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Three binary Mg-Al alloys containing nominally 5, 15, and 30 at % Al were prepared in

the ingot and rapidly solidified flake conditions using the twin roll technique. The
microstructure, mechanical properties, and electrochemical behavior of the extruded alloys
in both the conditions were investigated. The hardness, tensile strength, and corrosion
resistance increased with increasing Al content. Further, the hardness, tensile strength, and
corrosion resistance of the rapidly solidified alloys were superior to the ingot-metallurgy
alloys and this is attributed to the microstructural refinement and increased homogeneity
in the rapidly solidified alloys. © 1999 Kluwer Academic Publishers

1. Introduction industries. Magnesium alloys, however, have a low ten-
The ever-increasing demands for lightweight alloys insile strength and poor corrosion resistance and thus their
the aerospace and automobile industries have led to ttapplications are limited. Hence, there exists an urgent
development of novel materials and advanced processieed to improve the strength and corrosion resistance
ing technigues which exploit processing of materials abf magnesium alloys.
far-from-equilibrium (or non-equilibrium) conditions  Additions of aluminum to magnesium increase the
[1]. Rapid solidification from the liquid state is an im- strength and corrosion resistance of Mg-Al alloys [15].
portant non-equilibrium processing technique and ha$ince RSP results in increased solid solubility limits
been frequently employed to improve the propertiesand refinement of microstructural features, RSP alloys
and performance of existing alloys and also for the deusually exhibit strengths higher than those of IM alloys.
velopment of entirely new compositions. A recent re-Further, because of the homogeneity of microstructure,
view summarizes the developments on these aspects BfSP alloys are also expected to exhibit better corrosion
lightweight alloys [2]. resistance than their IM counterparts [16—21]. Thus,

Rapid solidification involves cooling of metallic the aim of the present investigation is to evaluate the
melts at rates>10* K/s and results in significant microstructure, mechanical properties, and corrosion
microstructural and constitutional changes. The mi-behavior of rapidly solidified binary Mg-Al alloys con-
crostructural modifications include grain refinementtaining nominally 5, 15, and 30 at% Al and compare
and reduced segregation effects while the constitutionghem with their IM counterparts.
changes include formation of supersaturated solid so- Under equilibrium conditions, aluminum has a lim-
lutions, and metastable crystalline intermediate andted solid solubility in Mg; it is only<1 at% at room
amorphous phases [3, 4]. These effects, either alonmperature. The solid solubility increases with tem-
or in combination, have improved the mechanical be{erature and reaches a value of 11.8 at % at the eutectic
havior and performance of the rapidly solidified alloys temperature of 437C [22]. Thus, under equilibrium
(in comparison to the ingot metallurgy (IM) alloys) and conditions, all the alloys used in the present investi-
these results were especially significant for lightweightgation consist of the Mg(Al) solid solution (from now
metals and have been well documented in the literaturen referred to as-Mg) and the Mg-rich intermetallic
[1-5]. phases-Mgi7Al 12.

Even though rapid solidification processing (RSP)
has been extensively applied to amorphous alloys
[4, 6-9], several aluminum [2, 4, 5] and titanium 2. Experimental
[4, 5, 10] alloys, ithas been used only to a limited extentBinary Mg-Al alloys containing nominally 5, 15, and
for magnesium-base alloys [5, 11-14]. Magnesium is30 at % Al were prepared by melting the pure metals Mg
a very light metal (density is 1.74 g/é&nand thus can and Alinthe desired proportions. The chemical analysis
find useful applications in the aerospace and automobilef these alloys in the as-cast condition is presented in
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TABLE | Chemical analysis of the binary Mg-Al alloy ingots and Thin flakes (100-30@m in thickness) of these three
flakes alloys were produced by the twin-roll technique of RSP
Condition  Nominal Al content (at %) Analyzed Al content (at %) under the foIIowmg eXpe”mentaI conditions:

