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This paper analyses the influence of thermal-induced aging on the strength of cast A319 and A356
aluminum alloys. This phenomena is of primary importance especially in the automotive industry, where
on one hand the alloys experience Thermo-Mechanical and Low Cycle Fatigue loading conditions and on
the other hand their microstructure is induced both by the manufacturing process and the thermal
histories. The alloys studied here were produced using an industrial Lost Foam Casting process which
affects significantly the microstructure and the precipitation compared to standard Die Casting process.
The paper compares mechanical properties of these peculiar alloys in terms of microhardness at the
macroscopic level as a function of thermal overaging time and at the microscopic level in terms of
properties of the different phases (intermetallics, eutectics) present in the microstructure. Important
differences can be observed between these different phases and the results are consistent with similar
studies from the literature on different aluminum alloys and processes.

1. Introduction

Thermo-Mechanical Fatigue (TMF) of cylinder head fire decks is
nowadays a critical design aspect in the automotive industry as a
consequence of new constraints imposed by fuel efficiency, engine
performances and polluting emission reduction. From a material
point of view, this application experiences operating temperatures
up to 250 °C which are very high for the aluminum alloys com-
monly used for the manufacturing of these parts. The alloy indeed
locally reaches 50-70% of its melting temperatures and exceeds
the maximal temperatures of the heat treatments that could be
used for the stabilization of its microstructure (T7 for instance).
Moreover, these operating temperatures induce plasticity, creep
and ageing effects which need to be considered in a durability
assessment of the structure [1].

Until now, gravity Die Casting (DC) with permanent dies has
been the common choice for the manufacturing of the cylinder
head. For some years now, the Lost Foam Casting (LFC) process has
become a new standard manufacturing process as it enables the
realization of intricate parts with an excellent surface finish and an

* Corresponding author.
E-mail address: fabien.szmytka@mpsa.com (F. Szmytka).

important cost reduction due to the suppression of the expensive
metallic molds and the decrease of the energetic costs. The LFC
process has however some drawbacks, when compared to DC. It
shows a low solidification rate and consequently produces a
coarser microstructure expressed in terms of grain size and SDAS
(Secondary Dendrite Arm Spacing), with numerous intermetallic
and eutectic phases and residual porosity formed during the de-
gradation of the polymeric pattern [2,3].

The ductility of casting alloys is usually low, and changes in the
casting process as well as changes in the chemical composition
and/or heat treatment which aimed at improving some properties,
can sometimes decrease the material strength for structural ap-
plications. Therefore it is important to assess the effect of changes
in the microstructure both on the ductility and the strength of the
material [4]. Previous investigations have shown that, besides the
grain size and the grain boundaries, other important metallurgic
factors that significantly affect the ductile fracture of aluminum
alloys are second phase particles inherently contained in the al-
loys, including large Fe, Cu, and Si-rich inclusions (about 1-10 pm
in diameter), intermediate Cr, Mn, or Zr-rich dispersoids (about
0.05-0.5 pm in diameter), and small precipitates (nanometer size).
The large particles, defined as constituents, are brittle in nature
and are usually the primary void/crack initiators or the pre-
ferential crack propagation path. As a result, the influence of the



constituents on the ductile fracture of aluminum alloys has
aroused extensive attention [5].

The mechanical properties of heat-treated aluminum alloys are
highly dependent on the thermal ageing as the strengthening
precipitates are sensitive to both the ageing temperature ¢ and the
ageing time t. Therefore in order to meet industrial requirements
in terms of material properties, heat treatments have to be per-
fectly controlled to precisely manage the ageing process. As a
consequence there has been an increasing interest in establishing
precise quantitative relationships between the mechanical prop-
erties usually expressed in terms of Young modulus E and plastic
flow limit oy as a function of the processing parameters (0, t) of the
ageing treatment (see for instance [7]). An effective way to char-
acterize these mechanical properties is to perform indentation
experiments both as hardness and continuous indentation tests.

The aim of this work is to bridge the gap between ageing,
microstructure and material properties for two aluminium alloys
and to study, more particularly, the influences of thermal over-
ageing on the mechanical behavior of LFC alloys by using in-
dentation tests. In a first part, the materials and the experimental
techniques are presented. The mechanical properties are then
analyzed in terms of hardness at the macroscopic and the micro-
scopic level. Properties of the different phases (intermetallics,
eutectics) of the microstructure are then investigated. In the sec-
ond part, the impact of the ageing on the mechanical properties is
studied and modeled. In the last part, the microstructure and its
evolutions are presented and the results of nanoindentation tests
enable to determine the mechanical properties of eutectic and
intermetallic phases.

