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ABSTRACT The effect of Li content on the aging precipitation and mechanical properties of Al-
Mg-Si alloy was investigated. It was found that the ordered &' phase becomes the predominant
precipitate and no G.P. zones of Mg,Si forms in 1.7%Li and 2.6%Li containing alloys at peak aging
condition. Furthermore, the addition of 1.7% and 2.6%Li showed realy different influence on the
strength and elongation of the Al-Mg-Si alloy. The 1.7%L.i containing alloy showed a much lower
strength and better elongation than the base alloy, owing to the limited precipitation of &' phase.
While, the 2.6%Li containing alloy showed a stronger aging response and higher tensile strength
than the base alloy due to the excessive precipitation of &',
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1. INTRODUCTION

The application of lighter advanced material in aircraft is an efficient way to reduce the structural
weight and improve the effective load. Replacement of the conventional aluminum alloys currently
used in aircraft structures with the low density high stiffness Al-Li base alloys could achieve weight
saving of at least 10~15%][1]. Therefore, a considerable research has been made for these Lithium-
containing aluminum alloys, and much progress has been made in defining the physical and
mechanical metallurgy, in commercial alloy and process development, and in aerospace applications.
A wide range of alloy series has been studied during this period. Most of the development work has
concerned Al-Li-Cu-Mg, Al-Cu-Li and Al-Mg-Li series alloys [2,3]. However, much less attention
has been paid to the 6000-Li (Al-Mg-Si-Li) series [4-6], although 6000 series alloys are important
and widely used commercial alloy. The purpose of the present research is to investigate the influence
of both 2.6% and 1.7% Lithium contents on the precipitation behaviors and mechanical properties of
Al-Mg-Si alloy.

2. EXPERIMENTAL PROCEDURE

The chemical compositions of the alloys investigated are given in Table 1. The alloys were
prepared from high purity metals, melted under argon atmosphere, homogenized at 803K for 24
hours, forged and rolled to 3 mm sheet. Specimens were solution heat treated at 813K for 30
minutes, and aged at 443K or 453K in silicon oil bath immediately after cold water quenching.

Table 1 Chemical composition of the alloys (wt.%)

Alloy No. Li Mg Si Cr Fe Al
A - 0.68 0.78 0.21 <0.05 Bal.
B 1.7 0.66 0.80 0.22 0.05 Bal.
C 2.6 0.62 0.81 0.22 0.05 Bal.
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The hardness was determined by the Vickers test using a 5 kg load, and tensile tests were carrieg

{ on Inston-4507 using specimens with 20 mm gauge length and the tensile axis parallel to the
ou .
rolling direction. ) -

The transmission electron microscopy (TEM) was performed on a H-800 operating at 150 K\
with the foil normal to the through-thickness direction of the sheet. A S-5800 scanning electroy,
icroscopy (SEM) was employed to characterize the fractured surfaces of the failed tensile
gpecimens.

3. RESULTS
3.1 Aging hardening . .

Aging curves were obtained by measuring the Vickers hardness of alloys as a function of agin e
time. Figure 1(a, b) shows the aging response of all three at 443 K and 453 K respectively. Tll;
response Lo 443K provided good control of aging at reasonable aging times. This was the basis fi;
selection of 443 K as the temperature for most of the subsequent aging treatments.
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Fig. I Age-hardening curves of the alloys at (a) 443K; (b) 453K

It can be seen from Fig. 1 that alloys with different Li content show very different agine
response. Alloy A (free from Li) reaches a peak hardness of 121HV after 10 hours at 443K_ Alh:\' Lm.
(containing 1.7%Li) shows a quite slower aging response and considerably lower hardness compa.r@d
with alloy A, and it does not attain a peak hardness even up to 100 hours. Alloy C (Containine

2.6%Li) exhibits the strongest age-hardening response, and it obtains a peak hardness of 130HV in
24 hours at 443K.

3.2 Microstructures

Fig.2a shows the TEM image of alloy A after peak aging (443K, 24h). The needle-shaped G.p
zones aligned along <1004 orientation are the dominant precipitates. As the aging proceeds to I‘hu
overaged condition (100h, Fig.2b), growth of the needles in matrix and Si particles on orain
boundaries can be observed. The present of Mg,Si precipitate free zones adjacent to grain bom?da n
is visible too. '

The ordered &' phase is the predominant precipitates in Li containing alloys. Fig.2(c, d) show the
precipitation features of alloy B after aging for 80 hours. It can be seen that &' phases are nearl
homogeneous within the matrix except for PFZ’s near grain boundaries, and a few large paniclc;.

which were conformed to be unsoluted LiSiAl phase, distribute primarily within matrix. Fev
precipitates on the grain boundary can be seen in alloy B.
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Figure 2 TEM microgragh of the alloys
(a) G.P. of Mg,Si in Al-Mg-Si alloy aged for 24h at 443K (B=[112],)  (b) grain boundary in Al-
Mg-Si alloy aged for 100h at 443K (B=[100] )  (c) &' phase in Al-Mg-Si-1.7Li alloy at after peak
aging at 443K (B=[001] a;, g=200)  (d) LiSiAl particles in Al-Mg-Si-1.7Li alloy after peak aging
at 443K (B=[011] a1, g=200) (e) &' phase in Al-Mg-Si-2.6Li alloy after peak aging at 443K
(B=[001] a1, g=200)  (f) LiSiAl particles in Al-Mg-Si-1.7Li alloy after peak aging at 443K (near
[110] A1)
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Compare Fig.2(c, d) with Fig.2(e, f), as the Lithium content is increased from 1.7 to 2.6%, the
volume fraction of 8’ and LiSiAl increases greatly at peak aging condition. No apparent PFZ’s can ba
seen in alloy C.

