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ABSTRACT

The effects of heat treatment on mechanical properties and microstructures of
squeezed cast 6061 aluminum alloy produced by gas induced semi-solid (GISS) technique, were
studied. This work found that the microstructure of the as-cast GISS processed 6061 aluminum
alloy mainly consisted of globular Ol-Al surrounded by the eutectic phase (Ol-Al+Mg,Si) and
intermetallic phases (Al,Si;Mg,Fe/Tl-phase and AlSiMgFeCu) at the grain boundaries (GB).
Continuous GB phases of the as-cast specimens were subsequently dissolved after solution heat
treatment. It is obvious from this work that the optimum solution heat treatment condition was at
530 °C for 2 h. The solutionized specimens were than age hardened at temperature of 175 °C, 200
°C, and 225 °C under various time durations. The peak aged condition was artificial aging at 175
°C for 16 h at which the highest hardness of 100.46 HRE and highest tensile strength was 330
MPa with 10% elongation. Upon investigation the microstructure by using transmission electron
microscopy (TEM), the B" phase was mainly attributed to the strengthening while early
nucleation of B phase in the longer aging time resulted of lower strength in this alloy. The
activation energy for precipitate hardening process of the alloy derived from this research was

101,921 J/mol.
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Tunsaindeamasalimalvimna 1851y doariimsunudaien (Artificial
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51U 2.3 HAAINTLUIUMITNNANUFOUTE

U

Y
1A a

9
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2.1.7 TavizazgRilannay HINIay 6061

[

DYQNUIUIUNTY 6061 UAIUNTUNIUAULTAIAIATITNN 2.4 UBNIINUIIY

9

a
dniangungil uazauiamanandinn uaas13luased 2.5 uaz 2.6 s

319N 2.4 uAAIAIURANMAATVDIDLgITIONNAN 6061 [1]

1n5A AIUNAUNMUAY Wt%
UNS ISO No. Mg Si Fe Cu Zn
Al
No. R209 0.8-1.2 0.4-0.8 Max. 0.7 0.15-0.4 Max. 0.25 Bal
Ti Mn Cr other (total) | other (each) | Al
6061 | A96061 | AIMglSiCu
Max. 0.15 | Max. 0.15 | 0.04-0.35 Max. 0.15 Max. 0.05
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M3199 2.5 1EAAIANIANIQUNYH (Thermal Properties) Y00z UIHINHAN 6061 [1]

aNAN19QUNYN (Thermal Properties)
guuQiaNMal (Liquidus Temperature) 652°C
gunninsLi9M7 (Solidus Temperature) 582C
FnlszAnsmsveedaii 20 51 100°C 23.6 pm/m.K
anudousume 896 J/kg K

M3199 2.6 uarAIaNAFINavoIREgliteNNaY 6061 [1]

Tensile Strength | Yield Strength Shear Strength | Hardness Elongation, %
Temple (MPa) (MPa) (MPa) (HB) (dia. 13 mm)
(0] 124 55 83 30 30
T4, T451 241 145 165 65 25
T6, T651 310 276 207 95 17
WYL R

9 o < v ¥ Y o 9 ' 7
m@yaﬂluﬂ’lijﬂﬂg'lllum\‘l (Hardness) GlG])'u']WUﬂﬂﬂ 500 kg Wgﬂﬂﬂﬂamu'lﬂlﬁuw']uﬁlwﬂa'lﬁ 10
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L
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1 ] o L J g 1
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<3| Y Lo 9 a + 9 [ A A '
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U adg a J
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2.1.8 3zUIUMIVUFUIVDTABOA (Squeeze Casting Processing)
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= g 9 ¥ 1 < 1 < g
s1eazven vazawisavuglldnslanengumanuas Tanzuennquinan nszIUNMTIY

sUnvvnaedALTAIAIgIn 2.4

<+— Piston and ram

Die >
o)
o
o)
‘ o]
Heating_—"} —— Molten metal
element o)
O
P —— Perform
o) Q

I ]

v Y
51N 2.4 uaasnszuaumsIugluuDdeda [4]

U

2.1.9 nszwIumsvugllanznave e (Semi-Solid Metal Forming, SSM)

