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INTRODUCTION

Alloy composition and cooling conditions during solidification play a key role towards the mechan-
ical properties of Al-Si cast alloys. The cooling rate controls the coarseness of the microstructure
including: 1) the Secondary Dendrite Arm Spacing, SDAS, which is often used as a measure of the
coarseness of the microstructure, and thus as measure of the mechanical response; and ii) the frac-
tion, size, shape and distribution of Si-particles and intermetallic phases in the a-Al phase [1, 2]. Si
particles, providing inhomogeneity in the a-Al matrix, act as the principal source of stress concen-
trators [3,4,5,6], therefore, industrial castings are regularly modified by Sr additions. A change of
the eutectic Si particles from needle-like into fibrous morphology will improve the ductility of the
material.

Among the Al-Si foundry alloys, the most commonly used are the A356 and A357, where, besides
Si, Mg and Cu are the major alloying elements due to their strengthening ability by precipitating
metastable precipitates under age-hardening treatment. Precipitation mechanisms are rather compli-
cated and several phases such as  (Mg:Si), 6 (CuAly), S (CuMgAl,) or Q (CuxMgsSisAls) in meta-
stable sitaation may exist [7,8]. Numerous investigations confirm that the strength of this class of
material is achieved at the expense of ductility [9,10]. Seifeddine et al. [1,11] found Cu and Mg
promote the formation of bands of coarse Si particles, as—they alse enlarge the solidification inter-
val, leadingte-an increasing the risk for shrinkage porosity, thus compromising the ductility. Litera-
ture correlated the plastic deformation behavior as function of factors such as whetherthe Cu and
Mg are found as coarse intermetallic compounds, the level of Cu and Mg in solid solution, or # Cu
and Mg are found-as GP zones formed at room temperature and/or as precipitates due to a post so-
lidification treatment. A recent study demonstrated that high Cu concentrations in the Al-Si-Cu-Mg-
Fe system can refine, and hence counteract, Fe-bearing intermetallics [12].
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Whereas the most pertinent literature focuses on the influence of a single variable on the mechani-
cal properties of cast Al-Si-Mg alloy, the present study proposes a comprehensive study on the in-
fluences of different factors on the mehcanicale properties of an A356 foundry alloy. The two as-

Alloy Si Mg Fe Cu Ti Al Code
A356 6.624 0.216 0.086 0.006 0.103 bal. Cu0
A356 + 0.5 wt% Cu 6.587 0.258 0.082 0.454 0.105 bal. Cu0.5
A356 + 1 wt% Cu 6.915 0.262 0.091 0.983 0.086 bal. Cul

pects of SDAS and Cu additions were correlated in series and parallel. Samples were selected from
3 different positions in the cast, offering 30, 35, 40 SDAS variant. Cu was added to the cast to reach
3 target concentrations, i.e. 0, 0.5, and 1 % wt. In addition to the above mentioned issues, Si parti-
cles size and distribution were analyzed over the 9 (3x3) different conditions, and the influence of
Cu on the Cu/Mg/Fe-rich intermetallic phases was examined by SEM and EDS spectra.

MATERIALS AND METHODS

Material

The materials used in this study were produced by Hydro Aluminum in Norway. Commercial Sr-
modified A356 alloy was melted in a boron-nitride coated clay-graphite crucible at 1023 K (750
°C), and grain refined by means of AlI-5Ti-1B master alloy additions. Cu was added to the melt in
form of pure cupper grains according to the targeted nominal concentrations of 0, 0.5 and 1 wt. %.
The molten metal was successively stirred and allowed to settle for 30 min to ensure complete
dissolution. The alloys were then degassed with argon gas for 5 min just prior to be poured in a
eapper mold of 65 mm x 103 mm x 40 mm. The temperature of the die was kept at 323 K (50 °C)
during the casting trials. Samples from the three different melts were taken and analyzed by optical
emission spectroscopy (OES). The chemical composition of the alloys is given in Table 1.

Table I.

Chemical composition (wt%) of A356 reference alloy and Cu-containing alloys as measured by
OES and their classification.

