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Abstract

The aim of experimental part was to study the influence of Si and Fe on precipitation,
recrystallization response, size and formation of secondary phases in the alloys. The hardness
and electrical conductivity measurements and light metallography observations were carried
out after one- and two-step precipitation annealing. The density of precipitates in all alloys
was lower and the primary phases were much coarser in the surface regions of the 2 mm sheets
than in the middle. The differences in hardness, electrical conductivity and the microstructure
between one- and two-step annealing were only very small. But the two-step precipitation
annealing procedure led to the same or lower decrease of the particle density during annealing.
Small equiaxial grains were formed in the alloys with Si addition. Except Al-Mn-Zr, the alloys
without Si (Al-Mn and Al-Mn-Zr-Fe) showed long recrystallized grains in the surface regions
of the sheets. Only the Al-Mn-Zr alloy showed a cold-worked microstructure in the whole
cross section of the sheet after the entire one- or two-step annealing procedures. Therefore,
Si and/or Fe additions degrade the recrystallization resistance of the Al-Mn alloy with Zr
addition and their amount in the commercial alloys should be reduced.

K e y w o r d s: aluminium alloys, microstructure, precipitation, resistance to recrystalliza-
tion, microhardness test, electrical conductivity

1. Introduction

Following a strong demand for weight reduction
of automotive heat exchangers, research and develop-
ment effort is devoted to reduce the thickness of alu-
minium alloy fin stock below 0.1 mm. The mechanical
strength of the fin has to be high to avoid buckling
[1], and at the same time the alloy should be recrys-
tallization resistant to keep its strength after brazing.
In order to obtain a good recrystallization resistance,
the alloy should contain a dense and homogeneous dis-
tribution of second phase particles.
The best way to achieve this microstructure in Al

alloys is to add a small amount (0.2–0.3 wt.%) of
Sc leading to the formation of Al3Sc dispersoids [2]).
Unfortunately, scandium is extremely expensive and
its application in aluminium alloys for automotive in-
dustry is not possible. A similar effect can also be
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obtained by Zr addition (0.5–0.8 wt.%), resulting in
the formation of the Al3Zr phase [3–6], having either
metastable (L12) or stable (D023) crystal structure,
depending on the thermal history of the alloy (heat-
ing/cooling rate during casting, homogenization pro-
cedure, etc.) [7–9].
Silicon and iron, always present in the commer-

cial alloys, have a substantial effect on the phase com-
position of Al-Mn alloys. In the pure Al-Mn binary
alloys, the decomposition of the supersaturated solid
solution is very sluggish [10, 11]. Additions of Fe and
Si greatly decrease the solubility of Mn in solid solu-
tion and accelerate the precipitation rate of secondary
Mn-bearing phases, i.e. Al6Mn or Al6(Fe,Mn), and
Al15Mn2Si3 or α-Al12(Mn,Fe)3Si [10–14]. Moreover,
in Zr-containing alloys Fe and Si increase the rate of
formation of Al3Zr particles, acting as catalysts. The
Al3Zr dispersoids precipitate usually on the Si and
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Fe atom clusters [3]. Furthermore, Si has also a pos-
itive effect on Al3Zr stability. The D022 compound
(Al0.72Si0.28)3Zr with Si atoms in its Al sublattice is
more stable than D023 or L12 crystal structures [15].
One of the main problems of using Al3Zr in or-

der to inhibit recrystallization is that these dispers-
oids are usually heterogeneously distributed, due to
the microsegregation of Zr and its low diffusivity [5].
A more homogeneous distribution of Al3Zr particles
can be achieved by a two-step precipitation annealing
[4, 16]. The purpose of the present paper is to study
the influence of Si, Fe, and both these elements on
the microstructure and properties of Al-Mn-Zr alloy
subjected to one-step and two-step precipitation an-
nealing.

