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Characterization and prediction of microstructure in Al-Zn—Mg alloys
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Abstract

The resulting microstructure obtained in solidified Al-Zn—Mg alloys was characterized and predicted using the vertical section in 5.3 at.%
Zn of the ternary Al-Zn—Mg phase diagram together with thermal analysis data and multicomponent equations for dendrite and intermetallic
growth. In addition, results of characterization and prediction of microstructure were used to select an appropriated Al-Zn—Mg alloy compo-
sition which can be used as Al-anode for cathodic protection applications of structures expose to marine environments against corrosion.
© 2005 Published by Elsevier B.V.
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1. Introduction aim of the present work is to compare measurements with
predictions of solidified Al-Zn—Mg alloys according to the

Al-alloys used for cathodic protection of structures analysis of growth temperatures of competing constituents,

exposed to marine environments against corrosion, are of theand the results used to chose an Al-alloy suitable for cathodic

Al-Zn type alloyed mainly with Hg and In, and whose role is  protection applications.

to prevent the formation of a continuous, adherent and pro-

tective oxide film on the alloy permitting continued galvanic

activity of the anod¢1]. Recently, the Al-Zn—Mg alloy has 2. Dendrite growth

been pointed out as a promising alloy system to be studied

due to its low electrode potential, high current capacity and  In order to predict the resulting microstructures during

the absence of Hg and In, which could pollute the a  dendrite solidification as a function of solidification growth,

To have a better understanding of this system, an importantit is considered that the dendrite tip undercooling;, will

contribution may be to describe the evolution of the solidified depend on liquidus temperature gradiet, growth veloc-

microstructure during cooling of the liquid alloy, specially the ity, V, and alloy compositiorC,, according td4]:

phases formed at the moving solid/liquid interface. For this

purpose, the liquidus and growtid =T + m_Cs/k—2I'/R, ATy = GLDy + B1(CoV)Y? (1)
whereT is the liquidus temperaturey_ the liquidus slope, 14

Cs the associated solute concentratikithe partition coef-  \yhare b, is the liquidus solute diffusion coefficient and
ficient, I' the Gibbs—Thompson parameter a@Rds the tip By {=(272I'm_Colk— l]/DL)l/Z} is a constant for dendrite
radius) temperatures of competing constituents play a criti- growth.

cal role in determining the constitution and morphology of ™ The first term on the right hand side is the contribution of
solidified microstructures under specific conditi¢8f The tip undercooling wheiG, is high andV is low. In the case

whenD GL/V « B1(CoV)Y2, Eq. (1) becomes:
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It is assumed that Eq2) applies for both columnar and 700
equiaxed dendritic growth and can be used to determine 1 C,
growth temperature of competing constituents under par- 650~
ticular conditions[3]. The growth temperaturelg,, for 600_' ~ L
AI—Zn—_Mg _dendrlte growth, can be represented to a good o N \\ \\ SR
approximation by[5]: 3 50 X \‘ Path
= 1 Lta —=
Tl - To— 271_2{ Soia(imi(ki — D)CP2pi }1/2 Y2 g 500 o ) L+f
Dy, Y iy CiPp) -
® ]
- 400 T if
whereT, andTg are the liquidus and growth temperatures, i
respectively]” the capillarity constantnthe liquidus slope, 350 . Bro ¥
kthe partition coefficientp the density an®, is the liquidus el B4
solute diffusion coefficient. The growth temperat(lrg,, for L LA BB S BLALELELE B
intermetallic growth, can be represented[6}; 0.0 Mg 10 20 30 40.0 Mg
n 2 2 %3 5.3Zn 53Zn
2izalimi (ki = 1)°C{7pi 94.7 Al Mg (at. %) 547 Al

T. —Tg =

1/3
V1/3 (4)
kiDL, Y ig Cilpj ]

and the growth temperaturg; g, for eutectic growth is pre-
dicted[7] and found experimentally8] to conform with:

®)

Tew— To.pu = A1VY?

whereA; is a constant for eutectic growth.

