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Thesis Title Effect of heat treatment parameters on the microstructure and the mechanical
properties of Aluminum 2024 prepares by Gas Induced Semi- Solid Process

Author Miss Siriwan Pannaray

Major Program Materials Engineering
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Abstract

2024 Aluminum alloy was squeezed cast by the Gas Induced Semi Solid (GISS) process.
Effect of solution treatment and artificial aging on microstructure and mechanical properties of
this alloy was studied in the present work. During solution treatment, only Al,Cu and Al,CuMg
phases were gradually dissolved back into the & -matrix. Prolonged solution treatment led to the
formation of brittle Mg,Si phase. It is obvious from this work that the optimum solution heat
treatment condition was at 480 C-14 h at which the amount of solid solution was maximized
without forming any brittle phase. The solutionized specimens were then aged hardened at
temperatures of 175 C, 200 C, and 225 C under various time durations. The highest hardness of
about 77.7 HRB was attained from specimen aged at the temperature of 175 C for 36 h. Whilst,
the highest tensile strength of 395 MPa with 5.8% elongation was measured from the specimen
aged at the temperature of 225 C for 1 h. Upon investigation the microstructure by using
transmission electron microscopy (TEM), the Sj phase was mainly attributed to the strengthening
effect in the aged alloy. The apparent activation energy for precipitation hardening of the alloy

was calculated as 133,805 J/mol.
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Dimensions , mm

Standard Specimen

Subsize Specimen

Subsize Specimen

Sheet — Type
6 mm Wide 3 mm Wide
12.5 mm Wide
G — Gage Length 50.00 © 0.10 25.00 © 0.10 12.50 © 0.10
W — Width 12.50 © 0.05 6.00 © 0.05 3.00 © 0.05

T - Thickness

Thickness of material

Thickness of material

Thickness of material

R — Radius of fillet, min 12.5 6 3
L — Over — all length , min 200 100 50
A —Length of reduced
_ ) 57 32 16

Section , min
B — Length of grip

50 30 15
Section , min
C — Width of grip

20 10 5

Section approximate
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3.1 Yaquazgunsaiililuanide

3.1.1 Jagilgl e

(% d' X Ao A a A d’d v A d!
Jaanl¥luauive Ae ezaltHeunsa 2024 nusgranao Al, Cullag Mg 93

q U

v Y
~ Y

[ a, % < 1
(3831 Ternary alloy NYUFUAITAIUBWYS Semi — solid squeeze casting  1ATAIUNAN

U

AAa o ~
MAUALNAATIZH 14010 Optical Emission Spectrometer (OES) taad 13 Tum131a 3.1

q‘ 1 = . .. a A A )
M519N 3.1 awilseneumani (Chemical composition) VDIDTQULIUBUING A 2024 Ay

Y
NINAaDY (% T@ﬂﬁmﬁﬂ)

Sample Concentration (wt%)

Cu Mg Mn Si Fe Zn

Al2024
5.0905 1.6773 0.6367 0.4057 0.3373 0.0458

Standard deviation 0.2899 0.0160 0.0060 0.0078 0.0037 0.0014

Al2024
0.0099 0.0082 0.0062 0.0059 0.0051

Standard deviation 0.0004 0.0003 0.0022 0.0002 0.0001

g v a ¢
3.1.2 ginsaimlinaasauazdinszvinansnaaea
d °
gunsaiildlumsinsaanianziviad
S 128 1T LBV B ST S VR R IRAES BV
- Tavigwanozgliiloy — oA 1NTA 2024 (Ingot)
- FoudAnazniu
) o
- gouadniilany
- yAIATeINeNIIVIAQUNAN  (Thermocouple)
Y Y Y = @ 9 1Y Y 9 @
- gatloanuanuilaeass laun gailoniis nihinmnduanudeu seaimiis
naz AN oL
¢ =4 = a A
gilnsamldlumsinsanunasnozgiitiian

A

- YAINT09UPATIVIAQUNYI (Thermocouple)

QU

ra 4 . { a
- LLNWNWEﬂﬂiQ%LWaﬂN YUIA 10 x 10 LBUALNUAT

- 1n5090nalensean (Hydraulic press)




47

A d? £ < a
!ﬂif]\?"lluzﬂIaﬁ%ﬂﬂﬂl@ﬁllmﬂiﬂﬂlﬂﬂuﬂ GISS

unauns 1l @wmsuddesloauna)

