to the
ZAB8K alloy. The tests were carried out at 20 °C USiﬁg a reduced range of stresses,
The copper free K1 alloy revealed a low fatigue Stf@ﬂgﬂi and the 0.5%Cu (K2) aiflc)‘
had a longer fatigue life than that of K1, The 2,0%Cu (K3) offered ahigﬁw fatigue
strength than K1 and K2. Alloy K3 enjoyed a potential fatigue strength even higher
than ZABK in some cases.

Fm‘ﬂwmore, the freshly made alloys M3K, ZASK and ZAZ‘?K showed a Wigher

Agthere were merely a limited nimber of ﬁam?f@% from fhe alloys Magﬂﬁ il %mi
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7ZA27, these samples were only fatigue tested at 20 °C. The S/N ‘cu't’veé of ihcser'
commercial alloys are shown in Figures 109, 113 and 117. A fair comparison was
made to reveal that the ZA8 alloy had the highest fatigue strength, followed by

Mazak3 and then the ZA27 alloy, which revealed the least fatigue resistance.

6.8 Correlation of Fatigue Data

The fatigue-life, as defined by the S/N curve, depends on two variables, namely
stress-range and temperature. The alternating frequency and the R ratio were fixed
throughout all the fatigue tests. In order to establish a formula to fit the fatigue daia
from the experimental results, one variable, referring to stress will now be
considered. The temperature for the purpose of this formula will remain constant.
Multiple regression analyses were conducted using a Statwork programme on ihe
Macintosh computer. The programme assumes a model which can be gxpressed as ;
Y, =a; Xj; +ay Xy + a3 Xy + - + 3 Xy + b+ error

The dependent variable involved in this work was the number of cycles to failure. The
independent variables were the stress in MPa and absolute temperature in Kelvin. In
order to obtain a greater degree of accuracy, two more independent variables were
supplied to the computer. These were the inverse of the stress (o -1)and the inverse
of the temperature ( T -1 ).

" The first set of correlations corresponding to constant temperatures are shown in

Table 18. In this case the independent variables were siress and the inverse of sireas

(MPa). The second set of correlations are shown in Table 19. Here the formula

includes both the independent variables stress and temperature, and their inverses.

The number of cycles in this formula can be m@dicied al any given sfress and
iemperature,

The equations in Tabe 18 offered & good correlation except for that of the allay

ZA2TK a1 20 °C. Tn this case the coefficlent of determination was lower than 0.3. The

N}
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coefficient of correlation was also low and the standard error of estimates was very
high. The prediction formula is, therefore invalid in this case, but it can be altered by
dropping some of the unreasonable results on the S/N curve. The difficulty in the
prediction of the ZA27K alloy at 20 °C can be related to the fact that some samples had
a high degree of porosity and failed unexpectedly. Furthermore, Table 18 shows, that
at temperatures of 50 and 100 °C, the correlated data nearly maiched the actual data. It
must be noted, however, that the fatigue tesis were conducted on fewer samples at
fhese temperatures than at 20 °C. A lower amount of data reduces the risk of error and
deviation which will then give higher coefficients of determinations and correlations.

Table 19 shows the correlated prediction at any given temperature. The equations
show a good degree of accuracy. Here the analyses were conducied on a combination
of data and contained a ratio of 4 - 1 - 1 from the 20, 50 and 100 °C tests respectively.
The accuracy cannot be guaranteed as the alloys are heterogeneous and the samples

produced by pressure die-casting methods have various degrees of porosiiy.

