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Abstract

Al-Si alloys constitute a widely used group of light metals and alloys. In spite of it
traditionally being a well-studied system, no systematic attempts have been made to overcome
the strength-ductility limitations existing in these alloys. It becomes even more important to
investigate when numerous developments have been witnessed in playing with microstructure
control by newer processing methods to enrich our capability of broadening the process-
structure-property optimization regimes.

This research investigates the relationship between composition, processing, structure,
and properties of binary Al-2Si to Al-30Si alloys at room and high temperatures. The Al-Si
alloys were produced by melting and casting in the induction furnace. Microstructure and
mechanical property studies were conducted on as-cast, hot extrusion, friction stir processing
(FSP), and high-pressure torsion (HPT) processed Al-Si alloys. The minimum grain sizes
obtained are 1-2pm on HPT, 2-3um upon FSP, and 5-8pm on extrusion, which are much smaller
than the as-cast grain sizes of 15-115pm.

Irrespective of processing methods, strength was found to increase with decreasing
grain size according to the Hall-Petch type relationship, but the strengthening caused by the
grain interior and the grain boundary zone was found to be sensitive to the processing method.
In contrast to this, at elevated temperatures (450-840K), the strength decreased, whereas
elongation increased with decreasing grain size. Superplastic behaviour investigated in FSP
material showed elongations of 191-341%, depending on Al-Si composition, with the maximum
elongation of 341% corresponding to the Al-12Si eutectic alloy.

The values of parameters of the constitutive relationship for high-temperature
deformation were obtained to be as follows. (i) Strain rate sensitivity index (1) was found to be
a maximum of ~0.4 for FSPed Al-12Si alloy, whereas it was a minimum of 0.04 for the
hypereutectic Al-30Si alloy. The magnitude of m increased with test temperature and generally
decreased with increasing Si content for all the processes involved. (ii) The apparent activation
energy for deformation (Q.) was obtained to range from 79.4+11.8k]J/mol to 572+148Kk]/mol.
The FSP material shows m>0.4 and true activation energy Qy~59.4kJ/mol over the temperature
range of 530-650K and 221.5k] /mol over 650-780K. The mechanism for superplastic deformation
is accordingly suggested to be grain boundary sliding and its accommodation by grain
boundary diffusion at the lower end of the temperature range, and the same by lattice diffusion
at the upper end of the temperature range. Q: generally increased whereas m decreased with
increasing Si content, for which the deformation mechanisms were identified to be dislocation
climb creep for low Si-containing Al-Si alloys, but power law breakdown appeared for
hypereutectic Al-Si alloys in as-cast and extruded Al-Si alloys. According to the present results
on FSPed AIl-85i to Al-30Si, both dislocation-based creep mechanisms (m<0.3) and
superplasticity-type (120.3) mechanisms occur over different ranges of temperatures, strain
rates, and compositions.

