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STUDY OF BENDING FATIGUE PROPERTIES OF Al-Si CAST ALLOY

Fatigue properties of casting Al-alloys are very sensitive to the microstructural features of the alloy (e.g. size and morphology
of the eutectic Si, secondary dendrite arm spacing — SDAS, intermetallics, grain size) and casting defects (porosity and oxides).
Experimental study of bending fatigue properties of secondary cast alloys have shown that: fatigue tests up to 10°-10"cycles show
mean fatigue limits of approx. 30-49 MPa (AlSi9Cu3 alloy — as cast state), approx. 65-76 MPa (AlSi9Cu3 alloy after solution
treatment) and 60-70 MPa (self-hardened AlZn10Si8Mg alloy) in the tested casting condition; whenever large pore is present at
or near the specimen’s surface, it will be the dominant cause of fatigue crack initiation; in the absence of large casting defects,
the influence of microstructural features (Si morphology; Fe-rich phases) on the fatigue performance becomes more pronounced.
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1. Introduction

The application of Al-Si alloy castings in many mechanical
components, especially for cars and rail vehicles, has gradually
increased in the last years, thanks to the great potential of these
materials as replacements for ferrous alloys. Today an increas-
ing amount of the aluminium going into producing new Al-alloy
products is coming from recycled products. The increase in
recycled metal becoming available is a positive trend, as sec-
ondary metal produced from recycled metal requires only about
2.8 kWh/kg of metal produced while primary Al-production
requires about 45 kWh/kg of metal produced. It is to the Al-
industry’s advantage to maximize the amount of recycled metal,
for both the energy-savings and the reduction of dependence
upon overseas sources. Increasing the use of recycled metal is
also quite important from the ecological standpoint, since pro-
ducing aluminium by recycling creates only about 4% as much
CO, as by primary production [1-2].

It is recognized that these recycled Al-Si alloys are not likely
to be suitable for fracture-critical components, where higher
levels of Fe and Si have been shown to degrade fracture resist-
ance. However the likelihood exists that they may perform quite
satisfactorily in applications such as those listed where service
life is determined by other factors [3]. The quality of recycled
Al-Si casting alloys is considered to be a key factor in selecting
an alloy casting for a particular engineering application [4].

Al-Si-Cu casting alloys have attracted much research in-
terest as light-weight constructional materials in recent years,
owing to their high castability, low density, low shrink rate, and

relatively high specific strength [5]. These features make cast
Al-Si-Cu alloys more attractive than other types of Al-alloys in
the production of automotive components.

Self-hardening Al-alloys (e.g. AlZn10Si8Mg — zinc silu-
mins) are an innovative class of Al-Si cast alloys that have high
mechanical properties, which make them suitable for many
applications in different industrial fields. The most important
and relevant feature of the self-hardening alloys is related to
their good performance, without the need of any heat treatment.
The possibility to avoid heat treatment represents an important
benefit, contributing to considerably reduce both the production
cost of some components and the amount of energy involved in
the manufacturing process [6-9].

However, to successfully utilize these secondary (recycled)
Al-Si(Cu,Zn) alloys in automotive components, it is necessary
to thoroughly understand its fatigue properties [5,10]. Numer-
ous studies have shown that fatigue properties of conventional
casting Al-alloys are very sensitive to casting defects and in
most case both crack initiation lifetime and crack propagation
lifetime are controlled by defects [5,10-13], secondary dendrite
arm spacing (SDAS) values [5], as well as the presence of Fe-rich
intermetallic phases (the Chinese-script-like a-Al;5(Fe,Mn);Si,
phase and needle-like B-AlsFeSi phase) [14-16].

Pores are preferential sites for crack initiation in these
alloys, and thus constitute the main factor influencing fatigue
performance, independently of the loading conditions and of the
stress applied. Compared with porosity, the eutectic structure
(e.g. Si-morphology) and intermetallic phases play a minor role
in crack initiation. The effect of porosity on fatigue life has
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been summarized as follows: pores reduce the time for crack
initiation by creating a high stress concentration in the material
adjacent to the pores; because of this, most of the fatigue life
is spent in crack growth. Porosity has been classified accord-
ing to the importance of crack initiation as follows: a single
shrinkage pore close to or at the surface is considered the most
critical, whereas a gas pore at the surface is considered the least
critical [5,10-17].