Ingot 5 5.2 Roll diameter 368 mm
15 16.2 Nozzle diameter 5.0 mm

Flake 3:50 3%577 Roll velocity 800 rpm
15 14.7 Pouring rate 2.1 kg/min
30 33.1

Chemical analysis of the RSP flakes (Table 1) con-
firmed that the aluminum content in the rapidly solidi-
Table I. From now onwards when we refer to an alloyfied alloys is close to the starting nominal value.
composition, it will be the nominal composition of the  The flakes produced were then cold compacted to
alloy in atomic percent. 80% of the theoretical density, degassed atZ5@or
Ingots of these three compositions were hot extruded h under a vacuum of 18 torr and then hot extruded
(in the temperature range of 290-3%L) with an ex-  under conditions similar to those of the ingot. Thus, the
trusion ratio of 24:1 and at an extrusion velocity of three different alloy compositions were investigated in

33 mm/sec. four different conditions:
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Figure 1 X-ray diffraction patterns of the Mg-Al ingots. (a) Mg-5Al, (b) Mg-15Al, and (c) Mg-30 Al.
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(i) ingot as-cast condition 3. Results and discussion

(i) ingot  as-extruded condition 3.1. Phase constitution
(iii) flake as-solidified condition Fig. 1 shows the X-ray diffraction patterns of the Mg-5,
(iv) flake as-extruded condition 15, and 30 Alingots. All the diffraction patterns contain

peaks due to both the-Mg and 8-Mg17Al 12 phases.
Materials in these four conditions were examined byThe peak positions for the-Mg phase are consistent
optical and scanning electron microscopy (SEM) techwith a hexagonal close-packed structure with the lat-
niques for their microstructural features, and by X-raytice parameters& =0.3203 nm,c=0.5203 nm, and
diffraction (XRD) technique for the crystal structure c/a=1.624, and those for th&-Mg17Al 1, phase with a
features. Scanning electron microscopy was done on agubic structure witla = 1.063 nm. It may also be noted
ISI-DS130 SEM and XRD was conducted on a Siemenshat the amount of the-Mg17Al 1, phase increased with
JSDM510 diffractometer using @&y, radiation. The increasing Al content in the alloys.
hardness of the materials was measured using a Vick- Fig. 2 shows the X-ray diffraction patterns of the al-
ers hardness tester with a load of 1 kg and the tensilloy flakes of the three compositions. The samlg
strength and elongation were evaluated using an MT&nd 8-Mg;7Al1> phases present in the ingot are also
machine. The fracture surfaces were examined in theresentinthe RSP flakes. However, because of the rapid
SEM. Electrochemical tests were conducted using asolidification effects, a significant amount of Al has dis-
EG&G 273A potentiostat. solved in Mg forming supersaturated solid solutions in
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Figure 2 X-ray diffraction patterns of the rapidly solidified Mg-Al flakes. (a) Mg-5Al, (b) Mg-15Al, and (c) Mg-30Al.
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all the compositions. Accordingly, the Mg-5Al alloy (3) .,
flake shows the presence of only taeéMg phase, sug- ,
gesting that all the Al has gone into Mg to form the su- ' «
persaturated solid solution. In other compositions alsc
supersaturated solid solutions have formed. This is ini.
ferred from the shift of the.-Mg peaks to higher an-
gular positions and consequently tiaévig solid solu-
tion phase had smaller lattice parameters than pure M
(Fig. 2). Measurement of the peak positions ofthglg
phase clearly indicates that the maximum decrease i ‘ @ 3
lattice parameters is obtained in the Mg-15Al alloy and: -+ = &s&
that the lattice parameters of tkeMg phase in this ~
alloy composition area=0.3168 nm,c=0.5156 nm,
andc/a=1.627. From a knowledge of the variation of |
lattice parameters with Al content [23], the maximum
solid solubility of Al in Mg in the present rapidly so- (b)
lidified alloys was estimated to be 10.6 at% Al. This
value is qualitatively in agreement with the observa-
tion that while only thex-Mg phase is present in the
RSP Mg-5Al alloy, bothw-Mg andg-Mg17Al 12 phases P
are present in the RSP Mg-15 and 30 Al alloys. Be- .../
cause of the increased solid solubility of Al in Mg in
the RSP alloys, the relative proportions of taevig
andg-Mgi7Al 12 phases are different in the Mg-15 and
30 Al alloys in the flakes and the ingots. Much higher
solid solubility levels have been reported in RSP Mg- -
Al alloys reaching values as high as 22.6 at% Al in
Mg [23]. But, this high supersaturation was obtained by
rapidly solidifying the alloys using the “gun” technique
which is known to produce much higher solidification
rates than the twin roll technique used in the presen (c):
investigation [24]. B

