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MELTING BEHAVIOR AND ARTIFICIAL AGING OF Al-Mg-Si-Mn
NOVEL CASTING ALLOY CONTAINING Li

The strength of AI-Mg-Si-Mn-Li casting alloy strongly depends on Mg content in solid solution and precipitation
of nano-size precipitates of - Mg,Si and & Al Li phases. Alloy with the nominal composition AIMg5Si2MnLi was
studied by means of differential scanning calorimetry (DSC), transmission electron microscopy (TEM) and energy
dispersive X-Ray analysis (EDX). DSC measurements show that the eutectic melting temperature was about 595 °C
and it is higher than that of commercial A356 casting alloy. The macro- and microhardness tests show that in as-cast
state hardness were higher than for A356 and continuously growth during artificial aging. TEM investigations
reveal that during artificial aging three different precipitation types are forms in the alloy matrix. Two of them belong
to the different structures of Mg Si precipitates. Appearance of the third one identified as 6- Al Li phase represent that
Al-Mg-Si system can be successfully used for designing of Li-containing casting alloy which is not developed yet.
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1 Introduction

Automotive and aerospace industries are strongly
interested in the development of new alloys for production
of the light weight components and constructions. In this
context Al-Mg-Si system are always considered as
promising candidate for production of the sheets or
extrusions owing to the combined merits of low weight
and strong mechanical properties. This is true for wrought
alloys where Al-Mg-Si alloys are the most popular ones
and uses for body panels and frame parts. Only recently
casting alloys of Al-Mg-Si system possessed increasing
application in production of wide verity of car components,
such as transmission housings, cylinder heads, inlet
manifolds, engine sumps, brackets, heat sinks, stators, as
well as for decorative trim items.

For production of the thin wall and high integrity casting
the one of the most substantial competitor for well
established Al-Si casting alloys, such as A356, is the
recently recalled to life AIMg5Si2Mn alloy. To date it is
established that Al-Mg-Si casting alloys possesses good
corrosion resistance, weldability, high surface finishing
and, in a particular case, extremely high mechanical
properties in as-cast condition. It was reported by Koch
et al. [1] that a Al-alloy with the nominal composition
AlMg5Si2Mn subjected to high pressure die casting
(HPDC) shows one of the best highest level of ductility
(up to 18 %), yield strength (up to 220 MPa) and ultimate
tensile strength (up to 350 MPa) compared with other
casting alloys. It was established by Boyko et al. [2] that
the origin of such a high properties of AIMg5Si2Mn in as-
cast state is the formation of bl precipitates during natural
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aging. The mechanism responsible for the precipitates
formation is the heterogeneous nucleation on dislocations.

From the beginning of the application of Al-Mg-Si
casting alloys in foundry shops their ability to be
strengthened by heat treatment is the matter of many
controversies. The established data on the effect of
solution treatment, quenching and aging is scanty and
still attracts interest of researchers. Some authors stated
that final properties of HPDC AIMg5Si2Mn alloy can be
significantly increased by T6 heat treatment [3—6]. From
the work of Petkow et al., [4] one can see that the
AlMg5Si2Mn alloy, cast into permanent mold, shows only
a slight increase of tensile and ultimate tensile strength
after T6 treatment together with a dramatically low fracture
elongation of about 2,5 %, and than decreasing down to
1,4% after artificial aging. The observed by Zhu et al. [5]
relationship between properties in as-cast state, and
following solution treatment for 8 hours at 570 °C and
quenching, and an artificial aging at 190 °C for 8 hours
resulted in an ultimate tensile strength of 263 MPa, which
is even lower than that of A356 T6.

From the work of Jiang et al. [6] it can be deduced that
the ultimate tensile strength of A356 T6 may reach a level
up to 300 MPa and an elongation to fracture of 6 %.
Comparable to A356 mechanical properties of permanent
mold casting of AIMg5Si2Mn were reported in [7]. It was
found that the ultimate tensile strength varies from 255 to
298 MPa and the elongation is in the range between 1,2
and 3,2 %. It has to be noticed that such a low elongation
values is one order lower than that of AIMg5Si2Mn HPDC,
where it can be as high as 18 %.
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It is known that Al-Mg-Si system belong to the group
of age hardenable alloys and can be heat treated to achieve
necessary conditions with appropriate strength, [4].
However, the optimal solution treatment temperature and
time for artificial aging of casting alloys are not established
yet.

