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Abstract

Of great importance in the selection of materiatscast structures is keeping a proper balancedagtihe mechanical and plastic proper-
ties, while preserving the relevant casting prapsrtThis study has been devoted to an analysiBeothoice and application of high-
strength aluminium-based alloys maintaining sugfiti level of casting properties. The high levelterisile strengthR,, > 500 MPa)
matched with satisfactory elongatioh ¥ 3%) is important because materials of this greeused for cast parts operating in the aerospace,
automotive, and military industries. These benaficglationships between the high tensile stremgith toughness are relatively easy to
obtain in the Al-Zn-Mg-Cu alloys subjected to plastbrming and proper heat treatment. In gravityt gasducts, on the other hand,
whether poured into sand moulds or metal mouldssjdiobtaining this favourable combination of prtips poses a number of research
problems (mostly resulting from the alloy chemicamposition) as well as technical and technologidéiculties.

i ucts and home appliances. For designers and manrdes; the
1. Introduction lightweight structural parts made from aluminiuriogé have - in
addition to the reduced weight - a number of otligvantages.
They are characterised by high levels of functiypdimaterial
performance indeces) like individual stiffness paeters E/ ),

Increasing demand for lightweight castings was egsed not
earlier than in the mid-70s of last century, maidiye to the
growing requirements for fuel economy in the tramspneans.
Depending on the type of application and comparét warts strength Reo /) or toughnessydp)) - Table 1 [3-6].

made from ferro-alloys, aluminium castings are dbleesduce the b Modern'dadvances in ::on:putgr tr;]ardware, Zc;tﬁv:)arechjtéﬂ-
weight of a vehicle by 35 to 50% by [1,2]. ases provide new opportunities in the range o nan

. . . " . ientiam estimating of technological and operational preper
Future applications of light alloys are particwairiteresting Experientiam . |
in all those cases where weight reduction is ingrartA good ex- tes _Of Cajt'rlgs [7'931' Ilncr;a?hsmglyg cc_:mputfer méﬂih.erToddyé
ample is the production of land and air transpazans, due to a  "2Mc and othérmode’s of Ine behaviour of ma meuce

close relationship that exists between the weidlat wehicle and in the _research programmes €even In e_arl)_/ stagaheoproject
fuel consumption, and also for easier handlingleéteonic prod- execution (e.g. target projects for industrial &glons) [8,10].
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Table 1.

Some indicators of functionality (material perfomme indeces) for selected casting alloys (own shabed on literature date [3-6])

Material performance indeces

Alloys Eilt\aﬂns/%] Young[sé‘gg]dulus E, Yield s[tl\rAeFr)ug]tthovz, M, M, M, M, M; M,
p V9 Ep EVp Elp Reodlp (Rend Tp (Rnd™Ip
aluminium 2.70 70 300 25.93 3.10 1.53 111.11 6.42 16.60
iron 7.85 200 1100 25.48 1.80 0.74 140.13 4.22 13.57
copper 8.93 124 500 13.89 1.25 0.56 55.99 2.50 7.05
zinc 7.13 84 250 11.78 1.29 0.61 35.06 2.22 5.57

Note! The densityf) and Young's modulus E are given for technicallyepelements, since they assume nearly the samesva alloys based on these
elements. In contrast, the yield strenBgh.is expressed in mean values for the whole grouglays.

2. High-strength aluminium alloys —
a brief study of literature

Analysis of domestic and foreign source materifitsas di-
viding the casting alloys in terms of their tensiteength R into
the following groups: 1R, >500 MPa, 2) 400 R,< 500 MPa,
3) 300 <R, < 400 MPa, 4R, <300 MPa. Additionally, one can
distinguish high-strength aluminium casting alloggandardised
and newly developed, based on Al-Si, Al-Cu, Al-Mgiafl-Zn
systems [11]. From [12,13] it follows that in theogp of alumin-
ium alloys, the highest strength of,R 700 MPa have alloys
from the Al-Zn-Mg-(Cu)-(Mn)-(Cr) system produced pjastic
forming and subjected to optimum, as regards thiaoadeand

Table 2.

parameters, heat treatment. The division of alummalloys into
wrought alloys and cast alloys is nowadays of ratie@ventional
nature. At the same time, attempts are made toeaser the
strength and improve the technological charactesigif similar
types of aluminium alloys processed by casting nepie (e.g.
(10]).