6.9 Fractography of the ZA Alloys

The fatigue behaviour of the experimental alloys is directly related to their strength,
toughness and microstructure. The experimental results showed that the ZA27K alloy
had a much higher U.T.S value than those of M3K and ZA8K alloys. The ZABK
alloy had a higher fatigue strength than M3K and ZA27K alloys. The M3K alloy had
a slightly higher fatigue resistance than the ZA27K alloy. It was expected that the

ZA27K should have a higher fatigue strength than ZA8K and M3K. The ratio

between the fatigue strength and the tensile strength of the experimental alloys was

determined and shown in Table 20. This ratio is acceptable, except for the case af

ZA27 and ZA2TK alloys, as their ratios were 100 small and unconvineing. This

phenomenan lead to further examinations of factors which might influence the fatigue

e ¥
sivength, These factors are, the feat and environmenial conditions, the specimens

conditions and microgtructural and chemical composifians:
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At this point it is worth mentioning that the tests and cnvifonmental coviiditvionvs‘ \ifére
fixed. All the above-mentioned factors indicated that the ZA2TK alioy should ﬁave a
higher fatigue strength than the rest of the experimental alloys, except for the
specimens’ conditions. The castings procedure of these alloys was carried out with
painstaking care and consideration. The SEM micrographs of both the microstructure
and the fractured topography revealed micropores which could not be detected by fhe
X-ray radiographs. All the pressure die-cast experimental alloys were heterogeneous
and contained porosity, with the exception of the ZA27K alloy which contained, on
average, a lot more porosity than the rest of the alloys. The large number of pores
found in the ZA27K alloy were the results of the shrinkage mechanism, The high
aluminium content of ZA27K was responsible for the shrinkage, due to the high
freezing range between aluminium and zinc.

The pressure die-cast experimental alloys are heterogeneous with a large number of
pores. After examining their fractography, there was no evidence of any signs of
crack nucleation. the cracks started from interﬁé] defects; but this is not actually a
nucleation process because the defects are effectively embryo cracks. Therefore, it is

possible that only the crack propagation mechanism was responsible for the overall

failure of the experimental alloys.

6.9.1 Effect of Temperature
The relatively high cooling rate resulting in the pressure die-casting of the zinc alloys
is known to produce non-equilibrium phases which transform gradually to more

siable phases by ageing at ambient t&mpcrature(”) This results in the rﬁducﬂm‘i af

mechanical properties as time elapses, as in the case of the Mazak3, ZA#8 and 2&27

¢ alloys M3K, ZASK and ZA2TK. By iuafa;a&i / g

more vilinerable,

alloys in relation to the freshly mad
ihe exposure temperature, the general kinetics of ageing become
therely accelerating the process.

At ambient temperature, zinc |s appraximately 0.4 of i1 melting paiat an the absalite
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scale (Kelvin). At o
surprising,

gradual decrease in tensile and fatigue strengths with increasing

100 °C it is at 0.5 of its melting point. It is pot
therefore, to see the _
temperature. This is clearly related to high atomic mobility in the experimental ZA

alloys.

6.9.2 Plastic Deformation

Plastic deformation is generally temperature dependent ; the higher the temperature,
the easier the plastic deformation. At low temperature, the prevailing mechanism of
fracture is brittle fracture. At high temperature, the fatigue process can be combined
with creep and with enhanced diffusion. Zinc is by far the major content of the
experimental alloys and varies from 72% in the ZA27K alloy to 96% in the M3K
alloy. Zinc has an hep structure with a Hmited number of slip systems which restrici
its ductility. In the hep struciure the basal plane [ 0001 | is the closest packed plane
and is the common slip plane for hep metals with a high ¢/a ratio, such as zine. Tt was
often observed that cracks nucleated in particular grains, whilst other grains appeared
to have suffered no damage at all. This may be due to the difference in crystal
orientation and the constraining effects of surrounding grains. Therefore, the fatigue
damage varies from one place to another in the specimens. Fatigue striations could not
be observed in the fracture topography of the experimental alloys, due to their brittle
nature. This argument is in agreement with Forsyth(132), who stated that fatigue
striations are only dominant in ductile metals and alloys.-