2. Materials and investigation techniques

The alloys studied in this paper are two aluminium-silicon
alloys commonly used in the automotive industry: an A319
without any heat treatment and an A356 with a T7 heat treatment.
The chemical composition of both alloys is presented in Table 1.
The T7 heat treatment consists in a thermal homogenization at
540 °C to dissolve the precipitates, followed by a water quenching
and an artificial ageing at 200 °C during which the Mg,Si pre-
cipitates are formed [9]. Both LFC alloys — A319 and A356 - were
studied in non-aged and various ageing conditions to clarify the
influences of over-ageing on the macroscopic mechanical
behaviors.

The studied specimens were extracted from industrially pro-
duced parts in order to obtain a representative microstructure
induced by the lost foam casting process. As shown in Fig. 1, they
come from the firedeck intervalve zone of cylinder head proto-
types. These specific zones are well known to be highly affected by
thermomechanical loading and to be critical for fatigue cracks
initiation. A preliminary characterization of the microstructure
could be done in terms of Secondary Dendrite Arm Spacing (SDAS)
and porosity. The SDAS is around 80 pm for LFC alloys, twice as
large as the measured SDAS -close to 35 pm- in cylinder heads
produced by a conventional DC process, which characterize a
corser microstructure. Porosities and inclusions are more numer-
ous and highly clustered while iron-, magnesium- and copper-
containing intermetallics are found in the microstructure.

Table 1
Chemical composition of Lost Foam Cast A356 and A319.

Material ~ Si% Mn% Fe% Mgk Cu% Zn% Ti% Ni% V% Zr%

A319 718 015 043 032 317 019 0.05 0.010 0.006 0.002
A356 (T7) 6.61 0.01 011 030 0.09 0.006 0.10 0.004 0.008 0.001

The specimens were submitted to different ageing histories
both in terms of maximal temperature 8 and ageing time t until
reaching an eventual over-ageing state (steady stabilized). The
over-ageing state has been determined by stabilization both in
mechanical properties and microstructure composition of the
material. For the studied A356 and A319 alloys, this state is ob-
served in the condition of over-ageing equivalent to 500 h of
heating at 250 °C (the industrial ageing time used at PSA Peugeot-
Citroén). The tested ageing temperature levels were 150 °C, 200 °C
and 250 °C and the ageing times were 3, 6, 9, 30, 60, 90, 200, 300
and 500 h. Each tested specimen corresponds to a specific ageing
condition (@, t). For optical and electronic microscopy observa-
tions, specimens have been polished with 500, 600, 1200 and 2400
grit papers (coarser polishing). Final polishing was carried out
with 6, 3 and 1 p m diamond pastes (fine polishing). Micro-
structural observations were conducted on areas of approximately
500 x 500 um? by using a Scanning Electron Microscope (SEM)
S-3600N from Hitachi and a back-scattered electrons (BSE)
technique.

Indentation experiments were performed simultaneously at
different scales in order to test the global response of the alumi-
nium alloys and to estimate both the aluminum matrix and the
different phases mechanical properties separately at the micro-
scopic level. The protocol sums up in:

(i) Vickers hardness experiments with an indentation depth & of
the order of 50 pm and an indentated area A around 100 pm?,
denoted next as macro hardness, are performed using a Test
Well Vickers machine, with a 10 kg weight.

(ii) Berkovitch continuous indentation experiments with an in-
dentation depth 6 of the order of 1 pm and an indentated area
A around 10 pm?, denoted next as nanoindentation, are per-
formed with a MTS XP nanoindentor machine using different
measuring techniques. A simple hardness test, then a Depth
Sensing Indentation (DSI) (see [10,11] for a general presenta-
tion) or a continuous stiffness measurement (CSM) (see [12-
14]) are performed. The latter is characterized by a an
oscillating displacement of 2 nm with a frequency of 45 Hz
imposed to the indenter tip.

