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Dendritic structure formation of magnesium
alloys for the manipulation of corrosion
properties: Part 1 – microstructure

Besides impurities in magnesium alloys containing alumi-
num, the microstructure also plays a role in the corrosion
properties of the alloy. By targeted manipulation of grain
size, secondary dendrite arm spacings and segregation in
terms of amount and position, the corrosion properties are
expected to be improved. For this, experiments were carried
out by casting alloys with 0, 3, 6, 9, and 12% aluminum into
a mold with different applied cooling rates. The samples
were analyzed regarding microstructure and composition,
and the grain size and secondary dendrite arm spacings, as
a function of aluminum content and cooling rate, were mod-
eled. The results show a decrease in grain size and second-
ary dendrite arm spacings with an increased cooling rate.
The segregated b phase was predominantly situated at the
grain boundaries as divorced eutectic and in lamellar form.
The assumed influences on the corrosion properties will be
examined in Part 2.

Keywords: Magnesium alloy; Microstructure; Corrosion
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1. Introduction

Due to the very ignoble character of magnesium alloys they
are threatened by corrosion when electrolytes (humidity,
road salt, etc.) are present. This can lead to failure in parts
that are made of magnesium alloys. By using magnesium

alloys that have an extremely low amount of impurities,
corrosion resistance can be achieved that also enables mag-
nesium alloys to be used for external use, such as in the
transport sector.

1.1. Relations between microstructure
and corrosion properties

During the solidification process of magnesium alloys con-
taining aluminum, micro galvanic cells are formed through
the formation of the b phase (Mg17Al12). The b phase shows
a more positive electrochemical potential than the primarily
formed a phase. Depending on the cooling rate, the struc-
ture changes with respect to grain size, dendrite formation
and proportion of the b phase. Kind and number of micro
galvanic cells and electrochemical potential differences be-
tween them are also changing. The principle of microgalva-
nic corrosion of magnesium alloys is shown in Fig. 1 [1].
Hence, the aim was to examine the relation between the mi-
crostructure and the corrosion resistance of magnesium and
magnesium alloys containing aluminum. By experimen-
tally adjusting grain size and secondary dendrite arm spa-
cings (SDAS) through a targeted and defined cooling pro-
cess with subsequent examination – by immersion and salt
spray test – of the corrosion of the samples, we expected to
establish a relation between the structure and corrosion be-
havior of the magnesium alloys and show possibilities
where corrosion resistance could be improved.
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Numerous publications have reported on the importance
of magnesium alloy structures with respect to corrosion
properties Refs. [2–28]. However, a correlation between
SDAS in the microstructure and corrosion properties has
not been examined. Some authors Song et al. [29] have
found a relation between tensile strength and corrosion rate
of the die casting alloy AZ91D. Other authors Refs. [28, 30]
have determined the influence of grain size with pure mag-
nesium on corrosion. They came to the conclusion that the
formation of grain structure is of particular importance. To-
gether with the result from Refs. [28, 29, 31–35], the con-
clusion seems to be that SDAS plays an important role in
strength and corrosion properties. Because of composition
differences and the formation of dendrite arms, as well as
the concentration distribution in the structure, a relation to
corrosion properties was expected.

1.2. Modeling of microstructure and corrosion behavior

The formation of the 3-dimensional a dendrites and the
preferred growth orientations of primary and secondary
branches among others of Mg–Zn and Mg–Al alloys were
modeled by the authors of Refs. [36–39]. For calculating
primary and secondary dendrite arm distances as a function
of the solidification conditions, several mathematical mod-
els have been described in the literature, Refs. [40–43].
Composition, growth rate, and thermal gradients play im-
portant roles, as does material transport through convection
and diffusion. The models of Bouchard and Kirkaldy [40]
and Kirkwood [41] are often used to describe the SDAS.
Methods for corrosion investigations are immersion test,
salt-spray test and electrochemical tests. The immersion
test is preferred for long term investigations. The time de-
pendent corrosion rate can be described by the model of
Ditze and Scharf [44]. The modeling of SDAS and the
time-dependent corrosion is supposed to underpin the ex-
perimental results scientifically. Regarding the alloys,
Mg–Al alloys with 0, 3, 6, 9, and 12% Al (all compositions
in mass percentage) were examined.

