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Abstract: The effects of magnesium addition on the dispersoid precipitation as well as mechanical properties of 3xxx alloys were
investigated. The microstructures in as-cast and heat-treated conditions were evaluated by optical microscopy and transmission
electron microscopy. The results reveal that Mg has a strong influence on the distribution and volume fraction of dispersoids during
precipitation heat treatment. The microhardness and yield strength at ambient temperature increase with increasing Mg content. The
solid solution and dispersoid strengthening mechanisms of materials after heat treatment are quantitatively analyzed. Dispersoid
strengthening for the alloys is the predominant strengthening mechanism after precipitation heat treatment. An analytical model is
introduced to predict the evolution of ambient-temperature yield strength.
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1 Introduction

AA3xxx aluminum alloys are widely used in
packaging, automobile and architecture industries due to
their good formability, excellent corrosion resistance and
weldability. In general, AA3xxx alloys are considered as
non-heat-treatable alloys and the work hardening is the
main strengthening mechanism to enhance the
mechanical properties. In recent years, the strengthening
effect of dispersoids in 3xxx alloys has been
discovered [1,2]. Through a proper heat treatment, a
reasonable amount of dispersoids precipitated within a
suitable range of chemical composition. Several possible
kinds of dispersoids in 3xxx alloys were reported in
previous works. Al;Mn [3], Al;)Mn [3] and AlgMn [4]
dispersoids were found in Al-Mn alloys. With the
addition of Si, a-AIMnSi [5] and a-Al(MnFe)Si [6—10]
dispersoids precipitated with an enhanced rate [S]. In
commercial 3xxx alloys, a-Al(MnFe)Si dispersoids are
the most common dispersoid phase after precipitation
heat treatment. It was reported that a-Al(MnFe)Si
dispersoids were partially coherent with Al matrix [1]
and they were thermally stable at elevated
temperatures [7]. The effect of Mn and the synthetic

effect of Mn and Si on dispersoids and mechanical
properties of 3xxx alloys were reported [2,11,12]. The
additions of Mn and Si can increase the volume fraction
of dispersoids and mechanical properties of 3xxx alloys.
However, the effects of Mg on microstructure and
mechanical properties of 3xxx alloys by precipitation
heat treatment were rarely reported. In the present work,
the effect of Mg on microstructure and mechanical
properties of 3xxx alloys was investigated. The as-cast
and heat-treated microstructures were quantitatively
evaluated by optical microscopy and transmission
electron microscopy. The microhardness and yield
strength at ambient temperature were measured and the
strengthening mechanisms of alloys were discussed.

2 Experimental

Five experimental alloys were prepared and the
melting was conducted in an electric resistance furnace.
The melt was poured and solidified in a preheated
steel permanent mold. The chemical compositions of
experimental alloys are given in Table 1. The cast ingots
were heat-treated at 375 °C for 24 h. After heat
treatment, the precipitation behavior of dispersoids
was evaluated by electrical conductivity, Vickers
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microhardness and yield strength. The compressive yield
strength at room temperature was measured using
Gleeble 3800 thermomechanical testing unit with a strain
rate of 0.001 s™'. In order to measure the area fraction of
dispersoid zone and dispersoid free zone (DFZ), the
samples were etched by 0.5% HF for 20 s and analyzed
under optical microscope (Nikon, Eclipse ME600). A
transmission electron microscope (TEM, JEM-2100)
operated at 200 kV was used to observe the size and
distribution of dispersoids. All the TEM images were
taken along [001] zone axis direction of Al matrix. The
size and number density of dispersoids were measured
using the image analysis software (Clemex PE 4.0) with
TEM images. The volume fraction (¢,) of dispersoids
was calculated using Eq. (1) according to the method
introduced in Ref. [6].

KD
KD+t

@, = Ay (1= Apgz) (1)
where A4 is the area fraction of dispersoid zone; Apgz is
the area fraction of dispersoid free zone; D is the
average equivalent diameter of dispersoids; ¢ is the TEM
foil thickness; K is the shape factor of dispersoids.

Table 1 Chemical compositions of alloys investigated (mass

fraction, %)

Alloy Si Fe Mn Mg Al

DMO 0.25 0.60 1.20 0 Bal.
DMS50 0.25 0.56 1.24 0.47 Bal.
DM100 0.25 0.60 1.24 1.00 Bal.
DM150 0.26 0.60 1.24 1.50 Bal.
DM200 0.27 0.60 1.24 2.02 Bal.

