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THE INFLUENCE OF IRON CON-
CENTRATION ON THE MECHANI-
CAL PROPERTIES OF A356

AL ALLOY FOR CAR RIMS APPLI-
CATION

A356.0 aluminum-silicon alloy is a base material for car rims ap-
plication. Car rims are critical components for a vehicle as they

Victor Yuardi Risonarta carry the load of the passengers, goods, and the weight of the ve-

Department of Industrial E Lecturer hicle itself, therefore they should be sufficiently strong to withstand
epartment ot Inaustrial Engineerin - - - .

B erdikn Cathoic Sniversig the vertical load, fatigue load, impact load, the side load and the

Surabaya - Indonesia braking force. Car rims are made by gravity die casting process.

victor. yuardi@ukdc.ac.id During the casting process, the inclusion of iron-content parts en-

tering the molten Al can take place which leads to higher iron (Fe)

Juliana Anggono concentration. High Fe con concentration lowers the toughness

Lecturer . A N N A .
Department of Mechanical Engineering and the ductility of car rims. This study investigates the maximum
Petra Christian University value of Fe concentration that can be tolerated for acceptable me-

Surabaya - Indonesia

julianaa@petra.ac.id chanical properties of Al-Si alloy A356.0 for car rims application.

The Fe concentration studied was 0.12 %wt, 0.16 %wt, and 0.20
Geraldi Raka Aditya %wt. Evaluation was performed on tensile and impact properties
) Student of the specimens. The test results show that increased Fe concen-
Department omf;rgﬁr'glaﬁngm\f:;?g tration decreases elongation, yield strength and ultimate tensile
strength (UTS). Furthermore, there is a quite large decrease in
UTS (by 34 MPa) when Fe concentration increases only by
0.06 %wt. Impact strength decreases significantly from 15.47 to
2.91J/cm? as Fe concentration content increases from 0.12 %wt.
to 0.16 %wt. The porosity present in the casting is predicted to
contribute to the ductility decrease. In addition, the decreasing
value of UTS is predicted due to grain growth and dendrites for-
mation. It is recommended that the maximum allowable Fe con-
centration for car rims application is 0.12 %wt.

Keywords: Al-Silicon Alloy, Car Wheels, Tensile Properties, Mi-
crostructure, Gravity Die Casting

1. INTRODUCTION

Nowadays various Al (Al) alloys are used for various engineering applications including in the transportation
industry. Due to economic and technical consideration, lighter vehicle is required and regulated. One strategy
to achieve the lightweight vehicle is by employing Al-based alloys for several auto parts, like the engine blocks
and wheel rims. Al alloy A356.0 is used widely in aerospace and automotive application. Although Al alloy
cannot be applied for heavy vehicle e.g. rims of bus and truck, aluminum-silicon (Al-Si) A356.0 is widely used
for car rims application. The A356.0 alloy fits to be used for car rims since it shows good mechanical behaviors,
i.e. high strength-to-weight ratio, corrosion resistance, and good castability. On the other side, car rims should
show good resilient, resistant to side load or braking loads properties, have good tensile properties. According
to Japan Industrial Standard (JIS) H 5202, material for car rims should possesses elongation > 5%, ultimate
tensile strength (UTS) > 245 MPa, impact strength higher than 5.90 J/cm? [1]. These mechanical properties
however cannot be achieved only by as-cast product. Thus, Al car rims must undergo heat treatment to achieve
those mechanical properties. Alloying elements added to the molten Al during casting influence the mechanical
properties and heat treatment ability of as-cast Al.

Alloying elements added to the Al-alloy can be classified into three principal groups: basic alloying ele-
ments, ancillary additions, and impurities [2]. Depending on the nature of the elements, the same elements
could play different roles. Major alloying elements that are usually present in the Al-casting are magnesium,
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silicon, copper, germanium, and silver since their maximum solubility in the Al alloys exceeds 1 %wt. For
example, concentration of manganese, copper and silicon in Al casting can be higher than 10 %wt. On the other
hand, minor alloys that are present in Al casting are manganese (Mn), titanium (Ti), boron (B), and iron (Fe).
Magnesium (Mg) increases mechanical properties of Al alloy particularly at high temperature [3,4].
Additionally, addition of Mg improves creep resistance. Therefore, Mg can be found in Al-alloy for high
temperature applications, e.g. crank case, engine cooling fans, structural aerospace components, pistons, etc.
Although Mn is present only in minor concentration in the Al casting, it has an important effect to neutralize
the harmful effect of iron and to increase the thermal stability of Al casting [2]. For both in as-cast product and
after T6 heat treatment of Al alloy A356.2. Higher Mn concentration up to 1.0 %wt was reported to increase
ultimate tensile strength (Table 1) [5].