The limited number of slip systems and the absence of siriations in the fractured
surfaces of the experimental alloys, can rule out the possibility of plastic deformation
by slip dislocation. The other alternative plastic deformation is the twinning
dislacation. Twinning is unavoldable in hep structures due 10 the limited number of
slip systems. Twinning occurs during fension tests and can be heard forming with &
elick or Toad report ( similar to the "in cry" ). Further evidence of twinning in fhe

experimental allays was abtalned. Firaily, the fensile tesls shawed fle occurence of

sermtlons In fhe siress/atrain curve. Secondly, twins were natlced an the fracir
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topography of the alloys. In the twinning process, part of the atomic lattice is
deformed so that it forms a mirror image of the undeformed lattice next to it, as shown
in Figure.176. The crystallographic plane of symmetry between the undeformed and
deformed parts of the metal s called the twinning plane. Twinning, like slip occus in

a specific direction called the twinning direction. However, in slip the atoms on one
side of the slip plane all move equal distances, whereas in twinning the atoms move
distances proportional to their distance from the twinning plane, as shown in Figure
176. Although twinning only involves a small fraction of the total volume of the ZA
alloys crystals ( 13.0% )(201 ), the important role of twinning in plastic defarmation
comes not from the strain produced by the twinning, but from the fact that orientation
changes resulting from twinning may place new slip systems in favourable orientation
with respect to the stress axis, so that additional slip can take place.

The fractured ZA alloys could have possibly gone through three stages before failure.
1) Plastic deformation concentrates dislocations along planes at obstacles.

2) Shear stress builds up in planes where dislocations are blocked and as a result
microcracks are nucleated.

3) Further stress propagates the microcracks, and stored elastic strain energy may also
contribute to the propagations of the cracks.

It is known that the grain size is a relevant factor influencing the fatigue and tensile
strengths. Indeed, the smaller the grain size, the higher the strength at a given
temperature. The grain sizes of the experimenial alloys were measured and the resulis

showed that, the average grain size was about 30 ym for M3K, 30 pm for ZASK and

15 ym for ZA27K.
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Figure 176. Schematical Drawing for Twinning Mechanism.
Where, small white circles represents situation before twinning
Dark small circles represents the new location after twinning.

Fatigue Strengih lﬁfp. S) Fatigue Sirength
7
Alloy ( MPa at 10" Cycles )| (MPa Townile Strongih

100 ]| :

83 420 0.20_

50 340 0.38

s 330 0.33

5% s 0.23

TS 510 0.4

93 733 020

700 3 0.29

Table 20. The Relationship Between Fatigue Strength and Tensile Strength
of the Experimental Alloys at 20 °C,




6.9.3 Fractography of the M3K Alloy
The M3K alloy has a simple structure consisting mainly of primary 1 particles

surrounded by eutectic matrix. The structure of this alloy was heterogeneous and

consisted of a considerable amount of porosity distributed throughout the structure

The alloy revealed reasonable fatigue and tensile strengths at room temperature, but it
failed dramatically at a higher temperatures of 50 °C and fared even worse at 100 °C.
The reason for this occurrence is probably due to the amount of n occupying the
majority of the structure. The 1 phase is very weak and has a low strength, therefore
it offered a small resistance to cracks, whilst the majority of the resistance was given
by the low to medium strength eutectic.

Generally fatigue fracture leaves two distinct types of surface areas that can he
recognized, these are :

1 ) A smooth surface region due to propagation action of the fine cracks across the
section.

2) A rough surface area which is formed by the fracture when the load becomes too
high for the remaining cross section.

In the case of the M3K alloy, the first type could be seen occupying a small region of
the fracture. It is possible however, that cracks propagated for a short distance before
it went to the final ductile fracture. Therefore, the fatigue life of the M3K alloy
depended on the time required to propagate the cracks from the pre-existing pores for
a significantly short distance. No significant difference can be seen between the

fatigue fractured surface in Figure 128 and that of Figure 129. The failure in both

cases was caused by surface pores. Figures 130-1 33 show a different kind of failure.