2. Experimental details

The experimental alloys were produced using an
Al-1.43wt.%Mn base alloy by direct-chill (DC) cast-
ing to billets of the dimensions of 20mm × 55mm ×
100mm. The results of the chemical analysis are given
in Table 1. After scalping, the billets were cold rolled
with 89 % reduction (the equivalent strain ε ∼ 2.5) to
the thickness of 2 mm. One-step and two-step anneal-
ing were applied after cold rolling in order to compare
the final microstructure, particularly the homogeneity
of the distribution and the density of secondary phase
particles. Heating to 450◦C, soaking for 12 hours at
this temperature, and cooling (50◦C h−1) were applied
during one-step annealing. The two-step annealing in-
volved holding the samples for 10 hours at the tem-
perature of 250◦C, heating to 450◦C and soaking for
12 hours followed by cooling down at the same rate as
in the case of one-step annealing. The scheme of both
annealing procedures is in Fig. 1.
Vickers hardness measurements with 10 kg load

(HV 10) were carried out in order to determine ap-
proximately the onset and the progress of the soften-
ing processes, recovery and recrystallization. The pre-
cipitation reactions during annealing and the changes
in the solid solution concentrations were monitored by
electrical conductivity measurements performed us-
ing the Forster Sigmatest device. The microstructure
of the samples was studied by Nikon Epiphot 300
metallographic microscope equipped with the camera
Hitachi-HBC 20A. The examined stages during an-
nealing (designed by Z = 0–8) are shown in Fig. 1.
The second phase particles were revealed using a 0.5 %
solution of hydrofluoric acid in water. The grain struc-
ture was visualized in the polarized light after anod-
izing in the Barker’s reagent. The precipitate size and
density were determined using the Image Processing
toolkit in the Matlab� software, after pre-processing
(normalizing) of the images to gain the same bright-
ness representation of the identical image elements

Ta b l e 1. Chemical composition of studied alloys (wt.%)

Alloy Mn Zr Si Fe Al

Al-Mn 1.52 0.0 0.05 0.01 balance
Al-Mn-Zr 1.39 0.1 0.08 0.01 balance
Al-Mn-Zr-Fe 1.44 0.1 0.06 0.22 balance
Al-Mn-Zr-Si 1.43 0.1 0.21 0.01 balance
Al-Mn-Zr-Si-Fe 1.46 0.1 0.23 0.22 balance

Fig. 1. Scheme of one- and two-step annealing. Since both
curves are overlaying at the final part of process, the x-axis
for one-step annealing is shifted. The hardness measure-
ment was carried out in the stages Z = 0–8 and light mi-
croscopy was performed in the stages marked in the boxes.

(precipitates) as well as the background in the whole
image series.

3. Results

3.1. C a s t m i c r o s t r u c t u r e

As expected, all alloys showed a similar, coarse
grain structure after casting. The differences in the
alloy composition influenced the primary phase form-
ation. Almost no coarse primary phases were found
in Al-Mn and Al-Mn-Zr alloys. Only a low fraction
of Al15Mn2Si3 primary phase was present in the Al-
-Mn-Zr-Si alloy (Fig. 2a), while the alloys contain-
ing Fe showed a distinct amount of Al6(Mn,Fe) and
α-Al12(Mn,Fe)3Si primary phases (Fig. 2b,c) which
appeared on the dendrite boundaries inside the grains.
The dendrite arm spacing ranged from 100 to 300µm
(Fig. 2c), elongated dendrites were frequently more
than 1mm long (Fig. 2b).

3.2. H a r d n e s s a n d e l e c t r i c a l
c o n d u c t i v i t y

On the sheets cold rolled to 2 mm, hardness and
electrical conductivity were measured in the initial
condition (Z = 0 in Fig. 1), and on other samples
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Fig. 2. Microstructure of alloys Al-Mn-Zr-Si (a), Al-Mn-
-Zr-Fe (b), and Al-Mn-Zr-Si-Fe (c) after casting. The mi-
crographs of Al-Mn and Al-Mn-Zr alloys are not presented
here because they exhibited only a low amount of coarse
primary phases (for Al-Mn-Zr alloy see also Fig. 6).

taken at different points of the annealing curve. In
the case of one- and two-step annealing the selec-
ted conditions were Z = 4–8, and Z = 1–8, respect-
ively (Fig. 1). The differences between the hardness

Fig. 3. The evolution of hardness and electrical conductiv-
ity of the Al-Mn-Zr-Fe alloy subjected to one- and two-step
annealing, as a function of the annealing condition Z de-
signed in Fig. 1. (This alloy showed the most important
differences of the values in the annealing conditions 5 to

8.)