Thermal Analysis

The experimental setup for thermal analysis measurements is described as follows: a graphite
crucible was preheated at 1023 K (750°C) and placed on top of the skimmed and thoroughly stirred
melt. After the temperatures of crucible and melt had reached equilibrium, samples were taken by
submerging the graphite crucibles into the melt. The filled crucibles were then placed on Fiberfrax
board and a K-type thermocouple was lowered into the melt. The thermocouple tip was placed in
the center of the sample. A Campbell logger (Campbell Scientific, Inc., USA) recorded the
temperature-time curve at a frequency of 50 Hz. Prior to and after a measurement the range of
eventual thermocouple drift was checked against high purity aluminum (AISN grade) assuming a
solidus temperature of 1410 K (660°C).

Mechanical tests
Tensile tests were performed at room temperature, using an MTS 810 Universal Testing Machine .

The crosshead speed was 1 mm/min and-the-applieddoadwasrestrieted-to-40-Knm. The specimens,



with a gauge length of 7 mm , cross area of 4 mm x 4 mm were cut from three different positions in
the ingot: at 4 mm from the-eastbottomskinat 8 mm, and 12 mm, respectively referred as Bottom,
Center and Top (as shown in Figure 1). Stress-strain curves were obtained by attaching a knife-edge
extensometer to the specimens’ gauge length and the tensile properties, such as yield strength, ulti-
mate tensile strength and percentage elongation (Rpo2, UTS and A%, respectively) were deter-
mined. Vickers micro hardness tests (HV) were performed at the Bottom (B), Center (C) and Top
(T) of the cast ingots at a load of 300 g and a dwell time of 15 s, according to UNI EN ISO 6507
specification. Further hardness examinations were conducted by means Rockwell hardness meas-
urements, with a load of 60 kgf, and 1/16°” ball intender (HRF) according to UNI EN ISO 6508-2
specification.

Fig.1 — Specimen cutting position. Respectively, B: Bottom specimen, C: center specimen and T:
top specimen (values are given in mm).

Microstructure
Samples for microstructural investigations were cut from the tensile specimens, embedded in

phenolic resin and prepared using standard grinding and polishing procedures. Microstructure
analyses were performed using a LEICA DMi8 polarized light optical microscope (OM) equipped
with a LASX image analysis program. SDAS measurements were performed using the line
intercept method. Secondary phases were investigated with a ZEISS ULTRA 55 field emission
scanning electron microscopy (FE-SEM) and identified through energy dispersive X-ray
spectroscopy (EDS). A statistic study on the Si particles equivalent diameter (ED) and surface area
(SA) distribution has been also carried out. In order to analyze the particles, a specific threshold has
been defined. Pixel color ranges have been restricted to the scale of light grey corresponding to Si
particles. ED distributions were detected by using a 100X objective lens whereas a 20x objective
lent has been used to identify a representative Si-particles surface area distribution over the three
interested zone: B, C, T. Secondary phases were investigated with a ZEISS ULTRA 55 field
emission scanning electron microscopy (FE-SEM) and identified through energy dispersive X-ray
spectroscopy (EDS).

RESULTS / DISCUSSION

Thermal Analysis

Solidification curves and associated slopes for the Al-Si-Mg reference alloy and Cu-containing al-
loys are given in Fig. 2. Two reactions, i.e. the nucleation and growth of the a-Al (highest T inflec-
tion point) and of the Si eutectic (lowers T inflection point), can be easily identified.