E L . te fotaod i all the above-
In this case the pores responsible were seen in the sample’s interfor. In all the abov

mentioned figures, there is evidence of plastic deformation in he form of deformed 1

30-133. also show that the cracks follawed a transgranular path

in the cross-section in Figure 134, Here

particles. Figures 1

thraugh the sample. This was also revealed

parallel to the fractured surface. A similar cage Wi

the pore had developed whiskers
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also seen in Figure 135, where microcracks propagated parallel to the fractured

surface. There seems to be no difference in the manner of propagation between

samples subjected to low or high stress. Whep fatigue tests involved a high
temperature of 100 °C, severe damage was caused to the structure, as shown in
Figures 136 and 137 taken at two different magnifications. The figures show a very
rough ductile fracture which occurred due to the opening of the pores. Furthermore

the primary 1 particles were elongated,

The tensile fractured surfaces in Figures 138 and 139 are somehow similar to those
caused by fatigue fracture. The pores developed into cracks and went through the
siructure leaving a cleavage and rough ductile fracture. The cross-section of the tensile

fractured sample, shown in Figure 140, revealed the occurrence of the same kind of

damage to the 1 particles observed in Figure 137.

6.9.4 Fractography of the ZASK Alloy

The structure of the ZA8K alloy was similar to that of the M3K alloy, but the primary
in this case was the {3 particles occupying the majority of the structure and surrounded
by a eutectic matrix. Here the structure was a modification of that of M3K because it
was less heterogeneous and it contained fewer voids.

The fatigue fractured surface in Figure 141 was different to that of M3K
(Fig,128,129). In this case it seems that the sample was either free of pores or the
pores were too small and scattered. Two distinct types of surface areas can be seen in
Figure 141: 1) a smooth surface region due to the smooth propagation of the cracks
across the section. 2) a rough surface area (ductile) which is formed by the fracture
when the load becomes too high for the remaining cross-section. Although area | was
comparatively small, it at least indicated that in the absence of voids or pores, fhe
Precurser events would be located af regions where the local geometry of grain type
and orientaiion was such as fo Initiaie the weakening effect. In fhis case fhe weakening
16 presence of pores, racks were

was located at the surface of the specimen, With
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propagated from the pore, as shown i Figure 142. In thig occasion, the fractyre
topography was similar to that of M3K. The pore in Figure 142 was studied at 4
higher magnification and is shown in Figure 143. This figure reveals evidence of the

embryo cracks in the deep pore. These cracks propagated to meet the medium

strength eutectic which allowed the cracks o propagate for a reasonable distance unfil

the remainder of the cross section could not stand any further loading. The rest of the
cross section failed, therefore, under ductile fracture which peeled off the layers of the
ewtectic. The fracture topography, seen in Figures 144 and 145 taken ai two different
magnifications, was similar to those seen in the fractured surfaces of the M3K alloy.
The figures show a disturbed structure due to the deformation on the voids’ edges
near the middle of the sample. As in the case of M3K, twinning may have contributed
lo a few ductile areas. These ductile sections are seen as white areas, as in Figure
145b. Twinning favours higher stresses as shown in Figures 146 and 147 taken ai
two different magnifications. The figures show a twinning effect on the B particles.
The propagation of the cracks adopted a transgranular manner through the structure of
the sample. No difference was observed between fractured samples at low or high
stresses. The cross-section shown in Figure 148 was taken from a fatigued, but
unfailed sample. The sample was fatigue tested up to 30 m cycles. The Figure shows
that the pores staried to link together by means of microcracks developing from each
pore and extending towards a neighbouring pore. If the fatigue test was left for a
longer period, it is possible that these cracks could have been responsible for the
failure. Further proof to this phenomenon can be seen in Figure 149. In this case the
cracks have completed the linkage between the pores and have caused failure.
Sometimes cracks propagate from both sides of the pores in a whisker-like shape
parallel to the fractured surface, as shown in Figure 150, This occurrence, hawever,
depends on fhe geometry of the pore. The same case was also seen in the fracired

aurfaces of the M3IK alloy.
Yot an | € 3 iaken al twWo
The 100 °C fatigued fractured sample is shown in Figures 161 and 152 faken at |




different magnifications. This sample lasted more than the M3K sample which w
as

subjected to the same conditions. Unlike the 1 phase, the B phase has g higher

strength and did not elongate. The figure also shows that the major contribution to