Aluminium casting alloys with R, > 500 MPa

A good example of the alloy of the highest strenaftlioom
temperature is BA10 based on Al-Cu, described in [11]. The al-
loy has the following chemical composition (in wt%4)5-5 Cu;
0,35-0,80 Mn; 0,07-0,30 Cd; 0.15-0.30 Ti, rest Almpurities
(Fe, Si, Mg and Zn). It has been experimentally olesirated that
the addition of cadmium increases the alloy restsato corro-
sion, while mechanical properties are strongly deeet on the
iron content (Table 2).

Changes in the mechanical properties ofBA alloy as a function of the iron content [11]

Iron conter, [wt %]

Mechanical properties

0.015 0.05 0.10 0.15 0.20 0.30 0.40 0.50
Tensilestrengtl Ry, [MPa] 53C 51¢ 50¢ 49t 46¢ 44C 40¢ 37C
ElongationA, [%] 12.0 10.2 8.0 6.5 5.5 5.0 4.5 4.5

The results given in Table 2 show that the terstilengthR,
of more than 500 MPa is obtained in the Al-Cu castiloys at
a low iron contentg 0.10 ... 0.15 wt %).

Alloys from the Al-Zn-Mg-Cu system [14], both wrougind
cast, belong to the group of most resistant aluminbased alloys
(particularly in the T4 or T6 condition). As a rétsaf the con-
ducted studies, an extra-high strength castiny alidled BAT12
was developed. It has the following chemical contfos (in wt
%): 6.5-7.5 Zn; 2.0-2.8 Mg; 1.0-1.5 Cu; 0.05-0.25 @1-0.3 Ti;
0.05-0.25 Be; 0.005-0.1 B; rest Al + impurities [1IH.this alloy,
the most harmful elements are iror ©.3%) and silicon
(< 0.2%). Some mechanical properties of theJBA& alloy cast

Table 3.

into metal moulds (dies) in the T64 state (soluti@at treatment
and artificial underaging) are as followR;, - 550 to 600 MPa;
Roo.2- 500 to 520 MPaA - 3 to 5%. The linear shrinkage of the al-
loy is 1.25%, and the range of solidification temgperes is 630-
490°C [11,15].

Aluminium casting alloys with 400 <R,,< 500 MPa

Developed in the former Soviet Union, the BXOM casting
alloy based on Al-Cu-Si-Mn-Cd system is through ttidition of
silicon a modification of BAI10. In addition to high mechanical
properties at room temperature (Table 3) it is alsaracterised
by increased creep resistance, as claimed by theraof [11].

Chemical composition of alloy from the Al-Cu-Si-Mg-M2d system [11]

Chemical composition, [wt %]

Mechanical properfles

Casting proc-

Alloy designation ) Condition . . R, Roo2 A E,
ess Si  Cu Mg Mn cd Ti Al (MPa] [MPa] [%] HB (MPa)
S T6 0.5- 4.5- 0.3- 0.05- 0.1- 440 340 4.0 120 72000
BAJI10M rest)
K T6 2.5 6.0 0.8 0.30 0.3 500 360 6.0 120 —

DS — cast in sand moulds; K — cast in metal mouis|;
2 Fe< 0,4%;
% at room temperature (~20).
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Table 3 shows that higher strength and toughness &lfoys
with a higher rate of solidification, that is, ca®io metal moulds.

According to the data presented in [12], mechamcaperties
of the heat-treated to T63 condition and gravite diast
AlCu4.2Mg0.4Mn0.4Zn3.0 (A249) alloy, as described A% or
ASTM, are:Ry, - 476 MPaRy, - 414 MPa and\ - 6.0%.