Nucleation temperature of primary aluminum dendrites (T,) shifts to a lower temperature with in-
creasing Cu content. According to Arnberg [13] and Béckerud [14] a commercial unmodified A356
alloy, with a cooling rate of 1.1 K/s before solidification, starts with precipitation of a-Al at 610°C.
This temperatures varies within the range of 608-615°C with different cooling rates. Whereas the
Cu0, A356 reference alloy of our ease-ef-study, shows that formation and growth of primary a-Al
dendrites begins at 622 + 1°C (average of at least 3 repeated measurements). The shift observed, is
mainly imputable to the presence of TioB, well known as excellent grain refiner for this class of ma-
terial. When it comes to Cu-rich variants, the grain refiner seems to deflate his effect and, as result,
Cu0.5 and Cul dendritic networks start to grow at the temperatures of 618 + 1°C and 615°C + 2°C,
respectively. Temperatures ranges, bearing the presence of grain refining, agree with those present
by Mackay [15] suggesting for an A356 alloy with high Cu content (0.61 wt%) the temperature of
formation and growth of primary a-Al dendrites at 612°C. Approaching the eutectic transformation,
we can observe similar trends and thus, as expected, the eutectic transformation of Cu0 variant oc-
curs at 578 = 1°C. The influence of Cu is more prominent in this reaction as the Cu0.5 and Cul Tey
decrease sensibly by 18°C. The general trend in-the-data-showninFig2 for cooling rate is that an
increase tends to depress eutectic reaction start temperatures.
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Fig.2. Cooling curves and associated first derivative for Cu-free A356 variant in black, Cu0.5 vari-
antin red and Cul in blue.

Mechanical Properties

Fig.3 summarizes room temperature tensile curves of the three alloys as a function of Cu-content
(a,b,c in Fig.3) and specimen cutting position (d,e,f in Fig.3).

Curves a,b,c clearly evidence improvement in strength with increasing Cu content, for the three
B,C, and T specimens. In parallel, the tendency observed in in Fig.3 d,e,f revealed how the speci-
men cutting position (hence, cooling rate and microstructure) strongly influences the mechanical
properties leading to an enhancement in strength by approximately 10% and 20% for the Cu-free
and the Cu-containing alloys, respectively, moving from the top to the bottom in the cast. Compar-



ing the curves d, e, and f in Fig.3, it is evident that elongation (A%) decrease with increasing Cu-
content. Nevertheless, Cu0.5 and Cul associated elongations;-effer-A%-values ranging between 6-
9% well above as—east literature average [16]. (Other consideration to add, e.g. towards elonga-
tion...)

The two phenomena might be related to the solidification mechanism and/or microstructural fea-
tures. In this light, both these aspects will be investigated.

A convenient and widely used measure of the effect of solidification conditions on dendrite struc-
ture is the secondary dendrite arm spacing (SDAS). The SDAS, which is the linear distance be-
tween two secondary aluminum dendrites (arms), was determined via the mean linear intercept
(MLI) method.

Fig. 4 reveals how cooling conditions are strongly subjected to mold skin distance, even though the
region interested is restricted to a distance of 12 mm (refer Figure A). Top SDAS measurements ev-
idenced an increase by 50% for the Cu0 and Cul, and by 25% for the Cu0.5 case, as compared to
the Bottom. Results are consistent with material tensile response observed in Fig.3.
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Fig. 3. Tensile strength-strain curves of the three investigated alloys as a function of both Cu-
content (a,b,c) and specimen cutting position (d,f,g).
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Fig.4 Optical micrographs and SDAS measurements as function of Cu-content and as specimen cut-
ting position; (a)-(c) depict the microstructure of the Cu-free alloy; (d)-(f) of the 0.5% Cu alloy and
(9)-(i) of the 1% Cu alloy with SDAS ranging from 30 up ~ 40 pm.




To further address the influences of both the Cu-content and cooling rate, hardness measurements
were also conducted.. It is a conventional wisdom that hardness correlates linearly to Ultimate Ten-
sile Strength through the empirical (although theoretically explained) equation H=UTS/k, where k
is a constant that depends on the hardness scale / type of measurement and on the material. Despite
these assumptions, HV and HRF measurements do not reveal a clear enhancement in hardness,
moving from bottom to top, as expected with reference to the tensile properties; shown in Fig.3,
whereas, the influence of Cu addition is prominent in increasing the hardness response of this alloy.
It is worth nothing how hardness development; straight follows the Cu content. At this point, tensile
properties variance, resulting comparing B and T sample (d, e and f, in Fig.3), has been interpreted
trough SDAS measurements (Fig.4), and the 10 pm shift, albeit its impressive effect on a small
scale (12 mm), seem not to be the sole cause behind the tensile behavior. Furthermore, hardness
evolution, did not confirm the tensile variation nay, focusing on the HRF measures, it is possible to
observe a slight increment in hardness, moving from the B to the T, in evident contrast to the tensile

response evolution.
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Fig.5 Cast ingot hardness profile. Vickers Microhardness scale on the left, Rockwell Hardness scale
on the right.