Fig. 4. The evolution of hardness (a) and electrical con-
ductivity (b) of all alloys subjected to a two-step anneal-
ing procedure. For the sake of clarity, the corresponding

temperature course is also plotted.

and the conductivity of the samples subjected to one-
and two-step annealing were thus expected in the cor-
responding points 4–8. Surprisingly, these differences
were only very small, as it is illustrated in Fig. 3 for
the Al-Mn-Zr-Fe alloy that exhibited the highest vari-
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Fig. 5. Number density of the precipitates close to the sur-
face and in the middle of the sheets for both one- and two-
step annealing procedures: (a) at the onset of the soaking
period (Z = 5), (b) after cooling (Z = 8), (c) the corres-
ponding decrease of the particle density (values at Z = 8

subtracted from the values at Z = 5).

ances of the values. From Fig. 3 it follows that the
two-step annealing leads to somewhat lower hardness
and conductivity of the Al-Mn-Zr-Fe alloy, but the dif-
ferences are only within the range of the experimental
scatter. For other four alloys, these differences were
even lower. In consequence, only the results obtained
after two-step annealing are presented in some figures
below.
The evolution of hardness and electrical conduct-

ivity of all five alloys as a function of time during two-
-step annealing procedure is in Fig. 4. For the sake of
clarity, the corresponding temperature course is also
plotted. For all five alloys, the most important drop

of hardness accompanied by a steep increase of elec-
trical conductivity arises during heating up from 250
to 450◦C. In this period, most of the precipitates are
formed, and the solid solution depletes of the solute
atoms. In the following 12 h soaking period, the con-
ductivity slightly increases and the hardness some-
what decreases. If we compare the values in the initial
condition (Z = 0), the hardness values are in the or-
der of the amount of alloying elements in the solid
solution, i.e., the lowest hardness has the binary alloy
Al-Mn (63 HV 10), followed by the ternary one Al-
-Mn-Zr (67 HV 10), quaternary Al-Mn-Zr-Fe (69 HV
10), Al-Mn-Zr-Si (78 HV 10), and finally Al-Mn-Zr-
-Si-Fe (80 HV 10) (see also Table 1). If we take into
account only the quaternary alloys, the hardening ef-
fect of Si in the solid solution is higher than that of Fe,
as expected, because of higher Si solubility. Through-
out annealing at 250◦C, the hardness decreases due
to recovery; the important drop of hardness in the
middle of the annealing period is due to recrystalliz-
ation. In the final annealing condition (Z = 8), the
hardness of the Al-Mn, Al-Mn-Zr-Fe, and Al-Mn-Zr-
-Fe-Si is comparable (34 HV 10), while the Al-Mn-Zr-
-Si alloy shows only a small increase (36 HV 10) indic-
ating that silicon has a small positive effect on precip-
itate formation. The highest hardness values not only
in the final condition (42 HV 10), but also during the
whole soaking period, were measured for the Al-Mn-Zr
alloy (Fig. 4a). As for the values of the conductivity,
the differences between individual alloys are not so im-
portant. The values range from 13 to 14MSm−1, and
from 29 to 30.5MSm−1 in the initial and final condi-
tion, respectively. More important differences are only
in the middle of the annealing period (Fig. 4b), where
the secondary particles precipitate.

