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Abstract
The as-cast microstructure of Al-Mg alloys consisted of a-Al matrix plus eutectic structure
AlgMgs under the condition of normal soidification, and it was influenced by the cooling rate.
The addition of Cu promoted the segregation of Mg and resulted in the formation of
nonequilibrium cutectic structure ALCusMg,. The addition of small Mn has little influence on
the solidification of Al-Mg alloys. The Mn atoms were trapped by constituent AlsFe. But, in
the alloy with high level of Mn, the primary phase would become AlsMn, and the
solidification process was relatively complicated.

Aluminum-magnesium alloys have recently been subjected to intensive investigation [1-10]
in order to improve the mechanical properties. Most of the works were on the alloy design,
heat treatment, hot working, ctc., and the research on solidification behavior is limited. The
metallurgical factors have great influence on the mechanical and physical properties of the
materials - [11,12). The solute redistribution during  solidification process results in
microsegregation and, often, the formation of a low melting point eutectic structure although
the chemical composition is much lower than the solid solubility limit. The coarse low
melting point eutectic structure would severely deteriorate the mechanical properties [13,14],
Therefore, the research on the solidification and scgregation of the alloys has commercial
interest,

Al-Mg alloys are non-heat treatable alioys. The mechanical properties can be improved by
adding alloying elements. The addition of the elements would make the solidification process
ore complicated. In- the present work, the influence of Cu and Mn additions on the
solidification behavior of Al-Mg alloys have been studied.
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Experimental Procedures

The as-received materials used in this study Table I The chemical compositions of
were homogenized ingots with the chemical the alloys (wt%)

compositions listed in Table I. The ingots
were cast from high pure Al, Cu, Mg
(99.99%) and Al-Mn (10wt%Mn) master
alloy. The solidification behavior of the

aloys Mg Cu Mn Fe Si Al

I 7.12 008 009 bal
alloys was investipated by remelting the I-1 718 045 007 0.08 bal.
alloys. The specimens with the size of 10X 1-2 680 097 0.06 007 bal
10X30 mm were cut from the homogenized 1-3 757 145 006 008 bal
ingots.  The alloys were first heated to 1-4 739 1.78 0.07 0.08 bal.
690--700C in an air furnace in graphite I 8.28 0.07 008 bal
crucible and held at the temperature for 10 -1 815 040 007 0.08 bal.
min to melt that materials entirely and -2 7.9 179 006 0.08 bal

homogenize the compostion. They were
then cooled in air.

The microstructure was analyzed by optical microscopy and in the electron microprobe. The
specimens  were prepared by standard metallographic procedures and etched by Knoll's
reagent. The electron probe analysis was done with a JAX-8600 Electron Probe X-ray
Microanalyzer (EPMA) at an accelerating potential of 20 kV to determine the compositions
of the intermetallic phases. The size and areal fraction of the eutectic compound were
measured by a LECO-200 Imaging Analysis System. The results were the average values of
five fields selected randomly. The areal fraction was assumed to be equivalent to the
volume fraction. The dendrite arm spacing (DAS) was measured by metallographic photos.

Results and Discussion

The Solidification Behavior of Al-Mg Alloys

Fig.l shows the as—cast microstructures of alloy I solidified at the cooling rate of 60°C/min,
It consisted of u~Al, AlsMgs as well as AlgFe and Mg;Si. The a~Al with dendritic structure
was the primary phase and formed the matrix of the materials, and the AlgMgs with a
“Chinese script” structure was the product of eutectic reaction L—a-Al+AlsMgs, while the
AlgFe and MgeSi with a blocky structure were minor constituents. The solidification process
of binary Al-Mg is relatively simple. The primary phase a¢-Al first precipitated from liquid,
and Mg atoms were rejected into the interdendritic regions, which resulted in the increase of
solute concentrations in the remaining liquid. As soon as the eutectic composition was
reached in the finally solidified zone, the eutectic reaction L—a-Al+AlgMgs occurred and the
solidification process terminated. The main solidification sequence was L—a-Al+Li—a
-Al+AlgMgs. With increasing the Mg content in the alloys, the volume fraction and size of
eutectic structure increased remarkably. Imaging analysis showed that the volume fraction of
eutectic compound AlgMgs was 3.67% in alloy [, and 4.87% in alloy 1I. Obviously, the
microstructures of the alloys were influenced by chemical compositions.