, & < . . . Y < g
ﬂ?iﬂﬁﬂiﬁ‘ﬁ%ﬂﬁﬂl@ﬂuﬂlﬂ (Semi-Solid Metal Castlng) QﬂﬂuW‘ULﬂuﬂiQLLiﬂ

| Y2 s

Tu298u1 1970 Tae Spencer 11ae Flemings NaotiumaluladuraSgunasigyad

L] u

(Massachusetts Institute of Technology, MIT) (Spencer, 1971) 9 TGRIR 9 ST ’ﬁ Uy !f]dJ RGRIGEN

=

AN Y Ao o o ] 1 A 1 I dy I

40 TnlAalnsIvenaswauInuuInaeasd1eaeiied lagn1svas lanenaveaudeiilu
zg Y 1 ~ [l = 3 X
nszuumMsvugllansarenmsviae luvazi lavzsogluaniusNandanunad (Mushy State)
& = 3 o J ~ J A 3 o Y A 9y [
FaTanzazlimsudeaniuureaiu Tash laveauinidedndlilaseadrwnsu liduuny
4 1

1a1'lA5@ (Nondendritic Grain) ¥39i38n31 1ATULUVABUNAN (Spheroidal 1138 Globular Grain)
[ A & k) A 1 %’ dy o Y =\ A
awaasluziln 2.5 (GUna1y) FunsuneunavnassedluiiTanzimli SSM Uanuwia

1 %’ o 1 o 1A 1 Y 1
i Tanena ldvarom i ldms Inad i fuw bidlunuuiluil 1 (Non-Turbulent



17

A . A 1 = ] 42' Y1 ' A ]

%30 Laminar Flow) tag lavgfogludniuziwidenanardunsotugllaienilanziog
<3 ' o 1o & 4 @ o w a wa A

Tuaazvowdanarem sld lisuiludeslfinsosinsiasgelunmanda auifFinaves
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U

. ) a { 14 a
51 2.5 Taseadngamavesezgliiionnauni Inssadrunsunuiaulasq (410) ozglition
X I A Y = =
wary [5] Tavgnaveauda (na1e) uaz awianmsluaadielesniuveslanzia
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VDAL (Y)
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2.1.11.1 MINATDUAIINUUY (Hardness Test)
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2.1.11.2 MINATDUHTIAY (Tensile Test)
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Abstract. The influence of solution heat treatment (SHT) temperature and time on the
microstructure and mechanical properties of semi-solid 6061 aluminum alloy has been investigated
in this study. Microstructure of the as-cast 6061 aluminum alloy mainly consisted of globular o-Al
matrix and eutectic phase (¢-Al + Mg, Si) at the grain boundary (GB). Iron rich intermertallic phase
was also observed at the grain boundary. Eutectic phase started to dissolve after solution heat
treatment. The dissolution of eutectic phase increased with increasing solution treatment time,
however, the amount of remaining eutectic phase was found to be slightly changed after solution
treating longer than 1 h at 550 °C and 2 h at 530 °C. Hardness and tensile results of specimens after
artificial aging were utilized to compare and select the optimum solution heat treatment condition
cooperating with the microstructural observation. The optimum solution heat treatment condition of
the alloy in this study was at 530 °C for 2 h.

Introduction

The 6061 aluminum alloy was used in this study and it was one of the 6xxx-series of Al-Mg-Si
alloy. Commercial 6xxx series wrought alloys are widely used because of their medium strength.
good formability. weldability. corrosion resistance. and low cost [1. 2]. They have been used in
aircraft, automotive and general structures [3. 4]. It is notable that the strength of 6xxx-series alloy
can be increased by heat treatment process. The most common heat treatment process applied to this
alloy series is T6-type which consists of three following steps: solution heat treatment. quenching.
and artificial aging [5-7]. In this alloy, magnesium and silicon are the major alloying elements. Iron
is the main impurity elements which would form intermetallic phases in the matrix.

During solution treating of 6061 aluminum alloy, Mg,Si phase in the eutectic would dissolve.
and magnesium and silicon went into solid solution of a-Al. Garrett et al. [8] suggested that
optimum mechanical properties of this alloy can be achieved by selecting optimum condition of
solution treatment temperature and time. Solution treatment temperature of wrought 6061 aluminum
alloy and Al-Mg-Si wrought alloy was suggested to be in the range of 460-530 °C [2] and 516-545
°C [6]. respectively. However, W. F. Smith [9] advised that the proper temperature for dissolving
Mg,Si phase of as-cast 6061 aluminum alloy should be above 520 °C.