=

Y
NIVFUNUY

¢ = o 2
gunsamliluduneumssvazareduaiy

1 Y
IATDIAAYUIIU

AU

U
Y

ASUNTIFINTUAIF U

d'Q/ le
NIVYUINU
9

SR

€

Y
)

sy o g &
WIUNYUHDI (MU TUYUVRUFUII)

¢ o L 2
gunsamldluduneumsusiiensuau

o a [ < Iy
HWQQA%QN‘%@Q Gal TJ"'IJULEJNGBUQAIU)

¢ 2 v A ° (Y] d
gunsaildlumstaiuaudmiundssganssau Optical Microscope (OM)

d‘ U
1AT03UA
ATZATENT DS 180, 320, 600 , 800 , 1200 LAz 2500
peozaluIvwIa 5, 1 uaz 0.3 lunsou
Mdnaln
15HU
4 I'd
I AUAUUDS

1 { o Qy ° [ I Qy
ne PVC ﬁ@mmmmﬂmmqwmm (AUTVUKADNTFUANIU )

¢ = v A o v Y d J v . .
qﬂmm‘n‘lﬂumsmmmmammnami}amsﬁu UUUa9INIH Transmission

Electron microscope (TEM)

[l Y
IATDIAATLIU KV-CUT
Hot plate
d‘ - ng
NIVUYUITY (Tweezers)
o Iaudmsudiann

N1



48

v A
NINFUNUTINT VI
d‘ (% Qy 9 a 9y o
inFolnsuUNiouezgiiu S luasouuazidnyiie
a L4
TuTastmes
Electropolishing Unit

15022188115 Electropolishing A9 20% HNO,tag 80% methanol

d’ A d' a dt:
in3eaNenlFlums AT IzHT U

v
U

1504 (Optical Emission Spectrometer, OES)
ndveganssaniuun e (Optical Microscope, OM)
ﬂé}m‘gaﬂﬁﬁﬁﬁ UUVTDINT 1A (Scanning electron microscope, SEM)
ﬂ%@x‘li}ﬁ%ﬁﬁﬁ HUVEDINTY (Transmission Electron microscope, TEM)
A s da o . .
in3ouendsganuIndu (X-Ray diffraction, XRD)
4 < <
IN30INATIUANULIWUVS oNIaaana Ll (Hardness Rockwell Scale B, HRB)

A =
IATOINATDULLIIAN

32 TumeumIvuUTHOY

] Y
hunsezglifionnsa 2024 (ingot) Mdarive 19 laFuIvINANEIHIN A
wviaoy udnnasuaemvaoy Tasldgaungilugie 7 50 — 780 o
~ :
isaided Uszanm 5-6 33T

o a :JI 1a J A { a @ {
MMIAAANNLIZUNTITHAsN V1A 10 x 10 @uAaT awaalugili

a

@ 4 @ a 1 ra o
3.2 191 UnTe90n lansoan 1aggu (Preheat) WiNN 1IR30 Taoldguuigi

U

1523791 250 — 300 DIAUBALT A

o gj a A A 1 Y o J [2)
Glﬂuﬂamazgmuﬂnmm 2024 mgiummaau gadmmsiasevend

a 1

Y
T lnaruuna uns Tidnwguidlunar 10 Juiluwilane Igamngiigend

Y

iduveunad (Liquidus line) Usgunss 10 ossmasaidon (Uszunmguuniens

@

645-648 DIAUTATYA gurNUIzaAaUNATTI 638 DerITAITYT LAz

v
@ ]

nasnntaoedeauna azinilanz 13 15 31 nowmaaluifu o 1%

3 a

UAAAITUDIOUNIAVDIAANAMTIITYAD TR



49

SECTION A-A
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AANHUTATIAG (Tensile Test)
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Abstract: The aim of this smdy is to determine the appropriate solution freatment temperature and
time of semi solid 2024 Al alloy. Schution heat reatment at 430°C and 480 °C for vanous fimes,
from 4 hours to 16 hrs, were applied followed by artificial aging at 220 °C for 1 br. Microstrocture
of the semi solid cast 2024 almimum alloy mainly showed globular grain stmicture which consisted
of matnix-o (Al) and grain boundary (GB) - entectic phases (a+tAbCuMgz/AlLCu). Eutectic GB
phases was found to completely dissolved after sclution heat treatment at 480°C for 14 hrs while
sample solution treated at 430°C for the same time showed the existence of remaining GB phases.
Prolonging heat treatment after 14 hrs at both temperatures resulted in the formation of coarse black
particles at the grain boundaries which were identified as Mg 51 phases. Therefore the snitable
solution treatment of the alloy in this study was at 480°C for 14 hrs.