Vickers macro hardness tests were performed for different
ageing times to estimate the evolution of macroscopic properties
of the alloy with respect to the ageing state. 10 measurements
were performed on the surface of each specimen and the mean
value and standard deviation of macro hardness are presented in
Table 2.

Nanoindentation tests were performed to evaluate the me-
chanical properties at the scale of the heterogeneities of the alu-
minum matrix and of the intermetallic/eutectic compounds com-
pleted with a careful microscopic observations before and after
indentation. The nanoindentation technique has been used to
measure the hardness Hg and to estimate the elastic modulus E of
the intermetallic and eutectic phases. A variable maximum load
was applied in order to achieve a high spatial resolution while still
obtaining reliable indentation data. Tables 3 and 4 summarize the
materials, ageing condition and number of indentations on each
intermetallic and eutectic phase. The obtained results are dis-
cussed in the next sections, following two objectives. First, a
macroscopic law is developed to describe the macro hardness
evolution versus ageing time. A comprehensive study of the mi-
croscopic behavior of each of the component is then proposed
with a peculiar attention on the ageing impact.

2.1. Effects of ageing on macro hardness

Fig. 2 represents the evolution of macro hardness as a function



Fig. 1. (a) Location of specimen extraction. (b) Location (in red) of thermal mechanical fatigue critical zones.

of ageing time for the 2 studied alloys. Initial macro hardness
measurements for A319-LFC alloy is equal to 103 Hv which is
slightly superior (7%) in comparison with the initial hardness of
A356-LFC alloy (96.2 Hv). It was generally observed that when the
ageing time increases, the macro hardness decreases until stabi-
lization with a rate that tends to increase with the ageing tem-
perature [17,19,20] . Both materials are following this trend. The
ageing, however, is faster for the A356 for all the studied tem-
peratures. At 250 °C, the hardness decreases relatively quickly for
the two alloys and stabilizes after 300 h at a value of 40 Hv for the
A356 after reaching an already low value (50 Hv) after 30 h of
ageing. Evolution is a little slower for the A319, which only loses
20% of its hardness after 100 h at 250 °C. At 200 °C, the same
trends are observed with a faster ageing of the A356. At 150 °C, no
significant changes in the macro hardness is observed for both
alloys. The results reveal that A319-LFC conserves its macro
hardness for a longer ageing time in comparison with A356-LFC.
This alloy softens very slowly especially at low temperatures and
do not get to steady state condition after 500 h of ageing.

The measures show significant variability (Fig. 2) for LFC alloys
in the first hours of ageing, especially in the case of A319. The fact
that any heat treatment was used for this alloy could certainly
constitute a good hypothesis to explain variations up to 10% in the
macro hardness values. Many phase transformations are indeed
observed in the first hours of ageing. As chemical composition of
alloy is often not sufficient to give the required mechanical
properties to the material for industrial application, heat treat-
ment methods are usually applied in order to produce softening or
hardening effects dependent to the material and the condition
[20], essentially by modifying the precipitates in the aluminium
matrix [21]. Here, the T7 treatment applied to the A356-LFC alloy
induces less variability on the macro hardness values but the
material softens more in the few first hours of ageing, leading to
an inferior asymptotic value after 500 h of ageing (Fig. 2).

Fig. 3 enables to compare the mean value of Vickers hardness
measurements for A356 and A319 alloy issued with LFC and DC
processes as a function of ageing time at 250 °C and 200 °C and

Table 2

aims at evaluating both the process and ageing influence on the
hardness evolution. In accordance with what is generally ob-
served, the initial macro hardness measurements for LFC process
are smaller in comparison with the DC process due to the grain
size [5] and to the porosities density [6]. Initial macro hardness for
DC process is indeed measured around 110 Hv for both alloys. For
the A319 alloy, evolutions observed in Fig. 3b and d highlight
comparable hardness evolution rate between the two processes.
For the A356 alloy, strong differences arise. In Fig. 3a and ¢ at
200 °C, the evolution of the DC material is much slower while it
seems much faster at 250 °C with an almost immediate ageing. It
therefore appears that, from a threshold temperature between
200 °C and 250 °C, the DC material undergoes accelerated ageing.
Being able to anticipate these changes is of primary importance to
determine the thermal treatment to be applied to the alloys and a
model of hardness evolution versus ageing time has to be
developed.