The cooling rate is another factor affecting the solidification behavior and the as-cast
microstructure. Slow cooling retarded eutectic reaction and resulted in the formation of
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single phase structure, As to alloy 1, when solidified at the cooling rate of 23C/min, the
as-casl microstructure was single phase a-Al, and no evidence of eutectic slnn:ture was
observed. With increasing cooling rate to 5°C/min, the as-cast microstructure consisted nf' a
-Al matrix plus a little eutectic structure, and the eutectic compound AlgMgs was quite
small. Alloy 11 had a still low cooling rate for forming Si"glf-‘ phase structure. F‘J‘-“‘—}“UU
structure began to form in the specimen solidified at the cooling rate nl" LS'(_]/mm. I'he
higher the Mg content in the alloys, the lower the cooling rate for ljnmuug single phase
structure. As to the high Mg alloy, for example, Al-11Mg, the critical cooling rate for
forming single phase a-Al was about 1T /min[15].

-l
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Fig.l The microstructure of alloy |
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Fig2 and Fig3 show the influence of cooling rate on the volume fraction and size of
eutectic compound AlgMgs, respectively. With increasing cooling rate, the fraction of t‘lllt?(:lil'
compound  AlsMgs increased quickly. But the change tendency of cutectic size with L'ml!ng
rate was different, First, the eutectic size increased with the increase of cooling rate. After
reaching to a largest size, it then decreased with the further increase of cooling rate. The
cooling rate for producing the largest eutectic size was located at about 60T/min. Slow and
rapid solidification o) produced fine eutectic structure. The dendrite arm spacing was also o
function of the cooling rate, The regression analysis through the data points of alloy 1
showed that the function can be represented by the following equation:
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DAS = 417e°%
where DAS represents the dendrite arm spacing in tm, and € represents the cooling rate in
C/min.

From Al-Mg phase diagram [16], the solid solubility limit of magnesium in aluminum is
about 17wt, which is much higher than the Mg content in the alloys used in this study.
In the case of equilibrium solidification, the as-cast microstructure should be single phase a
-Al. Obviously, the formation of eutectic structure da-Al+AlgMgs resulted from the
segregation of solute Mg, The research on the line profile of Mg concentration showed that
the solute segregation was quite clear. With the precipitation of «-Al, solute Mg was
rejected to the interface front and the concentration of Mg in the remaining liquid rose
gradually. As soon as the eutectic composition was reached, the eutectic reaction L—ua
-Al+AlgMgs occurred, This was consistent with the solidification path defined by Scheil
model[17].

As to the alloy with a composition less than solubility limit, in the case of equilibrium
solidification, the as-cast microstructure will be uniform single phase structure and no
microsegregation takes place. With increasing cooling rate, the solidification model will
transform gradually to nonequilibrium and the microsegregation will occur. As soon as the
microsegregation reaches to a high extent that the concentration of Mg in growing a-Al
reaches the solubility limit, the eutectic structure will appear in the final microstructure. In
the case of normal solidification, the higher the cooling rate, the more severe the
microsegregation and the easier the eutectic structure to form. The slow cooling is favorable
to form single phase structure, The eutectic reaction was retarded easier in Al-Mg alloys
than in Al-Li alloys[18] and Al-Mg-Cu alloys[15].

