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Abstract This article reports on a remarkable natural

ageing response observed for the first time in this work in

Mg–Zn-based alloys. In these alloys, hardness in the natu-

rally aged condition, generally, almost equals that in the

artificially aged condition. The time to maximal hardness in

the naturally aged condition can be dramatically reduced

from several months needed for a binary Mg–Zn alloy, to a

practical duration of a few weeks when some additional

alloying elements that act as accelerants are added. Exam-

ples of such elements presented here are Cu and Ti.

Strengthening in the naturally aged condition of these alloys

is achieved through the formation of a very high density of

Guinier-Preston (GP) zone-type precipitates. Both Cu and

Ti also enhance the artificial ageing response by increasing

the number density of the strengthening precipitates. Unlike

Cu, Ti is not detrimental to the corrosion resistance and the

current results indicate that it also has a very pronounced

grain-refining effect on the Mg–Zn-based alloys.

Introduction

Magnesium alloys offer 30% weight reduction compared to

aluminium alloys and 75% compared to steel, which makes

them promising candidates for the light-weight applica-

tions in transportation systems. However, their mechanical

properties are still inferior to those of the currently used

aluminium alloys. Many magnesium alloys undergo pre-

cipitation hardening; however, the number density of the

precipitates formed during ageing is several orders of

magnitude lower than in the precipitation hardenable

aluminium alloys. Such widely spaced and often coarse

precipitates are easily bypassed by gliding dislocations and

provide limited strengthening. Increasing the number

density of the precipitates and reducing the inter-particle

spacing are therefore some of the main objectives of

studies on precipitation hardening in magnesium alloys.

Generally, this can be achieved though an appropriate

alloying, appropriate thermo-mechanical treatment or by

the combination of the two.

A notable fraction of the currently available cast and

wrought magnesium alloys are based on the Mg–Zn sys-

tem. These precipitation hardenable alloys are generally

subjected to an artificial ageing heat treatment (T6), typi-

cally at temperatures between about 150 �C and 300 �C.

Optimal strengthening in the T6 condition of Mg–Zn-based

alloys is achieved mainly through the formation of the rod-

like b01 precipitates perpendicular to the basal plane of

magnesium [1, 2] due to their number density and orien-

tation. The b01 rods are the predominant type of precipitate

forming in the peak aged T6 condition of these alloys. A

smaller fraction of b02 phase in the form of coarse plates

parallel to the basal plane [1], or even laths perpendicular

to the basal plane [3], may be present in this condition,

along with the so-called blocky precipitates recently pro-

posed to be a variant of the b01 phase [3]. The number

density of the strengthening precipitates in a binary Mg–Zn

alloy is generally very low and the precipitates are

inhomogeneously distributed [2].

One of the alloying elements that increases the number

density of the precipitates in Mg–Zn alloys and the homo-

geneity of their distribution, is Cu (ZC series of alloys) [1, 4,

5]. The Mg–Zn–Cu-based alloys are low-cost cast and

wrought alloys known for their good mechanical properties;
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however, the detrimental effect of Cu on the corrosion

properties has been a challenge for their application.

Another way of increasing the number density of precipi-

tates is by conducting the ageing at reduced temperature,

which generally increases the number of precipitate nuclei

formed, and reduces the critical nucleus size. Reduced

temperature ageing, including that at ambient temperature,

is commonly observed in aluminium alloys; however, in

most cases either the kinetics of the precipitation is very

slow, or the size, morphology and type of the precipitates

formed are inadequate for appreciable strengthening. Low-

temperature ageing of magnesium alloys has been rarely

studied. Earlier work on Mg–Zn alloy reported almost no

increase in hardness during ambient temperature ageing for

about 1000 h [6] and it has been assumed that magnesium

alloys do not show any significant response to natural

ageing. Very limited studies were performed on ageing at

temperatures slightly above the ambient temperature but

below the common T6 ageing temperature. Takahashi et al.

[7], based on their X-ray diffraction studies on Mg–

3.6 wt.%Zn alloy, reported on the formation of GP1 zones

during ageing below 60 �C in the form of plates parallel to

11�20f gMg planes, and GP2 zones below 80 �C in the form

of oblate spheroids on {0001}Mg planes. These precipitates

have not been characterized or even clearly observed by

transmission electron microscopy (TEM). An additional

type of disc-like GP zones has also been reported to form

parallel to 0001f gMg planes [8].