3.3. S e c o n d a r y p h a s e f o r m a t i o n

The size and the distribution of the particles were
examined by light microscopy in the stages Z = 0, 3,
4, 5, and 8 (Fig. 1). A quantitative comparison of the
particle density at the surface and in the middle re-
gion of the cross section of the sheets of all five alloys
was carried out in the beginning of the soaking period
(Z = 5, Fig. 5a), and in the final condition (Z = 8,
Fig. 5b). Figure 5 involves the results for both one-
and two-step annealing procedures. From the graphs
in Fig. 5a,b it can be concluded that the density of
the particles decreases with the amount of alloying ele-
ments. In other words, the addition of Fe, Si or both of
these elements has a negative effect on the precipita-
tion of fine particles. If we compare the graphs (a) and
(b), representing respectively the onset of the soaking
period (Z = 5) and the final condition (Z = 8), it is
obvious that the density of the particles of all five al-
loys decreases due to their dissolution and coarsening
during annealing at 450◦C and cooling. Another com-
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Fig. 6. Micrographs of the particles in Al-Mn-Zr, Al-Mn-Zr-Si, Al-Mn-Zr-Fe, and Al-Mn-Zr-Si-Fe alloys taken close to the
surface and in the middle regions of the 2 mm sheet subjected to the whole two-step annealing procedure (Z = 8). The

micrographs of the binary alloy were almost the same as for the Al-Mn-Zr alloy.

parison is possible between the one- and two-step an-
nealing. It follows that the two-step annealing yields a
comparable density of the particles at the surface and
mostly higher in the middle of the sheets. The benefi-
cial effect of the two-step annealing procedure is better
seen in Fig. 5c showing the corresponding decrease of
the particle density – values at Z = 8 (Fig. 5b) sub-
tracted from the values at Z = 5 (Fig. 5a). Except for
the Al-Mn-Zr alloy on the surface and the Al-Mn-Zr-
-Fe alloy in the middle, the two-step annealing leads
to the same or lower decrease of the particle density
during annealing.
The micrographs of the particles, corresponding to

the final condition after two-step annealing and cool-
ing (Z = 8) of the Al-Mn-Zr, Al-Mn-Zr-Fe, Al-Mn-Zr-
-Si, and Al-Mn-Zr-Si-Fe alloys are presented in Fig. 6.
The binary alloy is not included since its micrographs
were almost the same as those of the Al-Mn-Zr alloy.
To give a true picture of the differences in the micro-
structure, each part of the figure is combined from two
micrographs recorded close to the surface and in the

middle of the 2 mm sheets. At the first view it is obvi-
ous that the density of the particles close to the sur-
face is lower than in the middle of the sheets. The Al-
-Mn-Zr alloy (Fig. 6a) shows a homogeneous distribu-
tion of fine particles through the whole cross section of
the sheet; however the particles are somewhat coarser
at the surface. The addition of Si (Fig. 6b) leads to
distinctly coarser particles having a less homogeneous
distribution. In the middle of the sheet there are bands
without fine precipitates along coarser particles. The
alloy with Fe addition (Fig. 6c) shows coarse primary
phases namely close to the surface of the sheet. In the
vicinity of these coarse particles, fine secondary pre-
cipitate is often absent. Furthermore, the fine second-
ary particles in the middle of the sheet are distinctly
coarser than in the case of the Al-Mn-Zr alloy. The ad-
dition of Si and Fe (Fig. 6d) leads to coarse primary
phase formation and also to the coarsening of the sec-
ondary precipitate. Depleted regions, where fine sec-
ondary particles are absent, can be seen not only along
the primary phases, but also in other regions at the
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Fig. 7. Grain structure close to the surface of the sheet: (a) rolled Al-Mn alloy (Z = 0), (b, c, d, e, f) Al-Mn, Al-Mn-Zr,
Al-Mn-Zr-Si, Al-Mn-Zr-Fe, and Al-Mn-Zr-Si-Fe alloys after the whole two-step annealing procedure (Z = 8).

surface as well as in the middle of the sheet. Figure 7
shows the corresponding grain structure at the surface
of the sheets. The binary alloy (Fig. 7a) was selected as
a representative of the cold rolled microstructure. The
micrographs of other alloys in this condition are very
similar. Figures 7b,c,d,e,f present the grain structure
after the whole two-step annealing procedure (Z = 8).
It can be clearly seen that only the Al-Mn-Zr alloy
(Fig. 7c) remained unrecrystallized, exhibiting after

annealing a similar microstructure as the cold-rolled
binary alloy (Fig. 7a). All other alloys (Fig. 7b,d,e,f)
show a (partially) recrystallized grain structure.

