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Abstract: The heat treatment cycles that are currently iagpto semi-solid processed
components are mostly those that are in use fodridencasting alloys. These heat treatments
are not necessarily the optimum treatments. lh@aw that a decrease of the solution treatment
time at 546C from 6 hours to 1 hour does not alter the T4 ®itdnsile properties of the SSM
processed A356 alloy. Slightly better impact préiesrare obtained with the shorter solution
treatment. This could lead to time and energy gmriMNatural aging prior to artificial aging
causes the time-to-peak-hardness to be longer agechpathe time when only artificial aging is
used. Quenching after solution treatment in wate7@C results in slightly lower tensile
properties than after quenching in water a&25The magnesium content of alloy A356 has a
significant influence on the T4 and T6 propertiéthe alloy.

rheocast components should be considered [4]. It is
INTRODUCTION known thgt alloy A356 responds to natural aging:raf.t

the solution treatment and quench. The precipitatio

o . . . hardening that result from natural aging alone poed

Semi-solid metal (SSM) processing is a uniquepe yseful T4 temper. The T6 heat treatment progluce
manufacturing method to produce near-net shapg,ayimum strength in aluminium alloys. Unfortunately
products for various industrial applications [1]itV  ha cost and production time associated with this
this method, a globular microstructure is obtaied aatment is substantial. Shortening the T6 heat
contrast with conventional liquid casting, where ayestment cycle would therefore have major

dendritic microstructure is attained. , implications on manufacturing cost and productivity
Two different SSM processes exist, namelyigy
thixocasting and rheocasting. With thixocasting, a |, previous work by the authors [6], it was sinoby
specially prepared billet of solid material with a naans of aging curves that the optimum solution
globular microstructure is reheated into the SeMiyeaiment time at 54G is 1 hour. This represented the
solid range and formed. Rheocasting involvesghortest possible solution treatment time to obtain
preparation of a SSM slurry directly from the lidui complete dissolution of strengthening alloying
followed by a forming process such as high pressurgiements, while still retaining a relatively fine
die casting (HPDC). The increased costs associatelicrostructure. It was also shown that SSM HPDC
with thixocasting have resulted in rheocastinga3sg hardened significantly at room temperatureraft
becoming the preferred semi-solid prodejs solution treatment. The time required to obtain
. . . . maximum hardness at artificial aging temperatures o
A356 is a conventional aluminium casting alloy 160 (o 196C could be estimated using Arrhenius-type
which is used in many applications due to its highgqations. Finally, it was concluded that the iaitif
strength-to-weight ratio. This alloy is al_so probab aging response of the alloy could be increasedrby a
the most popular alloy used for semi-solid metaliysiant transfer from quench to artificial aging.
forming. This is due to its high fluidity and good The objective of this study was to charactetigeT4

“castability” [3]. ~ These castings are generalBah 54 76 heat treatment cycles of rheocast alloy A356
treated to obtain the desired combination of stfeng ,aans of tensile and impact testing. As in the iprev/

and ductility. However, the heat treatment cycle t  , the influence of solution treatment time, utat
are currently applied to semi-solid processedyging time and artificial aging parameters were
components are mainly those that are in use fofy estigated. In addition, the effects of water mgfe
dendritic casting alloys. These heat treatmentnate temperature on the T4 and T6 tensile propertieswer

necessarily the optimum treatments, as the difteren 554 studied. Lastly, the influence of Mg-fluctwats
in solidification history and microstructure of



from 0.25wt% to 0.45wt% (the lower and upper Table 1. Chemical composition limits (wt%) for
limits of the specification, see Tabl was also alloy A356[7] and the compositions used in this
considered. study

Si | Mg Fe Ti Other| Other

EXPERIMENTAL (Each) | (Tot)
- . .| Min | 65| 0.25 - - - _
Semi-solid metal slurries of A356 containing Max | 751 045 020 0.2 0.05 01k

different magnesium contents (chemical compositign : .
given in Tablel) were prepared using the CSI Si M‘;ensnltzeeand mpact Sr
(Council for Scientific and Industrial Research