Microstructural Investigation
In order to understand deeply how the observed shift in strength is correlate to the hardeness re-

sponse, microstructural features have been investigated and in particular, Si particles equivalent di-

ameter distribution and Si particles % areas values have been presented in Fig. 6.
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Fig. 6 — Distribution of the Eutectict Si particles’ equivalent diameter. Comparison between Cu-free
and Cu-containing alloys (1 wt% Cu) in the three bottom, center and specimen cutting position.

The distribution curves, obtained using chi-square goodness-of-fit test have been plotted for
representative alloys which encompass Cu-free and 1%wt Cu-containing alloys for the three
Bottom, Center and Top specimen cutting position. The results revealed that Sr-modification
strongly affects the Si particles size (in particular the effect is more pronounce in the Cul case) as
compared to the unmodified alloys [17].

At first blush, Cu0’s equivalent diameter (ED) distributions appear to be flatter if compared to Cul
distributions, to the Cu addition.

On the other hand, frequency differences longitudinally across the different position (a,c,e and b,d,f)
highlight a feeble, but anyway significant, lowering of the distribution curve, suggesting an overall
decrease in the Si particles ED size moving from the Top to the bottom position. Focusing on the

macro-scale (20x Leica DMi8 objective lens), Si particles surface area has been identified over the



three interested zone: B, C, T.
Measurements shows eutectic particles surface area (A%) to be denser # the bottom as compare to

the top, and in parallel showsn Si —particles to be denser in the Cu-containing alloy.

Intermetallic analysis

Representative Backscattered electron (BSE) images and EDS spectra of the Cu-containing phases
are presented in Fig.7. For the sake of brevity, only the as cast Cul BSE micrographs are reported.
Since heavy elements (high atomic number) backscatter electrons more strongly than light elements
(low atomic number);—and—thus appear brighter in the image, BSE are used to detect contrast
between areas with different chemical compositions. As a matter of fact, Cu-bearing phases appear
in white contrast - are found in different morphologies, resulting after Al-Si eutectic reaction. The 6-
Al>Cu phase, with high Cu content ~ 30% (b2 and ¢ in Fig.7), usually coexists with other eutectic
phases but it forms independently in the interdendritic region as well. It has more rounded blocky-
type morphology and sometimes appears as many pockets connected to each other. The average size
of this phase starts from 5 um and goes down to 1pm. Other high-Cu content features are identified
in this work as quaternary Al-Mg-Si-Cu phases (al), and beside the at% Cu content measured by
EDS, they are discernible thanks to the strong white contrast. Moreover, a particular
rounded/spherical fine ternary eutectic feature, named as Al-Alx(SiCu):Mg, was frequently
observed, in both SEM and OM micrographs (b; in Fig.7 and b,d in Fig.9). Due to its morphology
and its color contrast response (dark gray BSE, light gray OP), the quaternary Al-Mg-Si-Cu, could
be easily address to the Q-phase, largely investigated by [18,19,20] Nnotwithstanding, based on
current EDS (repeated over 5 enchants) results, these gray intermetallics had been speculated to
follow the Alx(MgSi)3:Cu stechiometry (a3,c2 in Fig.7 and b,c,d in Fig.9). A summary of all the
identified phases is given in Table II.

Figures 8-a through 8-c show the well-known Fe-rich  phases. The B-platelets (light gray)
appeared to be the main nucleation sites for the eutectic Si and Cu-rich phase (white), where both
the phases are found to form at 525°C [21].