Another important point emerges from a compari- #
son of Figs 1 and 2. The (1 Oy reflection has a much
higher intensity than the (0 04 reflection in the ingot
material. On the other hand, the (0 Qig)yeflectionhas ¢
the highest intensity in the rapidly solidified flake mate-
rial. This is an indication of the occurrence of preferred ‘ﬁ
orientation in the flake material because of the sprea -
of the melt on the conducting substrate. Preferred ori =
entations in RSP materials have been reported earlie "+
[25, 26].

%
\ o
T oS

1 .

3.2. Microstructure
Fig. 3 shows optical micrographs of _the three Mg-Al Figure 3 Optical micrographs of as-cast Mg-Al ingots. (a) Mg-5Al, (b)
alloy ingots. One can see that the microstructure conyg-15ai, and (c) Mg-30Al.
sists of two constituents—the-Mg solid solution and
the eutectic. The eutectic constituent present along the
grain boundaries increases in amount with increasindated the dendrite arm spacird)(in pwm) of Mg-5wt%
Al content and the microstructure in the Mg-30Al al- Zn alloys to the local solidification timé (in seconds)
loy is almost completely made up of the eutectic con-and established the relationshlp= 10.5 x t%4. Since
stituent. This is expected from the fact that a eutecthe thermal conductivity of the alloys decides the so-
tic reaction occurs near this composition in the Mg-Al lidification times, this same relationship is not going
system. to be exactly valid for the Mg-Al alloy system; but,
Fig. 4 shows the optical micrographs of the rapidlythe differences may not be very significant. Using this
solidified flakes in both the transverse and longitudinakelationship and also those established for other alloy
directions. Well-defined dendritic structures are seen irsystems [25], it was estimated that the Mg-15Al alloy
the transverse direction and it may also be noted thagolidified at approximately.8 x 10* K/s. One cannot
the dendrite arm spacing is fine. For example, itis aboutliscern many microstructural details in the micrographs
2 um in the RSP Mg-15Al flakes. Such fine dendrite (Fig. 4) at these low magnifications, except to mention
arm spacings can be related to the high solidificatiorthat the microstructural features are finer in the RSP
rates experienced during RSP. Kattagisl. [27] re-  alloys than they are in the IM alloys.
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Figure 4 Optical micrographs of the RSP flakes in the (a)—(c) transverse and (d)—(f) longitudinal sections. (a) and (d) Mg-5Al, (b) and (e) Mg-15Al,
and (c) and (f) Mg-30Al.

Fig. 5a and b show optical micrographs of the ex-some fine structure inside the grains. Fine equiaxed
truded Mg-5AI alloy ingot and flakes, respectively. structures and increased amounts of precipitation are
Both the microstructures show equiaxed grains, mostlpbserved in alloys with higher Al contents. The fine
due to the recrystallization that has occurred during exstructure could be due to either (a) precipitation of a
trusion. It should be, however, noted that while the grainsecond phase, or (b) formation of etch pits because
size of the extruded ingot is about 30n, that of the of deep etching. The first option may not be true at
extruded flake material is only about 10n. This is least in the ingot material. This is because, according
related to the original grain size of the ingot and flake,to the phase diagram, the solid solubility of Alin Mg is
respectively; the former had a coarser grain size. higher at higher temperatures (of extrusion, for exam-

Another feature worth noticing in the above micro- ple) than it is at room temperature and therefore more
graphs is that in both the cases, there appears to b would have gone into solid solution. Consequently,
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Figure 6 X-ray diffraction pattern of the Mg-5Al flake extrusion.