4. Discussion

The Mn-containing second phase particles can
either stimulate or impede grain growth during ther-
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momechanical treatment. Coarse particles (> 2 µm)
stimulate recrystallization by Particle Stimulated
Nucleation (PSN); smaller particles (< 0.5 µm) im-
pede the grain growth by exerting a dragging force
on grain boundaries (Zener drag). In the case of the
studied materials with Zr addition, the Zener drag
was exerted by two kinds of secondary particles – Mn-
-bearing phases (Al6Mn, Al6(Fe,Mn), Al15Mn2Si3 or
α-Al12(Mn,Fe)3Si) and Zr-bearing Al3Zr phase. In our
study we used metallographic light microscope, which
has a limiting resolution about 400 nm, and so we
observed only relatively coarser Mn-bearing dispers-
oids. Finer Mn-bearing particles (< 400 nm), as well
as very fine Al3Zr dispersoids thus do not contribute
to the particle density presented in Fig. 5. To include
them in the study, a transmission electron microscope
(TEM) or field emission gun scanning electron micro-
scope (FEG SEM) would be necessary. However, even
if we do not know the density of these finer particles,
we can follow their influence in aggregate with coarser
Mn-bearing dispersoids indirectly on the grain struc-
ture of the alloys indicating the recrystallization res-
istance.
If we compare the results of LM observation of

the distribution of the particles and the grain struc-
ture at the end of the whole annealing procedure
(Figs. 6, 7), there are important differences between
the alloys. As the Al-Mn-Zr-Si and Al-Mn-Zr-Si-Fe
alloys (Fig. 6b,d) contain a high number of coarse
Particles Stimulating Recrystallization (PSN), numer-
ous recrystallized grains 10 to 100 µm in size are
present in the whole volume of the sheet (Fig. 7d,f).
On the other hand, in the Al-Mn alloy there were
no coarse Al6Mn particles to stimulate recrystalliz-
ation by PSN, neither fine Mn-bearing nor Al3Zr dis-
persoid to inhibit the grain growth. In consequence,
the recrystallized grains are coarse, pancake shaped
along the rolling direction (Fig. 7b). The Al-Mn-Zr-
-Fe alloy shows fine recrystallized grains at the sur-
face of the sheet (Fig. 7e) formed after PSN by coarse
particles (Fig. 6c – surface), in the deeper regions,
where these coarse particles are not present (Fig. 6c –
middle) there are pancake shaped recrystallized grains
(Fig. 7e). The only alloy, which remained unrecrystal-
lized, was the ternary Al-Mn-Zr one (Fig. 7c), show-
ing a uniform density of Al6Mn particles (Fig. 6a),
which are not sufficiently coarse to provoke PSN. Fur-
thermore, at the same time it contains most probably
the highest density of very fine Al3Zr particles be-
ing under the resolution limit of light microscopy. The
best results for the Al-Mn-Zr alloy in the hardness
decrease (Fig. 4a) can also be attributed to the fine
dispersion of Al3Zr particles retaining the cold rolled
microstructure, which is only recovered. Our results
thus suggest that the additions of Fe and/or Si to
the ternary Al-Mn-Zr alloy have rather negative ef-
fect and so their amount in the commercial materials