The present study is a part of larger research project, which
was conducted to investigate and to provide better understanding
properties of secondary Al-Si cast alloys. The main objective
of this work was to study of bending fatigue properties in two
secondary cast alloys (self-hardening AlZn10Si8MgMn alloy
and age-hardening Al1Si9Cu3 alloy).

2. Experimental
2.1. Material

As an experimental material the secondary (scrap-based
— recycled) alloys were used: AlZn10Si8Mg (8.64Si-9.6Zn-
0.005Cu-0.18Mn-0.45Mg-0.12Fe-0.002Ni-0.06Ti-0.001Cr-Al)
and AISi9Cu3 (9.4Si-1.0Zn-2.41Cu-0.25Mn-0.26Mg-0.9Fe-
0.1Ni-0.05Ti-0.02Sn-0.04Cr-Al). Test bars (¢ 20 mm with length
300 mm) were produced by sand casting in foundry Zator, Ltd.
Czech Republic. The melt was not modified or refined. The
chemical compositions of these alloys were carried out by using
arc spark spectroscopy. Elements with contents of 0.001% or
below are not explicitly listed. A1Zn10Si8Mg cast alloy is a self-
hardening alloy that is particularly used when good strength val-
ues are required without the need for heat treatment. With these
alloy types, the mechanical properties are achieved after storage
of approximately 7 to 10 days at room temperature. Particular
attention should be paid to the high 0.2% yield strength. The low
iron content has a particularly beneficial effect on the mechanical
properties, which can also be traced to good fatigue strength.
The sand casting alloy AlZn10Si8Mg achieves high values
for tensile strength (220-250 MPa), offset 0.2% yield stress
(190-230 MPa), however the low ductility limits (1-2%) and
hardness HB 90-100 [6-7]. A1Si9Cu3 cast alloy has lower corro-
sion resistance and is suitable for high temperature applications
(dynamic exposed casts, where are not so big requirements on
mechanical properties) — it means to max. 250°C. The addition
of Cu in the Al-Si alloy could strengthen the alloy via the pre-
cipitation of Al,Cu or via the modification of the brittle needle-
like AlsFeSi phases. Copper improved the corrosion resistance
of the alloy as well.

2.2. Methods

Casted semi-products (bars) were machined to produce
fatigue test specimens (Fig. 1) with geometry according to ISO
1143. The gauge length diameter (d,) was 8 mm. All of the speci-
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mens were polished to minimize machining surface roughness
effects on fatigue. Fatigue testing in rotating bending mode was
carried out on a fatigue rotating bending at frequency 30 Hz. The
specimen were tested at temperature 20 £5°C and under zero
mean stress R =—1.

AlZn10Si8Mg specimens were tested in as cast state after
self-hardening, AISi9Cu3 specimens were tested in as cast state
and after heat treatment T4 (solution annealing at 525°C for 4
h, water quenched at 40°C and natural aged at room tempera-
ture for 24 h [17]). During the solution treatment, the experi-
mental alloy is subjected to high temperatures for relatively
long periods of time with two main objectives: first, to obtain
maximum solubility and homogeneity of the alloying elements
and impurities in the a-matrix, and second, to modify the plate/
needle-like morphology of the eutectic Si to a less detrimental,
rounded one.
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Fig. 1. Geometry and dimension of the specimen used in the study

The fatigue tests were conducted for different cyclic
stresses based on S-N curves. Fatigue tests for the A1Zn10Si8Mg
specimens were carried out in the range of stress amplitudes
from 100 MPa to 60 MPa and the fatigue limit was set to
run-out number of cycles of N, = 3x10°. Fatigue tests for the
untreated and heat treated AISi9Cu3 specimens were carried
out in the range of stress amplitudes from 220 MPa to 30 MPa
and the fatigue limit was set to run-out number of cycles of
N, = 1x107.

The samples for microscopic analysis were prepared by
standards metallographic procedures [6]. For more detailed
study of the morphology of the phases deep etching was applied.
Microstructure were examined using an optical microscope
(Neophot 32) equipped with a quantitative image analyzer
(NIS-Elements 3.0.), and SEM (TESCAN VEGA Il LMU) with
a backscattered electron (BSE) mode, coupled with energy-
dispersive X-ray (EDX) analysis. The chemical composition of
the Fe- and Cu-rich intermetallic phases was estimated by means
of the EDX microanalysis. Porosity data (amount of volume
porosity — % vol.) were obtained by optical methods (determin-
ing the area of the material versus the area of the pores visible
under the microscope) by image analysis, using the automatic
software system NIS Elements 3.0. The fatigue fracture surfaces
of experimental alloys were examined using SEM to identify the
fatigue crack initiation sites.
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3. Results and discussion
3.1. The microstructure analyses