2.2. Modeling the hardness evolution with ageing

A review of models to correlate the observed macroscopic
hardness to the ageing variables expressed in terms of ageing
temperature @ and time t has been already discussed in the lit-
erature by Tiryakioglu et al. [15] or by Zhang et al. [5]. Alloy
composition and grain size are often cited to have major influence
on the model robustness. Kinetic models of nucleation and growth
of precipitates are often used to predict evolutions in hardness for
aluminum alloys. It is this assumption that is privileged here.
Staley et al. [16] have shown that it is possible to determine the
hardness in every moment of a given thermal history from the
solute disappearance rate by nucleation and growth of pre-
cipitates. This phenomena is observed in aluminium alloys and
described by a differential equation as follows:
ds

=" A@©). (S = Spin(®) M

s is defined as a concentration of solute inside the solid solution, A

Evolution of Vickers hardness measurements for LFC alloys(A356 and A319) for various ageing temperature and times.

A356 (°C) Ageing time (h) 3 6 9 25 30 54 102 316 482

250 Hy 7494376 6892+474 657+339 - 48.66+212 - - 4098+364 4311+085
200 Hy - 9227+528 - 9405 +418 - 85.87+323 81.07+314 6191+52 60.76 + 5.18
150 Hy - 96.85+3.34 - 8998 +325 - 104.75+543 1007 +4.05 93.72+566 9313 +6.26
A319 (°C) Ageing time (h) 3 6 9 25 30 54 102 316 482

250 Hy 95.61+5.63 8951 +189 86.56+4.88 77.77+9.91 82.01+3.838 7836+707 8081+3.70 59.87 +449 60.81+2.20
200 Hy 9947 +574 11128+7.53 115.63+716 10533 +11.54 101.01+45 103.83+14.88 92.55+6.72 9197 +3.46  91.75+457

150 Hy

9112 +£9.59 9493 +4.93 93.83+6.85 9737+245

1156 £6.56 100.95+7.96 11293 +3.3 10743 +16.58 120.82+2.45




Table 3
Indentation tests inside different phases for non-aged A319-LFC.

Method Material Casting process Ageing condition Eutectics Intermetallics Matrix
0 — Al — ALCu Al-Si a-AlFeSi p-AlFeSi Al
Non-CSM A319 LFC Non-aged 28 3 5 -
CSM A319 LFC Non-aged 3 4 5 10
Table 4 (H, —-Hy, )—exp@alnz+blné+c)
Indentation tests inside different phases for non-aged and over-aged A356-LFC. HV(H, 7) = e — Vo
1+exp@alnz+blnd+c) min 3)

Method  Material Casting  Ageing Eutectics Intermetallics Matrix
process  condition
Al-Si p-AlFeSi Al
Non-CSM  A356 LFC Non-aged 4 8 4
CSM A356 LFC Non-aged 1 - 10
Non-CSM A356 LFC Aged 4 12 2
(500 h at
250 °C)

(0) is a kinetic constant and s,,;,(9) is the equilibrium concentra-
tion of solute at temperature 6. Staley et al. [16] also assume that
the material conventional yield stress linearly depends on the s
parameter in Eq. (1). This hypothesis stays consistent to the
hardening mechanism linked to the precipitation process. Assum-
ing a slowly varying temperature, Eq. (1)) can be integrated at a
constant temperature which leads directly to the following equa-
tion in terms of conventional yield limit R, after an ageing time t at
temperature 6:

Re(0, £) = Remin(®) + (Re,max(©) — Remin(©)eXp( — k(O)t) @)
Remin(®) and R, ..(0) denote the minimum and respectively
maximum value of the yield stress for a given ageing temperature:

Repo©@ = R0, 0), R, . (6) = Ry(0, )

k is a temperature-dependent kinetic parameter. In the present
case, this original and simple idea is conserved. Eq. (2), which
denotes the influence of temperature on mechanical properties, is
therefore integrated in an iterative way to obtain Eq. (3). Inspired
from Staley method, it aims at explaining the influences of
temperature and macro hardness on mechanical properties of
material [18]:
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where a, b, ¢ are real parameters which are identified from ex-
periments. H, and H, - are respectively the maximal and
minimal Vickers hardness. Moreover, as the material micro-
structure before ageing and after an infinite ageing time is in-
dependent of the ageing temperature in the considered tempera-
ture range, H, and H, - are assumed to be temperature in-
dependent. The values of the parameters of the ageing model:
Hy,.» Hy,, and a, b, c have been identified from experiments by
minimizing a least square distance between model and data using
a classical fitting procedure. The results are summarized in the
following table:

Material Hy (Hv) Hy . (Hv) a b c
A319-LFC  105.0 59.9 0.68 1346 —-76.45
A356-LFC 974 41.0 084 1381 -—-77.76
A319-DC  109.5 72.0 090 18.08 —102.42
A356-DC  109.0 43.0 0.52 26.68 —186.17

The comparison between experimental data and the ageing
model is presented in Figs. 2 and 3. The model gives a pretty good
representation of the Vickers hardness evolution at high ageing
temperatures (250 °C and 200 °C), but seems less appropriate at
lower temperatures as 150 °C. As equally observed in [18-20], this
could easily be explained by the evolution of the microstructure
with time and temperature during the ageing process, which is
highly correlated with the hardness. Microstructural evolution
essentially takes place at temperatures higher than 200 °C even if
some changes begin to appear around 150 °C. The successive phase
transformations produce larger and larger precipitates, so that the
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Fig. 2. Comparison of macro hardness as a function of aging time between 250, 200 and 150 °C for (a) A319-LFC alloy and (b) A356-LFC alloy.
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Fig. 3. Comparison of macro hardness as a function of aging time between LFC and DC processes at 200° for (a) A356 alloy and (b) A319 alloy and at 250 °C for (c) A356 alloy

and (d) A319 alloy.

matrix hardening becomes lower and lower. At 150 °C, the phase
transformations kinetic is so slow as the energy brought by tem-
perature is very low that the large precipitations happens after
long hours of artificial ageing. That is the reason why the proposed
hardness model does not well match the results at 150 °C for the
two studied alloy. It is clear that at this temperature, measure-
ments exhibit a very slow evolution of the hardness and a strong
difficulty to analyze the results due to the data variability.

In order to understand the link between the observed evolu-
tions of macroscopic hardness during the ageing process and the
part played by each of the microstructure compounds in its evo-
lution, it seems therefore interesting to perform microstructural
observations coupled with nanoindentation tests.

3. Microstructural evolutions with ageing

A series of microstructural observations for both the A319-LFC
and the A356-LFC alloy were performed in order to track its evo-
lution with ageing and giving first hypothesis to explain hardness
evolutions. The study focused on the microstructural states before

and after the artificial over-ageing for the intermetallics phase and
the eutectic structure. Silicon with magnesium, iron or copper
indeed causes the formation of specific intermetallics or eutectic
phases inside the microstructure of the alloys.

Fig. 4 represents typical observations, for different scale, of the
microstructures of the studied alloys. A356-LFC shows far less
intermetallic phases than A319-LFC. SEM images were therefore
analyzed by means of Image] software (version 1.44) in order to
estimate the ratio of intermetallics and porosities for each material
and a statistical analyze was performed in order to determine the
mean equivalent diameter of these phases in each alloy (Table 5).

The total surface which was analyzed in the case of non-aged
A319-LFC was around 51.2 mm? and 63.6 mm? for non-aged A356-
LFC. Image analysis revealed that phases in initial microstructure
of both alloys have approximately the same size as seen in Fig. 4
and Table 5. Analyzing the microstructure, different phases
appear:

® [ron-containing intermetallics: Iron-containing intermetallics
phases are the most observed among intermetallic components,
which is a crucial point as they are known to be sometimes
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Fig. 4. Initial microstructure: (a) and (c) A319-LFC alloy, LFC; (b) and (d) A356-LFC alloy.

Table 5 along grain boundaries and also has a detrimental needle-like

Mean equivalent diameter of for intermetallic phases and porosity in pm for the morphology [25-28,24,29]. It has been observed that as the
non-aged A356 and A319 aluminum alloys.