This article reports for the first time on a remarkable

natural ageing response in Mg–Zn-based alloys that results

in the formation of significantly increased number density

of fine precipitates when compared to the T6 condition.

Ageing response to ambient temperature ageing is signifi-

cantly accelerated in the presence of some additional

alloying elements, such as Cu or Ti.

Experimental procedures

Alloys of the compositions given in Table 1 were prepared

from pure components by induction melting under pro-

tective Ar atmosphere and then cast into a permanent

mould. Alloy ingots were then homogenized, solution heat

treated and aged in an oil bath at 160 �C (T6) and in the air

at room temperature (T4), as described in Table 2.

Vickers microhardness measurements were made using

a load of 50 g and the results reported here are averaged

from 12 measurements. Specimens for the TEM obser-

vations were prepared from aged alloy specimens by

electropolishing in a solution of 22.32 g Mg(ClO4)2 and

10.6 g LiCl in 1000 mL methanol and 200 ml 2-butoxi-

ethanol at about -45 �C and 90 V. Conventional TEM

observations were performed using Phillips CM200

microscope operated at 200 kV. The high-resolution

TEM (HRTEM) observations were performed using FEI

Tecnai G2 F30 microscope operated at 300 kV. Optical

microscopy observations were performed on alloy speci-

mens in the as-homogenized condition after revealing the

grain boundaries by etching using etchant 8 (acetic-

picral) [9]. Grain size of alloy specimens was estimated in

accordance with the planimetric method described in the

ASTM standard E 112-96 (2004), i.e. by inscribing a

circle on a micrograph and counting the number of grains

included within the area and those intersected by a circle.

Five randomly selected fields for each alloy specimen

were used for the analysis. The grain size was then

expressed as an average number of grains per square

millimetre ðNAÞ: Scanning electron microscopy energy

dispersive spectroscopy (SEM EDS) analysis was per-

formed using a JEOL JSM 5400 scanning electron

microscope equipped with JEOL JED 2140 energy

dispersive X-ray microanalyzer.

Results

Age-hardening response

Figure 1(a) compares hardening of the binary Mg–Zn alloy

(diamonds) during T6 heat treatment at 160 �C (solid

symbols), and T4 heat treatment (open symbols). Current

results show for the first time that hardness during natural

Table 1 Chemical composition of Mg–Zn–(Cu,Ti) alloys in wt.%

and in at.% (given in brackets)

Element, wt%

(at%)

Mg Zn Cu Ti Mn

Mg–Zn Balance 7 (2.8) \0.01 – \0.01

Mg–Zn–Cu–Mn 6 (2.4) 3 (1.2) – 0.1 (0.04)

Mg–Zn–Cu 4.6 (2) 0.4 (0.15) – \0.01

Mg–Zn–Ti 6 (2.4) – 0.8 (0.4) \0.01

Table 2 Heat treatment

schedules
Alloy Homogenisation Solution treatment Ageing

Mg–Zn 335 �C-96 h Cold water quench 340 �C-5 h Cold water quench T6 (160 �C)

T4 (RT)Mg–Zn–Cu–Mn 440 �C-48 h 440 �C-5 h

Mg–Zn–Cu 435 �C-48 h 435 �C-5 h

Mg–Zn–Ti 340 �C-24 h 340 �C-4 h
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ageing equals that in the artificially aged condition and that

Mg–Zn-based alloys do exhibit a significant age-hardening

response to ambient temperature ageing.