failure was the rapidly-formed cracks which developed from the pores.
As mentioned in the previous chapter, the gas pores were found to have formed on the
zinc-rich 1 in both the M3K and the ZARK alloys. It can be concluded, therefore, that
the zinc-rich 1 was responsible for the failure of these alloys. It must be born in mind,
however, that the ZA8K alloy was less heterogeneous and contained less pores than
the M3K. Plus the fact that the ZA8K alloy contained less 1 dendrites than that of the
M3K. The fatigue and tensile strengths of the ZA8BK were derived from its primary {3
phase occupying most of its structure.

There was no observable difference between the tensile fracture and the fatigue
fracture of the ZABK alloy. The tensile fracture was also due 10 a transgranuiar
propagation caused by twinning dislocation. Figure 155, shows a cross-section of the
tensile fractured ZA8K sample. It seems that the microcracks developed parallel to the
nearest stress concentrated areas. The difference between this fracture and that of the
M3K tensile fracture lies in the fact that the primary f particles and the eutectic of

ZABK have a higher strength than that of M3K. This strength enables the tension

force to be resisted giving the microcracks chance to propagate through.

6.9.5 Fractography of the ZA27K Alloy

The ZA27K revealed a complex heterogeneous structure consisting of o dendrites
surrounded by the aluminium-rich p and the eutectic zinc n. The ZA27T and ZA27K
alloys revealed a much higher tensile strength, but a lower fatigue strength than the

experimental alloys . The average number of pores found in the ZAZTK simichiie was

1 s allrse 11 i 6 aw
much higher than in the rest of the experimental alloys, and most weré jrregulas

shrinkage cavities. The allay also contained a higher aluminium content than (he afher

( P Yo = ~f thie a "zbﬁ”?i’?ﬁ
alloya, The shrinkage was due to the high freezing range of ihis alloy. The larg
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number of pores prevented the opportunity for any precursor events to be allocated.
The fatigue failure of this alloy was purely due to the large number of voids and it can
be noted that the plastic deformation and cracks are concentrated around the pores, If
the ZA27K alloy contained fewer voids, or as many voids as found in the ZARK
alloy, then the ZA27K alloy should have a higher fatigue strength than that of ZASK.
This hypothesis was checked by fatigue testing specimens produced by squeeze
casting( pore free ) both the ZA8 and the ZA27 alloys. The results were as expected.
The ZA27 alloy showed a higher fatigue strength than that of ZA8.

From the fracture topography, no evidence of crack initiation can be seen in the
7ZA27K alloy, as the internal defects are effectively embryo cracks and the failure
depended on the linkage of cracks. Cracks were seen to have advanced from a pare or
shrinkage. This was seen in Figure 156 at low magnification. When Figure 156 was
examined al higher magnification in Figure 157, smaller cracks were seen developing
from small pores and linked up together. The Figure also showed that, a8 in {he case
of M3K and ZAS8K, the ZA27K fractured surface shown in Figure 156 revealed that
cracks propagated from pores or shrinkages and advanced to link up with other
cracks. This stage only covered a small area of the sample before the final ductile
fracture. At higher magnification as shown in Figure 157, tiny cracks were seen (o
link up together to meet the major cracks advancing from large pores or shrinkages.
The direction of these cracks is random and did not follow any standard direction. The

directions of these cracks was monopolised by the resultant of the applied stress and

the stress concentrations (siress raisers) and directions. The cracks propagated

transgranularly through the struciure.

At higher stresses, the damage was 8evere and resulted in the formation of large

cleavages. This is shown in Figure 158, the Figure also shows large shrinkage wiih

cracks propagated from their edges (0 link with nelghbouring shrinkages and pores.