Similarly to heat treatment, the effect for additional
alloying of AIMg5Si2Mn, for example by Li, on the
structure formation and mechanical properties is not yet
considered too. From the early work of Fridlyander et al.
[10] itis clear that addition of Li to Al-Cu or Al-Mg alloys
can substantially enhance mechanical properties
simultaneously with decreasing density. Last years showed
strong advance in the development of the Al-Cu-Li and
Al-Mg-Li wrought alloys. But, there is no one Li-containing
casting alloy is designed up to now. It was proposed to
use AIMg5Si2Mn casting alloy as the matrix to design Li-
containing casting alloy with different Mg content and
reveal the effect of Mg and Li on the alloys structure and
precipitation of strengthening phases.

The main scientific approach to use Li addition is based
on the composition of a-Al solid solution in AIMg5Si2Mn.
During preliminary investigations it was measured that a-
Al grains contains about 2,4 at.% Mg, 0,3-0,4 at.% Mn and
no Si content detected. Subsequently, in a local scale a-Al
grains of can be considered similarly to Al-Mg alloy where
Li addition produces effective strengthening effect. Thus,
the purpose of the present paper is to establish the melting
behavior of AlI-Mg-Si-Mn casting alloy with different Mg
content and to find out the effect of Li on the its
microstructure and hardness.

2 Materials and experimental procedure

The chemical compositions of alloys under
consideration are represented in table 1. Commercial casting
alloy A356 was used in present study for comparison.

All alloys subjected to research program were prepared
in electric resistant furnace using graphite crucibles. As
starting materials high purity aluminum (A99,997), AIMg50,
AlSi25, AIMn26 and AILi5 master alloys were used. Pure
aluminum was charged into preheated up to 720 °C crucible.
When Al become molten and overheated of 720 °C,
preheated up to 350 °C AlSi25 and AIMn26 master alloys
were added to the melt. After each addition the melt was
stirred by titanium rod to avoid contamination of the melt
by Fe. After additions of Mg and Li, the melt surface was
covered by flux and then argon blowing lance was immersed

into the melt. Argon blowing for 10 min was used to purify
the alloy from nonmetallic inclusions and gases.

After flux treatment and argon blowing surface of the
metal was skimmed to remove dross’s with following
pouring the melt into permanent steel mold. The mold
temperature was 25 °C and kept constant for all castings.
This casting condition gives cooling rate of 2 Kxs™! prior
to solidification. The size of ingots was 160x25x17 mm.
After complete cooling ingots were sectioned using high
speed water cooled saw. Specimens for metallographic
examinations with dimensions 10x10x10 mm were cut from
the central parts of the ingots.

Two types of heat treatment were applied. The first one
is the solution treatment, which was conducted in an
electrical resistance furnace. Prior to heat treatment, a furnace
was heated up to the necessary temperature and kept for

30 hours for establishing required thermal conditions.
Temperature was controlled by a K-type thermocouple
placed directly at the surface of the specimens. The melting
temperature of each specimen was determined from
differential scanning calorimetry runs. Soaking time from
20 min up to 24 hours was used for the solution treatment
studies. The time for reaching the solution treatment
temperature was 10—15 min and excluded from the total
soaking time. After solution treatment the specimens were
quenched in to the water with room temperature.

The second type of heat treatment was T6, which
combines solution treatment at 570 °C (30 min, 1h and 1,5
hours), quenching in water with room temperature and
artificial aging. Artificial aging was conducted in a forced
circulation air furnace at 175 °C for various times. The time
needed for heating the specimens up to the artificial aging
temperature was 20 min and is excluded from the presented
times. The specimens were taken out of the furnace and
cooled in still air after artificial aging.