2. Experimental procedure

2.1. Experimental apparatus and materials

To create alloys by casting and targeted cooling, a mold
similar to Quaresma et al. [33], as per Fig. 2, was manufac-

tured. One side is a metallic cooling block made of either
copper or steel. The other side is made of insulating alumi-
num oxide plates that were preheated to 250 8C before the
experiments. The inserted ceramic plates with a thickness
of 15 mm for the Al2O3 mold were from Friatec AG, Ger-
many (Degussit AL 25). The plates and the crucible were
coated with boron nitride (BN) before the experiments took
place. The BN was used as a suspension (EKamold WS
from ESK Ceramics GmbH & Co. KG, Germany) and as a
spray (HeBoCoat 401E from Henze Boron Nitride Products
GmbH, Germany). The magnesium alloys were produced in
a crucible made of steel (1 81 · 160 mm). Sulfur hexa-
fluoride 3.0 was used as the protective gas during melting
of the alloys and as the flushing gas for the removal of
hydrogen Argon 4.6 was used as well as a mixture of
99.5 vol.% Ar 6.0 and 0.5 vol.% Cl2 5.0 from Linde AG,
Germany.

2.2. Execution and evaluation of experiments

To ensure reproducibility of the results, three experiments
for each test series were performed. The samples for the
metallographic and corrosion examinations demanded a de-
fined microstructure. Accordingly, two samples were cast
without thermocouples at the location of the metal. The
third mold was used for thermal analysis and recording of
solidification. For this, thermocouples that record cooling
curves via a data logger were embedded with a defined dis-
tance from the cooling block. The alloys were cast with an
overheating of 11% regarding the respective liquidus tem-
perature. After the cooling process, the samples were cut
out of the cast metal block at positions having had different
cooling rates. The sample ranges A, B, and C for the metal-
lographic examinations are differently shaded in Fig. 2. The
lengths are 18, 20, and 10 mm, respectively. Because the
corrosion of magnesium is determined particularly by the
content of Cu, Ni, and Fe, only impurity contents of 6 ppm
Cu, up to 6 ppm Ni, 10 ppm Mn, and 5 ppm Fe were se-
lected for the samples cast with 0, 3, 6, 9, and 12% alumi-
num content. The compositions were determined by a wet-
chemical ICP-OES (inductively coupled plasma-optical
emission spectroscopy) analysis after sampling. Determina-
tion of the cooling rates at the locations of the thermocou-
ples took place directly from the recorded cooling curves.
For that, the first derivative of the cooling curve was taken
and the inflection point of the cooling curve below the li-
quidus temperature was determined. The tangent dT/dt
shows the cooling rate (CR) of the alloy. For the metallo-
graphic examinations, the samples were prepared in the
usual form and examined by light microscopy and SEM-
EDX (scanning electron microscopy with energy dispersive
X-ray spectroscopy) with regard to grain size, SDAS, phase
fractions, the composition of phases through a point, line
and area analysis. An example of an SDAS determination
for Mg–Al alloys can be seen in Fig. 3.

2.3. Validation of the experimental set-up on the basis
of literature

A lot of investigations regarding SDAS and varying cooling
rates were carried out with aluminum alloys containing
copper. To prove the experimental adaption to the summar-
ized literature data in Bouchard and Kirkaldy [34], samples
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Fig. 1. Microgalvanic corrosion of magnesium alloy, Ref. [1].



from Al-4.5%Cu and Al-4.75%Cu were prepared. The de-
termined cooling rates were then attributed to the drawn
distances of the cooling unit in Fig. 2. The results of the
SDAS measurements for the examined aluminum–copper

alloys [45–51] are compared in Fig. 4 with those from
Bouchard and Kirkaldy [40]. The results from the used
mold have good conformity with the results in the literature.
A connection to the literature data is therefore assured.