3 Results and discussion

3.1 As-cast and heat-treated microstructures

Figure 1 shows typical as-cast microstructures of
experimental alloys. The as-cast microstructure was
composed of aluminum dendrite cells and a number of
Mn-containing intermetallic particles, which distributed
at aluminum dendrite boundaries. The predominant
Mn-containing intermetallic phase was identified to be
Alg(MnFe) in the microstructure. In the Mg-containing
alloys, a minor phase of black primary Mg,Si can be
found in the matrix (Fig. 1(b)). Because of lack of Mg in
DMO alloy, no primary Mg,Si particle was observed. The
area fractions of both intermetallic phases in five alloys
were quantified by image analysis as shown in Fig. 1(c).
The area fractions of primary Mg,Si and Mn-containing
intermetallic particles increase with increasing Mg
content.

= .
(a) v, : (‘ / P
. % Wy [
w ,‘ A ’
; , = Mn-containing e
” 2 |1T¥enn§>tallic particles -
7 : =
/ I }‘ N s LA I
“ .3 4
=74 = £
e
b y / ) ot
EREOOET £ o
(b)" "
7 Y .
:Mrf-.containing."“f -
intermetallic =
Primary Mg,Si - particles \
A 'e‘:/ ,..ﬂm{‘
| Bt & - F_'
! -k |
-~ |
~ PR 20 pm
—
411© S primary Mg,Si -
5o = [ntermetallic particles : 2\_.
=< 39} (Mn containing) @,
< 25 1)
D .E 1. =
E_E 37t 0.6 >
28 @
55 . :
C = DT 1 [=%
s 4
28 33 kel
FEo i3]
p 102 8
2&E 31F @
< 2
<
2.9 0

DMO DMS50 DM100 DM150 DM200
Sample

Fig. 1 Typical as-cast microstructures and their area fractions:
(a) DMO alloy; (b) DM100 alloy; (c) Area fractions of primary
Mg,Si and Mn-containing intermetallic particles in five alloys

After heat-treatment at 375 °C for 24 h, a number of
dispersoids precipitated within aluminum cells/grains
while the dispersoid free zone (DFZ) formed in
interdendritic regions (Fig. 2). The area fractions of both
dispersoid zone and DFZ in the alloys with different Mg
contents are shown in Fig. 2(c). For DMO alloy (without
Mg), only a few of dispersoids appeared (Fig. 2(a)) and
the dispersoid zone was about 20%. With 0.5% Mg
(DM50 alloy), a larger number of dispersoids were
observed and the area fraction of the dispersoid zone
increased to ~45%. When 1.0% Mg was added (DM100
alloy), the area fraction of dispersoid zone continued to
increase up to ~70% while the area fraction of the DFZ
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sharply deceased to less than 20% (Figs. 2(b) and (c)).
With further increasing Mg content in DM150 and
DM 200 alloys, the area fraction of dispersoid zone and
DFZ remained more or less stable (Fig. 2(c)).

100

o Dispersoid zone
m PFZ

Area fraction/%

DMO DMS50 DMI100 DMI150 DM200
Sample

Fig. 2 Distribution of dispersoid zone and DFZ in DMO alloy
(without Mg) (a), DM100 alloy (1.0% Mg) (b) and area
fractions of dispersoid zone and DFZ in different alloys (c)

The precipitation of dispersoids is confirmed by
TEM observation (Fig. 3). The dispersoids are identified
as a-Al(MnFe)Si phase and generally present in two
morphologies, cubic or plate-like, and no significant
difference in chemical composition is found between two
morphologies [1,7,13]. The size, number density and
volume fraction of dispersoids in five alloys are shown in
Fig. 4. Without Mg (DMO alloy), the dispersoids seem to
be very difficult to precipitate and only few dispersoids

2795

Fig. 3 Precipitation of dispersoids after heat-treatment at
375 °C for 24 h: (a) DMO (without Mg); (b) DMS50 (0.5% Mg);
(c) DM100 (1.0% Mg)