All TEM investigations were carried out using a TEM
Philips CM 30, operated at 250 kV accelerating voltage and
equipped with Energy Dispersive Spectrometry system
(EDX) by Noran System Thermo Scientific. Thin foils were
prepared using electrolytic thinning technique.

For investigation the specific temperatures of
associated with melting of different phases differential
scanning calorimeter NETZSCH DSC 404 was used.
Heating rates was in the range 1-10 K min™'. Li-contain
specimens were heated under vacuumed to avoid
oxidation. Specimens of commercial A356 alloy were heated
in air.

Table 1 — Nominal composition of alloys in at. %(Al-balance)

alloy Mg Si Mn Li Fe
L 5,52 1,91 0,29 3,79 -
B2 7,72 2,86 0,29 3,79 -

A356 0,36 6,71 0,01 - 0,03
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Hardness measurements were performed using a Brinell
hardness testing machine (HB) with a ball diameter of 2,5
mm and a load of 62,5 kg, time of loading was 10 sec.
Microhardness tests were carried out on polished non-
etched specimens on a Duramin-2 microhardness tester,
HV 0,05 with standard indentation time.

3 Results and discussion

3.1 DSC analysis

Differential scanning calorimetry (DSC) is used in the
present study to determine the melting and solidification
characteristics, such as the onset temperatures of phase
transformations. The specimen’s masses were in the range
from 0.01663 to 0.02134 g. Heating curves for L, B2 and
A356 alloys are shown in Figure la and b.
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Fig. 1. Enlarged parts of the DSC heating curves for L

obtained at different heating rates (a) and DSC traces for
A356, B2 and L heated at a rate of 10K min™! ()

Figure, a illustrates the DSC heating curves recorded at
different heating rates of 1, 2, 3, 5 and 10 K min™! for the L alloy
in comparison to heating curve of commercial A356 alloy. At
a slow heating (1, 2, 3 and 5 K min™') the thermal effects are
depressed and only when 10 K min™' heating rate is used the
four sharp endothermic reactions can be distinguished. The
first thermal reaction during heating is clearly seen in the
Fig.1b and denoted as 1. This is an endothermic effect with
the peak onset of 571 °C observed on heating curve for A356
commercial alloyand it corresponds to the melting of (Al)+(Si)
eutectic. This value is very close to that defined from
equilibrium Al-Si binary phase diagram where eutectic
undergo melting at 577 °C, [8].
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For L and B alloys DSC tests shows first endothermic
peaks at about 595 °C (denoted 2), which corresponds to
the melting of (Al)+(Mg,Si) eutectic. Experimentally
measured value is absolutely coinciding with data of
equilibrium ternary Al-Mg-Si phase diagram, [6]. Heat effect
2 detected in B2 alloy is much larger than that for L.

Further heating lead to the appearance of another
endothermic peak which is attributed to the melting of 6-
Al (denoted 3). The temperatures of o- Al melting were
found very close for A356, B and L alloys. End of melting,
denoted 4, exhibitnearly thesame T temperatures about
630 °C for all alloys.

The results of DSC investigation are summarized in
table 2. Comparing DSC results one can see that eutectic
melting temperature found for L and B2 alloys are very
close to one another but considerably higher than for A356
alloy. This means that the service temperature of AI-Mg-Si
casting alloys can be several tens of degree higher than
commercial casting alloys are used now. Addition of Li has
no effect on the eutectic melting temperature.

outset

3.2 Hardness measurements

From DSC results the temperature for solution treatment
can be defined. For L and B alloys the highest solution
treatment temperature was selected as 570 °C which is about
20 °C lower than eutectic melting temperature in Al-Mg-Si
system. The artificial aging temperature for L, B2 and A356
alloys was selected on the same level of 175 °C.
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Fig. 2. Changes of Brinell hardness (a) and microhardness (b)
of L, B2 and A356 alloys during artificial aging:
1 — A356; 2 — L solution treated for 90min, 3 — B2 solution
treated for 90 min, 4 — L solution treated for 60 min, 5 — L
solution treated for 30 min
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Table 2 — Temperature characteristics of heat effects observed during heating

denoted DSC A356 L B2
1 Tonset 571 5943 595
2 Theaks 590 605 610
3 Tpeak2 617,5 620,8 620,3
4 Toutset 622,7 630 637.,6