3. Microstructure of magnesium-aluminum alloys

For the examined aluminum contents of up to 12%, both a
and b phases (Mg17Al12) occur in the structure. At first, the
a phase separates during the solidification process forming
3-dimensional dendrites with primary and secondary
branches as illustrated and modeled in Refs. [36–39]. Be-
cause of the slow diffusion in the solid state, the melt,
depending on the aluminum content and cooling rate, can
enrich with aluminum to a point where the residual melt so-
lidifies eutectically. Hereby, the a proportion of the eutectic
crystallizes partially to the primarily separated a phase so
that a solid b phase remains. The eutectic has degenerated.
The a phase, supersaturated with aluminum, can separate
the b phase during cooling as well.

3.1. Influence of aluminum content on phase fractions
and composition

Figure 5 shows the SEM picture of an alloy with 3% Al and
a line scan through the structure. The structure consists
mainly of the a phase with very little b phase. Correspond-
ing to the Mg–Al only phase diagram a small eutectic pro-
portion is expected even with actual solidification. The line
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Fig. 2. Mold used to manufacture the magnesium alloy samples under defined cooling conditions. Dimensions in mm. Due to the cutting tool, there
is a gap of 2 mm between A, B, and C.

Fig. 3. Example of an SDAS determination of an Mg–Al alloy with
12%Al (11.9% Al, 2 ppm Cu, 6 ppm Fe, and 2 ppm Ni). Measurement
point: 48 mm from the cooling block.



scan shows the lowest Al content (around 3%) in the mid-
dle of the dendrites. This is significantly higher than what
can be expected with around 1% for the primary crystalli-
zation. However, the middle of a dendrite in the 2D picture
is not explicitly defined as dendrites are three-dimensional.
Still, the increasing content of aluminum towards the grain
boundaries is clearly recognizable. For an alloy with 9%
aluminum, an aluminum content of 6.9% (point 1) was
measured in the middle of the dendrite in Fig. 6. This is also
higher than the expected aluminum content of the first crys-
tallizing a of around 3%. The aluminum content increases
to 8.2% at the edge of the dendrite (point 5). The b phase
of the divorced eutectic is situated at the grain boundary

and in the interdendritic areas. However, the measured alu-
minum content at point 2 of around 28% is significantly be-
low the content of the b phase (42% Al), because a is also
measured. Both measurement points 3 and 4 have 11% alu-
minum and, therefore, are around the maximum aluminum
content of 12.5% Al of the a phase at the eutectic tempera-
ture. This is reached in the lamellar area of point 6. An ana-
lytic separation of the lamellar area in a and b was no long-
er possible. However, a is predominantly measured. The
area scan demonstrates how aluminum is spread across the
structure. The center of the a dendrites is enclosed by a con-
tinuously increasing aluminum content area. This is fol-
lowed by eutectic and solid b phase from the divorced eu-
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Fig. 4. SDAS as a function of the cooling rate
(CR) for Al–Cu alloys according to Bouchard
and Kirkaldy [40]. Gray squares and hexa-
gons are own results. IE = unsteady solidifi-
cation.