In conclusion, it is possible to make Al-Si alloy stronger by selecting higher Si content,
but irrespective of composition, the same can be made to exhibit superplasticity, thus providing
an opportunity to extend the applications of Al-Si alloys by proper processing and meeting the
service conditions.
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from DSR tests and plotted: (a) m as a function of silicon content, and (b) apparent (Q.)
and true activation energies (Q:) as a function of silicon content; the parameters of
constitutive relationship, calculated from CSR tests are plotted in (¢) m as a function of
silicon content for different test temperatures, and (d) Q plotted as a function of silicon
content. Replotted in Figure (e) is a comparison of true vs. apparent activation energies
from Figure (b,d) as a function of increasing Si content
(a-c) Stress-strain curves obtained from the coupled differential strain rate test followed by
constant initial strain rate tests for the as-cast Al-12Si eutectic and Al-30Si hypereutectic
alloys; differential strain rate test for (a) Al-30Si, (b) Al-12Si alloys, and (c) stress-strain
curves from CSR tests after differential strain rate tests; stress-strain rate plot in the higher
temperature range of 800-840K for (d) Al-12Si, and (e) Al-30Si alloys; (f) Arrhenius plot for
determining true activation energy for deformation of Al-12Si and Al-30Si alloys
Typical summary of microstructures evolved upon high-temperature deformation
corresponding to the test conditions and &f values as notable in Fig. 4.32(g)
(a) Microhardness measured before deformation and after deformation of the samples at
different test conditions plotted as a function of Si content in as-cast Al-Si alloys, (b) Hall-
Petch type plot for undeformed and deformed Al-Si alloys, (c) variation in room
temperature hardness as a function of high-temperature elongation (&) of samples, (d) a
plot of Q. for deformation and the post deformation room temperature hardness (HV4) for
the given composition and test conditions
Stress-strain curves obtained from tensile tests performed at different test conditions, viz.
temperature (T) and strain rate (€) shown by legends in the figures for hypoeutectic (Al-
8Si) Al-Si alloy extruded at (ET) (a) 810K, (b) 710K, (c) 610K, and (d) 510K
Stress-strain curves obtained from the tensile test under different test conditions (T, €) as
inset in the figures for eutectic (Al-12Si) Al-Si alloy extruded at (a) 810K, (b) 710K, (c) 610K,
and (d) 510K
Stress-strain curves obtained from the tensile tests performed at different test conditions
(T, €) listed as legends in the figures for hypereutectic (Al-20Si) Al-Si alloy extruded (ET) at
() 810K, (b) 710K, () 610K, and (d) 510K
Stress-strain curves obtained from the tensile tests performed at different test conditions
(T, &), listed as legends in the figures, for hypereutectic (Al-30Si) Al-Si alloy extruded at (a)
810K, (b) 710K, (c) 610K
log-log plot of grain size and Zener-Hollomon parameter of extrusion samples of Al-8Si, Al-
12Si, Al-20Si, and Al-30Si alloys (the data point which is not included in curve fitting is
encircled)
Variation in (a) m, and (b) activation energy (Q.) as a function of Si content as obtained from
CSR test data
Stress-strain rate plot obtained from DSR type tests (SET1) for extruded (a) hypoeutectic
Al-8Si, (b) eutectic Al-12Si, (c) hypereutectic Al-20Si and (d) Al-30Si alloys
Stress-strain rate plot obtained from DSR type tests (SET2) for extruded (@) eutectic Al-12Si
and (b) hypereutectic Al-30Si alloys
Typical Arrhenius type plots obtained from differential strain rate tests for (a) Al-8Si, (b) Al-
12Si, (c) Al-20Si, and (d) Al-30Si alloys extruded at 810K
Parameters of constitutive relationship for high-temperature deformation of extruded
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5.2

alloys, calculated from DSR tests: m as a function of (a) test temperature, (b) silicon
content, (c) typical Arrhenius plot of DSR tests (SET1 & 2), (d) apparent (Q4) and true
activation energy (Qt) as a function of silicon content, and (e) comparison of apparent and
true activation energies corresponding to different Si contents

Stress-strain rate curves obtained from the coupled DSR (840-800K) followed by CSR tests
conducted at test temperatures of 840K and strain rate of 10™s” for eutectic Al-12Si alloy
and hypereutectic Al-30Si alloy extruded at 810K

Low magnification micrographs of deformed samples from CSR tests (a-c-e), (b-d-f)
corresponding to higher magnification micrographs of the fracture tips

(a) stress-strain curves obtained from CSR tensile tests conducted at a high temperature of
840K and strain rate of 10s™ for three-pass FSP processed Al-Si alloys having compositions
inserted in the legends (Each curve corresponds to specific alloy compositions as denoted
in the legends), and (b) total elongation (&f) represented in the silhouette of deformed
tensile specimens undergone CSR tests

Stress (o0)-strain rate (€) plots, obtained from DSR tests of all the test temperature ranges
(840-530K), of (a) Al-8Si, (b) Al-12Si, (c) Al-20Si, and (d) Al-30Si FSP processed Al-Si alloys.
Note: In the figure legends, case (ii) temperature range (840-800K) is presented in Italic
style to make a difference from case (i), temperature range (800-530K)