The results of hardness measurements are summarized
in Figure 2 (a, b). One can expect that hardness of tested
alloys should initially grow and than gradually decreases
due to growth of 3- precipitates and loss of their coherency
with aluminum matrix. This is the most general tendency
observed for all age hardenable aluminum alloys it is true
for AI-Mg-Si or Al-Si-Mg alloys.

In as-cast state highest value of HB and HV0.05 was
detected in B2 alloy. It was measured HB =89 and HV ;=
=97. Commercial A356 alloy showed slightly lover values
of HB = 82 and HV, .= 81. Solution treatment even for

30 min results in tanéﬁile decreasing of both HB and HV ..
After 30 min of solution treatment HB for B2 was detected
of 70 and HV . = 75. Longer soaking lead to further
hardness decreasing. Observed hardness decreasing is
the result of two processes which simultaneously passes
during heating. The first one is the eutectic spheroidization.
The higher solution treatment temperature applied the
quicker eutectic lamella broke into pieces and spheroidize.
The second process is the dissolution of bl precipitates
formed during natural aging. Details on the natural aging
behaviour of AIMg5Si2Mn casting alloy can be found in
[2].

After 30 min of artificial aging increasing of HB and
HV . were detected for all alloys studied. Steep
increasing of hardness was found for A356 alloy whereas
for L and B2 specimens this change is not very sharp.
After 90 min aging hardness reached maximum for L and
B2 alloys and absolute values HB are in the range
between 75 and 85, and HVOQ05 between 75 and 90.
Prolonged aging up to 1800 min showed slight decreasing
of HB for L and B2 alloys and gradual increasing for A356.
Same hardness changes observed during HV .

measurements.
3.3 TEM observation

Following the macro- and microhardness
measurements, artificially aged specimens were the subject
of TEM investigation. The main task was to analyze the
composition of solid solution and detect precipitates
formed via decomposition of super saturated solid solution.
It is well established that in Al-Mg-Si alloys decomposition
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of supersaturated solid solution takes place during aging
and precipitation sequence is SSSS—GP-I->p"—>B'—
—B-Mg,Si where SSSS is the super saturated solid
solution and GP-I is the Guiner-Preston zones. This
sequence is also true for A356 alloy where SSSS consists
of Siand Mg.

Fig. 3. Bright field image of 3 -Mg,Si cuboid particles and "
needles () and &'- ALLi phase in L alloy after artificial aging at
175°C for 30 h

In figure 3 TEM bright field images of the L alloy
artificially aged at 175 °C for 30 hours are shown. Three
morphologies of precipitates can be clearly distinguished.
The first one is the long needles lying in perpendicular
directions and marked as B”, and B",. Fine black spots
marked as B", are the transverse section of needles. These
precipitates are B” phase which is the main strengthening
phase of Al-Mg-Si alloys. Such needles were also observed
in artificially aged A356 alloy and their appearance is
obvious because the composition of solid solution is very
similar to Al-Mg-Si alloys.

The second type of precipitates is the cubic shaped
plates marked as B1. These precipitates are randomly
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distributed in the matrix and have average dimensions of
about 25x25 nm. Enlarged view of these precipitates is
represented in figure 3a and shows two separate particles
marked B1 and B2. Obviously, a quadratic, thin plate is
positioned one time on its large face (3 1), the other time it
is in edge on position (32). Thus the morphology of these
precipitates is the thin plate and it can be identified as
B-Mg Si cuboid particles. EDX analysis of cuboid particles
showed that they enriched by Mg and Si simultaneously
and this is an additional confirmation that these particles
are Mg, Si compound. It was reported by Ohmori et al. [9]
that cuboid particles may form during decomposition of Si
deficient solid solution. EDX measurements performed on
L and B2 alloys showed that the average Mg content in
solid solution in as-cast state is 2,7 at.%. Solution treatment
for 90 min resulted in slight increasing of Mg content up to
3,1 at.% and later decreases down to 1,5 at.% after 30 min
artificial aging. Simultaneously, Si content in solid solution
in as-cast state and even after solution treatment was lower
than the detection limit confirming that the solid solution
in L and B2 specimens enriched with Mg and Si deficient
which make formation of cuboid particles favorable. It was
reported by Fridlyander et al. [10] that addition of Li
decreases the solubility of Mg in a- Al. Since L and B2
alloys contain Li this can be additional factor fro promoting
of formation of cuboid particles.