For the binary alloy, ageing time needed for the hardness

in the T4 condition to equal or become comparable to that in

the T6 condition was at least 8 months. However, when

certain other alloying elements are present in addition to Zn,

the time to peak hardness in the T4 condition can be sig-

nificantly reduced to a few weeks only. Such accelerated

age-hardening response to natural ageing was observed for

the first time in the current work for the Cu-containing

Mg–Zn alloys. The T6 and T4 hardness curves of Mg–6Zn–

3Cu–0.1Mn alloy (similar in composition to the commercial

ZC63 alloy) are shown in Fig. 1(b). The T4 hardness curve

of the binary alloy is also included in Fig. 1(b) for a com-

parison. The addition of Cu to Mg–Zn alloys apart from

significantly improving the age-hardening response during

artificial ageing, as previously reported by King and Uns-

worth [4, 5] and by Lorimer [1], also promotes a significant

hardening at ambient temperature and hardness comparable

to that in the T6 condition (109 VHN) can be reached after

about 7 weeks of ageing (104 VHN). An identical general

ageing response was observed for a number of Mg–Zn–Cu-

based alloys with varying contents of Zn and Cu and the

maximal hardness reached in the T4 condition is generally

retained for the duration of the experiment (i.e., since the

end of year 2005). Addition of Cu to Mg–Zn alloy therefore

dramatically accelerates the kinetics of precipitation during

natural ageing. An overall higher solute level in the

Cu-containing alloy (including the presence of Mn), than in

the binary alloy, is reflected in the higher as-quenched

hardness. The binary alloy on the other hand, showed

almost negligible response to natural ageing for 7 weeks

(4 VHN increase from the as-quenched condition), which

is consistent with the previously reported results by Mima

and Tanaka [6], while a more prominent hardening

became noticeable only after about 5 months of ageing

(Fig. 1a). Figure 1(b) shows that the same kind of rapid

natural ageing is promoted even by a trace mount of Cu

(0.15 at.%) and in the absence of Mn. The T4 hardness of

the Mg–4.6Zn–0.4Cu alloy almost equalled that in the T6

condition only after 4 weeks.

In order to promote the same combination of an accel-

erated natural ageing response and improved artificial

ageing response using an element which does not have a

detrimental effect on the corrosion resistance of alloy, as

Cu does, a small amount if Ti was added to a Mg–6Zn

alloy. Figure 1(c) shows that the Ti addition significantly

affects the age-hardening response although Ti has been

thought of having extremely low and unknown solubility in

Mg (possibly expressed in parts per million) [10]. It should

be noted that due to such limited solubility of Ti in the
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Fig. 1 T6 (solid symbols) and T4 (open symbols) hardness curves for

alloys: (a) Mg–7Zn (diamonds) and ZK60 (grey circles-T4); (b) Mg–

6Zn–3Cu–0.1Mn (squares), Mg–4.6Zn–0.4Cu (triangles) and Mg–

7Zn (diamonds); and (c) Mg–6Zn–0.8Ti (circles) and Mg–7Zn

(diamonds)
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magnesium lattice, it is highly likely that an extremely

small fraction of the total Ti added actually ended up in the

solid solution, and thus became available to take part in the

precipitation. However, the presence of even a small

amount of Ti in a Mg–Zn alloy significantly improves the

age-hardening response during ageing at 160 �C and a

higher hardness level is reached (100 VHN) for a shorter

ageing time compared to the binary alloy. The onset of

hardening after quenching is also shifted towards shorter

ageing time; therefore, the kinetic of precipitation during

artificial ageing is also significantly accelerated by the

addition of Ti. Similarly to Cu, Ti also accelerates the

remarkable hardening at ambient temperature, which

becomes comparable to that produced during artificial

ageing after less than 7 weeks of ageing.

Natural ageing response, in which the T4 hardness

becomes almost equal to that in the T6 condition, appears

to be common to Mg–Zn-based alloys. However, the

time-to-peak in the T4 condition can vary considerably

and it depends primarily on the type of other alloying

elements present in addition to Zn. For example, presence

of Zr in Mg–Zn alloy does not accelerate natural ageing,

despite the fact that Zr has higher solubility in the mag-

nesium lattice than Ti. Ageing response at ambient

temperature of the commercial alloy ZK60 (composition

close to Mg–4.7Zn–0.6Zr) quenched from 440 �C appears

to be very similar to that of the binary Mg–Zn alloy

(Fig. 1a, grey circles).

Grain-refining effect of Ti

Figure 2 compares the optical microscopy images from the

as-homogenized alloys (a) Mg–7Zn, (b) Mg–6Zn–0.8Ti

and (c) Mg–6Zn–3Cu–0.1Mn, after picral etch [9], which

revealed the grain boundaries but also reacted with the

grain boundary precipitates.

Simple visual comparison of these images shows that

the Ti-containing alloy exhibited the smallest grain size.

Quantitative analysis of the grain sizes, the results of which

are presented in Table 3, also confirmed that for the Mg–

Zn–Ti alloy the average number of grains per square mil-

limetre was an order of magnitude higher than in the other

alloys.