220

200 3 B 'ngot
] [ Flake

180

160 3

140 3

120 -
Figure 5 Optical micrographs of the Mg-5Al extrusions (a) ingot, (b) ]

flake. 100 3

Hardness(Hv)

80—:
precipitation of a second phase would not occur. In the ;
flake extrusion, however, it is possible that because o 60
the supersaturation achieved during RSP, the excess /

has precipitated out during the hot extrusion process E

This can be confirmed only with the help of other tech- zo-f
niques such as X-ray diffraction (if the amount of pre- ] ‘
« . . . 04 + : ¥
cipitate is large enough) and/or transmission electror Mg-5A1 Mg-15AI Mg-30AI

microscopy. X-ray diffraction patterns of the Mg-5Al
flake extrusion confirm the presence of fh#1g;7Al 12 Figure 7 Hardness values of the Mg-5, 15, and 30Al ingots and flakes.
phase (Fig. 6) and thus it is possible that the inter-

nal structure in Fig. 5b is due to precipitation of the

B-Mga7Al 1, phase. Note that the preferred orientation'®" Md-5Al to about 210 VHN for Mg-30Al. The as-

in the flakes has disappeared after extrusion, probabl§*truded ingot and flake products also have almost the
due to the recrystallization at the relatively higher tem- ame hardne;s values as the as-castingotand flake prqd-
perature of extrusion. Consequently, the intensities oficts, _res_p_ectlvely._Thus It appears that the hardness Is
the different reflections in the X-ray diffraction pattern not s_|gn|f|cant!y _dlffe_rent in th_e_as-c_ast and extruded
are as expected from the standard equiaxed materia{'f.or_'d't'.ons' Thisis allttle_surprlsmg Since some recrys-

In the ingot extrusion, however, the small amount 0fteﬂllzatlon took place during the hot extrusion process.

: ; The tensile properties of the extrusions from the ingot
internal structure may be due to the etching effects.
y g and flakes are shown in Fig. 8 for the Mg-5Al and Mg-

15Al compositions. It may be again noted that the ten-
3.3. Mechanical properties sile strength increases with increasing Al content and
The hardness of the three alloys in the as-cast ingot ancbnsequently the elongation decreases. Further, mir-
flake conditions is presented in Fig. 7. The hardnessoring the behavior of hardness values, there does not
of the alloys increased with increasing Al content; it appear to be any meaningful difference in the tensile
increased from about 50 VHN for the Mg-5Al ingot properties of the ingot and flake materials in the as-cast
to about 185 VHN for the Mg-30Al ingot. The flake and extruded conditions.
material has a higher hardness than the ingot material, A point of interest in this connection is that while the
essentially due to the fine microstructure. The hardnessagnitude of increase in hardness from the Mg-5Al to
value of the flakes also increased from about 60 VHNMg-15Al is about 80%, that in tensile strength is only

4316



40 - 40
] s [
] ] Elongation r
35 [ 35
— 304 L 30
o™ P -
£ ] r
g i 8
= ] [
;“Uj 25 < _—25 §
= 4 L r=1
=2 ] r 2
o 20 - L2 S
= ] i S
@ . L [T
o 15 - 15
= ] [
104 [ 10
5] L5
0 : : - :

Mg-5AI1  Mg5AIF  Mg-15AI1  Mg-15AIF
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Figure 10 Age hardening behavior of Mg-5Alingot and flake extrusions ‘ A
at 170°C. No age hardening is observed. *

25%. Further, there is a drastic decrease in elongatiol © o 4
from the Mg-5Al to Mg-15Al alloys, both in the ingot t o ad

and flake extrusions. Ductile fracture was observed infg . &5 &8 F o

all the alloys and the dimple size is smaller in the RSI:)Figure 11 Optical micrographs of the Mg-30Al alloy extrusions solution
material than in the IM material (Fig. 9) and this can ’

be explained on the basis of the finer microstructure of eated at 410C and aged at 17CC for 16 h. (2 Ingot and (b) flake.
the RSP material.

