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Solution hardening of Al-Si alloys at room temperature was investigated by tensile tests of several
aluminum alloys containing various amounts of Si in solution but fabricated from the same
commercially pure base material. It is found that Si has a weak strengthening effect but a significant
impact on the work hardening. The strengthening was found to be very sensitive to water quenching,
which enhances the solute strengthening. Despite the low strengthening effect, the Portevin-Le
Chatelier effect was clearly observed during the tension of an alloy containing 0.4 at% Si, suggesting
the occurrence of dynamic strain ageing due to surprisingly low levels of Si in solid solution.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Non-heat-treatable aluminum alloys including AA1xxx (com-
mercially pure aluminum), AA3xxx (Al-Mn) and AA5xxx (Al-Mg)
systems are widely used in the applications requiring a low to
medium strength, a good formability and a good corrosion
resistance. Non-heat-treatable alloys owe their strength to the
elements in solution, so solid solution hardening is an important
strengthening mechanism in such alloys. Furthermore, the solute
influence on the work hardening is important when it comes to
formability. This is also the case for solution treated 6xxx alloys,
where Si and Mg are the major elements in solution. In the
commercial alloys a mix of elements are present in solid solution.
The ultimate goal is to make models that can handle their
complex interplay, and the natural starting point is the investiga-
tion of these elements one by one. Our understanding can be
improved by atomistic simulations of atom core effects, such as
those recently reported in [1,2].

The solute strengthening mechanism has been subjected to
investigations for many years. The development of theories and many
experimental results have been reviewed by several authors [3-5]. Mg
and Mn have generally attracted more attention compared to other
elements in aluminum, and studies on both high purity and commer-
cial purity alloys have been reported [6,7]. Small amounts
of Si usually exist in most commercial wrought aluminum alloys.
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Some of the Si atoms form constituent particles with Fe and also
precipitate with other elements during heat treatments, while the
remaining Si atoms are in solid solution. Hot deformation experiments
of commercially pure Al-Si alloys [8] and theoretical calculations [1,2]
indicate that Si has a weak solution hardening effect. However, few
experimental results have been reported on cold deformation of
aluminum containing various contents of Si in solution.

The Portevin-Le Chatelier (PLC) effect, which manifests itself as
serrated flow and negative strain rate sensitivity, affects ductility and
formability and has been extensively studied [9], especially in Al-Mg
alloys. The PLC effect is associated with interaction of diffusing solute
atoms with mobile dislocations, known as dynamic strain ageing
(DSA). The PLC effect has been observed in Al-Si alloys containing
3-12 wt% Si at strain rates between 10~ and 10~2s~! at room
temperature [10,11]. In Ref. [11] the quenched-in vacancies were
suggested to be the governing factor of PLC effect and the PLC effect
was claimed to occur also in a Al-0.2 wt% Si binary alloy, but no
results were shown for alloys with less than 3 wt% Si [11].

In this work, several aluminum alloys containing various
amounts of Si in solution but fabricated from the same commer-
cially pure base material, are investigated to explore the effect of
Si on mechanical properties and the occurrence of PLC at room
temperature.

2. Experimental

Aluminum alloys with three levels of Si contents were fabricated
in the same manner by Hydro aluminum. The raw alloys are labeled
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Table 1
The compositions and homogenization treatments.

Alloy Al Nominal Nominal Fe, Homogenization Si in
wt%  Si, wth  wt% solution, at%
S1 99.73 0.07 0.15 833K6h 0.03
S2 99.67 0.15 0.14 833K6h 0.12
S5a  99.29 0.50 0.15 853K4h +25K/hto 034
673K 4h
S5b 99.29 0.50 0.15 833K6h 0.43

as S1, S2 and S5 corresponding to the nominal content of Si (refer to
Table 1). All the raw alloys were in the direct chill casting condition
with a diameter of 22 cm. The S5 alloy was homogenized in two
ways to achieve different levels of Si in solution, labeled as S5a and
S5b, respectively. The compositions and homogenization treatments
are listed in Table 1. Two sets of materials were prepared by
different treatments following homogenization. One set of alloys
was quenched into water after homogenization to induce excess
vacancies. The other set was cooled in air to room temperature
(cooling rate ~45 K/min) after homogenization to avoid inducing
excess vacancies. The air cooled alloys were used to study solute
strengthening of Al-Si, and the water quenched alloys were used to
study the effect of quenching on solid solution hardening. All the
materials were left at room temperature before further tests.

