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Abstract

The heat treatment cycles that are currently agplie semi-solid processed
components are mostly those that are in use fditimaal dendritic alloys. These heat
treatments are not necessarily the optimum heatnients for SSM processing. The
T6 heat treatment of aluminium alloys is a reldjivexpensive process and a
reduction in treatment times would be advantagelwusrder to optimise the T6 heat
treatment cycle for rheocast alloy A356, the effettvarious parameters on the
quality index were investigated. These includedtsah treatment time, natural aging
time, artificial aging temperature and artificigiig time.
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1. Introduction

One of the methods employed by the transportatimiustry to improve fuel
efficiency has been the use of mass productionbta@duminium castings as part of
a weight reduction stratefyHigh pressure die casting (HPDC) has been usddlyvi
in the manufacture of light-weight castings to sfgtithis need. Unfortunately, the
turbulent die-filling in high pressure die castiilsgresponsible for oxide entrapment,
porosity and blistering problems during heat treat This limits the application of
this method to less critical structural applicaio8emi-solid metal (SSM) processing
has the potential to be a high volume productiorthoe that can overcome these
deficiencies of conventional HPDC to produce higtegrity light-weight aluminium

parts.

Semi-solid metal (SSM) processing is a unique mactufing method to produce
near-net shape products for various industrial iegbn$> The aim is to obtain a
semi-solid structure free of dendrites with thedspresent in a near spherical form.
This semi-solid mixture flows homogeneously, behgvas a thixotropic fluid with

viscosity depending on the shear rate and fraatfosolid®. There are two different



SSM processing methods: thixocasting and rheocadfifith thixocasting, a specially
prepared billet of solid material with a globulaicnestructure is reheated into the
semi-solid range, followed by a forming processhsas high pressure die casting.
Rheocasting involves preparation of a SSM slurrealy from the liquid, followed
by HPDC. The higher costs associated with thixaegdtave resulted in rheocasting
becoming the preferred semi-solid prode3$ie laminar flow during SSM processing
during the die-fill avoids the problems of oxidedagas entrapment and also reduces
the shrinkage problems during solidificatioBlistering during heat treatment can

therefore be prevented.

Large quantities of castings are made annually fedominium alloy A356 (also
known as AI-7Si-0.3Mg). The use of SSM processiog produce automotive
components has been described by Winterbdttofthe different processing
techniques to produce master brake cylinders agldtdils are compared in Tablé 1

SSM processing of alloy A356 has also been usegrooluce other automotive

components, such as a suspension levet anghan engine mounting bracket

The T6 temper of aluminium alloys consists of aisoh heat treatment and quench,
then a period of natural aging, followed by artdlcaging. The T6 temper produces
maximum strength (hardness) in aluminium alloys.
The purpose of the solution heat treatment’is to
(a) Dissolve solutes (especially Mg, Si), which leadgte formation of a large
number of strengthening precipitates during subsegartificial aging.
(b) Cause spheroidisation of the eutectic silicon pledi— this leads to improved
ductility and fracture toughness.
(c) Reduce micro-segregation of elements in the alumimnatrix.
The solution treatment time and temperature depenthe casting method, the extent
of modification (typically with strontium additiopsand the desired level of
spheroidisation and coarsening of the silicon pl@si For example, the solution
treatment time for A356 sand castings is twice @sylas for permanent mould

castingé.

The heat treatment cycles that are currently agplie semi-solid processed

components are mostly those that are in use fadritencasting alloys®. These heat



treatments are not necessarily the optimum treasneas the difference in
solidification history and microstructure of rhestacomponents should be
considered. No consensus has been reached on daiptimum heat treatment
conditions are for rheocast components. In order S8M processing to be a
competitive processing method, it is imperative tha heat treatment parameters are
optimised. It seems as if 54Dis the optimum solution temperature for A356emis

of the compromise between shortening heat treattmaetas well as minimising the
risk of blistering and distortiof. The most popular solution heat treatment employed
for SSM processed A356 is 6 hours at %®4(Qi.e. similar to that used for permanent
mould cast A356)"°. Only limited work has been performed on the ojsiition of
the solution heat treatment of SSM processed A3&6ording to Rosso and Actis
Grandg, a solution heat treatment of 1 hour at %®t@s sufficient to obtain a high
level of properties in the T6 temper (hardnesddys&rength, ultimate tensile strength,
% elongation). A solution treatment of only 30 nigsicaused the presence of brittle
intermetallic phases due to an incomplete solutimtess. According to Dewhifst
the optimum solution treatment time at 880s 4 hours for SSM processed A356.
The natural aging time (the time at room tempeeatfter solution treatment and
guenching, before artificial aging) has not recdimauch attention for rheocast alloy
A356. For example, Dewhifsvaried the natural aging time of semi-solid preees
A356 between 8 and 24 hours. He found that inongatfie natural aging beyond 8
hours had a slightly negative effect on the tersitgperties of the material. However,
it was concluded that artificial aging temperatainel time were of greater importance.
Rosso and Actis Grandelid not even document the natural aging time thas
employed in their study. Finally, the optimum acidl aging treatment for rheocast
A356 was determined to be 4 hours at°@8By both Dewhirétand Rosso and Actis
Grandé.

