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Abstract

The effects of isothermal heat treatment on the microstructure development of an Al-Mg-Si
aluminum alloy have been investigated by means of transmission electron microscopy. From
micrographs illustrating the micro structural change of the alloy during isothermal heat treatment;
we can observe in the water quenched alloy sample aged for 50 and 75 hours at 350°C, dispersoid
particles that were aligned along <100> matrix direction losing their distribution at their early
stage of precipitation with an increase in holding times. For the microstructure of the alloy ramp
heated and aged at 450°C for different holding times, we can clearly see dispersoid particles in
their early stages of formation heterogeneously distributed with different shapes after an increase
in holding times. These dispersoid particles exhibited strain field contrast when they are heated at
low temperatures, that indicating they are coherent or semi-coherent with the matrix. A loss of
coherency was observed for most of the dispersoid particles when they were aged with high
holding times.
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1 Introduction

The 6xxx series aluminum alloys (Al-Mg-Si based) have been the subject of several scientific
research works. Their excellent mechanical and electrical properties allowed their use in various
sectors such as aerospace, automotive or electrical power transport [1-4]. In addition, with the
development of the aluminum alloys industry, the requirements for Al-Mg-Si-Cu alloys with high
strength and excellent plasticity have become more urgent. Thus, extensive studies on the design
of alloy composition and processing technology for these alloys have been carried out in [5, 6].
The 6xxx series base metals have low alloy content and are easy to form into extrusions, tubing,
forgings and other shaped products and then to obtain their maximum mechanical properties
through heat treatment and ageing [7, 8]. A rapid heating rate produces large needle-shaped
heterogeneously distributed dispersoids, while a slower heating rate produces fine spherical shape
dispersoids with a more homogeneous distribution [9]. During homogenization, the ' phase
nucleates first on the matrix along the <100> direction of the matrix. There is a link between
precipitation of the dispersoid particles and the B' Mg,Si phase. Dispersoid particles nucleated
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during the dissolution of B' MgSi. They nucleated upon the interface of the hardening phase B'
Mg2Si in order to decrease their interfacial energy and to get some of the silicon solute after
dissolution of the hardening phases [10, 11].

The enhancement of strength properties obtained during the heat treatments is primarily due to the
precipitation of metastable phases from the supersaturated solution. The precipitation sequence in
Al-Mg-Si alloys is as follows [12-16]:

Needle- shaped GP zones - rod-like B’ precipitates = platelets of Mg,Si

The precipitation reactions in AI-Mg-Si alloys have been the subjects of numerous investigations
[17-20] that are concerned with certain ageing conditions and the effects of chemical composition
but ageing temperature and time on the precipitation of various intermediate phases’ processes
during isothermal heat treatments have not been fully understood. Thus, the main objectives of
this work are the study and the investigation of the isothermal heat treatments, with different
temperatures and holding times, effects on the microstructure evolution of an Al-Mg-Si alloy by
means of conventional transmission electron microscopy (TEM).

2 Experimental procedures

2.1 Materials

The Al-Mg-Si alloy samples were provided by the Banbury Laboratories of Alcan International
Ltd. They were prepared by direct chill casting process (DC) in a 178 mm diameter moulds and
were received in the as cast condition. The chemical composition of the investigated alloys is
given in Table 1.

2.2 Heat treatment

The alloy samples were ramp heated at a rate of 100 °C /h up to 600°C in an air furnace. After
ramp heated, samples were isothermally aged at 350°C and 450°C for several holding times, with
a heating rate of 100°C h* and then water quenched. To follow the nucleation and growth of the
dispersoids particles, long heat-treatment times were applied in order to dissolve the coarse
particles of types AlFeSi and AIMnSi that were observed in the as-cast alloys.

2.3 TEM microscopy

Electron microscopy examination was carried out with an EM 300 electron microscope at 100
keV. A liquid nitrogen-cooled decontaminator, an eccentric goniometer and double tilt holder
were used in order to prevent the contamination after extended observation of an area of the thin
foil.