In the “New Rheocasting” process, the gas induced semi-solid (GISS) technique has been
researched and developed by the Innovative Metal Technology (IMT) team [10]. With this
technique, an obtained globular microstiucture was achieved compared to a dendritic stiucture of
conventional liquid casting. This technique can also lessen the problems of gas entrapment and
shrinkage during solidification in the case of conventional liquid casting. None of study has ever
done on heat treatment of GISS processed 6061 aluminum alloy before. Therefore. it is the aim of
this study to determine the optimum condition of solution heat treatment in T6 process for this
aluminum alloy.
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Experimental Procedure

6061 aluminum alloy was prepared using GISS technique. To perform GISS processing. 6061
aluminum alloys were melted in a crucible by using an electric fiunace. When the melt temperature
was about 658 °C. porous graphite was immersed and nifrogen gas was injected into the melt to
release gas bubbles for 10 seconds. The melt was then held for 30 seconds before squeeze-casting in
the steel mold at a pressure of approximately 80 MPa. The squeezed plate has the dimension of 100
mm X 100 mm x 15 mm. Chemical composition of the as-cast specimen was determined by using an
spark emission spectroscopy as given in Tablel.

Table 1. Chemical compositions of the as-cast 6061 aluminum alloy used in this study.

Alloying Element (weight %)
Mg Si Fe Cu Mn Cr Ni 7n Ti Y%
Al 6061 1.048 0.659 0358 0353 0.026 0.113 0.023 0.013 0.008 0.008

Sample

The as-cast specimens were solution treated at temperatures of 530 °C and 530 °C for 0.5, 1, 2
and 3 h. and followed by quenching in water at room temperature. Artificial aging was done at 175
°C for 16 h. Specimens were then ground and polished for microstructural observation.
Microstructure analysis was performed using an optical microscopy (OM), JSM-5800LV JEOL
scanning electron microscopy (SEM) in combination with energy dispersive X-ray spectrometry
(EDS) and X'Pert MPD Philips X-ray diffraction (XRD). Rockwell (scale E) was used to measure
the hardness of specimens. Tensile specimens were machined into dumbbell shape with a diameter
of 5 mm and a gauge length of 25 mm. Tension test was performed under a strain rate of 0.001 s™.

Results and discussion

Microstructure of the as-cast specimens. Fig. 1 (a) shows a non-dendritic grain structure of the
as-cast 6061 aluminum alloy processed by GISS technique. With higher magnification. Fig. 1 (b), it
is illustrated that not only eutectic phase but also intermetallic phase was formed at the grain
boundaries. These intermetallic phases have three different morphologies: Chinese script. platelet.
and rod as indicated as position 1. 2 and 3 in Fig. 1 (b). respectively [11].

(b)

L g A 200

Fig. 1 (a)-(b) Typical optical micrograph of as-cast semi-solid 6061 aluminum alloy.

Grain boundary (GB) phases were further studied by SEM-EDS analyses as shown in Fig.2. Fig.
2 (a) shows SEM micrograph of the as-cast specimen. It is observed from this figure that Mg,Si
particles in the eutectic phase were appeared in black contrast indicating by the arrows at position 2
and 5. EDS analyses from this positions were given in Fig. 2 (c¢) and Fig. 2 (f). respectively and
were confirmed to be Mg,Si corresponding to the study of Ref. [11]. This result was supported by
the XRD result in Fig. 3 showing the appearance of Mg,Si phase in the as-cast specimen. While the
EDS results from white rod-shape phase (position 1 in Fig. 2 (a)) and white Chinese script phase
(position 3 in Fig. 2 (a)) were given in Fig. 2 (b) and Fig. 2 (d). respectively. From these figures.
peaks of Al, Mg, Si and Fe elements were observed from white intermetallic phases. Liu et al. [11]
also advised that the lamellar or Chinese-script structure intermetallic phases were m-phase
(AlsSigMgsFe). While the EDS result of the white platelet phase as indicated by position 4 in Fig. 2
(a). Fig. 2 (e). showed the peak concentrations of Al, Mg. Si. Fe and Cu elements. Zander and
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Sandstrém [12] identified this Cu containing intermetallic phase as Q-phase (AlsCu,MgsSis).
However, the presence of Fe in this phase suggested that this white platelet phase was not the Q-
phase.
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Fig. 2 (a) SEM micrograph of the as-cast 6061 aluminum alloy processed by GISS technique: (b).
(d). and (e) EDS spectra of the iron-containing intermetallic (white) phases at position 1. 3 and 4,
respectively: (c) and (f) EDS spectra of the Mg,Si (black) phase at position 2 and 3.
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Fig. 3 XRD results of as-cast and solution heat treated (SHT) specimens (SHT530/1: 530 °C /1h,
SHT 530/2: 530°C /2h, SHT530/3: 530 °C /3h, SHT550/1: 550 °C /1h, SHT550/2: 550°C /2h)