. : o 7.1 | 0.25| 0.14] 0.08 0.03
rheocasting process [8]. It is known that silicaas h

the strongest influence on the ratio of solid tpuid g; 82; 813 88& 882

fraction of all alloying elements in A356 (muc : : : S :

stronger than magnesium). A fluctuation of 1 wt% Quench

silicon in aluminium (as is allowed according tq r1] 036] 010 0.0 0.02
7.2 | 0.40| 0.10| 0.08 0.02

Table 1) results in a solid fraction change of almost
9% if the casting temperature is held constant [9].
For this reason, it was attempted to keep theosilic
contents fairly constant, while only varying the%wt
Mg. It can also be seen from Tallghat strontium
was added in all cases. The size and shape of tt
silicon particles are modified with additions of
strontium. It is known that modified alloys undergo
fast spheroidisation, while complete spheroidisatio S
is not achieved in unmodified alloys, even aftergo =
solution treatment times. Therefore, shorter sofuti
heat treatments can be employed with modifiec
castings [10].

4500

Plates (4 mm x 80 mm x 100 mm) were cast in stee
moulds with a 50ton high pressure die casting
(HPDC) machine. Solution heat treatments wer
performed at 54 for either 1 hour or 6 hours,
followed by a water quench (Z5 or 70C). The
samples were then naturally aged (NA) for various
times before being artificially aged to determine RESULTS AND DISCUSSION
artificial aging curves. Fig. @) shows a typical optical micrograph of the
A356 after SSM HPDC. It is seen that the materésd h
To study the T4 temper, samples were naturally globular primary grain structure and a fine etitec
aged for at least 120 hours after solution treatmen
and quench. Vickers hardness (VHN) was determineéd =~ *
(20 kg load) from the average of at least fourf\, )
readings per sample. The average hardness valu, i
were found to be reproducible within £ 3 VHN fof al iz: jﬁ‘
heat treatment conditions tested. All samples use*'
for microscopy were etched in 0.5% HF solution. et

6200

eFig. (). The dimensions of the samples (in milliens)
used for tensile testing

The tensile properties of samples in the T4 B6d
temper were determined using a total of 5 tenesést
for each heat treatment condition. The tensile-
samples (sub-standard size) were machined from thf
plates (see Fidl for the dimensions of the samples).

The impact strengths were determined using a‘?ﬁ"
Zwick impact tester with a 40 kpcm hammer. Fiveir 7 =
non-standard size samples (55mm x 10mm X 3mnes. /(P
with a 4% V-notch of 2mm depth) were used for eachFig. (2). Typ|cal optlcal mlcrograph 0f SSM HPDC
heat treatment condition. alloy A356 (with 0.31% Mg)
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SOLUTION TREATMENT AT 540 °C hardness eventually levels out after about 120 heur
Figs. 8) and @) show typical optical micrographs the T4 temper. The magnesium content (between the

of alloy A356 after solution treatment at 5@0for 1  lower and upper limits of 0.25 to 0.45 wt% - Tallle
hour and 6 hours respectively. Solution treatmenhas a significant effect on the natural aging b&hav
resulted in the eutectic structure changing to af alloy A356. The reason for this can best be
globular type structure. It is seen that the silico understood by considering the decomposition of the
particles of the eutectic are much coarser after agupersaturated solid solution (SSS) [11]:
solution treatment for 6 hours than after 1 houd a SSS — (Mg + Sikiusters/ GP (Ispherica
that the silicon interparticle spacing is increassd — B" I GP (Ilheedies— B’ roas + Si + others
the longer solution treatment. — Bpiatest Si
where GP = Guinier-Preston zones

B = equilibrium MgSi

B' andB" = metastable precursors [bf

The natural aging response of alloy A356 is
. considered to be due to (Mg+Si) clusters and GRezon
" A higher %Mg should lead to a higher volume fractio
of these clusters and GP-zones, resulting in ingufov
hardness and strength.
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Fig. (5). Natural aging curves for SSM HPDC A356
following solution treatment at 530 for 1 h and a
water quench

Tensile and impact properties of A356-T4
S The tensile and impact properties of SSM HPDC
'+4 A356-T4 are shown in Tab

Similar tensile properties are obtained whee th
material was solution treated for 1 hour or 6 hoatrs