Introduction

The major alleying element in A-Cu and Al-Cu-Mg alloys (2000-series) is copper and to
some extent 1s magnesium. Commercial wrought 2024 aluminum alloy was heat treatable and was
mainly used in aircraft structures. T6 heat treatment, involving three mainly steps: solution heat
treatment, quenching and amificial agmg, has beem a successful process m 1mproving tbe
mechanical properties of 2024 alumnmum alloy. For an alloy with magnesmm (Al 2024) typ
COdrse precipitates are ﬂluﬂl[hiﬂf&]sME!E:L and for some alloys Al[FeMn] or Aldh[n,Fe]
Druring heat treatment the iron containing precipitates transforms to Al;CuyFe and the manganese
containmg precipitates form Al CuMn; . The microstructures m the Al-Cu senes are lhughly
dependent on the alloy composition. For the AH-Cu-NWg alloys the 8°+ & precipitates are replaced
by the magnesium containing 5"-phase (Al:CuMg). [1]. In this alloy Al:Culg phase in the eutectic
would dissolve during solution treatment, and form finely dispersed precipitates in the matnx of o-
Al during aging process leading to precipitation strengthening [2]. Density of fine precipitates is
affected by the amount of Al,CuMg dissolution which 15 directly depending on schifion treatment
temnperature and fime [3,4]. The appropriate solution trestment temperature and time would then
have to be carefully determined smce they result in the degree of mechanical property improvement
after TG process [3]. In general, as cast 2024 alumumum alloy was first solution treated at a

of 480 —500 *C for 4-16 hours and then gquenched m water to room-temperature
[6,7] and adwvised that the temperature for the dissolving soluble phase of as-cast 2024 Al alloy
should not be over solidus (502 °C). At present, Innovative Metal Technology (IMT) team at Prince
of Songkla University has developed a new technique of rhec-casting semu solid process for
formmg 2024 Al alloy, which is called the Gas Induced Semi-Solid (GISS) techmque [8]. It is
surely that heat treatment of 2024 Al alloy processed by this technique has never been studied
before. The objective of this work 15 to smdy the microstructure evolution during solution heat
treatment and determine switable solution treatment condition of semisolid cast 2024 Al alloy.

All rights ressnssd. Mo part of contents of this papsr may be reproduced ar ransmitied In any foms or by sy means wfhout the wifien pemission of TTR,
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Experimental Procedure

2024 aluminum alloy was prepared by using the GISS techmigue [9). Gas bubble was
introduced to molten alloy at temperature of 648 °C for 10 seconds. The melt was then held for 13
seconds before squeeze-casting at a pressure of approximately 80 MPa into a bar with the size of
10cm x 10cm x 1.5cm. Chemical composition of the as-cast samples in wi¥e were Al-5.09Cu-
1.6TMg-0.63Mn-0.45i- 0.33Fe-0.04Zn Solution treatment was performed at temyperatures of 430°C
and 480°C for 4, 6, §, 12, 14 and 16 hrs, and subsequently quenched in water at temperature of
25°C. Artificial aging was dene at 220 °C for 1 hr. Microstructure of as-cast and solution treated
specimens were charactenized utilizing a combmation of optical microscopy (OM), JSM-5800LV
JEOL scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectrometry
(EDS) and X'Pert MPD Philips X-ray diffraction (MRIDY). Hardness of the sample was measured
using Rockwell scale B (HEB).