Al lower stresses (high cyclea), it was much easier 10 identify and to follow the

) e ot Uie IBLE d (Dv
diveciions of the cracks through the first s1age of propagation. In Figure 159 and 16
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at two different magnifications, it was very easy to observe the cracks and thei
an eir

origins (pores). Here it is clear that the major cracks were developed from a pore and
then formed linkage with other cracks from other pores and shrinkages. In the first
stage of crack propagation, the cleavages caused by the applied stress were very
small. In Figure 160 at higher magnification, it showed that the cracks followed the
shortest easiest path depending on the orientation of the stress concentration areas.
The advancing cracks did not differentiate between hard or soft areas. Here the F igure
showed that the cracks had to go through the high strength o particle to meet up with
ihe nearest advancing crack. In some cases the cracks went through the interface
between the hard and soft phases ( o and n ). The white cusps seen in the Figure are
{he aluminium-rich former f dendrites.

The fatigue life of the ZA27K alloy depended on the time and the stress needed to
form linkage beiween the voids (pores and shrinkages). If the siress was high, the
time needed was short. Examples of these cases are shown in Figures 161-163. Tn the
case of Figure 161 at low stress, obviously the time needed to form linkage was long
and the test had to be stopped after 30 m cycles. The Figure shows that there were
some signs of propagations to form linkage between the pores. Figure 162 showed a
fractured sample tested at medium stress, the time needed to form linkage was
adequate at that stress. When high stress was used, as in Figure 163, the sample
failed in a short time under the severe tensile force. When elevated temperature Was
involved, the parameters have then changed. Here the variable to form linkage became

siress, temperature and time. Dislocation was casier with temperature, even when

using what was considered to be a low stress at 20 °C. This stress became too high as

far as the temperature was concerned. There might have been some phase

transformation at that temperature, but the SEM micrographs could not identify them.

T een i SEM micrographs, it was
Therefore, basing this argument upon what was seei I the SEM micrographs,

: . emperature (Figure
not possible (o differentiate hetween fractured surfaces at low (emperatut (Fig

- s e hat 3 e Was
162) and that of high temperature (Figure 164). Both Figures showed that failure
caused by the linkage between ihe pores.
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The tensile fracture surfaces were a mirror image to those of fatigue fractures.
Comparing Figures 166 and 157, no significant difference can be seen. The two
fractures were based on the linkage between the pores or shrinkages. The cross-
sections taken from tensile fracture showed no difference to that of fatigue fracture.

This can be seen when camparing Figure 168 to any cross-section taken from a

fatigue fractured sample of ZA27K.




CHAPTER 7
7.0 CONCLUSION

1) The tensile and fatigue strengths of alloys M3K, ZA8K and ZA27K were slightly
higher than the commercial alloys Mazak3, ZA8 and ZA27 respecively. The reasons
for such phenomenon are:

a) The commercial alloys (Mazak3, ZAg and ZA2T) were subjected to room
temperature ageing for more than S years, hence losing some of their mechanical
properties ( Transformed into equilibrium state ).

b) The casting parameters such as castings geometry and size, the dic femperature and
cooling rates were different. Therefore, the M3K, ZASK and ZA2TK logs had o
finer structure than the Mazak3, ZA8 and ZA27 respectively.

2) The fatigue life curves ( S/N ) of the experimental alloys revealed no fatigue limit,
even though, as it might seem from the S/N curves, there could be. To achieve this it
would be necessary to carry out prolonged fatigue tests over several months at very

low stresses, and this would not be practical.

3) The ZA27 and ZA27K offered much higher tensile strengths than the ZA8, ZA8K
and Mazak3 and M3K at all the given temperatures. Therefore the U.T.S value was

directly proportional to the aluminium content of these alloys.

4) The ZA8 and ZA8K alloys had a higher fatigue strenth than the ZA27, ZA2TK,

Mazak3 and M3K alloys. It was expected, however, that the ZA27 and ZA27K

should have the highest fatigue strengths, but the only set hack was that the ZA27 and

ZA2TK had a much higher number of voids and shrinkages than the rest of the alloys.

5) At elevated temperature fatigue tests, the ZA2TK revealed a higher resistance 10

lemperature than the MK and ZARK.