Alloy Al-Si p-AlFeSi  a-AlFeSi ¢ — Al — AlLL,Cu Porosity DAS
eutectic
A319-LFC 74 8 14 9.9 16 73.7
A356-LFC 6.5 7.8 - - 20 80
(T7)

deleterious to mechanical properties [22,23]. Two pre-eutectic
iron-containing intermetallics are observed in the studied alloy:
a-AlFeSi ( Al;sFe;MnsSiy) and the S-AlFeSi ( AlsFeSi). a-AlFeSi
phases can generally be found with different compositions and
morphologies depending on the quantity of ‘iron-correcting’
elements, such as Magnesium and Manganese, but most of the
time, their morphology takes the form of complex aggregates
that are called ‘Chinese scripts’ or script phases [24]. These a-
AlFeSi intermetallic phases, which have a destructive effect on
the material ductility [22], are only found in the A319-LFC alloy
as seen in Fig. 4a and c. Their mean equivalent diameter is equal
to 14 pm, making it one of the larger elements of the micro-
structure, and one of the significant differences between the
two alloys.

Iron correcting elements reduce the amount of a-AlFeSi phases
and form a less harmful $-AlFeSi phases which are the critical
iron-containing intermetallic compounds to focus on when
analyzing A356-LFC alloy. This phase is found in both alloy

cooling rate decreases in LFC compared with DC process, f-
AlFeSi phase increases in length and thereby decreases the basic
mechanical properties such as yield and ultimate stress [30].
Their mean equivalent diameter is measured equal to 8 pm in
both alloys, categorizing them as small to mid-sized elements,
especially in the A319-LFC.

Al-Si eutectics: Al-Si eutectics improve the castability and the
flowability of the aluminum matrix. They are another significant
precipitations appearing as thin plate-like structures (acicular).
The morphology of the silicon is quite dependent on the cooling
rate and on the amount of Strontium in the alloy chemical
composition. With low cooling rates in the case of LFC and the
given Strontium concentration, silicon appears coarser as seen
in Fig. 4c and d [22]. Their mean equivalent diameter is similar
to the one of S-AlFeSi.

Copper-containing intermetallics (A319 alloy): The presence of
copper in chemical composition of A319-LFC causes the forma-
tion of ¢ — Al — ALLCu intermetallic phase. Copper-based eu-
tectics in aluminum alloys crystallize at the end of solidification
in the remaining inter-dendritic liquid. ¢ — Al — ALCu phase
appears in A319-LFC as eutectic pockets intermixed with the
aluminum matrix as seen in Fig. 4c, confirming the observations
by [31,32].

Magnesium-containing intermetallics (A356 alloy): p'—Mg,Si
phase has small black script morphology and develops in the
final stages of solidification of A356 at very high cooling rates
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Fig. 5. (a) Microstructure of over-aged A319-LFC alloy; (b) microstructure of over-aged A356-LFC alloy.

[26,33,34]. Due to the low cooling rate of LFC, a very small quite important for LFC, compared with DC materials which is
amount of ¢’ — Mg,Si phases were observed in the final micro- around 0.01% for 70 mm? of analyzed surface.

structure of the A356-LFC. Therefore, this compound will not be

studied in the following. Same phases were observed in the microstructure of both LFC

® Porosities: It seems that both materials approximately have the materials in over-aged condition. It seems that in this condition of
same ratio of porosity (0.5-0.6%) and that their mean diameter  over-aging, the -AlFeSi phases in A356-LFC and the ¢ — Al - Al,Cu
is between 0.1 and 0.2 mm. The ratio of porosity in the matrixis  phases in A319-LFC are mostly gathered around the boundary cells

a

10 pym

Fig. 6. Indentation tests in A319-LFC alloy for (a) p-AlFeSi intermetallic phase and Al matrix; (b) ¢ — Al — Al,Cu eutectic phase; (c) a-AlFeSi intermetallic phase and (d) AlSi
eutectic phase.



(Fig. 5). It is the only significant changing of microstructure in
mesoscopic scales (&~ 500 pm-1 mm) which was observed by
over-aging the materials. It seems than that phases transformation
and microstructure evolution as a function of ageing are not ob-
servable at mesocopic scale and require some TEM (Transmission
Electron Microscopy) observations during ageing [20]. However,
intermetallic compounds play a part in the alloy mechanical
properties.

The higher level of initial macro hardness for A319 can for in-
stance be explained precisely by the microstructure of this mate-
rial. The inferior DAS value (DAS=73.7 pm) is the main reason for
high initial macro hardness of LFC materials. A319 LFC aged quite
slowly in comparing with A356 due to a-AlFeSi and ¢ — Al — AL, Cu
phases which conserve their hardening effects especially at high
temperatures as shown by [20].