Table 1: Infuence of Mn concentration on mechanical properties of as-cast and after T6 heat treatment of
aluminium alloy A356.2 [5]

Mn  UTS (kg/mm?) ELONGATION (%) HARDNESS (HVN) IMPACT STRENTGH (J/cm?)

Yowt CAST T6 CAST T6 CAST T6 CAST T6
0.05 16.24 25.14 10.18 8.72 54.26 80.27 6.35 6.07
0.2 18.34 2756 9.53 8.34 58.32 83.74 6.24 6.02
0.4 20.12 29.46 9.36 8.12 62.33 86.46 6.21 5.97
0.6 21.68 30.58 9.53 8.04 66.32 88.74 6.22 5.95
0.8 2225 3238 8.33 7.98 70.44 89.24 6.23 5.94
1.0 22.28 33.58 8.27 8.14 74.32 93.74 6.28 5.92
1.2 22.23 3283 821 7.12 73.26 92.16 5.96 5.88
1.4 22.18 3158 8.43 7.54 71.32 90.74 5.24 5.86
1.6 2185 3145 8.78 7.67 70.36 90.46 5.12 5.82

Al-Cu alloys have higher yield strength and ultimate tensile strength in a broader temperature range since
the presence of Cu in Al can produce a solid solution strengthening effect [2]. Moreover, Cu also causes sub-
stantial dispersion hardening after solid solution heat treatment, quenching, and aging in as much as its solu-
bility in Al dramatically decreases with temperature. Unfortunately, corrosion resistance in Al casting de-
creases with addition of Cu [3].

Another major alloy in Al casting is silicon (Si). Al dissolves Si at maximum amount of 1.6 %wt (Figure
1). The eutectic point of Al-Si alloy occurs at concentration of 12.6 %wt Si at temperature of 557 °C. Silicon
is introduced into Al alloys not only because of its solubility in Al, but also due to the formation of the (Al)+(Si)
eutectic. This defines important Al-Si alloys’ properties, e.g. strength and their castability [2]. Silicon increases
the strength of Al-Si alloy since the load in a-Al matrix can be transferred to the rigid Si-plates [6,7]. Requena
et al. [8] reported that Al-alloy has strong wear resistance and can be easily heat treated due to the presence of
Si.

Iron has a very limited solubility in the solid phase of Al alloy with a maximum value of 0.03 %wt. Fe
increases hot tear resistance and decreases the tendency for die sticking or soldering in die casting [9]. Fe
cannot form supersaturated solid solution even after a relatively rapid solidification which causes the formation
of excessive phases (constituent particles) in Al-alloy which often reduce formability and corrosion resistance.
In addition, the detrimental influences of higher Fe concentration are generally associated with the formation
of Fe-containing intermetallic phase during solidification [10]. In Al-alloys, Fe tends to combine with other
elements to form intermetallic phases. In the presence of Si, the dominant intermetallic phases are AlgFe,Si
(known as a-phase) and AlsFeSi (known as B-phase) [11]. Moreover, n-AlgFeMgsSis intermetallic phase is
formed when Mg presents together with Si in Al alloy [12]. Zihalova and Bolibruchova [13] reported that
higher “needle like” intermetallic phases AlsFeSi, Alis(Fe,Mn)sSi, or AgFeMgsSis were found with increasing
Fe concentration.

Al alloy A356.0 contains 0.25 %wt Cu max, 0.20 to 0.45 %wt Mg, 0.35 %wt Mn max, 6.50 to 7.50 %wt
Si, 0.6 %wt Fe max, 0.35 %wt Zn max, and 0.25 %wt Ti max [14]. This A356.0 shows good castability due to
its low Cu concentration and high Si concentration [2]. Thus, the Al-cast shows good ability to fill the dies and
solidifies without any hot tear or hot crack. The above previous works, i.e. [11,12,13], studied Fe concentration
more than 0.20 %wt. On the other hand, several national car rim manufacturers informed that Fe concentration
higher than 0.20 %wt in A356.0 alloy results in significant decrease in elongation and impact strength which
is intolerable for car rims application. During casting process, the Fe concentration in liquid Al can increase
due to several factors, e.g. mass transfer during contact between liquid Al and casting tools, furnace refractory,
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recycled scrap that are made from ferrous alloys. Taylor [11] reported that contact between liquid Al and grav-
ity die casting can increase the iron concentration up to 2 %wt at 700 °C and increase up to 5 %wt at 800 C.
This is due to higher mass transfer coefficient for Fe diffusion as temperature increases. Other sources of in-
creasing Fe concentration in the molten Al are from accidentally fallen steel bolts to the melting furnace and
other ferrous contained in added alloy during melting process.