with large size (~100 nm) were observed (Fig. 3(a)).
With 0.5% Mg addition (DMS50 alloy), the number
density of dispersoids greatly increases and the size of
dispersoids decreases to 45 nm (Figs. 3(b) and 4(a)).
With increasing Mg content to 1% (DM100 alloy), the
size of the dispersoids slightly increases to 50 nm while
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the number density decreases moderately (Figs. 3(c) and
4(a)). With further increasing Mg content to 2%, the
number density of dispersoids slightly decreases but the
size remains stable around 50 nm (Fig. 4(a)). The volume
fraction of dispersoids calculated using Eq. (1)
significantly increases from 0 to 1% Mg (Fig. 4(b)). It
reaches the maximum value of 2.75% at 1% Mg (DM
100 alloy). For the alloys with 1.5% Mg and 2% Mg
(DM150 and DM200 alloys), the volume fraction of
dispersoids moderately drops from the peak value
(Fig. 4(b)). It is reported that the nano-scale Mg,Si
precipitates can act as the nucleation sites for
a-Al(MnFe)Si dispersoids [14]. With the addition of Mg,
fine Mg,Si nanoparticles precipitated at the early stage of
the heat treatment process, which provides favorable
condition for the nucleation and further precipitation of
o-Al(MnFe)Si  dispersoids during heat treatment.
Because of the lack of Mg and hence no early
precipitation of Mg,Si, the dispersoids in DMO are
difficult to form, and therefore their number density and
volume fraction are much lower than those in
Mg-containing alloys (Fig. 4). When the Mg content
is above 1.0%, the amount of primary Mg,Si particles
increases significantly (Fig. 1(c)) and it considerably
decreases the Si level in the solid solution. The available
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Fig. 4 Distribution of dispersoids in five alloys with different
Mg contents: (a) Number density and size; (b) Volume fraction

Si solutes for the formation of a-Al(Mn,Fe)Si dispersoids
decrease with increasing Mg content. Consequently, the
number density and volume fraction of dispersoids
decrease with further increase of Mg content above
1.0%.

3.2 Electrical conductivity and microhardness

To study the precipitation behavior of dispersoids,
heat treatments at 375 °C with different holding time
were performed on all experimental alloys. The evolution
of electrical conductivity (EC, y) and microhardness is
shown in Fig. 5. The EC increases quickly in the first
few hours holding and then gradually rises to reach a
plateau (Fig. 5(a)). During the heat treatment, for Mg-
containing alloys, the continuous decomposition of the
supersaturated solid solution and the precipitation of a
large amount of a-Al(Mn,Fe)Si dispersoids result in the
increase of EC with time. However, for DMO alloy, the
increase of electrical conductivity is mainly due to the
decrease of Mn level in the matrix, which leads to the
precipitation of some dispersoids and the slight increase
of Mn levels in Alg¢Mn, Fe) and Al(Mn, Fe)Si
intermetallic particles, as well as the volume fraction of
intermetallic particle during the precipitation heat
treatment [15].
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Fig. 5 Evolution of electrical conductivity (a) and micro-
hardness (b) of alloys during heat treatment at 375 °C
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The value of EC (y) can be used to determine the
amount of solutes in solid solution using the following
equation [6,16]:

1/y=0.0267+0.032w(Fe,)+0.033w(Mny )+
0.0068Ww(Siss)+0.0055w(Mgss) )

where w(Feg), w(Mng), w(Sig) and w(Mgg) are mass
fractions of individual solutes. As shown in Eq. (2),
w(Sis) and w(Mgg) had much less effect on y than
w(Mng) and w(Feg), but most of Fe was bonded in
Alg(MnFe) intermetallics  during  solidification.
Therefore, the y changes during heat treatment are
primarily dependent on the soluted Mn in Al matrix and
the corresponding amount of Mn solutes in solid solution
can be calculated using Eq. (2).

Except DMO alloy (without Mg), the microhardness
of all other alloys increases with the increase of holding
time (Fig. 5(b)), indicating the precipitation of
dispersoids in Al matrix. The maximum hardness is
achieved at 24 h. After that, the microhardness remains
quite stable. In general, the microhardness increases with
the content of Mg. A slight drop of microhardness in the
alloy without Mg during holding also confirms an
inadequate dispersoid precipitation, as observed in the
metallographic sample.

3.3 Yield strength

The yield strength contribution of alloys by
different mechanisms is shown in Fig. 6(a). The
measured compressive yield strengths at ambient
temperature of experimental alloys are shown in
Fig. 6(b). DMO alloy possesses the lowest yield strength.
Compared with DMO alloy, the yield strength of DMS50
alloy (0.5% Mg) increases by more than 20 MPa. With
increasing Mg content to 1%, the yield strength keeps
increasing until reaching the maximum value of ~100
MPa. A further increase of Mg content up to 2.0% does
not bring additional advantage and the yield strength
remains at the similar level. The yield strength increment
can be attributed to a combination of both dispersoid
strengthening and solid solution strengthening. The
quantitative analysis will be presented in the following
section.