In the next section the influences of over-ageing on each phase
are studied by means of nanoindentation tests.
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4. Nanoindentation investigations

The nanoindentation technique has been used to measure
hardness and to determine elastic modulus of the following mi-
crostructural components: Al-Si eutectics, #-AlFeSi intermetallics,
a-AlFeSi and ¢ — Al — Al,Cu intermetallic phases for A319-LFC (see
Fig. 6). These tests aimed at evaluating the influence of ageing on
these mechanical properties.

Fig. 7 represents the typical load/displacement curves obtained
by the performed nanoindentation tests. Successive indentations
are made for increasing applied stress levels using a Berkovitch
type indenter. Load and displacement are jointly monitored to
provide mechanical behavior estimation. Small sudden displace-
ment discontinuity pop-in events were observed during the
loading as mentioned by [35]. These small pop-ins (Fig. 7a and d
for instance) are more pronounced for the brittle intermetallic
phases. As reported in the literature, it seems that during loading,
cracks can initiate in brittle phases, which cause small pop-ins and
discontinuities in the load—displacement curve [36].
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Fig. 7. Evolution of maximum load as a function of displacement for (a) g-AlFeSi intermetallic and ¢ — Al — Al,Cu eutectic and (b) eutectic AlSi for A319-LFC alloy in non-aged
condition, and for (c) eutectic AlSi and (d) g-AlFeSi intermetallic for A356-LFC alloy in non-aged and overaged conditions.



As seen in Fig. Ga, the indenter size is more important than the
size of needle-like -AlFeSi intermetallic phases (around 10 pm);
indentation of the aluminum matrix interface might therefore
happen. In order to reduce the influence of such interference on
the mechanical analysis, several measurements were performed
and finally only the indentation tests with 100% of covering with
the intermetallic phase are retained.

In Fig. 7a, indentation test for -AlFeSi and ¢ — Al,Cu phases for
A319-LFC alloy in non-aged condition is represented. Indentations
are made of 5 peak loads of 1, 2, 4, 8 and 16 mN at room tem-
perature. Displacements appear to be more important in
0 — Al — AL, Cu eutectic phase for all loadings in comparison with
p-AlFeSi intermetallic phase. ¢ — Al — ALCu eutectic phase has
therefore a lower hardness than f-AlFeSi intermetallic phase.

The influences of ageing is illustrated by comparing both Al-Si
eutectics and f-AlFeSi intermetallic phases for A356 material in
aged and non-aged conditions (Fig. 7c and d). Indentations are
made to 5 peak loads of 0.25, 0.5, 1, 2 and 4 mN for $-AlFeSi in-
termetallic phases and 25, 50, 75, 150 and 300 mN for AlSi eu-
tectics. Artificially aged Al-Si eutectic phases have a lower hard-
ness and thus elastic modulus in comparison with non-aged
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phases. On the contrary, ageing does not have any influence on the
hardness of f-AlFeSi intermetallic phases. Moreover, comparison
of Fig. 7c and d shows that the curves reflect a high degree of
elastic recovery during unloading of -AlFeSi intermetallic phases,
comparing with AlSi eutectics. This confirms that $-AlFeSi inter-
metallics present a higher Young modulus for both aged and non-
aged phases [36]. This also confirms that the hard phases are not
or little affected by the ageing process. Therefore, the more the
alloy contains of these intermetallic compounds, the longer and
the more moderate the ageing process will be, as is the case for the
A319-LFC alloy.

The slope of the load displacement curve, upon unloading, is
indicative of the stiffness of the contact between the indenter and
the tested material. This value generally includes a contribution
from both the material being tested and the response of the test
device itself. The stiffness of the contact can be used to obtain the
tested phase Young's modulus and micro hardness [10]. In order to
analyze the influence of the over-ageing process, mean value of
micro hardness and elastic modulus for different maximum loads
were compared for the two LFC alloys. Mean values and standard
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Fig. 8. A comparison of the Elastic modulus of AlSi eutectics and p-AlFeSi phases for (a) A319-LFC and A356-LFC alloys and (c) A356-LFC alloy in overaged and non-aged
conditions and of the Micro hardness of AlSi eutectics and g-AlFeSi phases for (b) A319-LFC and A356-LFC alloys and (d) A356-LFC alloy in overaged and non-aged conditions.



Table 6
Chemical composition of Al-Si alloy compared to our LFC alloy.