Aluminium casting alloys with 300 <R,,< 400 MPa

In accordance with the European standard PN-EN:2004,
high-strength aluminium casting alloys include wgdldrom the
Al-Cu-Mn system containing Mg as an alloying additend Ti —
as a refiner of the, solid solution. Depending on the heat treat-
ment type (T4, T6, T7 and T64), these alloys offer following
minimum values of mechanical properties [18]; - 280 to 370
MPa, Ry, - 180 to 310 MPaA - 2 to 5%, Brinell hardness HBW
- 85to 110 units.

In the U.S., construction parts for the automothaustry are
most often made from three aluminium alloys grawast into
sand moulds and/or metal moulds (dies): A319 (AC3i8.5Mg0.3);
A356 (AlISi7Mg0.35) and A357 (AISi7Mg0.55). On thaher
hand, high-pressure die casting uses alloys suchA&80
(AlISi8.5Cu3.5Zn3.0) and A383 (AlSi10.5Cu2.5Zn3.0)l these
silumins offer very good casting properties, bugithtypical
strength properties do not exceed the leveRgf< 360 MPa,
Rpo.2 < 300 MPa,A < 10%, Brinell hardness HBW 100 units
[2,12].

In [17] it is shown that a relatively high tensfiFengthR,, is
obtained in high-zinc alloyed silumins of the ABSiu3Mg0.4Zn
type cast in metal moulds (dies):Ry) - 342 MPa in the T6 condi-
tion (after solution heat treatment and artifi@ging), b)R., - 295
MPa in the T1 condition (after natural aging); witie elongation
A kept at a level of 0.9 and 1.2 %, respectivelg.shown by ex-
perimental studies, the tensile strenghof AISiBCu3Mg0.4Zn
alloy (in the T6 condition) is a function of thengi content,
namely for 1% Zn the tensile strend®h is 286 MPa, and for 4%
Znitis 338 MPa.

In the former Soviet Union, a high strength comosiesistant
BAJI11 alloy based on the Al-Mg-Zn system was developed
has the following chemical composition (in wt %)04.0 Mg;
2.0-2.5 Zn; 0.1-0.2 Mn; 0.005-0.15 Cr; 0.1-0.3 Ti10.3 Zr;
0.07-0.15 Be; rest Al. The shrinkage of this allsyLi3% and the
solidification range is 610-476. Its typical mechanical proper-
ties when cast into sand moulds fall within thédaing range of
values:Ry, - 320 to 360 MPalR, - 250 to 280 MPaA - 4 to 7%
[11].

Standardised according to GOST 1583-93, aluminillaysa
from the Al-Mg system (A8, AJI13, AI22, AlI23, AII27,
AJI27-1 and AlI28) - containing additionally Be (0.02-0.15%, and
exceptionally 0.70 % in the 8 alloy), Mn (0.0-1.0%) and Si
(0.0-1.3% ) - exhibit variations in mechanical pedges depend-
ing on the content of magnesium; the highest ptaserare
achieved with Mg at a level of 12.4 % (in the T4ndition):
Rn - 380 MPaRy .- 200 MPa; A - 20%. Higher magnesium con-
tent in alloys promotes their embrittlement; thésoehave a natu-
ral tendency to aging, which results in an incrdasteength and
reduced toughness. These alloys are generally ateased by
good corrosion resistance and polishability [11].

According to the Polish standard PN-EN 1706:208l, [this
group of aluminium casting alloys (300Rs, <400 MPa) also in-
cludes silumins cast in metal moulds (by gravitg dasting):
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a) EN AC-45100 (AISi5Cu3Mg ) in the T6 condition angdEN
AC-45500 (AISi7Cu3Mg) also in the T6 condition  fehich the
minimum value oR,, is 320 MPa.