3.3 Mechanical Properties

The results of tensile property measurements are presented in Table 2 for all three alloys afte,-
peak aging. The maximum tensile strength of 333 MPa was obtained for the base alloy A afier aging
for 24 hours whereas the maximum strength obtained for alloy B containing 1.7%Li was only 233

MPa after 80 hours at 443K. Alloy C possess the highest tensile strength, which was 385mpa, but itg
yield strength was 53 MPa lower than alloy A.

Table 2 Tensile properties of the peak aged alloys

Property Alloy  No.
A B (&
G, MPa 333 233 385
Go2, MPa 304 144 251
ds, % 10.0 11.5 6.0

Alloy A shows normal elongation of 6000 series alloys with Si excess. The addition of 1.7%)

improves the elongation by 15%, while the addition of 2.6% Li drops it by 40% at peak agin o
condition. )

3.4 Fractography

The fracture surfaces of the failed tensile samples with three alloy compositions have begy
examined. It can be seen from Fig. 3a that the fracture of alloy A is mainly composed of
intergranular fracture and small amounts of dimples among the grains. The dimples on grain facets iy

high magnification photomicrographs (Fig. 3b) indicate that intergranular fracture is ductile iy
nature.

Fracture surfaces of alloy B (Fi

g.3¢) shows completely ductile dimple fracture. Few particles Can
be seen in the dimples.

The fracture surface of alloy C (Fig.3d) shows mixed transgranular fracture and intergranuly;
fracture modes. Amounts of large LiSiAl particles in dimples were found.

4. DISCUSSION

Aging of Al-Mg-Si alloys (6000 series) involves the nucleation, growth and transition of Me:Si
The precipitation sequence for the 6000 series alloys is:

o(SSS)—> GP — B''—> B'—> B(Mg,Si)

Alloy A (Al-0.6Mg-0.8Si) is a typical Al-Mg-Si alloy with high extent of excess in Silicon. Aging
hardening is due to the precipitation of Mg;Si after artificial aging. Silicon tends to precipitate o1
grain boundaries, thus promote the formation of PFZ’s adjacent to the grain boundary. The presence
of the soft PFZ imposes localised strain and precipitates on the grain boundary act as sites tor
microvoid formation. So the intergranular fracture occurs. The small dimples on grain facets
conform the presence of PFZ’s near the grain boundary.

As observed in TEM images, addition of Lithium in Al-Mg-Si alloys changes the precipitation

behavior completely, and the ordered & phase becomes the

predominant precipitates in Li containin g
alloys.

The &' phase imposes limited strengthening on the Al matrix due to the small value of §
misfit[7], furthermore the volume fraction of &’ phase in alloy B is small because of the low content
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Figure 3 SEM micrograph of tensile fractures
(a) Al-Mg-Si alloy (b) high magnification of (a)
(c) Al-Mg-Si-1.7Li alloy  (d) Al-Mg-Si-2.6Li alloy

of Li. This results in the very low hardness and strength of alloy B. The low supersaturation of Li is
also responsible for the slow precipitation of 8’ and slow age-hardening response in alloy B.

Obvious PFZ's forms in alloy B, due to the low vacancy density adjacent to grain boundaries.
The limited free Li atoms prefer to precipitate within matrix where the vacancy density is high.

The addition of Li changes the phase diagram of Al-Mg-Si alloys, and LiAlSi ternary phase with
cubic structure (a = 5.94 x 10"°m) forms [7]. They are large particles with nearly round shape in
alloy B, and the number density of them is very low.

Fracture surfaces of alloy B shows completely ductile dimple fracture in spite of the presence of
PFZ's near grain boundaries in microstructure. The higher elongation compared with alloy A is
associated with the very low matrix strength and the low linear density of precipitates on the grain
boundary.

Like other convenient Al-Li alloy containing 2~3%Li, alloy C has a fast aging response due to the
rapidly precipitation of &'. The large volume fraction of 8’ accounts for the highest peak hardness
and tensile strength of the three alloys.

The high content of Li promotes the precipitation of &' near the grain boundary, so no obvious
PFZ's were found there. Besides, the increase of free Li atom promotes the precipitation of LiSiAl
particles. Compared with &' phase, however, LiSiAl particles are large and sparse, so it has little
effect on strengthening.
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The linear density of particles on the grain boundary in alloy C is a little higher than that in ally,,
B. in addition the precipitation of large amount of 8’ causes strong planar slip. This leads to earliy,
;d(,k nucleation and premature intergranular fracture.
or

5. CONCLUSIONS
1. A lithium addition to Al-0.6Mg-0. 851 alloy, does not produce dual precipitation of tl.
5£1L|1gt11611111g phases 8’ and f3'. Coherent &' is the predominant strengthening phase in Li (,ontmnnl0

alloy. LiSiAl particles with small number density, distribute principally within matrix, and provig,
Jittle hardening.

5 The alloy containing 1.7%Li shows very weak aging response. It shows a 100 MPa lower peyy
tensile strength and 15% higher clongation than the base alloy. The poor strength and improvgg
clongation is related to the slowly precipitation of 8" phase with low volume fraction.

3. The alloy containing 2.6% Li shows strong aging response. It has a 16% higher tensile strengy
but 40% lower elongation than the base alloy. This is related to the precipitation of &' phase wiy
large volume fraction

4. The fracture surface of alloy containing 1.7%Li shows fully ductile dimple due to the low lingy,
density of LiSiAl particles on the grain boundary and very weak strength of the matrix, while t},,
fracture surface of alloy containing 2.6%Li shows mixed transgranular fracture and intergranujy

fracture, owing to the intense planar slip caused by excessive precipitation of coherent 3’ phase.
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