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Age-hardening provides one of the most widely used mechanisms for the strengthening of aluminum
alloys. The age-hardening involves three steps: solution treatment, quenching and aging. The tem-
perature of solution treatment and aging is very important in order to reach desired properties of
castings. The optimum temperature of solution treatment and aging led to formation microstructural
features in form which does not lead to decreasing properties, but increasing ones. The major micro-
structural features in A 226 cast alloys which are responsible for increasing properties are: eutectic
Si particles, Cu-rich phases, Fe-rich phases and porosity. The increase of properties depends on
morphology, size and volume of microstructural features. In order to assess age-hardening influence
on microstructural features in A226 cast alloys were used as possibilities of evaluation by means of
image analysis. Quantitative analysis decelerate changes in microstructure includes the spheroidiza-
tion and coarsening of eutectic silicon, gradual disintegration, shortening and thinning of Fe-rich
intermetallic phases, the dissolution of precipitates and the precipitation of finer hardening phase
(Al2Cu) further increase in the hardness and tensile strength in the alloy. Changes of mechanical

properties were measured in line with STN EN ISO.

1. Introduction

Al-Si alloys are frequently used for many components in
the automotive industry due to their excellent castability,
good mechanical properties, machinability and wear re-
sistance (LI R. X., ET AL. 2004; GROSSELLE F., ET AL. 2010).
The recycled Al-Si-Cu alloys are extensively used to reduce
materials cost compared to pure alloys. The alloys of the Al-
Si-Cu system have become increasingly important in recent
years, mainly in the automotive industry that uses recycled
(secondary) aluminum for production of various motor
mounts, engine parts, cylinder heads, pistons and so on (LI
R.X., ET AL. 2004; Ri0os C. T., ET AL. 2003). Al-Si-Cu alloys
usually contain Cu (2-4 %), a certain amount of Fe, Mn, Mg
and Zn that are present either undeliberate, or they are added
deliberately to provide special material properties. These
elements partly go into solid solution in the matrix and partly
form intermetallic phases (GROSSELLE F., ET AL. 2010; R10s
C.T.,ET AL. 2003).

The remelting of recycled metal saves almost 95% of the
energy needed to produce prime aluminum from ore, and,

thus, triggers associated reductions in pollution and green-

house emissions from mining, ore refining, and melting.

Increasing the use of recycled metal is also quite important

from an ecological standpoint, since producing aluminum by

recycling creates only about 5% as much CO- as by primary

production (DAs S. K. 2006; DAs S. K., ET AL. 2010;

SENCAKOVA L., ET AL. 2007).

Mechanical properties of Al-Si alloys are largely depend-
ent upon an appropriate heat treatment technology, prior to
the use of T6 condition. The heat treatment T6 influence
morphology of structural features and lead to better proper-
ties. This heat treatment consist of the following stages
(SIOLANDER E., ET AL. 2010; TAsH M., ET AL. 2007;
ABDULWAHAB M. 2008; JoOHANSEN H. G. 1994
ROMANKIEWICZ R., ET AL. 2014, SHAHA S. K., ET AL. 2017):

1. Solution treatment, that is necessary to produce a solid
solution. Production of a solid solution involves keeping the
Aluminum alloy at sufficiently high temperature for such
holding time, that provides dissolution of the undissolved or
precipitated soluble phase constituents so as to attain a rea-
sonable degree of homogeneity;
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2. Rapid cooling, also called quenching, usually with water at
the temperature of 40-60°C, to obtain a supersaturated solid
solution of solute atoms and vacancies in solid solution;

. The third step of T4 heat treatment is natural aging to ob-
tain the desired mechanical properties of casting. For heat
treatment T6 (age-hardening) it is artificial ageing at ele-
vated temperature to force precipitation from the supersatu-

rated solid solution.

The present study is a part of a larger research project,
which was conducted to investigate and to provide a better
understanding of mechanical properties and microstructure
(Si morphology, Fe- and Cu-rich phases) in secondary (recy-
cled) AISi9Cu3. The work is focused on studying the effect
of age-hardening on changes in microstructural features.

2. Experimental

As an experimental material secondary hypoeutectic
AISi9Cu3 alloy was used. The chemical analysis of
AISi9Cu3 cast alloy was carried out using an arc spark spec-
troscopy and is (wt. %): 9.4% Si, 2.4% Cu, 0.9% Fe, 0.28%
Mg, 0.24% Mn, 1.0% Zn, 0.05% Ni, 0.04% Ti, 0.03% Sn,
0.09% Pb, remainder % Al. The secondary alloy (prepared
by recycling of aluminum scrap) was received in the form of
12.5 kg ingots. The experimental material was molten into
the chill (chill casting). The melting temperature was main-
tained at 760°C + 5°C. The molten metal was purified with
salt AICu4B6 before casting and was not modified or grain
refined.

The experimental material was heat treated with the fol-
lowing regime: solution treatment at 515°C with holding
time 4 hours which involves dissolution of soluble phases.
The second step was water quenching at 50°C and the third
step was artificial aging at different temperatures of artificial
aging (130, 150, 170, 190 and 210°C with different holding
times (2, 4, 8, 16 and 32 hours), where solute atoms precipi-
tate.