Using a SEM EDS analysis, precipitates visible on the

grain boundaries of the binary alloy were determined to

most likely be those of the eutectic Mg7Zn3 phase com-

monly observed in Mg–Zn alloys above the eutectoid

temperature [11]. Precipitates visible in Mg–6Zn–3Cu–

0.1Mn alloy have been referred to as the Mg(Zn,Cu)2

eutectic phase in earlier works [1]; however, the exact

Fig. 2 Optical microscopy images of the as-homogenized micro-

structures of alloys: (a) Mg–7Zn; (b) Mg–6Zn–0.8Ti; and (c) Mg–

6Zn–3Cu–0.1Mn

Table 3 Average number of grains per mm2 (NA) of alloy specimens in the as-homogenized condition

Alloy Mg–7Zn Mg–6Zn–3Cu–0.1Mn Mg–4.6Zn–0.4Cu Mg–6Zn–0.8Ti

*NA (grains/mm2) (stdev) 628 (43) 824 (79) 205 (30) 3011 (787)
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structure and composition of these precipitates are still

unknown. Precipitates observed in this work contained

roughly about 49 at.%Mg, 32 at.%Zn, 20 at.%Cu and

about 0.1 at.%Mn. Preliminary analysis of the precipitates

in the Ti-containing alloy showed that most of the pre-

cipitates were Mg and Zn rich and on average contained

about 73 at.%Mg and 25 at.%Zn with very little (not

more that 0.1 at.%) or no Ti present. Since it is possible

that fine particles of pure Ti may also be present in the

microstructure due to its very limited solubility in mag-

nesium, a more detailed study is required to determine the

exact origins of grain refinement in the Ti-containing

alloy, which will be dealt with in a forthcoming

publication.

Artificial ageing

Figure 3 compares the T6 peak-aged microstructures of

the binary Mg–7Zn (c) alloy with that of the Mg–6Zn–

3Cu–0.1Mn (b) and Mg–6Zn–0.8Ti (a) alloys. These

TEM images show elongated rod-like precipitates of most

likely the b01 phase perpendicular to magnesium basal

plane as the predominant type of precipitate observed in

all alloys. Inset images represent the selected area elec-

tron diffraction (SAED) patterns. In addition to b01 rods

and a few coarse plates of most likely the b02 phase on

basal planes, a smaller fraction of the precipitates similar

to those recently described as blocky b01 [3], were also

observed in all alloys, especially in the Ti-containing

alloy. Similarly to earlier observations [2], the rod-like

precipitates in the binary alloy in this study were gen-

erally coarse and inhomogeneously distributed. Apart

from the known effect of Cu on increasing the number

density of the b01 precipitates and making their distribu-

tion more homogeneous [1], current work shows that

similar result can also be achieved by adding a very

small amount of Ti. The number density of the precipi-

tates was notably increased with the addition of Cu or Ti

and it was generally higher in the presence of higher

amounts of these elements. This indicates that both Cu

and Ti stimulate the nucleation of precipitates during

artificial ageing.

Natural ageing

Figure 4 shows the TEM images of the naturally aged

microstructures of Mg–7Zn and Mg–6Zn–3Cu–0.1Mn

alloys. In the binary alloy, naturally aged for 9 weeks, a

very sparsely and inhomogeneously distributed prismatic

Fig. 3 B// 2�1�10½ �Mg TEM images showing peak-aged T6 microstruc-

tures of alloys: (a) Mg–6Zn–0.8Ti; (b) Mg–6Zn–3Cu–0.1Mn; and (c)

Mg–7Zn. Inset images are the corresponding SAED patterns
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precipitates of an unknown phase were observed perpen-

dicular to the basal planes of magnesium (Fig. 4a). The

HRTEM image of one of these precipitates having a

rectangular cross section is shown in Fig. 4(b). Such

precipitates have not been observed before by TEM or

HRTEM. It is uncertain whether these precipitates are in

fact the GP2 zones detected earlier by Takahashi et al.