The eutectic size was influenced by both eutectic fraction and grain size. In general, with
the reduction of cooling rate, the grain size increases, and the finally solidified zone is
localized, which results in the increase of the size of finally solidified zone. As a result, the
eutectic reaction occurs in the minority regions and the eutectic structure possesses larger
size. On the other hand, in the case of low cooling rate, with the increase of cooling rate,
the as-cast structure will become a-Al matrix plus eutectic a-Al+AlgMgs, and the eutectic
fraction increases gradually, hence, the eutectic size increases. Obviously, there exists a
critical cooling rate to become the largest eutectic. As to Al-Mg alloys, it was about 60°C
/min,

The Influence of Cu Addition

The addition of Cu resulted in the formation of relatively complicated microstructure. In the
as-cast specimens solidified with a cooling rate of 60°C/min, five phases of a-AlAlLCuMg,
AlgMgs, AlsFe and Mg,Si were observed, as shown in Figd., AlL,CuMg, was a product of
nonequilibrium: eutectic reaction and possessed lamellar structure. The electron microprobe
analysis showed that its composition was very different from the equilibrium compounds
AlMgCu and AlsMgsCu found in Al-Mg-Cu alloys [19]. Therefore, its constitution was
defined as AlCuyMg, for the present. The AlgMgs was usually observed at the edge of
ALCuyMg, but, its fraction was reduced remarkably, AlsFe and Mg:Si were the minor
constituents, same as in the alloy I,

The content of Cu has great influence on the ALCuMg, Fig. 4 shows that with the
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increase of Cu content, the size and the fraction of ALCuMg, rose, while the lamella
spacing reduced. The imaging analysis showed that the fraction of ALCuMg, in alloy 1-1
was 4.85% while in alloy -3, got up to 928%. The concentration analysis by EPMA
showed that the composition of ALCusMg, in the four alloys were also different. Inereasing
Cu content gave rise to the rising of Cu concentration in the ALCu,Mg,, as shown in Table
II. The solidification process of the alloys with Cu addition is very different from the
Al=Mg binary alloys. With the temperature dropping, the reaction  L—=L'+ a-Al is also the
main event during solidification. As the primary a-Al precipitated from the liquid and the
solid-liquid interface advanced forward, the solute atoms Cu and Mg with redistribution
coefficient less than unity enriched at the interface front. As soon as the solubility limit of
the solute in growing a-Al was reached, a new phase would form from the remaining
liquid. Solidification theory [20] predicts that the final structure consists of a-Al, AlsMgCu
and AlgMgs, The a-Al first precipitates from liquid, then the binary eutectic a=Al+AlsMgCu
follows, and finally, the ternary eutectic reaction  L—a=Al+AlsMg,Cu+AlsMgs, occurs in the
finally solidified zone. But EPMA showed that the composition of the Cu-containing
compound in the final structure was very different from that of AlsMgaCu. It was the result
of nonequilibrium eutectic reaction. Relatively large cooling rate and diffusion difficulty in
solid resulted in that Al,CuyMg, would not reach the nominal composition of AlsMg,Cu.

Y (a) J (b)
AlgFe

i/

) AlgMgs

¥y

/ AlgMgs

Fig.4 The microstructures of alloy [-1 (amalloy 1-2 (b), alloy 1-3 (¢) and alloy 1-4 (d)

With the increase of the contents of Cu in the alloys, the segregation lendency increased.
The Cu atoms segregated to the interdendritic regions increased, hence, the Cu concentration
of remaining liquid at interdendritic regions rose. When the nonequilibrium eutectic reaction
took place, the Al CuyMg, would have higher concentration of Cu. In alloy 1-4, the Cu
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concentration  of  ALCu,Mg, reached 23.16 wt%, which was higher than that of
AlsMgaCul22.48w1%).

On the other hand, the addition of Cu Table 11 The compositions of
promoted  the segregation of Mg atoms. AlLLCuyMg,(wi%)

With increasing Cu content, the

redistribution  coefficient  of  solute Mg alloy Al Mg Cu
reduced, which resulted in the rising of Mg

segregation, More Mg atoms  would I-1 56.10 30.81 1271
segregate o interdendritic regions, and the 1-2 52.34 2894 1847
finally solidified zone increased, which gave 1= 4870 30.31 2062
rise to the increase of the [raction of 1-4 46.94 29.36 23.16

AlLCuyMg, in the final microstructure.
The Influence of Mn Addition

Fig. 5 and Fig. 6 show the as-cast microstructures of the alloys with Mn additions
solidified at the cooling rate of 60C/min. Alloy 11-1 was quite simple and similar to binary
Al-Mg alloys. In addition to the primary phase o-Al, the eutectic compound AlgMgs and
minor constituent MgzSi, there was a minor constituent Als(Mnke). With the increase of Mn
in alloys, the microstructures of the alloys become more complicated. In alloy 11-2, the
primary phase was AlsMn with block or "Chinese scripl” structure, see Fig.7. The matrix a
-Al was the product of eutectic reaction  L—a-Al+AlsMn. At the grain boundary and
interdendrite, the microstructure consisted of AlgMgs, Mg2Si and plate-like  AlsMn, while
blocky Als{Mnke) no longer appeared.