should be reduced. This is in contradiction to the res-
ults in the literature [3, 15, 17, 18]. The explanation
of the differences could be in the fact that the precip-
itation behaviour of the Mn- and Zr-bearing particles
very likely strongly depends on the content of main al-
loying elements. So even if there was a positive effect
of Si and also Fe on the Al3Zr dispersoid formation
reported, it was on different Al-Zr compositions. Na-
kamura et al. [15] used Al-0.6wt.%Zr alloy, Sato et al.
[17] studied alloys containing 0.23 to 0.61 wt.% Zr,
and the compositions of the alloys studied by Belov et
al. [18] ranged from 0.5 to 1.0 wt.% Zr. The commer-
cial purity alloy containing 0.17 wt.% Zr investigated
by Westengen et al. [3] is closer to our alloys, but it
does not contain any Mn.
On the other hand, Jia et al. [5, 16], Li and Arn-

berg [13], Tangen et al. [19] or Forbord et al. [20]
studied Al-1wt.%Mn alloys which were close to our
composition also in terms of other additions, i.e. Zr,
Si and Fe. Jia et al. [16] concluded that a two-step
precipitation annealing had a positive effect on the re-
crystallization resistance of a DC cast Al-1Mn-0.15Zr
(wt.%) alloy, namely when the first stage of the an-
nealing was at 250◦C. We used a similar two-step an-
nealing with the same temperature levels (250 and
450◦C), but with shorter soaking periods 10 and 15
hours at the corresponding temperatures, respectively,
in comparison with 48 and 60 h in the Ref. [16]. In
our case, the two-step annealing was only slightly bet-
ter, yielding a comparable density of the particles at
the surface and mostly higher in the middle of the
sheets (Fig. 5b), and lower decrease in the particle
density (Fig. 5c). The recrystallization resistance of
the materials subjected to one- and two-step anneal-
ing was the same. Jia et al. [5] reported lower re-
crystallization resistance of a homogenized Al-1Mn-
0.15Zr-0.15Si-0.21Fe (wt.%) alloy in comparison with
a corresponding ternary alloy without Si and Fe. This
is in agreement with our results showing rather neg-
ative effect of Si and Fe. But if the same alloy was
unhomogenized, it showed a fair recrystallization res-
istance similar to that of the homogenized and un-
homogenized ternary variant [5]. The effect of Si and
Fe on the recrystallization resistance of Al-Mn al-
loys should therefore be investigated further. Perhaps
a twin roll-cast microstructure, exhibiting a higher
density of finer dispersoids, could give different res-
ults.

5. Conclusions

1. The density of precipitates in all five alloys after
one- and two-step annealing was higher in the middle
of the 2 mm sheets than in the surface regions. Coarse
primary phases formed in the alloys Al-Mn-Zr-Fe, Al-
-Mn-Zr-Si and Al-Mn-Zr-Si-Fe. Higher amount of
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these coarse particles was found close to the surface
of the sheets than in the middle.
2. The type of the annealing (one-step vs. two-

-step) did not influence the evolution of hardness and
electrical conductivity – the differences were only very
small. Either the microstructure of the alloys was very
similar. On the other hand it can be concluded that in
the majority of cases the two-step annealing proced-
ure led to the same or lower decrease of the particle
density during annealing.
3. Small equiaxial grains were formed in the whole

cross section of the sheets of the alloys with Si addition
during annealing. It seems that Si leads to the forma-
tion of a higher number of recrystallization nuclei by
means of PSN. Except Al-Mn-Zr, the alloys without
Si (Al-Mn and Al-Mn-Zr-Fe) showed coarse pancake
shaped grains in the surface regions of the sheets. The
microstructure in the middle of the sheets remained
cold-worked.
4. After annealing, the Al-Mn-Zr alloy showed the

highest hardness. Only in this alloy a cold-worked mi-
crostructure with elongated grains and shear bands
persisted in the whole cross section of the sheet after
the entire one- or two-step annealing procedures. All
other alloys in the same condition were (partially) re-
crystallized. It follows that the Si and/or Fe additions
degrade the recrystallization resistance of the Al-Mn
alloy with Zr addition. Therefore, their amount should
be reduced in commercial alloys where recrystalliza-
tion resistance is required.
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