[7]. In addition to these precipitates, the HRTEM obser-

vations with a [0001]Mg electron beam direction also

revealed very fine planar precipitates aligned with the

01�10h iMg directions (indicated in the fast Fourier trans-

form (FFT) of the HRTEM image; indexed in Fig. 4c)

thus lying on 2�1�10f gMg planes (Fig. 4b). These precipi-

tates correspond well to GP1 zones detected by Takahashi

et al. [7]. Overall, the distribution of these precipitates

was also very inhomogeneous. In the Cu-containing alloy

on the other hand, a very high density of homogeneously

distributed precipitates was observed after 8 weeks of

natural ageing (Fig. 4c). Some of these precipitates were

20–50 nm in size planar precipitates on 2�1�10f gMg planes,

viewed edge-on in Fig. 4(c). The rest of the precipitates

are visible as densely distributed mottled contrast using a

conventional bright field TEM. This mottled contrast

actually arises from the strain fields associated with even

finer planar precipitates densely distributed on 2�1�10f gMg

planes, shown in the HRTEM image in Fig. 5(a), and

with a smaller fraction of very fine prismatic precipitates

(inset image in Fig. 5a). The fine planar precipitates are

fully coherent with the magnesium lattice (Fig. 5a) and

correspond well to GP1 zones, while the prismatic pre-

cipitates appear to be very similar to those observed in the

binary alloy, although significantly smaller in size. Fig-

ure 5(b) shows a HRTEM image of the Cu-containing

alloy taken from a 01�10½ �Mg zone axis. From this direction

one third of the planar GP1 zones, both fine and coarse,

are again visible edge-on and clearly parallel to and

coherent with 2�1�10f gMg planes. The fine prismatic pre-

cipitates are not as clearly resolved and they are visible

mostly as dark regions of approximately rectangular

shape. The moiré fringes visible in Fig. 5(b) which have a

wider spacing are associated with overlapping lattices of

Mg and thin film of MgO formed on the surface of the

specimen; however, those more closely spaced fringes

which are also associated with the areas of dark contrast

in the image are suspected to be a result of the presence

of fine ordered prismatic precipitates. Figure 5(c) is a

[0001]Mg HRTEM image taken from the Mg–6Zn–0.8Ti

alloy naturally aged for 8 weeks and it shows a high

density of fine planar GP1 zones responsible for harden-

ing observed in this alloy. Overall, the microstructures of

the naturally aged Cu and Ti-containing alloys were very

similar.

Fig. 4 B//[0001]Mg (a) TEM and (b) HRTEM image of Mg–7Zn

alloy naturally aged for 9 weeks; and (c) TEM image of alloy Mg–

6Zn–3Cu–0.1Mn naturally aged for 8 weeks. Inset images in (b) and

(c) are Fourier transforms (FFT) of the corresponding images
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Discussion

Magnesium alloys, in particular the Mg–Zn-based alloys,

undergo a significant natural ageing following quenching

from the solution heat treatment temperature. Due to the

precipitation of a high density of very fine GP zone-type

precipitates, hardness in the T4 condition can equal that in

the T6 condition. The time needed for this may vary from

several months (e.g. for binary Mg–Zn alloy and ZK60) to

a few weeks in Mg–Zn–Cu and Mg–Zn–Ti alloys.

Hardness measurements and TEM observations pre-

sented here show that natural ageing phenomena in

magnesium alloys allows for the formation of a very high

density of closely spaced and coherent (GP1 zones) or

semi-coherent (prismatic precipitates) precipitates that

induce a considerable strain into the surrounding magne-

sium lattice. Such densely distributed and highly strained

precipitates generally can not be by-passed by gliding

dislocations. The interaction between the precipitates

observed in the naturally aged condition of the Mg–Zn

alloys containing Cu and Ti, and dislocations, most likely

involves shearing, thus appreciable strength levels may be

anticipated. A remarkable hardening in the T4 condition is

promoted and accelerated by the addition of some ele-

ments, such as Cu and Ti. These elements promote the

nucleation of precipitates and accelerate the kinetics of

precipitation in Mg–Zn alloys. The nucleation of precipi-

tates, their dispersion and the kinetics of precipitate

nucleation and growth, are controlled by the distribution

and concentration of vacancies [12–14]. The accelerated

hardening effect during natural ageing and improved

hardening effect during artificial ageing observed in the

Cu-containing alloys may be partially ascribed to a higher

solution treatment temperature of 440 �C (Table 2), thus

higher vacancy supersaturation in the as-quenched condi-

tion than in the binary alloy (quenched from 340 �C).

However, alloy-containing Ti shows the same remarkable

natural ageing response when quenched from the same

temperature as the binary alloy (and the total solute levels

were also comparable). This indicates that the rapid natural

ageing is not an effect of solely the higher solution heat

treatment temperature, but more the effect of the type of

alloying element added in the combination with Zn. This is

confirmed also by the example of the Zr-containing com-

mercial alloy ZK60 which does not show such accelerated

natural ageing after being quenched from the same tem-

perature as the Cu-containing alloy, and behaves as a

simple binary alloy. Although Zr is primarily added for

grain refining and not for improving the precipitation

hardening, the solubility of Zr in magnesium lattice is

significantly higher than that of Ti so a certain appreciable

amount of Zr atoms is present in the solid solution, thus in

a position to affect the nucleation of precipitates.