2.4 Metallographic preparation of Thin foil

Thin foils for TEM were prepared by spark machining to form discs 3 mm in diameter. The discs
were subsequently grounded with fine silicon-carbide emery paper to about 200 pum thick. Final
thinning was by jet polishing using a Struers Tenupol Unit with a solution of 33% HNO3 in Analar
grade methanol at -10 to -15 volts and a temperature of -20 to -30°C. When the electropolishing
was completed the specimens were removed from the solution as quickly as possible and washed
with Analar methanol. The specimens were dried between filter papers and then stored in a
specimen grid box under vacuum.
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Table 1 Chemical compositions of the investigated alloy
Chemical compositions of the investigated alloy (mass %)
Si Fe Cu Mn Mg Cr Al
1.30 0.23 0.004 0.65 0.79 0.001 bal

3 Results and discussions
3.1 The as cast alloy studied

Fig. 1 Transmission electron micrograph of as-cast alloy showing coarse particles with the
plate like and “Chinese script” morphology

Fig. 1 shows the microstructure of the as cast alloy studied. It illustrates that the particles have
different shapes and sizes and randomly distributed.

3.2 Microstructural developments during isothermal heat treatment

Samples were ramp heated and isothermally aged at different temperatures and different holding
times then water quenched in order to follow the nucleation and growth of the dispersoid particles.
Fig. 2 shows the transmission electron micrographs illustrating the micro structural change of the
water quenched alloy during isothermal ageing at 350°C. Distribution of small dispersoid
particles aligned along <100> matrix direction in the water quenched samples aged for 50 and 75
hours at 350°C are observed in Fig. 2(b) and Fig. 2(c). These particles were observed losing their
distribution along <100> matrix directions at their early stage of precipitation, Fig. 2(d), with an
increase in holding time. The observed distribution of dispersoid particles along the same
orientation as ' Mg.Si indicated that there is some link between the nucleation of dispersoids and
B' Mg2Si phase. All our statements are in good agreements with those obtained by H. Farh et al
[10], K. Strobel et al [20] and L. Lodgaard [21] who have reported that these particles are acting
as nucleation sites for Mg.Si.

Fig. 3 shows the microstructure of the alloy ramp heated and aged at 450°C for different holding
times : (a)15 hours, (b) 48 hours, (¢)100 hours and (d)120 hours respectively. The alignment of
dispersoid particles in their early stages of formation, Fig. 3(a), and the heterogeneous distribution
of dispersoid particles with different shapes after an increase in holding time can be clearly seen.
The size of the Mn-bearing dispersoid particles of type a-Al (Mn, Fe) Siwas about 25 to 350 nm.
These dispersoid particles exhibited strain field contrast when they are heated at low temperatures,
Fig. 3(a) and Fig. 3(b), indicating that they are coherent or semi-coherent with the matrix. A loss
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s

Fig. 3 Transmission electron micrographs of alloy sample rap heated at 100°C h! to 450°C
and isothermally aged for (a) 15 hours, (b) 48 hours, (c) 100 hours and (d) 120 hours
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of coherency was observed for most of the dispersoid particles when they were aged at high
temperature and holding times, Fig. 3(c). Fig. 3(d) illustrates PFZ’s (Precipitate Free Zones) and
coarse second phase particles lying on the grain boundary and dispersoid particles inside the grain
the precipitates are heterogeneously distributed and have an indistinct morphology. Most of them
have a needle-like morphology, Fig. 3(c). Some of the coarse particles on the grain boundaries
that were formed during casting remain after these heat treatments. These results are in accordance
with those obtained by H. Farh etal [1], L. Lodgaard [21] and R. Hu et al [22] who have investigate
the nucleation mechanism, the precipitation behavior and the formation of dispersoid particles in
Al-Mg-Si-Mn alloys. In our case EDX (Energy Dispersive X-ray) microanalysis revealed that the
Dispersoid particles contain mainly Al, Mn, Fe and Si, Fig. 4.