Fig. 5. BSE (backscattered electron) image of a Mg-3%Al alloy (2.88%Al, 5 ppm Cu, 21 ppm Fe, and <1 ppmNi) at a distance of 48 mm from the
cooling area and a cooling rate of 2.26 K s–1 (left). Line scan with respect to Al content (right).



tectic. The structure of a magnesium alloy with 12% Al is
shown in Fig. 7. With almost the same enlargement as
shown in Fig. 6, the smaller grain size and the considerably
larger proportion of b phase can be recognized. The mea-
surement points 1, 2, and 3 account for 35% Al on average,
which approximately corresponds to the eutectic composi-
tion (33.5% Al). The lamellar formation (points 4–10) has
13% Al on average. The lamellar areas, shown in Fig. 8,
are enlarged. Figure 8 shows that a lot of the a phase is
measured in the lamellar area. With an increased aluminum
content, the proportion of the b phase from the eutectic and
saturated phase increases. The aluminum contents in the
primary and secondary dendrites depend on the cooling
rates. Rapid cooling of the melt results in aluminum con-
tents in the a phase that are significantly higher than the
equilibrium content according to the phase diagram.

3.2. Influence of cooling rate and composition
on the microstructure, grain size and SDAS

The grain sizes in the structure of the alloys also depend on
the cooling rate and the composition. They, in turn, influence
the SDAS. As a result, the determined microstructure should
have a considerable influence on the corrosion properties.
Also, the alignment of the grains during different cooling
conditions can play a role in the corrosion properties. How-
ever, it was shown that the columnar to equiaxed transition
(CET) for all alloys have a distance of around 3.5 mm to the
cooling block. Thus, the transition is close to the cooling
unit. Therefore, the samples have an equiaxed structure. The
influence of the aluminum content on the reduction of grain
size, as well as the change in the formation of the dendritic
structure, is illustratively shown by the SEM image of the
broken samples in Fig. 9. Besides the grain size, SDAS, and
segregations, the alignment of phases in the structure should
also be important for corrosion behavior. The divorced eu-
tectic consists of an a phase and a b phase that accumulate
predominantly at the grain boundaries. From the micro-
graphs, the dense b phase and the segregated b phase from
solid solution can be differentiated. Figure 10 shows both
phase proportions. The determination of the area proportions
of the dense b phase on the grain boundaries and in the grain,
as well as the lamellar b segregations according to the linear
intercept method, are shown in Fig. 11. With increased cool-
ing rates, the proportions of lamellar b segregations increase,
whereas the proportions of dense b phase remain rather con-
stant. The alloys with 3 and 6% aluminum both have a small
proportion of b phase and the values are uncertain. Alumi-
num makes the grain finer. However, the cooling rate has
the biggest influence on the grain size. The determined grain
sizes [51] are shown in comparison to Günther et al. [52] in
Fig. 12. The effect of aluminum on the fineness of the grain
is small when aluminum content is above 6%. Significant
differences resulting from the aluminum contents can be no-
ticed with respect to grain size only when the aluminum con-
tent is 3%. However, there is a tendency to decrease in grain
size for increasing aluminum contents of 6 to 12%. The fun-
damental progression of dependency of grain sizes was con-
firmed by Günther et al. [52] for AZ alloys (A = weight per-
cent aluminum, Z = weight percent zinc). The grain sizes
were, however, much lower because these alloys contain ad-
ditional zinc and manganese. Moreover, silicon carbide was
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Fig. 6. BSE (backscattered electron) image
of a Mg-9%Al alloy (9.05% Al, 10 ppm Cu,
50 ppm Fe, and 4 ppm Ni) at a distance of
44 mm from the cooling area and a cooling
rate of 2.32 K s–1 with marked measurement
points (left). Area scan with respect to Al con-
tent (right).

Fig. 7. SE (secondary electron) image of a Mg-12%Al alloy (12.3%
Al, 6 ppm Cu, 33 ppm Fe, and 1 ppm Ni) at a distance of 14 mm from
the cooling area and a cooling rate of 5.04 K s–1 with marked measure-
ment points.
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Fig. 8. SE (secondary electron) image of a Mg-12%Al alloy (12.3% Al, 6 ppm Cu, 33 ppm Fe, and 1 ppm Ni) at a distance of 8 mm from the cool-
ing area and a cooling rate of 7.68 K s–1 (left). Line scan for aluminum along A–B (right).