3. Experimental

The Al-Zn—Mg alloys under study were obtained after
melting Al, Zn and Mg elements of commercial purity

Fig. 2. (a) Vertical section of the ternary Al-Zn—-Mg phase diagj@mThe
vertical bar shows the range of magnesium content added to the Al-5.3 at.%
Zn master alloy.

an lotech T1100 data acquisition system. Microstructure was
revealed after polishing and using methanol instead of water
to avoid corrosion of the specimens and immediately elec-
troetched in a solution containing 10% HGI@ ethanol

and observed in a Stereoscan 440 scanning electron micro-
scope. Heat treatment of sample was performed af@00
for 5h in an electric furnace. The electrochemical behav-
ior of Al-alloys was investigated in 3% NaCl solution. The

(99.5%) using a vacuum induction furnace under a con- electrochemical tests were carried out in a three-electrode
stant flux of argon and cast into an experimental arrange- cell arrangement. The samples of the Al-anode were put in

ment as that shown irFig. 1 Alloy composition of
alloys was obtained by plasma spectroscopy and shown in
Table 1

During solidification of the alloy, its solidification path

a sample holder presenting an exposed area of 125tmm

the electrolyte. A platinum gauge was used as a counter elec-
trode and a saturated calomel electrode was employed as a
reference electrode.

was recorded by inserting thermocouples tiR@nd the out-
come recorded as a plot of temperature versus time using
4. Results and discussion

Fhermosmuples Fig. 2 shows the vertical section at constant 5.3at.% Zn
of the ternary Al-Zn—Mg phase diagrd8i, where it is indi-
cated with a vertical bar the range of Mg content added to the
Al-5.3 at.% Zn master alloy. The reasonto add 5.3-11.5 at.%
Mg was because a lower Mg contents, the only phase present
in the alloy is thex-Al and at higher Mg contents, the amount
of eutectic in interdendritic regions increased. The effect of
higher eutectic content in interdendritic regions on the (a)
electrochemical efficiency of the alloy and (b) as a function
of T precipitates inx-Al matrix will be discussed later.

According to this figure, during solidification of the liquid

alloy inthe L +a region, the only phase that grow is teeAl,
until the advancing solid/liquid interface reaches thed +r
region, where the-phase start to grow simultaneously with
thea-Al.

Heat
Extraction

k=14.5x10"

Fig. 1. Experimental arrangement used during the solidification of
Al-Zn—-Mg alloys kin cal/(cm°C s)).
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EZE&e alloy composition of alloys in weight and atomic percents
Elements Basic

Anode 1 Anode 2 Anode 3 Anode 4
Mg 4.6wt.%, 5.5at.% 5.4wt.%, 6.5at.% 6.2wt.%, 7.5at.% 9.2wt.%, 11.5at.%
Zn 12.0wt.%, 5.3 at.%
Al Balance

Traces

Si 0.041-0.212 wt.%, 0.0426-0.2206 at.%
Cu 0.22-0.92 wt.%, 0.10-0.50 at.%
Fe 0.1wt.%, 0.104 at.%

60 (26)

Fig. 3. Arepresentative microstructure observed in Al-Zn—Mg alloys. Top right hand side shows the eutectic observed in interdendritic redugdsttmal t
right hand side showsprecipitates irx-Al matrix.

Microstructural characterization of the alloys under study T
revealed the presence of dendrites with small precipitatesin 707 | 700 G=5 Kfem
o-Al matrix and eutectic in interdendritic regionBig. 3), _15
whose amount depends on Mg content as is showalihe 2
The eutectic (top right hand side Big. 3) was identified by 500
X-ray diffractometry asx + Al,MgzZnz and precipitates in
a-Al matrix (bottom right hand side dfig. 3) were iden-
tified by electron diffraction pattern as the intermetatlic
Microstructural observations were in agreement with the
ternary Al-Zn—-Mg phase diagram &fig. 2, which shows 200+
that during solidification, the first phase that forms is the

600

Y (2

400

300+

a-Al and as the temperature decreases at their phase trans- 17

formation temperatures, phases such as the intermetallic and 0 ‘ _— |

the eutectic form. 0 20 40 60 80 100 120 140
The cooling curve of the Al-5.3at.% Zn-6.5at.% Mg e

a_llloy is shown |nF|g. 4. The thermal arrest_ Indlcgted in this Fig. 4. A plot of temperature versus time for an Al-5.3 at.% Zn-6.5at.%
flgure_ re_5U|t9d fromthe passage of the 50“d|f|cat'(_)n f_ront and v alloy. G, =5 K/cm. Vertical lines show the beginning and end of solidi-
thus indicated a growth temperature. The dendrite interfacefication.