The third type of precipitates is the tetragonal shaped
particles marked as &'. Since both L and B2 alloys were
alloyed with Li this precipitates can be identified as
&'- Al.Li phase. These precipitates are formed along (111)
aluminum direction and fully coherent with a- Al matrix.
Appearance of &' precipitates and results of EDX analysis
confirms the approach that the a- Al matrix in AI-Mg-Si

alloys can be considered as binary Al-Mg alloy and addition
of Li promote the formation not only Mg and Si containing
precipitates but also 6'- ALLLi phase. Details for all
precipitation detected in AI-Mg-Si alloys containing Li are
summarized in table 3.

Thus presence of Li in the solid solution affect on the
formation of Mg-Si precipitates. Their heterogeneous
behavior is linked to association of Mg-Si-v (vacancy)
with Li-v clusters. The preferential clustering of Li-v inhibits
the cluster of Si and Mg atoms, and retarding the diffusion
of Si and Mg atoms so that the precipitation of needle
shaped Mg, Si phase is limited. Effect of the buffer for Li
and Mg on the aging kinetics is slow increase of the Mg, Si
and the AL Li precipitates.

Conclusions

The results of the present study can be summarized as
follows:

1. Temperature peaks of DSC study of the L and B2
samples have the same behavior, but the considerable
difference in the value of heating flow. The eutectic melting
temperature for two alloys was near 595 °C demonstrating
that the Mg content has insignificant effect on the melting
behavior of Al-Mg-Si alloys. Similar conclusion can be
made for Li addition.

2. Both samples of AIMg5Si2Mn and AIMg7Si2Mn
alloy showed the similar results of macro- and
microhardness tests. The important point in this study is
the 60 minutes of artificial aging, after this point all value
extremely decrease, except for comparable A356 alloy in
macrohardness investigation.

3. The addition of lithium has pronounced effect on
the precipitation behavior in Al-Mg-Si-Mn alloys. The

Table 3 — Characteristics of precipitates in Al-Mg-Si and Al-Mg-Li systems

Al-Mg-Si Osss — GP zones — p" — B — B
composition Si/Mg>1 Mg, Sis Mg, Sis Mg,Si
unit cell monoclinic hexagonal cubic
a=0.650 nm a=0.705 nm a=0.642 nm
b=0.760 nm ¢=0.405 nm
¢=0.405 nm trigonal
y=70°
shape point defects fine needle needle rod/lath cube
spherical 2nm
Al-Mg-Li Ogss — o — d— Sy
composition Al Li AlLi Al,MgLi
unit cell cubic cubic cubic
a=0.401 a=0.638 a=2.02
structure L1, B32 -
shape point defects octagonal cube cube
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Boiixo B., IIpay E., MuxanenkoBa K. OcoGeHHOCTH IUIaBJIeHHSI U HCKYCCTBEHHOTO CTAPeHHsI HOBOT'0 JIUTEITHOTO
cmiasa AI-Mg-Si-Mn, conepskaiero Li