Intensity

2.00 4.00  6.00 8.00
X-ray intensity (Kev)
Fig. 4 X-ray spectrum of a dispersed particles observed in alloy sample ramp heated at 100°C
h"*to 450°C and water quenched. The main elements are: Al, Si, Mn and Fe

3.3 Treatment costs

To reduce heat processing costs, we must seek the optimum time for each specific cycle to the
heat treatment total cycle. It was noted that the time to isothermal ageing process may be
substantially reduced and this because the properties remain unchanged for long time intervals of
treatment. The work can be performed to generate data that can be used to determine the shortest
(optimum) for each processing cycle property and at all levels.

Table 2 Electric energy consumption in solution heat treatment [23]

Ageing Electric energy
process consumption ( KWh/t)
4 hat 150°C 658.7

4 h at 160°C 678.8

4 h at 180°C 720.6

7 hat 150°C 1019.5

7 hat 160°C 1048.7

7 hat 180°C 1108.4

7h at 200°C 1170.3

15h at 200°C 2252.1

30 h at 200°C 4280.4

Electric energy consumption can be reduced by finding optimum time for each heat treatment
cycle. Table 2 gives electric energy consumption in kWh/t for many ranges of temperatures and
times.
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4 Conclusions
Based on the analysis of experimental test results presented in this paper, it can be concluded that:

1. By increasing ageing temperature and/or holding time we have observed dispersoid
particles losing their initial distribution along <100> matrix direction and also their
coherency for most of them with the matrix.

2. The corresponding TEM microstructures illustrate the GP zone (needle-shaped
precipitates) that are characteristic of:

e  The under ageing structure with very small needles, ~ 0.01um in length, along
<100> matrix directions Fig. 2(a).

e The peak ageing structure with slightly larger needles Fig. 3(c) which can
indicate the peak hardness.

e Finally the over ageing structure with further coarsened needles Fig. 3(d).

3. Combination of heating , the temperature to which the alloy is heated , the holding time
at this temperature and the quenching rate define the properties of the obtained material

4. A very long time of isothermal heat treatment process gives excellent results but it is
certainly not economically suitable because of a large consumption of electrical energy.
In this case the search for optimal treatment times is necessary.

References

(1
[2]
(3]
[4]
(5]
(6]
[7]
(8]
(9]

H. Farh, R .Guemini: Applied Physics A, Vol. 119, 2015, No. 1, p. 285-289, doi:
10.1007/s00339-014-8963-5

P. Lackova, M. Bursak, O. Milkovi¢ et al.: Acta Metallurgica Slovaca, 2015, vol. 21, no 1,
p. 25-34. DOI: 10.12776/ams.v21i1.553

S. Esmaeili, X. Wang, D. J. Lloyd et al.: Metallurgical and Materials Transactions A, Vol.
34, 2003,No. 3, p. 751-763, doi: 10.1007/s11661-003-0110-4

F. Serradj, R. Guemini, H. Farh etal.: In: Annales de chimie. Lavoisier, 2010, p. 59-69, doi:
10.3166/acsm.35.59-69

A. Loucif, R. B. Figueiredo, T. Baudin et al.: Materials Science and Engineering: A, Vol. 527,
2010, No. 18, p. 4864-4869, doi: 10.1016/j.msea.2010.04.027

C. Poletti, M. Rodriguez-Hortala, M. Hauser et al.: Materials Science and Engineering: A,
Vol. 528, 2011, No. 6, p. 2423-2430, doi: 10.1016/j.msea.2010.11.048

R. Guemini, A. Boubertakh, G.W. Lorimer: Journal of Alloys and Compounds, Vol. 486,
2009, No. 1, p. 451-457, doi: 10.1016/j.jallcom.2009.06.207