Fig. (4). Optical m|crograph of alloy A356 (0. 31%  54C0°C. This implies that energy and time savings can be

Mg) after solution treatment at 54Dfor 6 hours achieved by using the shorter solution treatmerndy
1 hour. The tensile properties presented in T&blas
NATURAL AGING AND A356-T6 well as some of the tensile properties presentied ia
Table3, were used to show that linear relationships are
Influence of Mg-content obtained between wt% Mg and the yield strength (YS)

Fig. 6) shows natural aging curves for SSM and ultimate tensile strength (UTS) of A356-T4 &g
HPDC alloy A356 after solution treatment at %380 6.7).
for 1 hour, followed by a water quench. The materia
is soft immediately after quenching (VHN = ~ 53),  Slightly higher impact properties are obtairétr a
but thereafter the hardness increases rapidly. Theolution treatment of 1 h rather than 6 h for each
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composition (Table2). This is in contradiction to
what was found by Zhang al [12] for permanent

mould cast A356-T6. They found that shorter

solution treatments than the standard 6 hourstessul
in lower impact strengths. This was attributedhe t
smaller interparticle Si-spacing after shorter Sofu
treatments, which assisted with crack growth
However, Ogris [13thowed that the impact strength
for thixoformed A356-T6 was better using only 3

minutes solution treatment compared to 12 hours

This was attributed to the fact that the Si wagehr
dimensionally separated after 3 minutes at°640
whereas longer times caused the silicon

crystals.

Table 2: Yield Strength (YS), Ultimate Tensile
Strength (UTS), % elongation and impact
strength of T4 heat treated samples. The standard
deviation from five values for tensile and impact
properties is also indicated in brackets.

Heat YS uTS % Impact
treatment | (MPa) | (MPa) | Elong | Strength
(kJ/n)
0.25% Mg
540°C,1 h 137 252 20.2 110.0
(4.2) | (6.2) | (0.94)| (3.7)
540°C, 6 h 133 244 17.2 106.9
(2.9) (3.5) (2.5) (9.1)
0.31% Mg
540°C,1 h 146 263 17.4 103.0
(7.3) | (8.8) | (1.8) (5.5)
540°C, 6 h 148 263 16.9 97.6
(4.2) (6.0) (2.3) (6.0)
0.45% Mg
540°C,1 h 163 284 16.5 87.3
(1.5) (2.6) (1.9) (6.4)
540°C,6 h 167 286 17.7 77.1
@n | 8 | @70 (4.7)
300
280 /
< 260 A y=169.37x + 210.55
o E R?=0.9689
= 240 A
2 220 : urs
- 200 —Linear (UTS)
3 180 1 y=119x+ 10755 — Linear (¥S)
P 160 - R?=0.955 >
140 i,/’/‘/‘
120 T T T
0.25 0.3 0.35 0.4 0.45
% Mg

to
agglomerate and form large interconnected silicon

water
treatment in water at room temperature °@5
However, higher quench temperatures (65°0C)Care
frequently used for
distortion [10]. Less supersaturation of solutesusth

be obtained with a high temperature quench and the
resultant T4 properties are expected to be slightly
decreased [10]. To characterise this phenomenos6 A3

300

280 -
= 260 1 y=201.9x+ 196.36
o — 2=,
2 240 R?=0.9707
wn 4
5 220 s
E 200 + o uTs
; 1807 _163.02x+94.146 — Linear (UTS)
> 2_ $ | — Linear (YS)

160 R?=0.9749

140 4

L
120 T T T
0.25 0.3 0.35 0.4 0.45
% Mg

Fig. (7). Yield strength and UTS of alloy A356 as a
function of the Mg-content (wt%) of the alloy fdret
“540-6" T4 heat treatment

The wt% Mg of alloy A356 seems to play a more
important role than solution treatment time on the
impact strength in the T4 temper, with high Mg-aonit
resulting in lower impact strengths (Takile Linear
relationships are found between impact strength and
wt% Mg (see Fig8).
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Fig. (8). Impact strength as a function of Mg-caontef
alloy A356-T4.