Fig. 10. Solid b phase and separation of the ß phase from the saturated a phase of an alloy with 12%Al and at a distance of 10 mm from the cooling
block (cooling rate 8.9 K s–1).

Fig. 9. Influence of aluminum on the form and formation of dendrites at a distance of 48 mm from the cooling block.



used for grain refining. With increasing cooling rate, the
SDAS decreases with a gradient similar to that of the grain
sizes, as shown in Fig. 13. Because the SDAS has minimal
dependence on aluminum content, a balance line for all
SDAS was drawn into Fig. 13. A comparison of our own re-
sults with data from the literature with respect to SDAS is

shown in Fig. 14 [32, 53–60]. For comparison, lines with
gradients of –1/2, –1/3, and –1/5 are drawn in. Despite dis-
persion of the values they are in accordance with the existing
literature because the spread is at least the same way there.

4. Modeling of grain size and SDAS

For modeling of SDAS (k2), different approaches are avail-
able. Most observe a linear relation of the logarithm of the
SDAS to the logarithmic cooling rate with a gradient of –1/
3, as shown for aluminum alloys in Fig. 4, although the ex-
perimental values, determined by the regression, generally
lie between 0.3 and 0.4, Ref. [40].

The model of Kirkwood [41] and Kurz and Fischer [42]
presents the relation

k2 ¼ K M � tSLð Þ1=3 ð1Þ

where K is a constant that can be 4.36 according to Ref.
[61], 5.04 according to Ref. [41], or 5.50 according to Ref.
[42]. The local solidification time tSL in seconds is calcu-
lated as a ratio of the solidification range during non-equi-
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Fig. 11. The area proportion of the dense b phase at the grain bound-
aries, the dense b phase in the grain, and the lamellar eutectic of the
magnesium alloys with 3 to 12% Al as a function of the cooling rate.

Fig. 12. Grain sizes of magnesium alloys with 3–12% aluminum as a
function of cooling rate.

Fig. 13. Grain size and SDAS depend on the cooling rate.

Fig. 14. SDAS as a function of the cooling rate. Comparison to litera-
ture Refs. [32, 53–60].



librium solidification TL–TE (TL = liquidus temperature,
TE = eutectic temperature = 436 8C) and the cooling rate
(CR) in K s–1, Ref. [42]:

tSL ¼
TL � TEð Þ

CR
ð2Þ

k2 ¼ K
MðTL � TEÞ

CR

� �1=3

ð3Þ

with

M ¼ �
C � D

1� kð Þ � mL CE � C0ð Þ
� ln

CE

C0

� �

ð4Þ

where C is the Gibbs-Thomson coefficient (m · K), D is the
diffusion coefficient of the solute (m2 · s–1), k is the distri-
bution coefficient, mL is the gradient of liquid line (K/%),
CE is the eutectic concentration 33.5%, and Co is the con-
centration of Al in the alloy (%).

The Gibbs-Thomson coefficient is described by Eq. (5):

C ¼
r � TL
DHf

mKð Þ ð5Þ

where r is the interfacial energy in a solid-liquid state
(J m–2), TL is the liquidus temperature (K), and DHf is the
heat of fusion (J m–3). For the calculation, the thermophysi-
cal values according to Table 1 apply [56, 62–64]. Under
the use of coefficient M, the related K values can be deter-
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Fig. 15. Double logarithmic presentation of SDAS as a function of the cooling rate. Comparison to literature Refs. [32, 53–60].

Table 1. Thermophysical data for the calculation of coefficients M and K. Data from Refs. [56, 62–64].