In conclusion, a macro overview of the Cul as cast microstructure is presented in Fig.9. The
rounded eutectic phase is found in the middle of the a-grains, whereas both eutectic and blocky
forms of the CuAl2 phase were observed in the interdendritic channels, or combined with the B -

phase.
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Fig.7 BSE images of some intermetallic phases detected in the Cu-containing alloy (Cul), in the as
cast condition. EDS measurements indicate the nature of the intermetallic compound as Al>Cu, B-
AlsFeSi and Cu/Mg bearing intermetallics.

Table 11
Composition ranges of some intermetallic phases measured by semi-quantitative EDS.

Composition in (atomic%)

Phase Al Si Mg Fe Cu Sr Ti

AlCu (2b,1c) 6751-743 1.24-3.83 022-1.76  0.04-0.18 22.19-2821 0.0-0.04 0.0-0.04
B-AlsFeSi (2a) 63.98-7456 17.13-2218 016-045 76-1288 047-053 0.0-0.03 00-0.02
n-AlsMgsFeSis 68.07-758 17.0-19.81 9.04-149 3.05-46 0.0-001 0.0-0.02

7Al(MgS1):Cu (3a,2c)  33.08-5981  173-27.19 17.66-3197 001-006 515-767 0.03-009 0.0-0.0
?Al- Al(SiCu)Mg(1b)  62.74-6848  1335-1981  649-857 0.13-053 947-13.07 0.04-0.07 0.01-0.04
7 AlSMgSiCu; (1a) 75.45-82.42 423-581 3.02-48  0.04-045 9.11-1343 0.01-0.09 0.0-0.02
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Fig.9 Optical micrographs of the Cu-Containing alloy (Cul) where Fe-rich and Mg-/Cu-bearing

phases are found as companion to the Si eutectic.



DISCUSSION/ (CONCLUSION)

Tensile curves, presented in Fig. 3, highlighted two main trends: 1) improvement in strength with
increasing Cu content, for the three B, C, and T specimens; and 2) a parallel enhancement in
strength moving from the top to the bottom in the cast for the three alloys. Moreover, it is important
to stress how the presence of Cu did not correspondingly affect ductility, contrary to previous
findings [16]. Therefore, in order to address the influence of solidification structure on the
strengthening mechanism, both SDAS and hardness measurements were performed. Although
SDAS measurement confirmed the shift observed in tensile strength, the shght—m—variations
appeared to be too poor to justify the trend. On the other side, hardness measurements enby
approved the enhancement in strength with increasing Cu-content, without offering a remarkable
support in the understanding the alloys tensile behavior moving from the B to the T.

The alloys investigated consist of a soft, low E matrix and hard, eutectic Si particles and high E
intermetallics. Similar to a composite material, the stiffer particles generally reinforced the matrix
by bearing a larger proportion of the applied load [22].

Si particles ED distributions, indicated a decrease in particles size with the increase of Cu-content,
even though values might be compromised by the higher Sr-content in the Cu-containing alloys,
resulted after the casting. Besides this, focusing on macro properties, we found out a relevant
tendency which see eutectic particles A% to be denser in the bottom, as compare to the top, and in
parallel see Si —particles to be denser in the Cu-containing alloys, as compared to the Cu-free case.
Once analyzed Si particles, also the intermetallics nature has been investigated. Over 4 different Cu-
bearing phase had been detected, with a Cu content ranging from ~30 to ~ 7 at%—Where the
quaternary phases (Al-Mg-Si-Cu) were found to be associated the Si particles, the 8-Al,Cu were
found to be coupled with brittle B-AlsSiFe phases.

Assuming that the presence of Si particles is associated to the presence of Si-/Mg-/Cu- rich
intermetallics, the larger is the eutectic area the larger is the intermetallics Area. As a result, the
bottom is strengthened at the expense of the a-Al matrix S.S.S., impoverished by metastable Si, Mg
and Cu atoms thus not exerting a significant hardening role.

As far the ductility is concerned, besides the small Si particle size, and the excellent Sr-modification
capable to counteract the fracture crack concentered load, it is worth noting how the stress
concentration interesting brittle phase could might be recovered thanks to the co-existence of a
coupled ductile phase. As occur for the brittle  phases, often detected to be coupled with Cu-rich

phases
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