A356-T4 as a function of water quench temperature

The results presented in Tal@evere obtained by
quenching (WQ) the A356 after solution

A356 castings to minimise

samples were quenched in water at 25 arfi€ Zter
Fig. (6). Yield strength and UTS of alloy A356 as athe solution treatment. As expected, quenchingdE 7

function of the Mg-content (wt%) of the alloy fdret
“540-1" T4 heat treatment

after solution treatment results in lower peak has$



(Fig. 9) and tensile properties than quenching inPeak hardening with artificial aging (i.e. from tfhé

water at 25C (Table3, Fig. 10).
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t at room temperature (h)

Fig. (9). Natural aging curves for 0.36wt% Mg-A356

solution treated at 54G for 1h, followed by water
guenching at 25 and 70

Table 3: YS, UTS, % elongation of T4 heat treated
samples (0.40 wt% Mg-A356). The standard
deviation from five values for tensile propertiess
also indicated in brackets.

Heat YS UTsS % Elong
treatment (MPa) (MPa)
54(°C-1h, 25WQ 152 282 15.8
(3.5) (6.1) (3.3)
54(F°C-1h, 70WQ 138 264 16.5
(2.2) (6.5) (2.5)
285
265
2451
Z 925 |
e
> 205 A ovs
-g 185 BUTS
3+
& 165
145 -
125
540-1,25WQ 540-1,70WQ
Heat treatment

Fig. (10). A356-T4 tensile properties as a functibn
water quench temperature (0.40% Mg)

ARTIFICIAL AGING AND A356-T6
Influence of Mg-content and prior natural aging

The significant influence that the magnesium-

content of alloy A356 also has on the artificialrag
response is shown in Figlk) (no prior natural

aging) and Fig.X2) (with 120 h prior natural aging).

temper) results from the precipitation of the methle
and coherenf3” [11]. In this case, a higher %Mg
should, firstly, lead to a higher volume fractiohtbe
second phasp, and most likely also o8’ andp" but,
secondly, may even alter the thermodynamic and
compositional characteristics of the precipitates b
increasing the driving force for nucleation and sthu
providing a differently sized distribution.

The influence of natural aging on the subsetjuen
artificial aging response has been studied befgrthé
authors [6]. It was concluded that reversion of the
solute clusters is responsible for the sluggisHicet
aging response and initial softening in naturaijyed
alloy A356. It can be seen from Fid.lj that maximum
hardness is reached as a hardness plateau wittoarl
at 186C (with no prior natural aging). If natural aging
precedes artificial aging (even as short as 1 hasir,
shown by the authors [6]), a hardness peak is ezhch
after 4 hours at 18C (Fig.12).
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Fig. (11). Artificial aging curves at 180 for alloy
A356 (after 0 h natural aging time)
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Fig. (12). Artificial aging curves at 180 for alloy
A356 (after 120 h natural aging time)
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Tensile and impact properties of A356-T6 %50
The tensile and impact properties of SSM HPDC
A356-T6 are shown in Table 3401
< 3301
Table 4: YS, UTS, % elongation and impact |= |
strength of T6 heat treated samples. The standard |» E
deviation from five values for tensile and impact |2 *° muTS
properties is also indicated in brackets s 301
Heat treatment YS | UTS % Impact 2 9901
(MPa) | (MPa) | Elong | Strength
(kJ/nrf) 2801
0.25% Mg 270
54(°C-6h, Oh NA,| 238 293 7.2 56.5 540-1,0NA180-1  540-6,0NA,180-1 540-120NA1804 540-6,20NA,180-4
180°C-1h (1.5) (6.6) (2.5) (6.7) Heat Treatment
54@588%-22 NA, (i?g) (3!;9??) (?:;) (5274(; Fig. (13). Yield strength (YS) and ultimate tensile

540°C-6h, 20h 236 205 33 561 strength (UTS) of alloy A356 (0.45% Mg) as a fuoati
NA, 180°C-4h (6.8) (3.7) (1.4) (4.1) of heat treatment conditions.