From castings the testing samples for mechanical test
(samples for measuring the ultimate tensile strength and
samples for bending impact test) were made with dimensions
corresponding to the standards.

In general, the AISi9Cu3 cast alloy has lower corrosion re-
sistance and is suitable for high temperature applications
(dynamic exposed casts, where are not so big requirements
on mechanical properties) that is max. 250°C. The AlSi9Cu3
alloy has the following technological properties: tensile
strength (240-310 MPa), offset 0.2% yield stress (140-240
MPa), however, the low ductility limits (0.5-3%) and hard-
ness HB 80-120. Hardness measurement of experimental
material was performed by a Brinell hardness tester with
a load of 62.5 Kp, 2.5 mm diameter ball and a dwell time of
15s (STN EN IS0 6506-1). The Brinell hardness value at each
state was obtained as an average value of at least six meas-
urements. Tensile properties were measured on the test ma-
chine ZDM 30 at room temperature (STN EN I1SO 6892-1).
A minimum number of five test specimens from each state
(untreated and T6 heat treated) were used for tensile test.
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For the microstructural features evolution quantitative
analysis was used. Quantitative metallography (VASKO A.,
ET AL. 2014) was carried out on an Image Analyzer NIS —
Elements to quantify the microstructural features (average
volume and average size by magnification 100 and 500 x).
Metallographic samples for the study were cut from the se-
lected tensile test specimens (after testing) and hot mounted
for metallographic preparation. The microstructures were
studied using an optical microscope Neophot 32 (upon black-
white etching). The samples were prepared by standard
metallographic procedures (wet ground on SiC papers, DP
polished with 3 pm diamond pastes followed by Struers Op-
S and etched by standard etching solution Dix-Keller for
optical microscope study.

3. Results and discussion

The results of hardness measurements are shown in Dia-
gram 1. This diagram shows an obvious age-hardening phe-
nomenon for each curve. At the early stage of aging for tem-
perature 130 and 150°C the hardness increases with aging
time until reaches the first peak (after 4 h). At intermediate
stage of aging, after a little decrease the hardness increases
again and reaches the potential second peak for temperature
130 and 150°C after 32 h. The final stage of aging, when the
hardness decreases as a result of over-aging, was not ob-
served. For samples aged at temperature 170°C a single ag-
ing peak after 8 hours and next a hardness high plateau from
8 to 32 hours was measured. The early stage of aging for
temperature 190°C by 4 hours and 210°C by 2 hours was
measured. The second aging peak for temperature 190°C by
16 hours was observed. For temperature 210°C the final
stage of aging, when the hardness decreases as a result of
over-aging, was not observed. The age-hardening peaks are
correlated to their precipitation sequence. The first hardness
peak of age-hardening curve is attained depending on the
high density GP zones (especially GP 1l zones), while the
second one is acquired in terms of metastable particles. The
aging plateau corresponds to the continuous transition from
GP zones to metastable phases. Highest Brinell hardness was
140 HBS for 515°C / 4 hours and artificial aging 170°C /
from 8 to 32 hours.
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Diagram 1. Changes of Brinell hardness

In order to investigate the double-peak phenomenon of the
AISi9Cu3 alloy, tensile properties of the alloy aged at 130,
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150, 170, 190 and 210°C for different times have been meas-
ured. The results are shown in Diagram 2. It can be found
that the double aging peaks occurred for temperature 130,
150 and 170°C measured, but for temperature 190 and 210°C
there was only one aging peak measured. For temperature
130, 150 and 170°C it was observed that the first aging peak
occurred after holding time 4 hours. The second aging peak
we observed after holding time 16 hours. For temperature
190°C we observed the first aging peak after 16 hours and
for temperature 210°C after 8 hours. Highest strength tensile
was 211 MPa for 515°C / 4 hours and artificial aging 170°C /
from 16 hours.

The mechanical properties of cast component are deter-
mined largely by the shape and distribution of microstructur-
al features. Therefore, quantitative analysis was used for their
control. Optimum tensile, impact and fatigue properties are
obtained with small, spherical and evenly distributed parti-
cles.
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Diagram 2. Changes of ultimate tensile strength

The evolution of the Fe-rich phases during age-hardening
is described in Fig. 4. In the as-cast state phase
Alis(FeMn)sSiz has a compact skeleton like form (Fig. 4a).
The Alis(FeMn)sSi, phase was shortened and fragmented to
smaller skeleton particles during age-hardening (Fig. 4b-f).
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Diagram 3. Quantitative analysis of average size of Fe-rich phases

The influence of age-hardening on Fe-phase morphology
was described by means of quantitative metallography to
quantify average volume and size of Alis(FeMn)sSi, phases
(Diagrams 3 and 4). Maximum average size of Fe-rich phas-

es was observed at as-cast state (without heat treatment) 761
um?. Minimum average size of Fe-rich phases (less than 50
um?) was observed after age-hardening by holding time
greater than or equal to 4 hours independently from tempera-
ture of artificial aging (130, 150 or 170°C). The higher tem-
perature of artificial aging leads to the increasing size of Fe-
rich particles (190°C) (Diagram 3). The average volume of
Fe-rich particles decreases with age-hardening, but tempera-
ture of artificial aging 190°C leads to increasing the volume
(Fig. 5). The minimum volume was observed at 130 and
170°C (from 1.9 to 3.2%).

| .
| .d)

e) : f)

b)

Fig. 4. Changes of Fe-rich phases and Si particles morphology
during age-hardening after holding time16 hours on temperature of
artificial aging.

a) as-cast state; b) T6-130°C; ¢) T6-150°C; d) T6-170°C; e) T6-
190°C; f) T6-210°C.