None of the alloys exhibited any age hardening berydroxide on the surface of the samples [18-21]. The
havior. The hardness virtually remained constant withjncreased homogeneity in the RSP condition also is an

time up to at least 24 h at 17C (Fig. 10). Since G.P.  aqditional factor in improving the corrosion resistance.
zones and transition phases do not form in binary Mg-

Al alloys, precipitation hardening is not expected to
occur in these alloys. An important consequence of thg 5 General comments

solution treatment at 41 and aging at 178C isthe  From the above results it becomes clear that all the
development of an equiaxed two-phase mixture in alkyee alloys exhibit finer microstructural features and
the alloys and the precipitate size is large. A typicalconsequently better mechanical properties in the RSP
pair of micrographs of the Mg-30Al alloy is shown ¢qngition than in the IM condition. However, the ex-
in Fig. 11. Itis clear from these micrographs that theien; of improvement in the properties is not very signif-
microstructure is coarse and therefore any hardening.snt This may be attributed to the following reasons.
would not have been expected. Solution heat treatmerﬁirsﬂy’ binary Mg-Al alloys do not show any signifi-

and aging at lower temperatures could have perhapsyn; age hardening behavior. This is due to the fact that
contributed to some extent of hardening. But, the hardine equilibriumg-Mg;,Al 1, phase precipitates out di-
ening is mostly due to small grain size and not due tqgcly from the supersaturated solid solution. Since G.P.
precipitation strengthening. zones and transition phases do not form in this system,
no hardening occurs. Secondly, the grain size ofthe RSP
alloys is expected to be significantly smaller than in the
3.4. Electrochemical behavior conventional cast alloys, usually by a couple of orders
Fig. 12 shows the electrochemical behavior of theof magnitude. But, due to the relatively low rates of so-
Mg-5, 15 and 30 Al alloys in both the ingot and flake ex- lidification during RSP in the present investigation, the
trusions. A comparison between the two sets of curvesindercooling is less and therefore grain refinement is
shows that the flake material has a higher corrosion relimited. Further, the temperature employed for extru-
sistance than the ingot material. This is clear from thesion is reasonably high and consequently some grain
decrease in corrosion current by more than an order afrowth could have occurred. The net result is that the
magnitude. Similar results have been reported by othernal grain size of the extruded material is not that fine.
[17]. The increased corrosion resistance of RSP Mg-AAdditionally, the small extent of supersaturation of Al
alloys has been due to the formation of a magnesiunobtained in the RSP alloys is no longer present in the
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Figure 12 Electrochemical behavior of ingot and flake extrusions of Mg-5, 15, and 30Al alleysngot, F= flake.

as-extruded condition, again due to the high tempera- 3. Because of the fine size of the-Mg and
ture of extrusion. Thus, the effects of RSP on the me$-Mg17Al 12 phases, the hardness and tensile strength
chanical properties are notas pronounced in these alloysf the RSP alloys were higher than in the IM alloys.

as in some other alloys, e.g., those based on aluminum 4. No age hardening behavior was observed in the
or Mg-Al-Zn alloys containing rare-earth additions. RSP or IM alloys.

5. Since extrusion was carried out at a reasonably
high temperature of 290-35Q, the effects of RSP
were partially lost. Consequently, the improvement in

4. Conclusions hardness and strength was not as high as expected.
Based on the results presented above for the ingot cast
(IM) and rapidly solidified (RSP) binary Mg-Al alloys,
the following conclusions can be drawn:
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