Material Si% Cu% Ni% Mg% Fe% Mn% Al%

Al-Si alloy 14.81 2.06 1.58 0.92 033 0.02 Bal.

Table 7
Comparison of experimental results with the literature data wherever available.

Phase Experimental data Load;,.x Literature data Loadax
(mN) ——— (mN)
E (GPa) H(GPa) E(GPa) H (GPa)

AlSi eutectic 119177 435 300 -

a-AlFeSi 166.06 12.33 16 175.32  10.81 [39] 20
phase [39]

p-AlFeSi phase  180.75 10.74 16 - -

6 — Al — AlL,Cu 126.58 6.54 16 104.1 4-6 [42] 20
eutectic [40,41]

deviation from the different load levels are investigated.

Fig. 8a and b compares the elastic modulus and hardness
measurements for Al-Si eutectics and f-AlFeSi for both alloy and
a-AlFeSi intermetallic phase and ¢ — Al — ALCu eutectic phase for
A319-LFC. Unsurprisingly, the elastic modulus of each of the
components is greater than the Young modulus of the aluminum
matrix (about 70 GPa). The Al-Si eutectics and the S-AlFeSi in-
termetallic are globally harder and have a higher modulus in the
A319-LFC alloy, certainly because of the light differences in the
chemical compositions. Although the dispersion is important for
the intermetallic compound, there is a gap of about 15% in favor of
the A319. Furthermore, in the A319, a-AlFeSi intermetallics also
have both a high modulus and hardness while the 6 — Al — ALCu
eutectic properties are equivalent to the Al-Si eutectic ones.

Fig. 8c and d compares the elastic modulus and hardness
measurements for Al-Si eutectics and f-AlFeSi for A356 LFC alloy
in non-aged and over-aged conditions. The results of the na-
noindentation tests reveal that the 5-AlFeSi phases possess higher
hardness and elastic modulus in comparison with Al-Si eutectics,
whatever the condition of ageing. Both elastic modulus and micro
hardness of AlSi eutectics decreased after over-ageing. On the
contrary, elastic modulus of 3-AlFeSi phases stays almost identical
while the micro hardness increases strongly after over-ageing.

These comparisons enable to explain the observations made in
the previous sections. The A319-LFC will naturally have a higher
initial hardness compared to the A356-LFC due to the presence of a
greater number of hard intermetallic compounds. The latter ex-
hibit little or no change in hardness with the artificial ageing,
unlike the eutectic Al-Si and the aluminum matrix [21]. In fact, the
maintenance of a higher macrohardness with aging for the A319 is
thereby also justified.

Finally, Table 7 offers a comparison between the obtained
elastic modulus and micro hardness values with values coming
from the literature, for an aluminum alloys possessing a close
chemical composition (see [39], composition given in Table 6). The
addition of copper and nickel at about 2% each in mass in order to
improve the fatigue strength, leads to higher hardness and
strength at elevated temperature. At room temperature, small
differences occur for elastic modulus and hardness values for a-
AlFeSi and ¢ - Al — Al,Cu phases thus highlighting good con-
sistency of our results.

5. Conclusion

Vickers macro hardness tests were performed to study the
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macroscopic mechanical behaviors of two LFC (Lost Foam Casting)
aluminum alloys, to compare them with more traditional DC (Die
Casting) aluminium alloys and to measure the influence of artifi-
cial ageing. It was shown that whatever the casting process, A319
slowly softens in comparison with A356 and shows higher value of
hardness before and after over-ageing. The LFC process also ex-
hibits lower initial hardness in comparison with DC process.

The evolution of hardness versus ageing time was described by
the difference in terms of the microstructure. Different compo-
nents (eutectics, intermetallics) in both LFC alloys were compared
and it was observed that the iron-based and copper-based inter-
metallics potentially affect the elastic properties and the ductility
of the materials by their morphology or mechanical properties.

Nanoindentation tests were therefore performed to evaluate
the mechanical stiffness of each component and also to observe
their evolution during material ageing. The results show that iron-
based intermetallics exhibit a high elastic modulus (E=166-
180 GPa) in comparison with the other eutectic/intermetallic
phases. This modulus is moreover not affected by the artificial
ageing. These components should thus play a crucial part in the
alloy initial hardness and its decrease rate and stabilization during
ageing.
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