The solute concentrations in solid solution were measured by a
JEOL JXA-8500F electron probe micro-analyzer (EPMA). The micro-
structure after homogenization was investigated by both a Zeiss
Supra 55 field emission gun scanning electron microscope (FEG-
SEM) operated at 15kV and a JEOL 2010 transmission electron
microscope (TEM) operated at 200kV. The tensile tests were
performed using cylindrical specimens with a diameter of 6 mm, a
gauge length of 25 mm and a parallel length of 35 mm. Three
parallel tests were performed for each alloy. An MTS 810 hydraulic
testing machine was run under a constant ramp rate at room
temperature, giving strain rates of about 10~ !s~!and 103571,

3. Results and discussion
3.1. Microstructure

The concentration of Fe in solid solution was about 0.01 at%
(measured by EPMA), which in the present work is negligible.
The atomic concentrations of Si in solid solution are listed in
Table 1. Constituent particles are formed at dendrites and grain
boundaries during casting and homogenization (Fig. 1). The
constituent particles are expected to be mainly FesAl;53 and -
AlFeSi according to the ternary phase diagram [12], and in S5a
some Si particles are formed during homogenization. The average
radius of the constituent particles in all the alloys was~0.7 um,
and the area fractions were ~0.3%. No fine precipitates were
observed by TEM in the air cooled S5b, suggesting that no
precipitation occurred during cooling. The texture is expected to
be random due to the homogeneous cast structure. The grain sizes
of the materials except S1 were similar, about 107 pm on average.
S1 had coarser grains, and the mean diameter was 162 pm.

3.2. Portevin-Le Chatelier effect in Al-Si

The alloy with the highest amount of Si in solution (S5b) was
tested by a strain rate change tensile test to illustrate the
occurrence of the PLC effect in this alloy (Fig. 2). Both water
quenched and air cooled S5b showed similar serrations in the
tensile curves. Serrated yielding occurred at the strain rate of
1073 s~!, showing type A serrations (Fig. 2). For a description of

Fig. 1. Back-scattered electron image of constituent particles in S5b, showing that
the coarse particles were distributed mainly at grain boundaries.
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Fig. 2. Strain rate change during tensile test of water quenched (WQ) and air
cooled (AC) S5b (initially 10~3 s~ !, changed to 0.1 s~ at strain of 0.06, then back
to 103 s~ at strain of 0.13). The inserted figure illustrates the beginning of type
A serrations with a gray line showing the fluctuations of a test on S1 (the line is
shifted to appear in the same range as S5b).

the types of serrations, see Ref. [9]. A segment of the testing curve
of S1 is also shown in Fig. 2, confirming that the type A serrations
are clearly distinguishable from background fluctuations. The
increase of the strain rate to 0.1 s~ ! at a strain of 0.06 reduced
the serrated flow behavior in Fig. 2. However, serrated yielding
reappeared (as type D) later at strains slightly larger than 0.1, still
at the highest strain rate. However, the serrations became more
pronounced when the strain rate was again changed back to
1073 s~ ! at a strain of 0.13. Type A serrations were also observed
in S5a, but less pronounced. The presence of the PLC effect
confirms that DSA occurs in a dilute Al-Si alloy, and furthermore
that the quenched-in excess vacancies in the water quenched
specimen did not affect the PLC effect.

In general DSA is expected in Al-Si alloys, since Si has similar
diffusion coefficient as Mg in aluminum [13]. The PLC effect has
also earlier been observed in supersaturated Al-Si alloys [10,11].
Early research on Al-1 wt¥% Si alloy wires and ribbons [14] noted
that the tensile curves were serrated at room temperature
regardless of the quenching rate; whereas the tensile curves
tested at 197 K were smooth. This observation indicates that the
PLC effect is due to DSA. The PLC effect in a dilute Al-Si alloy is
demonstrated in Fig. 2. The occurrence of PLC requires the
concentration to be larger than a certain critical value. The critical
concentration for AI-Mg at room temperature has been estimated to
be 0.86 wt%, and accordingly the PLC effect was not observed in a
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Al-0.45 wt% Mg [15]. On the other hand the Al-0.43 at% Si alloy (S5b)
in this work shows the PLC effect, indicating that Si results in a
stronger DSA than Mg. Curtin et al. [16] demonstrated the cross-core
model of DSA for Al-Mg to be mono-atom-hop motion of solutes
from the compression to the tension side of the edge dislocation core.
A similar mechanism may also be applicable to explain how the DSA
occurs in dilute Al-Si alloys. The size misfit of Si in an aluminum
matrix is about half of Mg and is of opposite sign [2], hence the
atomic jump will be in the opposite direction across the core. The
dislocation interactions with solutes Si can be investigated by
atomistic simulations and might be different than with Mg.

3.3. The mechanical properties of Al-Si alloys

True stress-strain curves from tensile tests at a strain rate of
~0.1s~! are shown in Fig. 3. The flow stresses were almost
similar at the initial stage of plastic deformation, but the influence
of Si on the flow stress became more significant as the strain
increased. The addition of Si increased the ultimate tensile
strength (UTS) but decreased the uniform elongation as shown
in Table 2.