540°C-1h, 20h 243 303 7.9 58.3

NA, 180°C-4h (14) | 15 | (0.7) (1.6) The tensile properties shown in Taletogether with

0.31% Mg
540°C-6h, OhNA,| 248 | 315 | 93 50.6
180°C-1h @5 | (59 | 21 | (3
540°C-1h, OhNA,| 247 | 319 | 92 54.1
180°C-1h (32) | (06) | (0.9 | (3.0
540°C-6h, 20h | 255 | 317 | 9.3 491
NA,180°C-4h | (24) | (3.8) | (1.4) | (6.7)

properties obtained by the authors in other work-[1
16], were combined to determine the influence of Mg
content on the tensile properties of alloy A356{%ée
Figs.14,15. It can be seen that linear relationships also
exist between YS, UTS and % Mg for the differerathe
treatments.

540°C-1h, 20h 254 313 10.5 50.9

NA, 180°C-4h | (6.1) | (7.3) | (09) | (4.3)

0.45% Mg
540°C-6h, Oh NA,[ 275 340 9.7 383 340 y=217.28x+ 25053
180°C-1h @2 | 22 | a1 | (3.8 _ R=09789
540°C-1h, Oh NA,| 277 342 8.9 43.0 & 3201
180°C-1h (42 | 11 | (0.3) (0.7) 2
54(PC-6h, 20n | 293 | 346 | 8.9 334 » 3007
NA, 180°C-4h | (3.2) | (1.4) | (0.8) (2.6) 2 04 s
540°C-1h, 20h | 292 | 341 7.8 34.6 S — Linear(ys)
NA, 180°C-4h (6.2) (3.6) (1.2) (2.0) P 260 A 2560 17583 — Linear (UTS)
R®=0.9899
It is seen that solution treatments of 1 hour or 6 2%
hours at 54%C once more gave similar tensile results. 220 : : :
The yield strength of samples that were naturally, 0.25 03 0.35 04 0.45

aged for 20 hours before artificial aging seembdo

higher than for the samples that were not naturally

% Mg

13). It has been shown by the authors [14] infunction of the wt% Mg of the alloy. Heat treatrment
subsequent work that maximum yield strength in theolution treated at 54G for 1 hour, water quenched
T6 condition (within the hardness plateau) can bd25°C), no natural aging, artificial aging at £80for 1
achieved after 2 hours at P&0with no prior natural hour

aging.
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= = 50 R?=0.9902
- " oYs = y=-90.443x + 78.916
e 30 n UTS 2 45 R?=09993 * 5401
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m E 40 A — Linear (540-6)
& 260 S
E
240 9 y=244.89x+179.21 35
R’ =0.9623
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Fig. (15). YS and UTS of rheocast A356-T6 as aFig. (17). Impact strength as a function of Mg-@onit

function of the wt% Mg of the alloy. Heat treatment of alloy A356-T6 (540-x,0NA,180-1).

Solution treated at 54Q for 1 hour, water quenched

(25°C), natural aging for 20 hours, artificial aging at A356-T6 as a function of water quench temperature

180°C for 4 hours The results presented thus far for A356-T6 were

obtained by quenching the A356 after solution

The impact strength of rheocast A356-T6 is Imuc treatment in water at room temperature °(5 The

lower than A356-T4 (Table® and 4). Again, the influence of a higher temperature quench ofC7@n

shorter solution treatment of 1 hour resulted inthe T6 properties was also investigated (T&ble

slightly higher impact strengths in the T6 temper

(Table4). The Mg-content of the alloy has a greater From Fig. 18) it is seen that the higher quench

effect on the T6 impact strength than the duratibn temperature leads to a more sluggish artificianggi

the solution treatment (see Fid$,17. response (presumably due to less quenched in

60 vacancies). The peak hardness is reached aftet dbou

1 hours. This peak hardness is slightly less thannwde

] 25°C water quench is used. This might be due to a

[$a)
(3]
Ly

E lower degree of supersaturation obtained afte7t€
250 | y=-118.13x + 87.705 water quench. The tensile properties of samples
S| yeanzec s S0%9% o 501 quenched in 7T water and artificially aged at 18D
S 45 R*=0.9999 O 5406 for 1 or 4 hours are highlighted in Figs9-21 The
= —Linear(s40-1)|  tensile properties after 4 hours at 48Gre better than
G 40 —Linear (5406))  those after only 1 h at 18D (Fig. 21), in agreement
[+ . . .
= . with the aging curves (Fid.8).
- 7 ’
Table 5: YS, UTS, % elongation of T6 heat treated
30 ‘ ‘ ‘ samples (0.40wt% Mg-A356). The standard
025 03 035 04 045 deviation from five values for tensile properties $
% Mg also indicated in brackets.
Fig. (16). Impact strength as a function of Mg- Heat treatment YS | UTS %
content of alloy A356-T6 (540-x,20NA,180-4). (MPa) | (MPa) | Elong