Hypoeutectic

Hypereutectic

Temperature
o]

Al + Si 577 °C

Eutectic point (12.60 %wt Si)

P

o

This stu

y (+ 7.50 %wt Si)

%wt Si
Figure 1. Al-Si phase diagram

This study therefore focused to investigate the impact strength and the tensile strength of A356.0 Al-Si
alloy as the effect of Fe concentration at 0.12 %wt, 0.16 %wt, and 0.20 %wt. Additionally, the correlation
between microstructure of the alloy and the mechanical properties obtained was also evaluated. If the tolerated
Fe concentration closes to 0.20 %wit, the car rims manufacturer receives an additional benefit since the use of
expensive pure Al can be limited. To decrease Fe concentration, expensive pure Al should be added when
excessive Fe concentration exists. Result of this study is expected to be used in a car rims manufacturer as a
reference for the chemical composition of the liquid A356.0 alloy prior to pouring into the metal die. Should
the Fe concentration in liquid A356 is higher than the reference limit; the liquid Al should be then further
processed before pouring.

2. METHODOLOGY

The experiments were carried out in a national car rim company. A reverberatory furnace with 30 kg capacity
was used to melt down the Al-alloy. This delivers advantage to the melting process since there was no contact
between the molten alloy with air and combustion gas. This method was applied to prevent formation of Al-
oxide since Al is easily oxidized by O, or CO; due to negative Gibbs energy of its oxidation [15]. Initially, a
commercial Al-alloy with Fe concentration 0.11 %wt was used as the base metal. The A356.0 ingot was melted
down at temperature up to 715 °C. This temperature was applied to suppress oxides and porosity formation.
From the factory experience, more oxygen present in the liquid metal as temperature increases which can
increase the oxide formation and gas porosity. When pouring temperature was reached, Fe was added to the Al
liquid to obtain various Fe concentrations of 0.12 %wt, 0.16 %wt, and 0.20 %wt. Due to a very small difference
in Fe concentration, Fe in the form of ferrous wire mesh was carefully added to the liquid Al.

After the addition of Fe in the molten Al-alloy, the liquid was stirred to homogenize and the chemical
composition of the liquid alloy was analyzed using a mass spectrometer. If the chemical composition achieved
the designed one, the liquid metal then poured into the metal die (Figure 2). The metal die was designed with
a shape and dimension of tensile test and impact test specimens in accordance with JIS Standard 22241
(Figure 3) and JIS Standard 22242 (Figure 4) for tensile and impact test standard respectively.

The solidification in the metal die occurs at high cooling and solidification rate. A high cooling rate
delivers advantage since the formation of secondary dendritic arm spacing can be suppressed [11]. There were
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18 specimens prepared for tensile and impact testing. Three specimens were produced for each testing with a
certain Fe concentration. Hardness test for all Fe concentrations was then worked out after both testing.

Figure 2. a) Metal dies for tensile and Charpy impact test specimen; b) The as-cast aluminium
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Figure 3. Specimens dimension for tensile test following JIS Standard 22241 (all units are in mm) [16]
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Figure 4. Specimens dimension for Charpy impact test following JIS Standard 22242 (all units are in mm)
[17]

3. RESULT AND DISCUSSION

The fracture surface of the tensile test specimens informs that as-cast A356.0 alloy tends to have a brittle
behavior (Figure 5). This is also quantitavely confirmed by their elongation (Table 2 and Figure 6). The
elongation for Fe concentration of 0.12 %wt, 0.16 %wt and 0.20 wt. % are 7.44%, 5.16%, and 4.57%
respectively. The elongation for 0.20 %wt Fe concentration is below 5% which the permissible value as-cast
aluminium according to JIS H 5202. The yield strength obtained decreases with the increase of Fe
concentration, i.e. 128.33 MPa, 122.90 MPa, and 121.60 MPa for Fe content of 0.12 wt. %, 0.16 wt. %, and
0.20 wt. % respectively. Similar trend was resulted with the UTS which the strength obtained were 274.39 MPa,
267.15 MPa, and 240.70 MPa for for Fe content of 0.12 %wt, 0.16 %wt, and 0.20 %wt respectively. The UTS
for 0.20 %wt Fe concentration is below 245 MPa which the permissible value of as-cast aluminium according
to JIS H5202. It was found a significant decrease in UTS by app. 34 MPa (or equal to 12 %) due to the existing
Fe in the structure 0.08 %wt higher from 0.12 %t to 0.20 %wt. This work concluded that having higher Fe
concentration in the Al-Si alloy decreases the yield strength and ultimate tensile strength. This finding is in
agreement with many previous works, e.g. Crepau [18] and Mbuya et al. [19].
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Figure 5. Specimens after tensile test a) 0.12 %wt Fe, b) 0.16 %wt Fe, c) 0.20 %wt Fe