The yield strength of the alloys was increased by water
quenching compared to the air cooled alloys (Fig. 3b), implying
that quenched-in vacancies somehow contributed to the strength.
However, the stress—strain curves of the water quenched alloy
and the air cooled converged at larger strains, so the UTS and
uniform elongation were not affected by quenching (Table 2).
It suggests that the effect of quenching is restricted to a short
transient subsequent to yielding, and quenching does not affect
the further work hardening.

3.4. Solid solution hardening

Generally the flow stress is affected by the solute content,
particles and the grain size. The constituent particles in the present
alloys were relatively large and of a small volume fraction and
formed at dendrite and grain boundaries. They affect the flow stress
to a limited amount. The contribution to the flow stress of the grain
size is estimated by the Hall-Petch relation, where a Hall-Petch
parameter, k in kd~'? of k=0.78 MPamm'? for 99.5% commer-
cially pure aluminum [17] is used for the calculations. According to
these calculations, the difference in yield stress between S1 and the
other materials due to the grain size contribution is found to
be~ 0.4 MPa. This small contribution of grain size to the flow stress
is negligible and comparable to the experimental errors. The relation
between the flow stress and the solute concentration is commonly
expressed as

0 =0o+Hc", (1)
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where g is the flow stress of the pure metal, and H and n are
constants. All the materials investigated in this work may be
classified as commercially pure aluminum alloys. The value of H at
strain of 0.002 indicates the solute effect on the yield strength, while
at higher strains H reflects the combination of the solute effect on
strength and work hardening. Eq. (1) can be used to estimate the
solution hardening of Si for a comparison with literature works.
The exponent n in general is in the range from 0.5 to 1, and its
precise value has been found to be close to 1 for Al-Mg alloys. The
value of H in Eq. (1) for Mg is ~14.3 MPa/at% in both commercially
pure [6] and high-purity aluminum [7] with n=1. For the consid-
ered Al-Si alloys, the value of H in Eq. (1) for air cooled Al-Si is
determined to be 7.6 MPa/at% and o is 16.2 MPa, using n=1. The
strengthening effect of Si is thus nearly half that of Mg in aluminum
at room temperature. The value of H for the water quenched Al-Si
alloys is determined to be 12.6 MPa/at% (with ¢o=19.6 MPa). If
quench hardening is independent of solid solution hardening, the
value of H would not be affected by the quenching. The difference in
the values of H between the air cooled alloys and the water
quenched ones suggests that the strengthening effect of quenching
is enhanced by the solutes, implying that solutes interact with
quenched-in vacancies.

The flow stress of the air cooled and water quenched Al-Si
alloys in this work and Al-Mg alloys from Ref. [6] at various
strains is plotted as a function of the atomic concentration of
solutes in Fig. 4. The Al-Mg alloys in Ref. [6] had similar contents
of Si and Fe as S1 in this work. Linear trend lines of Al-Mg are also
plotted in Fig. 4. It should be noted that the Al-Mg alloys [6] were
tested at a strain rate of ~10~> s~ 1. It has been reported that the
yield strength of Al-Mg alloys is affected weakly by strain rates
below 10s~!, and that the yield strength at the strain rate of
0.1s~!' was no stronger than those at lower strain rates [7].
Hence, the different strain rates should not affect much the
comparison of Al-Si and Al-Mg. The 0.2% yield stresses of air
cooled Al-Si are below the linear trend line of Al-Mg (the dashed
line in Fig. 4), suggesting that the influence of Si on solution
hardening is weaker than of Mg. However, the flow stresses of

Table 2
Ultimate tensile strength (UTS) and uniform elongation (UE) of air cooled and
water quenched Al-Si alloys.

Alloy Air cooled Water quenched
UTS, MPa UE,% UTS, MPa UE,%
S1 75.7 35 75.3 34
S2 81.5 33 81.7 33
S5a 94.5 29 94.8 29
S5b 98.6 29 99.4 28
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Fig. 3. (a) Stress-strain curves of air cooled Al-Si alloys from tensile tests at a strain rate of ~0.1 s~ . (b) Comparison of stress-strain curves of air cooled (AC) and water

quenched (WQ) alloys in the initial part of the stress—strain curves.
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Fig. 4. Flow stress as a function of solute concentration at various strains. M,
water quenched Al-Si alloys; #, air cooled Al-Si alloys; V, Al-Mg alloys from Ref.
[6], and linear trend lines are included for Al-Mg (dashed lines).

Al-Si fit well with the same trend line of Al-Mg at a strain of
0.025, suggesting that the flow stress of Al-Si is no lower than
Al-Mg at larger strains. This indicates that Si has a stronger effect
than Mg on the work hardening. The comparison between water
quenched and air cooled alloys in Fig. 4 confirms that the quench
hardening contribution vanishes as the strain increases.