Ilpounocms aumeiinvix cnaasos Al-Mg-Si-Mn-Li 3aeucum om codepocanus Mg 6 meepdom pacmeope u
opmuposanus nanopasmepnvix evioenenuti f- Mg Si u & Al Li pas. Cnnas ¢ nomunanvnoim cocmae AIMg Si MnLi
6v11 uccredosan ¢ nomowvro ouggepenyuarvuou cxanupyrowei xaropumempuu (ACK), npoceeuusaroueti
anekmpoHHot mukpockonuu (II9M) u roxkanvroeo mukpopenmeernocnekmpaivrozo anamusa (JIPCA). ACK usmepenus
NOKA3anu, 4mo memnepamypa niagnenus semexmuku 6 cnaase AIMg5Si2MnLi pasua 595°C, umo eviwe uem y
KOMMepueckozo aumetino2o cniagsa AK7. Uzmeperus Makpo-u MuKpomeepoocmu noKas3au, 4mo meepoocns Chiasd
6 UMom cocmosnuu eviwe yemy y AK7 u nocmenenno ygeauuusaemes 6 npoyecce UCKyCCmMEEHHO20 CMAPeHUs.
Hccnedosanus ¢ nomowysbio npoceevusariyeco 31eKmpoHH020 MUKPOCKONA NOKA3AAU, YO NPU CIAapeHuu mpu mund
HAHOPA3MEPHBIX dacmuy popmupyromcs 6 mampuye cniaséd. /lea nepevix u3 HUX NPUHAOLEHCAM K PA3HbIM
moducpuxayuam Mg,Si paser. Toaenenue mpemoeii gasvl, udenmuguyuposanno xax & Al Li, noxasvieaem
B03MOIACHOCTIG CO30AHUA NPUHYUNUATLHO HOBLIX TUMeHbIX Li-coOepaicauyux TumeiHbX chidgos, Komopule 00 Cux
nop He paspabomansi.

Knrouegwie cnosa: Al-Mg-Si numeiinvie cnaasul, /[CK, Hano pasmeprslie uacmuybl.

Boiiko B., [Ipau O., MuxasenkoBa K. Oco0,1uBoCTi mi1aB1eHH i INTYYHOr0 CTAPiHHA HOBOr'0 JIMBAPHOI'O CILIABY
Al-Mg-Si-Mn, m10 mictuts Li

Miynicmo nusaprux cnnagie Al-Mg-Si-Mn-Li 3anexcums 6i0 emicmy Mgy cknadi meepoo2o po3yuny i (popmyeaHHs
nanouacmunox ff- Mg ,Si i & Al Li. Cnaae i3 nominanohum cknadom AIMg Si MnLi 6yno docriodceno 3a 00nomozoio
oughepenyinoi cxauyroyoi kanopumempii ([JCK), mpancmicitinoi enrexkmponrnoi mixpockonii (TEM) i nokanvHoeo
penmeenocnekmpanvrozo ananisy (JIPCA). ICK sumipioganna nokaszanu, wo memnepamypa niaeieHus e6meKmuKu 6
docrioacysanomy cnaagi cmanosums 595 °C, wo euwye 3a memnepamypy nideieHHs eemeKmuKy 8 KoMepyitHomy
cnnasi AK7. Bumipiogsannsa mMaxkpo- i MiKpomeepoocmi NOKA3AIU, WO 8 TUMOMY CIMAHI 00CAI0NCYBAHUL CNIA8 MAE
binbu sucoky meepdicmo, nise y AK7. Jlo moeo ac, meepdicme nocmynogo 30iibutyemscs npu Wmy4HoMy CIMApPiHHI.
Hocnioocenns 3a donomozoio TEM nokasanu, wjo npu cmapinni 6 mampuyi cniagy io6yeacmucs (popmysanus mpoox
munie wacmunox. Ilepuii d6a munu naresicams 00 pisnux mooupixayiti Mg, Si pasu. Ymeopenna mpemooi pazu, axy
Oyno idenmugpixosano ax wacmunxu & AL Li hasu, 3aceiouye modiciugicms cmeopenns na ocnosi cucmemu Al-Mg-Si
NPUHYUNIOB0 HOBUX TUBAPHUX CNAAGI8, AKI Micmamb Li, i AKi we He OY10 cmBOpeHOo 00 Yb020 YAcy.

Knrouoei cnosa: Al-Mg-Si cnnasu nicas aumms, [[CK, Hano posmipui uacmunku.
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