The aim of this study was to investigate the effe€tvarious heat treatment
parameters on the T6 properties of SSM procesdeg AB56. These parameters
included solution treatment time, natural agingeirartificial aging temperature and

artificial aging time.

The quality index (QI) was used in this work tooall comparison of different heat
treatment cycles. The quality index relates thetilitycand strength (ultimate tensile

strength or UTS) into a single tetnit was developed by Drouzy et%based on the



observation of trends in empirical data. Cacerealéthave done further work to
show the fundamental basis of the quality indexe Gality index (specifically for
alloy A356) is given by equatiorf1>**

QI (MPa) = UTS (MPa) + 150log(Y%regation) [1]

2. Experimental

Semi-solid metal slurries of A356 (chemical composi given in Table 2) were
prepared using the CSIR rheocasting proéegdlates (4 mm x 80 mm x 100 mm)
were cast in steel moulds with a 50 ton HPDC maeholution treatment was
performed at 54 for either 1 hour or 6 hours, followed by a wateench (2€C).
The samples were then naturally aged for eitherZDdours, before being artificially
aged for varying times at 180D. Artificial aging curves were determined by using
Vickers hardness measurements (20 kg). The avéragmess values were found to
be reproducible within £ 3 VHN for all heat treatmeonditions tested. All samples
were etched with 0.5 % HF solution for optical m&ropy. The tensile properties of
selected samples were also determined and diffdreat treatment cycles were
compared by using the quality index (equation He Tensile samples (sub-standard
size) were machined from the plates (see Figum 1the dimensions of the samples).

A total of 5 tensile tests were used for each treatment condition.

3. Results and discussion
Figure 2 shows an optical micrograph of the A35@rafSM HPDC. It is seen that

the material has a globular primary grain strucand a fine eutectic.

Figures 3 and 4 show optical micrographs of A356rad solution heat treatment at
54(°C for 1 hour and 6 hours respectively. It is sde solution treatment resulted in
the eutectic structure changing to a globular sfpecture. Strontium-modified alloys
undergo fast spheroidisation, while it is knownttbamplete spheroidisation is not
achieved in unmodified alloys, even after long Solutreatment timés.

It is also clear from Figures 3 and 4 that thecaili particles of the eutectic are much
coarser after solution treatment at %206 hours than after 1 hour, and that the

interparticle spacing is increased by longer sofutreatment.



Natural aging curves for alloy A356 after solutioeatment at 54C for 1 hour and 6
hours are shown in Figure 5. In Al-Mg-Si alloys @ining an excess of silicon, the
decomposition of the supersaturated solid soluti®®S) is believed to occur in the
following way**:
SSS— (Mg + Si}iusters/ GP(Ispherical
— B" / GP (Iheedies— B’ rods + Si + others
— Bplatest Si [2]

where GP = Guinier-Preston Zones

B = equilibrium MgSi

' andP" = metastable precursors[®f
It is believed that the hardness increase in fyesblution treated A356 during natural

aging occurs due to the precipitation of solutesiglts and GP zonés>

Artificial aging curves for alloy A356 at 180 are shown in Figure 6 (after O h
natural aging) and Figure 7 (after 20 h naturah@gi The artificial aging response of
alloy A356 is influenced significantly by prior naal agind®. This phenomenon can
be explained by considering the sequence of decsitiqo of the supersaturated solid
solution (SSS) in Al-Mg-Si alloys (equation 2). Timitial softening of the naturally
aged samples during artificial aging is attributedhe dissolution of the clusters and
GP zones during artificial aging. It is seen thHa £xtent of the loss is recovered,
presumably by the precipitation pf particles upon further agifity The dissolution
of the clusters and GP zones causes the time-toimraness (T6) to be longer

compared to when no natural aging is used

It is also seen from Figure 5 (for natural agingyl &igures 6 and 7 (for artificial
aging) that solution treatment at 5@0for 1 hour tends to result in higher hardness
values being obtained compared to when 6 hourgignlireatment is used. The
longer solution treatment time of 6 hours produae®latively coarse microstructure
(Figure 4) which probably resulted in the lower maxm hardness values being
obtained. Solution treatment for 1 hour gives optimconditions in terms of attaining
a relatively fine microstructure (Figure 3) in camdtion with complete dissolution of

the strengthening alloying elemefits



Based on the artificial aging curves presentediguiés 6 and 7, T6 heat treatments
were performed on samples for tensile tests. Tralitional” T6 heat treatmetit of
solution treatment for 6 hours at 5@) water quenching, natural aging for 20 hours
and artificial aging for 6 hours at 1T was also used for comparison. Details of the
T6 heat treatment cycles used for tensile testiegshown in Table 3 while the results

of the tensile tests are shown in Table 4.