) . stienaihie. This was
i) The higher the copper content the higher the tensile and fatigue strengihe Th

253




demonstrated by comparisons between K1, K2, ZA8K and K3 This. how
: : ever, can

only be achieved at the expense of ductility, which was reduced by increasing th
e

copper content.

7) The fatigue to tensile strengths ratio was very low in the case of ZA27 and ZA27K

but it was reasonable in the cases of the other experimental alloys

8) The fatigue life prediction formula seems to be adequate in most cases, but it was
less adequate in the case of ZA27 and ZA27K which contained a large number of
pores and shrinkages with various sizes and shapes.

All the experimental alloys were heterogeneous and contained large numbers of pores.

The pores had a large influence in determining the fatigue life of these alloys.

9) There was no significant difference in the fracture topography from either tensile or

fatigue samples. Both tests were based on applying tension to the specimens.

10) Due to the limited number of slip sysytems in the cph zinc, there was no
alternative for plastic deformation except for twinning. The topographs showed a

large number of cleavages due to the twinning mechanism.

11) It seems from the fracture topography of the experimental alloys, that most of the

fracture was of ductile nature. This might have looked the case, but the fact is that a

small part of the sample had already failed ina brittle manner for a short distance. The
remaining part of the sample could not stand any further stressing, therefore il was
sheared in a ductile manner.

» enaihe of the
12) The reason for fhe large variation in fatigue and iensile atrengths f

experimenial alloys was due to their microsiniciure -
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1 revealed a low strength ( Mazak3, M3K )
p revealed a medium strength ( ZA8, ZASK )
o revealed a high strength ( ZA27, ZA27K )

There was no difference between the eutectic morphology of Mazak3, M3K and that

of ZA8 and ZABK.The eutectic had low 1o medium strength.

13) The SEM micrographs revealed no signs of phase transformation which might

happen at test temperatures of 100 °C.

14) The metastable phases seen in the TEM micrographs of the experimenial alloys are
believed to be transitional phases and can be remaved by ageing process. The
Mazak3, ZA8 and ZA27 alloys were aged for more than § years at ambient
femperaiure. In the Mazak3 case, these phases were completely removed. In the ZAR
case, almost 50% were removed. In the ZA27 case almost 10% were removed. 1t can
be concluded that aluminium and copper were very influential in maintaining and

delaying the transformation of these phases after ageing.




CHAPTER §
8.0 Suggestions for future work

1) The present work has established the /N curves of the experimental af t
oys a
different temperatures up 100 °C, It is necessary at this stage to investigate the fatigue

life of these alloys through the fracture mechanics approach,

2) The fatigue tests were conducted by using puil-pul] stresses, it is useful therefore to

examine the samples under compressive stresses.

3) All the experimental results were based on the as-cast conditions, therefore
determination of the mechanical properties ( fatigue, tensile ) of these alloys would be

useful at heai-treated conditions.

4) The experiments were conducted in a normal atmospheric environment. It is
advisable to conduct fatigue and tensile tests in a sea water environment and also

under vacuum environment.

5) Since the pressure die-casting parameters have a large influence on the
microstructure and, hence, on the mechanical properties, it is therefore important to
investigate the mechanical properties in relation to die temperature, plunger speed,
pressure etc. It is also worthwhile conducting further pressure die-casting practice to

eliminate porosity. It is also advisable to produce the experimental alloys by using a

hot chamber die-casting machine.

6) The fatigue and tensile fractured surfaces were examined by using the secondary

o T investigate ihe
eleciron microscopes and the hack-scatiered imaging. 1118 important to inveshg

’ e By R B licas of the
lvaciure morphology in relation to the microatructure by vsing TEM repli

fmctured surfaces.

™
i
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7) K1, K2 and K3 alloys were examined by the SEM to study the effect of copper
content on the microstructure. The SEM showed that there was no structural
difference between these alloys, except for some intermetallic particles ( CuZny) seen

in the case of the high copper K3 alloy. TEM work might reveal the differences

heiween these alloys.
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