Al

(%)

D · 10–9

(m2 s–1)

r

(J m–2)

DHf · 106

(J m–3)

TL
(K)

TL–TE
(K)

k

(–)

C · 10–8

(K m)

mL

(K/%)

M · 10–18

(m3 s–1)

3 2.99 0.0940 532.2 907.4 198.4 0.321 11.121 –5.228 10.727

6 2.73 0.0475 502.1 892.0 183.0 0.324 5.855 –5.333 4.011

9 2.42 0.0326 476.6 876.3 167.3 0.327 4.127 –5.452 2.129

12 2.05 0.0233 369.0 860.1 151.1 0.331 3.705 –5.557 1.435



mined from Eq. (3) through linear regression from the loga-
rithmic presentation. The data for the adjusted line from
Fig. 15 [32, 53–60] are summarized in Table 2. It shows
that the progression of SDAS as a function of the cooling
rate is similar for all aluminum contents. This applies at
least to aluminum contents between 6 and 12%. For the
magnesium alloy with a 3% Al content, not enough data
are present to explicitly determine whether these SDAS are
also independent of Al content. In Tables 3 and 4, the re-
sults of the structural examinations are summed and the ef-
fects on the corrosion behavior are postulated.

5. Conclusions

The structures of magnesium–aluminum alloys with 0, 3, 6,
9, and 12% Al cast in a mold were examined with respect to
different cooling rates (2 to 30 K s–1). It was shown that an
increased aluminum content increases grain fineness; how-
ever, an increased cooling rate had a bigger influence on

the grain size and SDAS. The modeling of SDAS according

to k2 ¼ K M
TL � TEð Þ

CR

� �1=3

revealed average K values be-

tween 4.3 and 8.3 and a gradient of around –1/3. A decrease
in grain size with an increased cooling rate follows the
SDAS with a similar gradient. The proportions of segre-
gated b phase increase with aluminum content and cooling
rate. The segregation in the form of dense b phase from
the divorced eutectic and lamellar b phase from the satu-
rated a phase are predominantly situated at the grain bound-
aries. With respect to changes in grain size, SDAS, and
alignment and proportions of the b phase, an influence on
the corrosion properties of the magnesium alloys is ex-
pected, which will be examined in part 2.

The authors thank the Deutsche Forschungsgemeinschaft for financial
support of the project Di492/11–1 \Dendritic Structure Formation of
Magnesium Alloys for the Manipulation of Corrosive Properties".
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Table 2. Coefficients of the best-fit line from Fig. 15. Adjustment function for grain sizes and SDAS in the form of y = A(CR)B.

Al (%) Grain size (lm) SDAS lm

From experiments From theory

B = –1/3

Experimental plus literature

values from Fig. 15

A B A B K A B K A B K

3 423.87 –0.58 – – – 47.17

–0.33

3.7 55.86 –0.28 6.5

6 165.44 –0.30 53.19 –0.53 1.6 41.55 4.6 47.79 –0.34 5.1

9 182.65 –0.45 57.70 –0.57 2.0 42.78 6.0 42.96 –0.19 14.0

12 160.00 –0.36 40.58 –0.27 9.4 43.63 7.3 42.36 –0.36 7.7

mean

value

–0.37 –0.46 4.3 –0.33 5.4 –0.29 8.3

Table 3. Influence of cooling rate on the structure of magnesium alloys with 3 to 12% Al. The postulated corrosion rate is in brackets.

Cooling rate high low

Grain size small (big) big (small)

SDAS small (big) big (small)

Enrichment Al in the a dendrites big (small) small (big)

Proportion of ß phase Interdendritic constant (constant) constant (constant)

Solid on grain boundaries big (big) small (small)

Table 4. Influence of aluminum content on the structure of magnesium alloys with 3 to 12% Al. The postulated cooling rate is in brack-
ets.

Aluminum content high low

Grain size small (big) big (small)

SDAS small (big) big (small)

Enrichment Al in the a dendrites big (small) small (big)

Proportion of ß phase Interdendritic big (big) small (small)

Solid at grain boundaries big (big) small (small)

lamellar big (big) small (small)
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