Aluminium casting alloys with R,,< 300 MPa

In this group, some attention deserve the EN ACB021
(AISi7Mg0.3) and EN AC-42200 (AISi7Mg0.6) silumink ac-
cordance with PN-EN 1706:2011, both these allogsdasigned
for sand mould casting, gravity die casting andesiment cast-
ing. Occasionally, they are also used in low-presslie casting.
Outside the EU, their counterparts are widely kn@ast silumins
of the A356 and A357 type, designated in accordamitie the
American AA or ASTM standards. In the T6 condititreir ten-
sile strengthR,) at room temperature can reach 300 MPa (some-
times even more). Similar high levels of strengthhe T6 condi-
tion are offered by the, commonly used for autow®pplica-
tions, alloys such as: a) piston alloy - EN AC-4800
(AISi12CuNiMg) and b) alloy for cylinder block bodie EN AC-
48100 (AISi17Cu4Mg) [16].

3. Numerical calculations in the
strength estimation

In [8], for various combinations of alloy compoeiti in
AK5M (AISi5CulMg) according to GOST 1583-93, theoall
castability was evaluated by modelling the moulthfj process
and solidification process using a computer prognamlt was
also decided to use tHdAGMASoft® software module called
MAGMANonferrus for the preliminary estimation of an impact of
the chemical composition on the tensile strength @her physi-
cal-mechanical properties of alloy from the Al-ZrgMCu sys-
tem. The predictions were based on the heat fldaniba analysis
in a metal casting-ceramic mould system leading thstribution
of temperature and/or microporosity. Due to thig evaluation
of certain elements of the microstructure was fssie.g.
SDAS), and consequently, the evaluation of meclahmooper-
ties Rm Ryo20r A) for each grid point in the virtually examined
structural element. The process of simulation mimanicro-scale
allowed the analysis of a solidification processhat solidifica-
tion front (including the diffusion of elements deling on their
local concentration) and the analysis of phasesfoamations oc-
curring under these conditions.

At the current stage of development, MAGMASoft® simu-
lation programme [9] has some constraints. As dgyttre chemi-
cal composition and the content of basic alloyifgrents, they
are of the following nature (in wt %): Si 12.5; Cu< 3.5;
Mg < 0.6; and the sum of all other element&.0; rest is Al. In
spite of these constraints, it is still possiblecésry out calcula-
tions for the majority of gravity sand and metaluttbcast alu-
minium alloys, including A356 (AlSi7Mg0.3) and A357
(AISi7Mg0.6), which make about 70-80% of all alumim-based
castings.

In view of the fact that the currently availabAGMASoft®
packages lack the data on the alloys with 1 to Z®6ontent in-
cluded in the Al-Zn-Mg-Cu system, it has been degtitteexam-
ine, as an example, the zinc casting silumins @abl with
a variable zinc content of 1.0 or 2.0 wt %.
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The reference alloy was A356 (AISi7MgOgilumin, mainly due erties are generally known.
to the fact that its physical, mechanieald thermodynamiprop-

Table 4.
Chemical composition of the examinaldiminiumalloys
Designation by Numerical Chemical composition [wt%]
chemical composition designation  Sj Cu Mg Fe Mn Ni Ti Zn Al
AlSi7Mg St-1 7.0 0.03 0.4 0.5 0.3 0,1 ()3 0.1 rest
AISi9Cu3Zn1Mg0.3 St-2 9.0 3.0 0.3 0.59 0.3 0.3 - 1.0 rest
AlSi9Cu3Zn2Mg0.3 St-3 9.0 3.0 0.3 - - - - 2.0 rest
AlSi9Cu3Zn2Mg0.6 St-4 9.0 3.0 0.55 - - - - 2.0 rest
AlISi9Cu3.5Zn2Mg0.3  St-5 9.0 3.5 0.3 - - - - 2.0 rest
AlISi9Cu3.5Zn2Mg0.6  St-6 9.0 3.5 0.55 - - - - 2.0 rest
AlSi7Cu3Zn2Mg0.6 St-7 7.0 3.0 0.55 - - - - 2.0 rest
Figure 1 shows the shape and dimensiainthe cast sample The simulation resultéor the seve virtually tested alumin-
used for mechanical tests and locationthad control measurin ium casting alloys are presentedTliable £, while graphs a) and b)
point (Pkt 1). in Figure 2 are their graphicebunterpart.
a) b)

P &

Fig. 1. a) The shape of test casting ufedsimulation calculations, and Ihe results of simulation usi MAGMASoft® package

Table 5.