M. Glogovsky, M. Fujda, M. Vojtko et al.: Acta Metallurgica Slovaca, Vol. 21, 2015, No. 1,
p. 35-43,d0i:10.12776/ams.v21i1.547

R. Hu, T. Ogura, H. Tezuka et al.: J Mater Sci Technol. 2010, Vol. 26, 2010, No. 3, p. 237-
243

[10]H. Farh, K. Djemmal, R. Guemini, et al.: In: Annales de Chimie-Science des Materiaux. 23

rue linois, 75724 Paris, France : Elsevier France-Editions Scientifiques Medicales Elsevier,
2010, p. 283-289, doi:10.3166/acsm.35.283-289

[11]G. A. Edwards, K. Stiller, G.L. Dunlop et al.: Acta Materialia, Vol. 46, 1998, No. 11, p. 3893-

3904, doi:10.1016/S1359-6454(98)00059-7

[12] M. Murayama, K. Hono, M. Saga et al.: Materials Science and Engineering: A, Vol. 250,

1998, No. 1, p. 127-132, doi:10.1016/S0921-5093(98)00548-6

[13] A. Malekan, M. Emamy, J. Rassizadehghani et al.: ISRN Metallurgy, Vol. 2012, Article ID

631096, 2012, 7 pages, doi:10.5402/2012/631096

DOI 10.12776/ams.v22i3.697 p-ISSN 1335-1532

e-ISSN 1338-1156


http://academic.research.microsoft.com/Author/21072669/hichem-farh
http://dx.doi.org/10.1016/j.msea.2010.11.048
http://dx.doi.org/10.1016/j.jallcom.2009.06.207
http://dx.doi.org/10.1016/S1359-6454%2898%2900059-7
http://dx.doi.org/10.1016/S0921-5093%2898%2900548-6

Acta Metallurgica Slovaca, Vol. 22, 2016, No. 3, p. 138-144 144

[14]C. D. Marioara, S.J. Andersen, J. Jansen et al.: Acta Materialia, Vol. 51, No. 3, 2003, p.
789-796, d0i:10.1016/S1359-6454(02)00470-6

[15] A. Bahrami, A. Miroux, J. Sietsma: Metallurgical and Materials Transactions A, Vol. 43,
2012, No. 11, p. 4445-4453, doi:10.1007/s11661-012-1211-8

[16]1. Dutta, S.M. Allen: Journal of Materials Science Letters, Vol. 10, 1991, No. 6, p. 323-326,
doi: 10.1007/BF00719697

[17]S. K Chaudhury, D. Apelian: Metallurgical and Materials Transactions A, Vol. 37, 2006, No.
3, p. 763-778, doi: 10.1007/s11661-006-0048-4

[18]L.C. Doan, K. Nakai, Y. Matsuura et al.: Materials Transactions, Vol. 43, 2002, No. 6, p.
1371-1380

[19]H. Farh, R. Guemini, F. Serradj et al.: Turk J Phys, Vol. 34, 2010, p. 117-122, doi:10.3906/fiz-
1004-27

[20] K. Strobel, M. Easton, L. Sweet et al.: Materials transactions, 2011, Vol. 52, No. 5, p. 914-
919

[21]L. Lodgaard, N. Ryum: Materials Science and Engineering: A, Vol. 283, 2000, No. 1, p. 144-
152, doi:10.1016/S0921-5093(00)00734-6

[22]R. Hu, T.Ogura, H.Tezuka et al.: Journal of Materials Science & Technology, Vol. 26, 2010,
No. 3, p. 237-243

[23]S. Manasijevi¢, S. Markovi¢, Z. A¢imovi-Pavlovic¢ et al.: Materials and Technology, Vol. 47
2013, p. 585-591

DOI 10.12776/ams.v22i3.697 p-ISSN 1335-1532
e-ISSN 1338-1156


http://dx.doi.org/10.1016/S0921-5093%2800%2900734-6