Results and Discussion

Microstructore of the as-cast specimens

Optical micrograph in Fig. 1a) illustrates globular grain stroctures of the as cast specimen while
secondary electron micrograph in Fig. 1b) magnifies grain boundary phases of the specimen. It is
noted from Fig. 1b) that GB phases of the as-cast specimen consist of three main phases: large grey
areas, Chinese-seript black areas and skeleton-shape gray area. The SEM-EDS point analysis of the
large bright grey areas at grain boundaries shows high concentrations of Cu and Mg elements as
shown in Fig. 1c). This majer second phase formed during entectic solidification was ALCuMg/
AlyCu phases, as supported by the XBD result in Fig. 2. EDS results of the Chinese-senipt black
particle and a skeleton-shape particle are given in Fig. 1d) and Fig. le), respectively, and were
identified as Mg,51 phase and Al-Fe-Mn-Cu phase. respectively. However, the existence of the
small amounts of these two p]:lases cannot be vm‘i:ﬁedhy the XD test.
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Microstucmre of solution treated specimen

B.P. Garett [10] reported that the mechamism of GB phases evelution during solufion heat
treatment consisted of three stages; thinning, discontinuation, and dissclution which corresponded
to the present study. Fig. 3 shows the evolution of GB phases after solution heat treated at the
temperatures of 430°C and 480°C for 4. 6, 8, 12, 14 and 16 hrs. It 1s noticed from Fig 3a)-3c) and
Figz. 3g)-3h) that GB p]ms&s became thiming at the ea:ly stage of selution treatmg at 430°C and
480°C, respectively. With increasing solufion treatment time, remaining GB phases were found to
be discontinued at both temperatures, as can be seen in Fig. 3d)-3e) and Fig. 3i)-3j). Almost
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complete disschufion of entectic GB phases was found in the sample solution freated for 14 hrs at
480°C (Fig. 3k)), however solution treating at 430°C resulted in partial dissolution of these phases
even increasing schution treatment time to 16 hrs (Fig 3f)). XBD result in Fig. 2 confirmed the
disappearance of Al:Cu and Al:Cubdgz phases in the sample after solution treating at 480°C for 14
hrs.
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Fig. 2 XBD results of as-cast and solution heat reated (SHT) samples (SHT430-8: 450°C/8 h, SHT
480-8: 4B0°C/8 h, SHT 480-14: 480°C/14 h).
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Fig. 3 a)-f) Optical mucrographs of the specimens selution treated at 430 °C at various holdmg
times and g)-1) optical micrographs of the specimens solution treated at 480 °C at various holding
times.

In this stody. area fractions of remaming GB phases in the solution treated samples were
quantitatively analyzed and illustrated in Fig. 5. Fig. 5 indicated that solution treated at higher
temperature would take shorter solufion freatment time in order to raduce the area fraction of GB
phase at the same amount. It 15 also observed from Fig. 5 that remaming GB phases were sharply
decreased for the first 14 hours of solution treated at 430°C and 480°C. However, the area fraction
of GB phases i the sample solution treated at both temperatures remained almost constant when
increasing solution treatment time to 16 hrs. This result was supported by the observation of coarse
black particles at grain boundanes of the samples solution heat treated to 16 hrs at 430°C and 480°C
as pointed out by black amows in Fig. 3f) and Fig.31), respectively. As these newly formed coarse
black particles were counted as GE phases in which they would compensate for the loss of area
fraction from the dissolution of former entectic GB phases. These black constituents were identified
as Mg,5i phase by the SEM micrograph and EDS result as shown in Fig. 4a) and 4b), respectively.
The formation of Mga5i phase was imdesirable as it would reduce toughness as the hardness of the
sample solution treated at 480°C-16 hrs was higher than that of the 14 hrs solution treated sample as
observed m Fig. 6 indicating the existing of the hard bmttle Mg25i phase i the prolong heat treated
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sample. In addition, the formation of MgaS1 phase would reduee the aging response due to lower E I'_D'h
supersaturated solid solution in the selution treated sample as can be observed in Fig. 6 that sample
solution heat weated at 480°C-16 hrs yielded in lower increment in the hardness after artificial aging @ &&
compared to the other sample solution treated at 480°C-14 hrs. i E'
) A

: -~

8

: i ) [
Fig. 4= “EM microgrzph and b) EDE resalt of eoarsc black pamicle in the salution trcated sample
at 4507012 hes.
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Conclusions

Senmisolid cast sample showed globular grain stmueture and mamly consisted of @-Al eutectic
grain boundary phases (Al:Culdg / Al:Cu). Eutectic gram boundary phases (Al:Cubdg / AlCu)
were completely dissolved after solution treatment at 480°C for 14 hrs. Coarse black particles
formed in samples after solution heat treated for 16 hrs at 430°C and 480°C and were analyzed as
Wg5i particles. Optimum solution treatment condition derived from this stady was at 480 °C for 14
hrs.
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