-

Fig.h The microstructure of alloy 11-1

In alloy with low Mn, the influence of Mn on the solidification behavior was not great, The
solidification path was similar to the binary Al-Mg system. The only difference was that
insoluble constituent AlgFe transformed Als(MnFe). The Mn atoms were trapped by AlsFe
and replaced some Fe atoms of AlgFe. With the increase of Mn content, in alloy 11-2, the
initial solidification reaction was L—AlgMn+L'. When the eutectic composition was reached
at the solid-liquid interface front, cutectic reaction L—a—-Al+AlsMn took place. The eutectic
compound AlsMn continued to grow on the primary AlsMn. The a-Al with dendritic
structure  formed  the matrix of the material, The precipitation of AlsMn consumed the Mn
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atoms, the Mn atom depletion occurred in the unsolidified zone, Therefore, the local
composition of remaining liquid would shift back toward L+a-Al region. As the oAl
precipitated, the Mn atoms re-enriched in the finally solidified zone. As soon as the solid
solubility limit of Mn in a-Al was reached, the eutectic-like reaction L—a-Al+AlMn
oceurred, and the AlsMn displayed plate-like structure. Then, the remaining liquid shifted
F)-'lt'k toward L+a-Al phase region again, and the Mg atoms continued to enrich in the
interface front. Finally, as the solid solubility of Mg in growing a-Al was reached, the
cutectic reaction L—=a-Al+AlgMgs occurred and terminated the solidification process. Since
the precipitation of AlsMn did not consume Mg atoms, the fraction of the eutectic compound
AleMg, was not affected by the Mn addition. Obviously, the influence of Mn addition on the
solidification  behavior of Al-Mg  alloys was  different from that of Cu addition. The
solidification sequence of alloy 11-2 was summarized as L—AlsMn+Li—AlsMn+a-Al+l, —
AlsMn+a-Al+plate-like AlgMn+Ls—AleMn+a-Al+plate=like AlsMn+AlgMgs

Fig6 The microstructures of alloy 11-2

Fig.7 The primary phase AlsMn in alloy 11-2
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Conclusions

1) Binary Al-Mg alloy exhibited a relatively simple solidification behavior, with a phase

transformation path L. — a-Al+L; — a-Al+AlgMgs. The volume fraction and size of eutectic
structure were influenced by alloy composition.

2) Cooling rate was an important factor affecting solidification behavior., Slow cooling
retarded the occurring of eutectic reaction and resulted in the formation of single phase a
-Al. With increasing cooling rate, the volume [raction of eutectic structure increased
correspondingly. But, the size of eutectic structure reached a maximum value at about 60T
/min, both slow and rapid cooling gave rise 1o the reduction of size of eutectic structure.

3) The addition of Cu promoted the segregation of Mg and made the solidification behavior
more complicated. The solidification sequence of Cu-containing Al-Mg alloys became lL—a
-Al+Li—o- AI'FA],;CLI,-M{.{; +Lo—a-Al +A|XCU,¢ML§;+M3M§;5

4) The addition of small Mn had little influence on the solidification behavior of Al-Mg
alloys.  Mn atoms were trapped by AlgFe and constitution AlgFe transformed into
Alg{MnFe).  With increasing the Mn content, AlsMn would precipitate as primary phase.
The solidification sequence of alloy 11-2 was L—AlMn+Li—AlsMn+a-Al+L;—AlsMn+a
-Al+plate-like AlsMn+Ls—AlsMn+o-Al+plate-like AlsMn+AlgMgs.
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