Table 2: Result of tensile test, hardness test and impact test

Fe concentration  Yield point  UTS  Elongation Hardness Impact strength

[Yow] [Mpa] ~ [Mpa] [%] [HRB] [I/crm?]
0.12 12833 27439  7.44 24.06 15.47
0.16 12290  267.15  5.16 26.24 2.91
0.20 12161 24070 457 27.66 2.59

The impact strength for Fe concentration of 0.12 %wt, 0.16 %wt and 0.20 wt. % are 15.47, 2.91, and
2.59 J/cn? respectively. The small increase in Fe concentration from 0.12 to 0.16 %wt shows a significant
decrease in impact strength by app. 81%. Of all Fe concentration, only the impact strength at 0.12 %wt Fe can
be higher than 5 J/cm? which is the minimum impact strength according to JIS H 5202. In agreement with the
result of tensile test, samples after impact test confirm that Al alloy with the Fe concentration of 0.12 %wt
shows the highest ductility (Figure 7). For Fe concentration of 0.12 %wt, the fracture surface shows brittle and
ductile fracture region (Figure 8 and 9). Meanwhile, there is no ductile fracture zone for ferrous concentration
0.16%wt and 0.20 %wt, i.e. the brittle fracture zone becomes close to 100%. Should the brittle fracture region
expand, material shows smaller elongation [20]. Based on the analysis of tensile and impact test results, it is
concluded that Fe concentration up to 0.12 %wit still can be used as a maximum limit or as a reference value
for car rims application.
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Figure 6. Hardness, tensile properties, and impact strength as function of Fe concentration
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Brittle fracture
region

Figure 9. Brittle fracture region in the middle of fracture surface after impact test: a) 0.12 %wt Fe concentration in this
work b) Sample studied by Chao et al. [20]

The hardness test shows a slightly increase of hardness as Fe concentration increases. The hardness for
Fe concentration 0.12 %wt, 0.16 %wt and 0.20 %wt are 24.06 HRB, 26.24 HRB, and 27.66 HRB respectively.
Increasing hardness is predicted due to the formation of hard Fe-rich intermetallic. In this present study, higher
Fe concentration increases the alloy hardness but decreases the yield strength and ultimate tensile strength.
This is a contradictive circumstance since in most cases materials hardness has a positive correlation with yield
strength and ultimate tensile strength. Increasing casting defect with higher Fe concentration is suspected to be
the reason for this contradictive circumstance. Insoluble phase particularly monoclinic crystal structure f
(AlsFeSi) increases with higher ferrous concentration (Figure 10). This negatively influences flowability and
feeding characteristics since the  particles impede liquid flow [11]. Higher Fe concentration is reported to be
responsible for high shrinkage porosity [21] as they tend to create more 3 (AlsFeSi) particles which is suspected
to act as nucleation site for porosity. In addition, higher Fe concentration also increases oxide formation which
also impedes liquid flow [11].
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S

™ Jeep etch, SEM £

Figure 10. Morphology of Fe-phase AlsFeSi [11]

4. CONCLUSION

Iron concentration in the A356.0 Al-alloy can result in a tremendous effect on its mechanical properties. The
yield strength, ultimate tensile strength, elongation and impact strength show a decrease with the higher Fe
content in the alloy. The ultimate tensile strength significantly decreases by 34 MPa (equal to 12 %) when Fe
concentration increases only by 0.08 %wt. Furthermore, the impact strength decreases from 15.47 to 2.91 J/cm?
(equal to 81 %) when Fe concentration increases only by 0.04 %wt from 0.12 %wt to 0.16 %wt. In contrary,
the hardness was found a slightly increase with the higher Fe content. This contradictive circumstance is
predicted due to higher shrinkage porosity and lower fluidity with the present of higher Fe concentration. Based
on the findings, A356.0 Al-alloy with maximum Fe content of 0.12 %wt is acceptable to produce as-cast car
rims.
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