Microstructure of solution heat freated specimens. The evolution of GB phases after solution
heat treatment at 530 °C and 550 °C for 0.5-3 h is shown in Fig. 4 (b)-(1). The mechanisms for GB
phase-evolution during SHT process has been proposed in three stages: thinning. discontinuation,
and dissolution [8]. In this research, the discontinuation stage should be more notably observed than
other stages. Continuous GB phases of the as-cast specimens were subsequently dissolved after
solution heat treatment at both temperatures.
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Fig. 4 Optical micrographs of specimens (a) as-cast: (b), (). (d). (&) SHT at 530°C for 0.5.1,2. 3
h. respectively: and (f), (g), (h), (i) SHT at 550 °C for 0.5, 1, 2, 3 h, respectively.
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The dissolution of remaining Mg,Si phases increased with increasing solution treatment time and
then ceased after solution treating longer than 1 h at 550 °C and 2 h at 530 °C. This was confirmed
by the results of Mg,Si area fraction measurement from the as-cast and SHT specimens as
illustrated in Fig. 5 (a). It can be seen from Fig. 5 (a). that the area fraction of remaining Mg,Si
phase decreased in the early stage of solution treatment and then became constant at about 1% after
solution treating longer than 2 h at 530 °C and 1 h at 550 °C. The existence of Mg,Si phase in these
solution treated specimens was confirmed by the XRD result in Fig. 3. It was noticed that eutectic
phase and intermetallic phases in wrought 6061 aluminum alloy could not be completely dissolved
because of their high melting points. Since the diffusion coefficient of Mg atom is medium and that
of Si atoms is high. these atoms would easily diffuse from localize melted area throughout the
matrix as solid solution [13].

On the other hand. the formation of iron-containing intermetallic phase increases with increasing
solution treatment time and temperature as shown in Fig. 5 (b). The presence of iron-containing
intermetallic phase at the grain boundary of the as-cast specimen was reported by Tan and Ogel
[14]. Liu et al. [11] advised that the iron-containing intermetallic phase formed as a result of
microsegregation and grain boundary segregation and this phase made the alloy hard and brittle. It
was shown in Fig. 6 that the hardness of the solution treated specimens was corresponded with the
amount of iron-containing intermetallic phase. It is also noticed from Fig. 6 that the hardness of
solution treated specimens could be further increased from about 47-70 HRE to about 71-85 HRE
by artificial aging these specimens at 175 °C for 16 h. An increase in the hardness of aged
specimens was resulted from the formation of fine precipitates during aging.
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Fig. 5(a) Area fractions of Mg,Si in the as-cast and solution heat treated specimens and (b) Area
fractions of iron-containing intermetallic phases in as-cast and solution heat treated specimens.
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Fig. 6 Hardness Rockwell (scale E) of SHT and T6 specimens at various solution treated
conditions.
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Fig. 7 Tensile strength and % elongation of aged specimens at various solution treated conditions.
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Tensile measurement of the aged specimens was performed to quantify the optimum solution
treatment condition and was showed in Fig. 7. It is noted from Fig. 7 that the maximum tensile
strength, 330 MPa, and maximum elongation. 9.97%, were achieved from the specimen solution
treated at 530 °C for 2 h.

Summary

The microstructure of the as-cast GISS processed 6061 aluminum alloy mainly consisted of non-
dendritic g-Al surrounded by the eutectic phase (a-Al + Mg,Si) and intermetallic phases at the grain
boundaries.

The grain boundary phases are Mg,Si. n-(AlsSisMg;Fe). and AlSiMgFeCu phases.

The optimum solution heat treatment condition derived from this study was thus 2 h at 530 °C.
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