The solid solution hardening arises due to the strain fields
from the solute atoms in the matrix, and the strain field is related
to the size misfit and modulus misfit. The size and modulus
misfits of Si are about half of the values of Mg [18], so the
hardening effect of Si has been theoretically predicted using
first-principles atomistic calculations to be much weaker than
Mg, less than half of that of Mg at low temperatures [2]. The
concentration dependence of solute strengthening can be esti-
mated from the classical theories (Labusch or Friedel). At higher
temperatures, the temperature dependence has to be considered.
The energy barrier of Si for dislocations is predicted to be smaller
than that of Mg [2], suggesting that the decrease of the hardening
effect of Si with increasing temperature is more rapid than that of
Mg. Thus, the solution hardening of Si atoms in theory should be
much weaker than that of Mg atoms at room temperature. The
stress contribution by solution hardening, Ags at elevated tem-
peratures can be calculated from the model in Ref. [2]. The values
of Ao at 290 K are calculated to be 2.2 MPa for S5a, and 2.8 MPa
for S5b. The experimental differences between the yield strength
and gg in Eq. (1) are 3.0 MPa for S5a, and 3.2 MPa for S5b.
The model predictions are thus in good agreement with the
measurements.

3.5. Work hardening

The work hardening rates da/de at strains of 0.01 and 0.1 of
Al-Si and Al-Mg [6] are plotted in Fig. 5a. The values of work
hardening rates of Al-Si at a strain of 0.01 are above the trend line
for Al-Mg, suggesting that Si has a stronger effect than Mg on the
work hardening. As a consequence the AI-Si and the Al-Mg
strengths are very similar at a strain of 0.025 in Fig. 4, although
the initial strength of Al-Si was much weaker than Al-Mg. Also at
a strain of 0.1 the effect of Si on work hardening remains similar
as for Al-Mg.

Work hardening is a result of dislocation storage and their
dynamic recovery. The strain rate does not affect evidently the
athermal storage of dislocations, but affects dynamic recovery
significantly [19,20]. The tensile tests of Al-Mg at various strain
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Fig. 5. Work hardening rates as a function of solute concentrations at various
strains, suggesting that solutes increase work hardening rates. B, water quenched
Al-Si alloys; #, air cooled Al-Si alloys; V, Al-Mg alloys from Ref. [6], including
linear trend lines for Al-Mg.

rates in [21] indicates that DSA enhances the work hardening by a
lower dynamic recovery at small strain rates. A possible explana-
tion for this is suggested based on a simplistic picture of dynamic
recovery events occurring as annihilations of dipole configura-
tions [19], where opposite dipole segments have to move a
distance equal to the dipole spacing in order to annihilate. Their
movement would in general also involve cross slip or climb,
which might be differently influenced by the Si solutes than the
glide of mobile dislocations. The energy barrier of the dipole
segment movement decreases with the decreased dipole spacing.
Thus, the velocity of the dipole segment increases with the
decreased dipole spacing. At early stage of deformation, the
average dipole spacing is large due to low dislocation density.
The velocity of the dipole segment might be sufficiently small that
the dipole movement is subject to DSA, i.e. it is more effectively
dragged by solute atoms than the glide of mobile dislocations.
Thus, a strong DSA effect weakens the dynamic recovery and
increases the work hardening. It explains the initial increased
work hardening rate in Al-Si as compared to Al-Mg [6] by the
stronger DSA effect of Si in aluminum. As strain increases, the
average dipole spacing decreases due to the increased dislocation
density. Hence such segments move with an increased speed so
that the DSA effect is not effective. At larger strains (=~0.1), the
dependency of work hardening on the solute level is similar for
Al-Si as for Al-Mn and Al-Mg [6].

4. Summary

Si in aluminum has a weak strengthening effect at room
temperature, but increases the work hardening significantly at
strains below 0.1. Quenching increases the yield strength of Al-Si
alloys, but its effect diminishes as strain increases and does not
affect the flow stress and work hardening at strains larger than
0.1. The dependency of strengthening on the solute level in water
quenched Al-Si alloys is stronger than that in air cooled alloys,
implying that Si solutes interact with quenched-in vacancies.
It requires further investigations to clarify the mechanism of such
interactions. The occurrence of PLC in a dilute Al-Si alloy is
confirmed in the present work. Quenching does not affect the
PLC effect. It is suggested that DSA retards the dynamic recovery
at small strains, causing an enhanced initial work hardening.
DSA involves dislocation core interactions between dislocation
segments and Si atoms that may be studied by atomistic
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simulations similar as those for Al-Mg alloys [16]. An improved
understanding of such reactions is important in order to model
the strength and work hardening of Al-Si alloys and ultimately of
industrial multi-component solid solution alloys.
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