3.4 Mechanisms of strengthening

The results of mechanical properties indicate that
the strengths of the alloys are promoted by the
precipitation heat treatment at 375 °C but vary with Mg
content. In the absence of the traditional precipitation
strengthening caused by nano-scale Mg,Si type
precipitates, the strengths of experimental alloys (o)
are mainly contributed by the following three parts: the
strength of dispersoid strengthening (opispersoids)s the
strength of solid solution strengthening (oss) and the
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Fig. 6 Yield strength contribution by different mechanisms (a)
and comparison between measured and calculated ambient-
temperature yield strengths in five alloys with different Mg
contents (b)

strength of aluminum matrix (g,)).
O0=0Dispersoids +JSS N (3)

Because of relatively large size of dispersoids in the
present study, the Orowan bowing mechanism can be
applied, in which the contribution of dispersoids to the
yield strength can be calculated with Ashby—Orowan
equation [2]. The data of the size and volume fraction of
dispersoids are displayed in Fig. 4.

5 1/2
and i:r(ﬁj 4)

0.84MGb r
2, o
2n(1-v)"“4 b

O_Dispersoids -

where M is Talor factor, G is shear modulus of Al matrix,
b is Burgers vector, v is Poison ratio, / is interspacing of
dispersoids, r is average radius of dispersoids and f is
volume fraction of dispersoids. According to Eq. (4), the
yield strength increment due to dispersoids increases
with increasing volume fraction and decreasing size of
dispersoids.

On the other hand, both Mn and Mg solutes in the
alloy can also provide solid solution strengthening. The
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strength increment, oss, due to the solute atoms can be
estimated as [17,18]

oss=HC“ (5)

where C is content of solute atoms, H and o are
constants. It is reported in Ref. [19] that Hy,=
13.8 MPa/%, oay,=1, while H\,=18.35 MPa/% and
onn=0.9 for ambient temperature strength.

As mentioned above, the content of Mn in solid
solution can be evaluated using the data of y and Eq. (2).
Because almost no Mg-containing phases are formed
during the heat treatment at 375 °C, it is reasonable to
assume that except for those bonded in primary Mg,Si
particles, all Mg atoms remain in Al matrix. The
calculated results are shown in Table 2.

Table 2 Mg content in solid solution after heat treatment at
375°Cfor24 h

Area fraction of Mg loss caused Mg content
Sample primary by primary in solid
Mg, Si/% Mg,Si/% solution/%
DMO 0 0 0
DM50 0.1 0.05 0.45
DM100 0.24 0.11 0.89
DM150 0.3 0.14 1.36
DM200 0.3 0.14 1.86

For the strength of Al matrix, o,=34 MPa of
commercial pure AA1100-O alloy is taken from
Ref. [20]. Using the above equations and experimental
data, the contribution of dispersoids and solid solutes
(Mn and Mg) to the ambient-temperature yield strength
can be estimated. Figure 6(a) illustrates the details of
each contribution and Fig. 6(b) gives the comparison
between theoretical and measured yield strengths of
experimental alloys as a function of Mg content. The
calculated results are in good agreement with
experimentally measured ones, confirming that this
analytical model can be used to predict the evolution of
ambient-temperature yield strength as a function of
alloying element addition. The dispersoid strengthening,
promoted by a proper precipitation heat treatment in
“non-heat-treatable” 3xxx alloys, is a novel avenue to
enhance the alloy strength. Since a-Al(Mn,Fe)Si
dispersoids are thermally stable at 300 °C [7], the
enhancement of mechanical properties by dispersoid
strengthening would be particularly interested for
applications at elevated temperatures. The results in
Fig. 6(a) also clearly confirm that the dispersoid
strengthening plays a predominant role in the strength
contribution. The solid solution strengthening of Mn and
Mg can also help to improve the strength. However, after
the heat treatment, only limited amount of Mn is left in

Al matrix because of the precipitation of Mn-containing
o-Al(MnFe)Si dispersoids, and therefore, the strength
contribution by Mn solutes is limited. In addition, an
excessive addition of Mg increases the amount of large
primary Mg,Si particles and decreases the volume
fraction of dispersoids, which may have negative impact
on mechanical properties. An appropriate amount of Mg
around 1% is suggested to be added.

4 Conclusions

1) Magnesium has a great influence on the volume
fraction and distribution of dispersoids in AlI-Mn—Mg—Si
(3xxx) alloys. With addition of 1% Mg, the maximum
volume fraction of dispersoids and minimum volume
fraction of dispersoid free zones are obtained during the
precipitation heat treatment at 375 °C.

2) The Mg addition into 3xxx alloys improves the
yield strength by synthetic effect of dispersoid and solid
solution strengthening. The analytical model proposed in
the present study can be used to predict the evolution of
ambient-temperature yield strength.

3) Dispersoid strengthening is the predominant
strengthening mechanism after precipitation heat
treatment for AlI-Mn—Mg—Si (3xxx) alloys.
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