Table 2

Volume percent of eutectic in interdendritic regions, intermetallie-iAl and percentage of electrochemical efficiency for the alloys under study
Anode \ol% of eutectic \Vol% of in a-Al Electrochemical efficiency

As-cast Heat treated As-cast Heat treated As-cast Heat treated

1 10.0 29 0.70 0.70 68.3 69.1

2 11.9 105 1.17 5.50 73.2 87.2

3 15.2 151 1.74 2.80 78.2 86.4

4 15.8 155 2.25 2.75 77.8 86.2

a Target electrochemical efficiency85.
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Table 3
Liquidus (from phase diagram) and growth temperatures (experimeni@AofT intermetallic andx + 7 eutectic
Anode T (°C) Tea (°C) T: (°C) T (°C) Teu (°C) Te,eu(°C)
1 622.9 620.0 491.8 490.0 442.6 441.2
2 616.4 613.3 490.1 488.5 442.6 441.3
3 613.1 610.5 488.5 486.6 442.6 441.3
4 596.7 594.0 477.0 475.0 442.6 441.4

of thea-Al is expected to be associated with a finite freezing
range, so the temperature of initial departure was indicative
of a-Al tip temperature, followed by growth temperatures of
the intermetallic and the eutectic.

To predict the resulting microstructure during solidifica-
tion of Al-Zn—Mg alloys, the solidification path of the-Al
in the L +a region was first analyzed. For this purpose, Egs.
(3) and(5) were employed. The liquidus and eutectic temper-

Fig. 5 shows the results of the predicted microstructure
during solidification of Al-Zn—Mg alloys as a plot of growth
temperature versus growth velocity for the Al-5.3at.% Zn
master alloy with additions of 6.5 and 7.5 at.% Mkig. 5a
shows the results for the solidification of theAl and eutec-
tic. As is observed, during solidification of the alloys in the
L + « region, the only phase that growth is #he€Al, up to a
growth velocity of 0.87 m/s. At higher growth velocities, the

atures together with the liquidus slopa (= —3.93 K/at.%),
and the partition coefficienkE0.141) were obtained from
the equilibrium phase diagram (see alBable 3. Values
for D zn=8.8x 10°8m?/s and Dy wg =9.45x 10~9 m?/s
were taken from Refd10,11], I'zn=1.52x 10~/ Km and
I'vg=9.87x 10~"Km were derived from the thermody-
namic data for the AI-Mg—Zn system reported in H&£].
All these data, together with an experimen@&l value of

eutectic will grow. As the cooling of the alloys proceed and
the solidification path reached the lo+ 7 region Fig. ),
both thea-Al and the intermetallicr will grow simultane-
ously up to a growth velocity of 9.4 10~4 m/s, as the growth
velocity increased, the intermetallic compound will be the
only one to growth.

The results obtained during this competitive growth anal-
ysis, in agreement with our experimental results, are impor-
500 K/m, were fed into Eq3). To predict the eutectic growth  tant from the point of view of alloy design because gave
from Eq.(5), a value of 51.2 K¥2/m!/2 for the constanf; the experimental conditions (i.e. solidification growth and
was used, derived from the data. This value is between 23alloy composition) where it can be obtained during solid-
and 128 K §2/m12 for the Al-Al,Cu and Al-Zn eutectics ification, a simultaneous growth ef-Al and intermetallic
[13,14] To plot predictions for dendrite, intermetallic and . In particular, Al-Zn—Mg alloys have been widely stud-
eutectic growth for the L &+ region, Eqs(3)—(5) were ied due to their excellent mechanical properties developed
used withm_ = —1.45K/at.% anck=0.687. after aging[15] presenting also a good combination of

600

S50

T, (C)

450 |

400

350

300
10°

.3

1w 10° 107 10" 10" 10°
(a) V (m/s)

(b) V (m/s)

Fig. 5. Tg versusV for Al-5.3 at.% Zn master alloy with additions of 6.5 and 7.5 at.% Mg. (a) Regiom lard (b) regions L & and L +a + 1. Broken line
indicates &/=6.5x 10~4 m/s achieved during the experiments. The small vertical line shown in (b) indicates the range of solidification growth velocities where
it is predicted a simultaneous growth®fAl and intermetallicr.
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Fig. 6. Electrochemical efficiency as a function of the content of eutectic and intermetallic. The number in squares and circles indicate thecaitiofe pe
intermetallict in a-Al matrix (target efficiency> 85%).

strength, weldability and corrosion behavji6—18] In this ing the use of an alloy of the Al-5.3at.% Zn-6.5at.% Mg
work, we explore the effect of the resulting microstructure type.

produced during solidification on the electrochemical effi-
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