The results of numerical calculations tbhe measurin point Pkt 1 in a 10 mm diameter sample cast imétéa mould
(die) depending on the aluminium alloy ty{se¢ Table 4)

Numeiical designation of allc
Measured parameters

St-1 St-2 St-3 St-4 Sig St-6 St-7
Solidification time, [s] 25.7 36.1 96.2 109.2 1@o. 1115 102.7
SDAS, [um] 22.6 19.2 19.9 20.7 2D. 23.1 22.73
Microporosity, [%] 1.021 1.271 1.115 1.247 1.0 1.843 2.495
Rnin T6 condition, [MPa] 212 283 341 405 355 422 369
R, before heat treatment, [MPa] 169 223 243 262 250 269 237
Ain T6 condition, [%0] 2.1 1.1 2.0 3.3 1.9 3.1 3.1

a) b)

Wydluzenic A. 1

Wytrymal

s a2 g
= 0 1 1
g 355 hd o2
=m0 341
3 T 25
2 300 283 =
§ f e 20
10 L) . 19
] e T
T w § 15
2w 11
H E3ET)

100

© 0s

0

s s S5 sk s ¥ y s oss s

st st

Oznaczenie numeryczne stopu

Fig. 2. Graphicapresentation of the rest of numerical calculationddr the measuring poirPkt 1):
a) the tensile streng R, and b) the elongatiof (see Table 5)
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From the data given in Table 5 and Figuiefallows that the
highest strengthR,, = 422 MPa)combined witl an acceptable
level of toughnessA(= 3.1%) should have thgt-6 (AlISi9Cu3.5
Zn2Mg0.6) alloy in the T6 condition. The&mulatedvalues of
mechanical propertieR(, andA) correlate wellwith the literature
data. The resulting calculated dathow that th increase in
strength will follow the increased contentaic as well as cop-
per and magnesium. In all the tested all@ysery strong effect ¢
heat treatment of the T6 type on the strergjthracteristis has
been observed.

4. The results of own experimenta
studies of the Al-Zn-Mg-Cualloy

Preliminary studies were carried out on aaominium alloy
from the Al-Zn-Mg-Cu systentast into sand and metmoulds
(dies). The alloy selected for tests hi@ following chemica
composition (in wt. %): 5.53 Zn; 2.37 Md.56 Cu; 0.2 Fe; 0.
Si; rest Al. The test melting wasigormed in an electriresis-

tance furnace of the CFMIB/10/BStype made by REMIX, Po-
land. The die pouring temperatuedter preheating the die to ap-
proximately 200°C)was comprised in a range 700 + 726C.
The gravity die cassamples for mechanical testing had shape
and dimensions shown in Figure. Rods with 240 mm diameter
were also cast in sand mouldgom these rods specimens w
next prepared by turning for testing of mechanical properties.

To select theheat treatment paramet, studies were con-
ducted by differetial scanning calorimetry (DS), using for this
purpose the DSC 404C PegdSueslorimetermaking part of the
equipment available @he Foundry Research Institute in Crac
The representative curves foeating and coolinof the tested Al-
Zn-Mg-Cu alloy at rate oapproximately 5K/mirunder an argon
atmosphere are plotted in Fig. 3.

Based on the analysis of tRSC curve (Fig. 3) and litera-
ture data [11-13,15}the followingheat treatment parameters (T6
type) were adopted for the testdtby:

a) solution heat treatment: 45Q°€h + 470C, 4 h,
b) aging: 110°C, 5 h + 160°C, 10 h
Final results of the mechanidalstsare compared in Table 6.