Typical microstructures of the experimental alloys are
shown in Figs. 2-4. For more detailed study of the morphology
of the phases was applied deep etching. During deep etching by
HCI a-matrix is gradually etched (in all analysed Al-Si alloys)
— Fig. 2b, Fig. 3b and Fig. 4b. The microstructure of recycled
AlZn10Si8Mg cast alloy consists of a-phase, eutectic (dark gray
crystals Si in a- phase) and variously type’s intermetallic phases
(Fig. 2a,b) [6-7]. The a-matrix precipitates from the liquid as the
primary phase in the form of dendrites and is nominally com-
prised of Al and Zn. Si-particles are like small grains of poorly
rounded, thickened grains were observed on the periphery of
dendrites a-phase. Fe-containing intermetallics, such as AlsFeSi
phases, are formed between the a-dendrites. The AlsFeSi phase is
aphase, having a 3D-form of a platelet, which appears as needles

|
1 - o-matrix, 2 — Si, 3 - AlsFeSi, 4 - Mg,Si,1 — Si, 2 - Al;s(FeMn);Si;
5 - AlFeMnSiNi or AlFeNi, 6-Al-Zn,Mg-Cu;

a) | etch. 05

Fig. 2. Microstructure of AlZn10Si8Mg cast alloy

a) 1 - g-matrix; 2 - Si; 3 - Al;5(FeMn);Si,; 4 - Al,Cu;
etch. Dix-Keller

Fig. 3. Microstructure of AISi9Cu3 cast alloy, as cast state
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in a 2D optical micrograph. AlIFeMnSiNi or AlFeNi phases were
observed in the form sharp-edged coarse gray particles. Addition
of Mg to Al-Zn-Si alloys leads to formation two Mg-intermetallic
compounds: Mg,Si phase with skeleton-like or script-like so
called “Chinese script” morphology (black phase) and ternary
eutectic Al-Zn,Mg-Cu. Colonies with oval round-compact like
particles were detected by SEM as ternary eutectic. The sizes
of the grains in this eutectic are very small and close to resolv-
ing power of the light microscopy. The typical microstructure
of AlSi9Cu3 alloy in as cast state (Fig. 3a,b) is constituted by
dendrites of a-phase, eutectic (dark grey eutectic Si-platelets
in a- phase), Fe-rich phase Al;s(MnFe);Si, and Cu-rich phase
Al,Cu, precipitated in the intercellular regions. Dominant
Al;5(MnFe);Si, phase is black like skeleton or “Chinese script”.

After heat treatment the relatively large eutectic Si platelets
were spheroidized (about 90%) in a more fine rounded shape
smaller Si particles (Fig. 4a,b). The skeleton like Al;s(MnFe);Si,
phase was fragmented to smaller skeleton particles. It was estab-

, EN

_deep etch. HCI

b) morpology of phases: deep. etch. HCII - Si; 2 -
A115(FCMI’1)3Si2; 3- A12Cu,
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a) 1 - a-matrix; 2 - Si; 3 - Al;s(FeMn);Si,,
4 - AlL,Cu; etch. Dix-Keller
Fig. 4. Microstructure of AlISi9Cu3 cast alloy, T4 heat treated

lished too, that the solution treatment was attended not only by
fragmentation of Al;s(MnFe);Si, phase, but also by decreasing
of area share of all Fe-rich phases in A1Si9Cu3 alloy. For non-
heat treated state the area share of Fe-rich phases was c. 4.5%
and for 525°C only c. 1.3%.

The fatigue properties of an Al-Si alloy casting are con-
trolled by a number of factors including the microstructural
features of the alloy (size and morphology of the eutectic Si
particles, secondary dendrite arm spacing — SDAS, intermetal-
lics) and casting defects (porosity and oxides) present in the
casting. Surface porosity plays an important role in determining
fatigue life in view of the fact that the fatigue life decreases with
an increase in the surface porosity/pore size, and vice versa. Im-
purities in the form of inclusions (first of all of needle-like brittle
phases AlsFeSi) can also affect the fatigue properties [18-20].