540-1,25WQ,0NA, 180-1 266| 341 | 7.8
@5 | (95) | @8)
540-1,25WQ,0NA, 180-4 276| 342 | 91
8.0) | 4.9 | 1.2
540-1,25WQ,120NA,180-4| 280 337 | 6.9
.2) | 6.0 | (1.8)
540-1,70WQ,0NA, 180-1 256| 327 | 7.8
6.0) | 6.7) | (0.8)
540-1,70WQ,0NA, 180-4 265| 330 | 98
G0 | @7 | v
540-1,70WQ,120NA,180-4|  265| 327 | 86
35 | 45) | 07)
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Fig. (18). Artificial aging curves at 180 - water
guench temperatures of 25 and@@vere used and
no natural aging prior to artificial aging (0.36%gM
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Fig. (19). Influence of water quench temperature on

tensile properties. No natural aging prior to auitf
aging at 188C for 4 h (0.40% Mg)
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Fig. (20). Influence of water quench temperature on
tensile properties. No natural aging prior to aitf
aging at 188C for 1 h (0.40% Mg)

Fig. (21). Influence of artificial aging time omtgle
properties of samples quenched ifiGWater. No
natural aging prior to artificial aging at 1°89(0.40%

Mg)

Artificial aging curves were also determined A856
samples that were quenched in water at either 25 or
70°C after solution treatment at 54Dfor 1 h. In this
case, the samples were naturally aged for 120 ¢rdef
being artificially aged at 18C (Fig. 22). As before,
lower VHN values are obtained for the samples that
were hot water quenched. Also, as expected, lower
tensile properties are obtained (FR28).

The effects of natural aging can largely be readan
samples that were quenched irfGQvater by a 18T,
4 hour artificial aging treatment (Fi@4). A similar
result was obtained by the authors for sampleswkat
guenched in Z& water [14].
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Fig. (22). Artificial aging curves at 180 - water
guench temperatures of 25 and@@vere used and 120
h natural aging prior to artificial aging (0.36% Mg
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Fig. (23). Influence of water quench temperature on
tensile properties. 120 h natural aging prior to

artificial

aging at 18%C for 4 h (0.40% Mg)
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Fig. (24). Tensile properties for samples artifigia

aged at
periods
water.

CONCLUSIONS

The conclusions of this study are:

18 for 4 h after different natural aging

(0.40 wt% Mg). Samples quenched ifC70 3]

(4]

[5]
The magnesium content of alloy A356 has a
significant influence on the natural and [6]
artificial aging behaviour of the alloy.

Maximum hardness is reached after only 1[7]
hour at 188C with no prior natural aging. (8]

This time increases to 4 hours in all
naturally aged samples. 9
The tensile properties of A356-T4 and[]

A356-T6 are not influenced significantly by
shortening the solution treatment from 6 [10]
hours to 1 hour.

The impact properties of A356-T4 and [11]
A356-T6 are slightly improved by using a
shorter solution treatment of only 1 hour, [12]
rather than 6 hours.

The contributions of L.
Kunene (SSM HPDC) and C. McDuling, F. Blum and
A.Grobler (tensile testing) are gratefully acknosided.

¢ The impact strength of SSM HPDC A356-T4
is significantly higher than that of SSM HPDC
A356-T6.

« Linear relationships were found between wt%
Mg of alloy A356 (within specification) and
yield strength, ultimate tensile strength and
impact strength for both the T4 and T6
tempers.

e Quenching in water at 70 after solution
treatment results in slightly lower tensile
properties (T4 and T6) than quenching in
water at 28C.

« The higher water quench temperature after
solution treatment leads to a more sluggish
artificial aging response.

e The effects of any natural aging can largely be
removed by an artificial aging treatment of
180°C for 4 hours, regardless of the water
quench temperature after solution treatment.
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