Fig. 5 (a) B//[0001]Mg and (b) B// 01�10½ �Mg HRTEM images from

naturally aged Mg–6Zn–3Cu–0.1Mn alloy; (c) B//[0001]Mg HRTEM

image from naturally aged Mg–6Zn–0.8Ti alloy. Inset images

represent the corresponding Fourier transforms (FFT) of the HRTEM

images
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Therefore, some elements in the combination with Zn pos-

sibly promote the retention of vacancies in Mg alloys after

quenching and by this ease the nucleation of the precipitates.

From vast studies on aluminium alloys this is known to be

one of the keys to manipulate the precipitation processes.

Considering that the same rapid natural ageing response is

achieved in two alloys (Mg–Zn–Cu and Mg–Zn–Ti) quen-

ched from significantly different temperatures (440 �C and

340 �C) and therefore having different starting concentra-

tions of vacancies (lower in the Mg–Zn–Ti alloy), it can be

hypothesized that Ti (in the combination with Zn) may be

even more effective in retaining the as-quenched vacancies

and promoting the nucleation of precipitates than Cu. Current

study demonstrates that the effect on natural ageing observed

for Cu extends on other elements, and an example of Ti,

which does not have a negative effect on the corrosion

resistance of magnesium alloys, is presented in this article.

Conclusions

1. A significant natural ageing takes place in Mg–Zn-

based alloys for which the hardness in the T4 condition

generally almost equals that in the artificially aged T6

condition.

2. The time needed for the hardness in the T4 condition

to reach that in the T6 condition can be reduced from

several months (the case for the binary Mg–Zn alloy

and the commercial Zr-containing alloy ZK60) to a

few weeks (4–8 in general) when certain alloying

elements, such as Cu or Ti, that act as accelerants of

the precipitation processes are added.

3. Strengthening in the naturally aged condition is

produced by the formation of a very high density of

mostly the fine planar GP1 zones and prismatic

precipitates perpendicular to the basal plane of

magnesium.

4. Addition of Ti to Mg–Zn alloy extensively improves

the ageing response in general; it increases the number

density of the precipitates in the T6 condition and

promotes the remarkable and rapid natural ageing.

5. Addition of Ti also has a pronounced grain-refining

effect on Mg–Zn alloy.

Acknowledgement The author wishes to acknowledge the financial

support of the Japanese Society for the Promotion of Science (JSPS)

in the form of a JSPS Postdoctoral Fellowship.

References

1. Lorimer GW (1986) Magnesium technology. Institute of Metals,

London, p 47

2. Clark JB (1965) Acta Metall 13:1281

3. Gao X, Nie JF (2007) Scripta Mater 56:645

4. King JF, Unsworth W (1980) US Patent 4239535

5. Unsworth V (1987) Light Metal Age 8:10

6. Mima G, Tanaka Y (1971) Trans JIM 12:71

7. Takahashi T, Kojima Y, Takahashi K (1973) Jpn J Inst Light

Metals 23:376

8. Polmear IJ (1995) Light alloys: metallurgy of the light metals, 3rd

edn. Arnold, London, p 204

9. ASM Specialty Handbook (1998) Magnesium and magnesium

alloys. ASM International, p 27

10. Hansen M (1958) Constitution of binary alloys, 2nd edn., written

in cooperation with Anderko K. McGraw-Hill Book Co., New

York, p 924

11. Wei LY, Dunlop GL, Westengen GL (1995) Metall Mater Trans

A 26A:1947

12. Kelly A, Nicholson RB (1963) Prog Mater Sci 10:151

13. Lomer WM (1958) Inst Metals Monogr Rep Ser 23:79

14. Embury JD, Nicholson RB (1965) Acta Metall 13:403

J Mater Sci (2008) 43:1220–1227 1227

123


	Natural ageing in magnesium alloys and alloying with Ti
	Abstract
	Introduction
	Experimental procedures
	Results
	Age-hardening response
	Grain-refining effect of Ti
	Artificial ageing
	Natural ageing

	Discussion
	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