Solidification rate significantly influenced volume frac-
tion and size of the solidification defects (in the form of gas
pores and shrinkages cavities). The observed difference in the
distribution of shrinkage pores (groups of pores surrounded by

7*; % A \ T -
a) AlZn10Si8Mg alloy, etch. 0.5%
pores, 2 - microschrinkage

Fig. 5. Porosity of experimental material
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b) mrpholog of phses: deep. etch. HCI
1- Sl, 2- A115(FCMII)3Si2, 3- A12Cu;

primary dendrites and eutectic phase) and gas pores (isolated)
can be used to differentiate between the two types of porosity.
The cast defects distribution is in both alloys heterogeneous as
can be seen in the optical micrographs in Fig. 5. The average
pore density (% vol.) of AlZn10Si8Mg was measured about 5%
and of AlSi9Cu3 about 8%.

3.2. Fatigue properties

Results of the fatigue tests are shown in Fig. 6, where
the numbers of cycles to fracture is plotted against the stress
amplitude for the self-hardening A1Zn10Si8Mg specimens and
AISi9Cu3 as-cast and T4 heat treated specimens. Markers with
arrows indicate specimens that did not fail before the maximum
number of cycles (run-out).

The as-cast AISi9Cu3 specimens were tested first to pro-
vide a baseline on fatigue life. The fatigue life increased with
decreasing total strain amplitudes for all the experimental alloys.

AISi9Cu3  alloy, etch. Dix-Keller
1 - gas pores, 2 - microschrinkage
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Number of cycles to failure, N¢

Fig. 6. The standard S/N fatigue curve of the experimental aluminium alloys
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All investigated alloys show a pronounced fatigue limit. The
mean fatigue limits are 40 £10 MPa (AlSi9Cu3 — as cast state),
70 £5.5 MPa (AlSi9Cu3 — T4) and 65 +5 MPa (A1Zn10Si8Mg —
selthardened). T4 heat treatment increases the fatigue strength of
the specimens markedly. It is evident, that after solution treatment
(525°C/4 h) the fatigue limit increases thanks to spheroidization
of eutectic Si. The growth in fatigue strength with respect to the
temperature of solution treatment is c. 57% respectively.

The global view of the fatigue fracture surface for al tested
specimens is very similar. The process of fatigue consists of crack
initiation stage, progressive crack growth across the specimen
and final sudden static fracture [5,21-22]. Typical high cycle
fatigue fracture surface of specimen is represented transcrystal-
line fatigue failure. The fracture was obtained to initiate micro-
voids at the subsurface of the specimen leading to the formation
of local micro-cleavage facets. Porosity on the fracture surface

a) cast defect .

Fig. 7. Detail of crack initiation

was quantified in terms of their projected areas, lengths, and
the depth from the sample free surface, as illustrated in Fig. 7.
An observation of the crack initiation site indicates that fatigue
cracks always nucleate from casting defects (such as pores or
shrinkage cavities) located at or near the surface (Figs. 7a,b).
The fatigue data corresponding with pores size and morphol-
ogy. Also the fatigue life decreases significantly as the surface
pore size increases. The initiating pores were observed to be
generally large. The initiating pore diameters fall in the range
of 100 um to 1.650 um. The main micrographic characteristics
of the fatigue fracture near the initiating site are the tear ridges
(Fig. 8a) in the direction of the crack propagation. In the crack
propagation regions the presence of fatigue striations is visible
(Fig. 8b) as well as secondary microcracks due to the Si particles
debonding. The fatigue striations generated via a repeated plastic
blunting-sharpening process.

b) cast defect with Fe-plate-lie phas
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a) fatigue fracture surface near the initiating
site - fine tear ridges

Fig. 8. SEM images of the fatigue fracture surface of A1Zn10Si8Mg cast alloy

4. Conclusion

Fatigue bending properties of secondary Al-Si cast alloys
was investigated and following conclusions could be drawn:
the fatigue limits was determined 40 £10 MPa (AISi9Cu3 — as
cast state), 70 £5.5 MPa (AISi9Cu3 — T4 heat treatment) and
65 +5 MPa (A1Zn10Si8Mg — self-hardened). T4 heat treatment
increases the fatigue strength of the specimens markedly. Fatigue
properties of the self-hardened alloy are comparable with T4
heat treated alloy. The most probably place of crack initiation
is surface porosity, which is the most casting defects affecting
the fatigue life. Fatigue life increases if initiation places reduce
in number. An increase in pore size seems to reduce fatigue life
too. The initiating pore diameters fall in the range of 100 um to
1 650 um. Fatigue crack propagation was mainly characterized
by fatigue striations in conjunction with some secondary cracks.
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