(a-d) Typical Arrhenius type plot obtained from differential strain rate tests for all the alloy
compositions processed by three-pass FSP, (g) comparison of Arrhenius plot (Q) for all the
alloy compositions

Typical Arrhenius type plot obtained from DSR tests (840-800K) for all the alloy
compositions processed by three-pass FSP

Plot of strain rate sensitivity index (m) data obtained from all temperature ranges as a
function of (a) test temperature, (b) Si content, (c) typical Arrhenius plot of data obtained
from all temperature ranges, (d) variation in activation energy (Qs and Qt) as a function of
Si content for all the temperature range involved, (e) silhouette of deformed tensile
specimens undergone couple DSR-CSR tests of Al-8Si, Al-12Si, Al-20Si and Al-30Si alloys, and
(f) dependence of total elongation (¢f) on m in DSR-CSR coupled tests at temperature
range of 840-800K

Microhardness of the deformed and undeformed sample as a function of Si content of (a)
gage section, (b) shoulder section, and (c) a plot of Q for deformation and the post-
deformation room temperature hardness (HV4) for the given composition and test
conditions for FSPed Al-Si alloys

Low magnification micrographs of deformed samples of CSR tests (a-d), (e-h)
corresponding higher magnification micrographs of the tips, and (i-l) grain (d«) and particle
size (dp) distribution of the deformed samples at CSR tests of Al-8Si, Al-12Si, Al-20Si, and Al-
30Si alloys

Low magnification micrographs of deformed samples of DSR tests over the temperature
range of 800-530K (a-d), (e-h) corresponding higher magnification micrographs of the tips,
and (i) grain (d«) and particle size (dp) distribution of the deformed samples at DSR tests
of Al-8Si, Al-12Si, Al-20Si, and Al-30Si alloys

Low maghnification micrographs of deformed samples of DSR tests over the temperature
range of 840-800K (a-d), (e-h) corresponding higher magnification micrographs of the tips,
and (i) grain (d«) and particle size (dp) distribution of the deformed samples at DSR tests
of Al-8Si, Al-12Si, Al-20Si, and Al-30Si alloys

Ratio de«/dp plotted as a function of volume fraction of Si particles, f, for initial FSPed
samples (a), and upon deformation at CSR as well as after DSR-differential temperature
test coupled with the CSR tests of all the Al-Si alloys (b)

Typical micrographs of the hypoeutectic Al-8Si, eutectic Al-12Si, and hypereutectic Al-20Si,
Al-30Si alloys processed by melting and casting (a-d), subsequent hot extrusion at 810K (e-
h), severe plastic deformation by FSP (three-pass) (i-]) and HPT (50N) (m-p). The horizontal
arrow as a row indicates the different processing methods for a fixed composition, and the
vertical arrow as a column indicates the different compositions for a fixed process. From
top to bottom, the silicon content increases, and from left to right, the severity of the
deformation increases, (n’) magnified FESEM micrograph of (n)

(a) Log-log plot of normalized stress (o/E) vs. normalized strain rate (£/D,), and (b) log(o/E)
vs. log(¢kT/EbD,;) along with the superimposed plot based on the theory of dislocation
climb controlled creep with m=0.22 (or n=4.5) for the two alloy compositional ranges, (c)
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(a) Variation in threshold stress as a function of temperature for different alloy
compositions in the as-cast state; (b) variation in threshold stress as a function of alloy
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Plot of peak stress (0p) and stress (0o) at the onset of plastic deformation, (b) Peak stress
(op) vs. total elongation (&) plot, and (c) plot of work hardening rate (S4) and work
softening (9s) irrespective of alloy composition, processing methods, and independent of
test conditions to represent the interrelationship between them
Ratio de/dp plotted as a function of volume fraction of Si particles, fp (a), plot of elongation
(gf) vs. hardness (b) for all the conditions and alloy compositions
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