From Table 4 it is seen that the “traditional” heraitment results in the worst quality
index. The best quality index is achieved using tH40-1, 0-NA, 180-1" heat

treatment, which is also the shortest heat treatifieble 3). These results show that
it is not only possible to decrease the heat treatmime of SSM processed alloy
A356, but that the tensile properties (or qualitgléx) can actually be improved

simultaneously.

In summary, this study corroborates some of thelte®btained by Dewhirdtand
Rosso and Actis Granddn addition, valuable new information is alsogeeted. The
possibility of using a shorter solution heat treattime of 1 hour at 54G confirms
the results presented by Rosso and Actis Grandawvever, the influence of natural
aging time on the artificial aging response was adéquately studied by either
Dewhirsf or Rosso and Actis GrantleThe optimum artificial aging heat treatment
proposed in both papéfsis 180C for 4 hours. This was also confirmed in this work
but importantly, this applies only when naturalragis used before artificial aging.
When no natural aging is applied, then 1 hour 8f@8s the optimum artificial aging
heat treatment. This heat treatment is not onlystiwetest of all the studied treatments
(Table 3), but it also resulted in the best quahigex (Table 4). If it is not possible to
artificially age the A356 immediately after solutitreatment, the 18G for 4 hours
treatment is still shorter than the “traditional® Theat treatment, with the added
benefit of resulting in a similar quality index (@ea 4). The quality indices of the last
two heat treatments in Table 4 fall within the si@m deviation and their differences
compared to the “traditional” heat treatment may be significant. Also note that
previous work® has indicated that natural aging of only 1 houreased the artificial

aging response of this alloy significantly.



4, Conclusions

The conclusions of this study are:

The optimum solution treatment time at 8@0to give optimum mechanical
properties after artificial aging for SSM HPDC A38€ems to be 1 hour. This
represents the shortest possible solution treatriier@ to obtain complete
dissolution of strengthening alloying elements, le/itill retaining a relatively
fine microstructure.

The dissolution of solute clusters and GP zonescfwhare formed during
natural aging) during the initial stages of artidlcaging causes softening of
the alloy. This in turn causes the time-to-pealdhass (T6) to be longer
compared to the time when no natural aging is used.

The quality index constitutes a useful tool to gatlie effect of changes to the
heat treatment cycles of SSM HPDC A356. The beslitguindex in this
study was obtained using a short solution heatrtreat of only 1 hour at
54(°C, no natural aging and artificial aging at 380for 1 hour. The much
longer “traditional” T6 heat treatment cycle of wdn treatment at 54Q for

6 hours, 20 hours natural aging, followed by aniifi aging at 17%C for 6

hours gave the worst quality index of all the stdidneat treatment cycles.
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Table 1: The production of high volume automotieenponents

Master Brake Cylinders

Process Part mass (kg) Minimum wall thickness Machining steps
(mm)
Permanent mould 0.77 6.3 18
SSM 0.44 3.2 5
Fuel Rails
Solid forging 0.68 5.1 82
SSM 0.33 3.8 26




Table 2: Chemical composition (wt%) of alloy A358ed in this study

S Mg Fe | Cu | Mn | Zn Ti Sr Al

7.14/ 0.34| 0.14| 0.010.01|0.01| 0.08| 0.03| Balanc

D




Table 3: T6 Heat treatment cycles used for temsgtng

Heat Solution Natural | Artificial Total Total
Treatment Treatment | Aging Aging furnace | time (h)
time (h)
540-6, 20NA, | 540°C for 20 h 170C for 12 h 32h
170-6 6 h 6 h
540-1, ONA, | 540°C for Oh 180C for 2h 2h
180-1 1h 1h
540-6, ONA, | 540°C for Oh 180C for 7h 7h
180-1 6 h 1h
540-1, 20NA, | 540°C for 20 h 180C for 5h 25h
180-4 1h 4 h




Table 4: Yield strength, UTS, % elongation and @lheat treated samples. The
standard deviation for tensile properties is ahshicated in brackets

Heat Yield strength | UTS(MPa) | % Elongation Ql (MPa)
treatment (MPa)

540-6, 20NA, 261 (4.5) 316 (5.9) 8.3(2.1) 454
170-6

540-1, ONA, 251 (3.8) 324 (7.3) 10.1 (1.5) 475
180-1

540-6, ONA, 256 (1.3) 325 (4.6) 8.2 (1.1) 462
180-1

540-1, 20NA, | 259 (5.2) 317 (7.1) 8.8 (1.4) 459
180-4
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Figure 1: The dimensions of the samples used fwmileetesting



Figure 2: Optical micrograph of alloy A356 afterN3&IPDC



Figure 3: Optical micrograph of alloy A356 aftergmn treatmentat 540C for 1

hour



Figure 4: Optical micrograph of alloy A356 aftedgmn treatmentat 540C for 6

hours
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Figure 5: Natural aging curves for SSM processe86A&fter solution treatmeratt
540°C
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Figure 6: Artificial aging curves for SSM procesg&8b6 after 0 hours natural aging
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Figure 7: Artificial aging curves for SSM proces#&8b6 after 20 hours natural aging