The effect of age-hardening — T6 on morphology of eutec-
tic Si is demonstrated in Fig. 4, 8. The morphology changes
of eutectic Si observed after age-hardening are documented
for holding time 16 hours. Eutectic Si without heat treatment
occurs in needles form (Fig. 4a). After heat treatment in
every temperature of artificial aging it was observed that the
Si platelets were fragmented in to smaller particles with
rounded edge (Fig. 4b-f, 8b-f).
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Fig. 5. Quantitative analysis of average volume of Fe-rich phases

Quantitative analysis of Si particles shows that the average
size of eutectic Si particles obtained in heat treated samples
decreases (727 um?in as-cast state) with increasing of artificial
aging, the most at 170°C (Fig. 6). Minimum value of average
eutectic Si particles was observed at temperature of artificial
aging 170°C with holding time 4 hours (41.75 um?). The aver-
age volume of Si particles was from 7.4 to 10% on metallo-
graphic samples (Fig. 7). The age-hardening markedly did not
affect the volume of Si particles in microstructure of experi-
mental material. The quantitative analysis decelerates great
changes in size of Si particles.
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Fig. 6. Quantitative analysis of average size of Si particles
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Fig. 7. Quantitative analysis of average volume of Si particles

From Cu rich phases were observed phases Al-Al,Cu-Si in
microstructure of experimental material. This phase without
T6 treatment occurs in form compact oval troops (Fig. 8a).
After age-hardening compact AIl-AlCu-Si phase disinte-
grates to separates Al>Cu particles or fibers (Fig. 8b-f).

The quantitative analysis was very hard, but the results
show the correct information about dissolution of Cu rich
phases during age-hardening (Fig. 9 and 8).
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Fig. 8. Changes of Cu-rich phases and Si particles morphology
during age-hardening after holding time16 hours on temperature of
artificial aging.

a) as-cast state; b) T6-130°C; ¢) T6-150°C; d) T6-170°C; €) T6-

190°C; f) T6-210°C.

mT6-210°C T6-190°C WT6-170°C WTe-150°C MWTe-130°C

=W
[=x I o]

oo

(=R S

l

60 110 4656

average size of Cu phases [um?]

Fig. 9. Quantitative analysis of average size of Cu-rich
phases
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The amount of these phases was not corrected visibly on
optical microscope because these phases were in a form of
small particles or it was dissolved in the matrix. Maximum
value of the average size of Cu-rich phases was measured in
as-cast state (4656 pm?) and minimum average area was
estimated by age-hardening at temperature 170°C with hold-
ing time 16 hours (1.531 um?).
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The volume of Cu rich phases in microstructure decreases
with temperature of age-hardening and holding time, too
(Fig. 10). The minimum volume was observed on samples
after 150 and 170°C from 0.04 to 0.47%.
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Fig. 10. Quantitative analysis of average volume of Cu-rich phases

4. Summary and conclusion

The study of the microstructural features morphology
changes during age-hardening evaluated with image analysis
results in:

The mechanical properties (Brinell hardness and tensile
strength) increase after age-hardening for all artificial tem-
peratures. In the hardness age-hardening curve single aging
peak (at 4 h) and hardness plateau (at 16 h) are present. In the
tensile strength age-hardening curve the double-peak phe-
nomenon (at 4h and at 16h) are observed.

The ,,optimum" schedule for mechanical properties is as
follows: solution treatment: 4 h at 515°C; water quenching at
40°C; artificial aging: 16 h at 170°C. This will produce the
following properties: HBW was in comparison with untreat-
ed state of 29% higher and strength tensile was of 32% high-
er.

In AISi9Cu3 cast alloy were observed Fe-rich phases
Alis(FeMn)sSiz.  Skeleton-like  Alis(FeMn)sSi, phase was
dominant owing to the presence of Mn. The age-hardening
caused changes of Fe-rich phases. Skeleton-like
Alis(FeMn)sSi; phases are dissolved and fragmented into
small particles (average area reduces from 761 to 47 um?).

The age-hardening caused changes of Cu-rich intermetallic
phases too. Compact Al-Al,Cu-Si eutectic are fragmented,
dissolved and next redistributed within a-matrix. The disso-
lution of Cu-rich phases during hardening holding increases
the concentration of Cu and other alloying elements (Mg, Si)
in the aluminum matrix.

The heat treatment caused changes of eutectic Si. The Si-
platelets were fragmented in to smaller particles. In some
volume of microstructure were observed spheroidized parti-
cles, which probably relate with temperature of solution
treatment.
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