DSC AmWimg)
1 exo Peak 637.0°C
692/1 : : :
LT [ S FO e oy o BEE — e
1.2 \ : / :
p.n
L i g e IV ---cd
£ Peak 4863 °C : :
06]-2. Ry . : )
04 Area: 6.001 Jig ,{,-Area's'?ffig;;:;' " d 640.2 °C
Padk 4769~ C ] ek Area:315.8'J :
== Value :3305%ea i pak 625.1°C
02 -4- .......I.....Oﬁs.é[f..:‘,TLjS°C.............‘: ..I:. L TLELEE
450 500 550 600 E50
Temperature /°C

Fig. 3.The iepresentative DSC curves plotted for the tested
Al-Zn-Mg-Cu alloy showing elementsf phase transformations (in the form of peaks): &atimgcurve; 2 - cooling curve

Table 6.

The results of mechanical tests,(Bd A) carried ot at room temperaturél20°C) on samples of the Zln-Mg-Cu alloy cast into sand

and metal moulds

Sand moul Meta moulc (die)
No. . . Mechanial properties . . Mechanical propertit
Designation R [MPal A, [%] Designation R [MPal A, [%]

1. 1-1F 32C 1.1 1-1K 45¢ 0.8
2. 1-2P 348 0.9 1-2K 393 0.9
3. 1-3F 30¢& 1.2 1-3K 424 0.7
4, 1-4F 28¢ 1.€ 1-4K 484 0.€
5. 1-5P 318 1.1 1-5K 416 1.1
6. 1-6F 314 1.1 1-6K 44C 0.7

The numerical data in Table 6 indicalbat theexpected ten-
sile strengthR,, of about 400 MP&an be achieved icast alloys
from the Al-Zn-Mg-Cu system, but the level toughness (meas-
ured asA) will be highly unsatisfactory. Pliminary observation
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have shown that themicrostructure of tt cast alloy is character-
ised by high microporosity (Fig. 4).

The increased porosiggbserved i this alloy is caused by a very
wide range of the solidificatiotemperature: Ty (637.0C) — T
(475.5C) = 167.5C. It probably affects the toughness leveb-
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tained, irrespective of the type of thasting process. The mo-

photographs in Figure 4a and b indicate that aglaeh rate of o-

lidification (in metalmould), the structure of the tested alloy
more refined, which directly translates intioe corresponding
values of strength (see Table 6).

Fig. 4. Microstructure of Al-Zn-Mg-Calloy cast intr
a) sand mould, and b) metal mottie)

Using the initially selected Al-Zn-Mg-Calloy system, at th
Foundry Research Institute in Cracotlie first rockers fc off-
road vehicles were cast in sand moulds.

b)

Fig. 5. a) Working drawing for computer simulatir
and b) actually produced rocker for offoad vehicl

The first observations show that casting properiethe teste:
Al-Zn-Mg-Cu alloy are satisfactory. The only exception is
very wide range of solidification temperatures.dis are goin
on to optimise the chemical cpwsition and heat treatme
parameters and to improve the technology of melparation an
the process of casting similar construction pdftg.(5) (e.g. b
SOPHIA® or HERO Premium Castifigechnology [18]

5. Final conclusions

1. A review of sowre materials indicates that, as rege
mechanical properties, cast alloys from theZAHMg-Cu system
differ significantly from their wrought counterpsa.

2. Studies are currently carried out in Poland anthenworld to
increase the mechanical properties of aluamm casting alloy:
(including R, > 500 MPa and/oA > 3%) through optimising ¢
the chemical composition, modification, the sefattiof bes
casting methods and heat treatment parameters,aksud by
improvement of the melt preparatioechniqu and casting
process.

3. Future studies in this field should take into aetowarious
potentials of advanced computer simulation of tbkdgication

process, allowing also for the prediction of allghase
composition, the analysis of diffusigarocess, and the impact

chemical composition on physignechanical and technological
properties.
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