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I Introduction

In order to improve mechanical properties of aluminium alloys, plastic working,
refinement of macrostructure and heat treatment have been used.l> In the field of
foundry engineering, especially the grain refinement2~8> and the segregation phenom-
enon’~11) have been studied so long time. However, the improvement of mechan-
ical properties based on the refinement of macrostructure is considered to be
limited. Therefore, to improve mechanical properties more, we tried to refine
microstructure,12~1% get a super-saturated solid solution!6~20) and then age-harden
its super-saturated solid solution.l?, 210 For this study, solidification methods based
on rapid cooling?2~26) were adapted as the most suitable method and such study has
not been done systematically over a wide range of composition on any alloys yet.

Usually Al-Mn alloys are used as wrought products27~2% and have a tendency
that easily a super-saturated solid solution is obtained by relatively small cooling
rates.15, 30,210 As the purpose of this study was to improve properties of casting
products being in a super-saturated state, we used Al-Mn alloys obtained by a rapid
solidification method and the behaviors of solute manganese atoms in such state
were investigated. Namely, (1) the change of solidified structures by solidification
rates and structure distribution in cast products of Al-1~5wt%Mn alloys,%2, 3%
(2) the change in mechanical properties by the change of solidified structures,?®
(3) the consideration on the super-saturated solid solution phenomenon by making
to clear the solidification mode of a super-saturated solid solution®4’ and (4) the
change of characteristics in a super-saturated Al-3wt%Mn solid solution by heat
treatment and its precipitation - decomposition process35,38) were the subjects of
this study.
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II Experimental Procedures

1. Specimens

Al-Mn alloys used were made by an Al-Mn master alloy containing 13. 0 wt%Mn
and commercial purity aluminium (99.8wt%) and cast in ingots of 350 ~450g.
They had manganese contents previously determined. Specimens for thermal analysis
were 15 ~50g weight which were cut from these ingots. These alloys were cast
in a water-cooled copper chill mold (Fig. 1 (a)), in which three thermo-couples
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Fig. 1. Molds used for rapid solidification.
(8) for unidirectional solidification,
(b) for bi-directional solidification
(@ Graphite frame, (2 Asbestos,
(® Water-cooled copper chill,
@ Water-cooled copper mold

were set, by the natural drop technique after holding for 5 minutes at 850°C and
then the dropped melt solidified unidirectionally. Specimens obtained by rapid solid-
ification were 20 mm in width, 8 mm in length and up to 7 mm in thickness. In
order to make a completely super-saturated solid solution of an Al-3 wt%Mn alloy
which is used for heat treatment test, a water-cooled copper mold shown in Fig. 1
(b) was used and rapid solidification was made under always the same melting
condition. The super-saturated solid solution was 15 mm in width, 50 mm in length
and 1 mm in thickness. Heat treatment was carried out in a salt bath consisting
of NaNO; and KNOj; of pre-determined temperatures for 10 min to 60 hr. The
manganese contents of all the specimens used for this study are shown in Table 1.
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As these alloys made by commercial grade metals, iron and silicon are contained in
these alloys as impurities.

Table 1. Chemical composition of the specimens.

T epecimen et | Mn (wt%) Si (wt%) Fe (wt%)
go 1.0%Mn 1.02 0.07 0.04
g 2.0%Mn 2.03 0.06 0.05
g 2.9%Mn 2.86 0.07 0.04
i’ 3.6%Mn 3.61 0.08 0.04
< 4.4%Mn 4.36 0.08 0.04
Heat & 3%Mn 3.09 0.09 0.08

2. The apparatus used for thermal analysis

Fig. 2 is the schematic diagram of the apparatus used for rapid solidification
by the natural drop technique.26> By an elema furnace an Al-Mn alloy piece was
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Fig. 2. Schematic diagram of the apparatus for rapid cooling.
@ Furnace, @ Crucible, @ Stopper, @ Mold, & Sprue,
® Trigger, @ Graphite frame, Asbestos, (@ Specimen,
@ A. C. thermocouple, @ Water-cooled copper chill
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melted in a graphite crucible which had a hole at bottom closed by a graphite
stopper. The mold was set at 300 mm under the furnace bottom. This mold has
side walls insulated by asbestos plates inserted in contact with the walls and a
water-cooled copper chill on which Ar gas was blown. Alumel-chromel thermocou-
ples with about 0.32 mm were used. The hot junction was coated with alumina.
Three junctions were set about 1.5, 3.0 and 4.5 mm from a chilled surface in the
mold, before the melt was poured. Fig. 3 is the thermal analysis circuit used for

{Trigge’r%

Jo Electromagnetic
7 Oscillograph
(Cl)/’
Thermo-| .
couple
Constant
-voltage (b)
Apparatus Power Source
Relay for Heating

Fig. 3. Thermal analysis circuit of rapid cooling. (a) after the trigger is
short-circuited by the molten metal, and (b) before short-circuited

measurment of the rapid solidification process. Each thermocouple was pre-heated
at about 800°C by an electric current of 5~ 6A. When by lifting the stopper, the
molten alloy fell down through a hole at bottom of the crucible, a trigger which
was set between the furnace and the mold was short-circuited by the molten alloy.
Then, the relay circuit was switched from (b) to (a). Electric current by which
the thermocouples were pre-heated is turned off and the solidification process of
the melt is recorded with an electromagnetic oscillograph.

3. Micro-Vickers hardness measurement and tensile test

The specimens for thermal analysis were cut perpendicular to a chilled surface
and the cut surface was finished by electropolishing, along thickness distance (dis-
tance from a chilled surface) micro-Vickers (with 100 g load) hardness was measured
at interval 0.25 or 0.5 mm points from a chilled surface. On the remaining
specimens, plates with 1 mm thickness for tensile test were cut parallel to a chilled
surface and at intervals of 1 mm. After the test pieces were finished to 7 mm
wide at the parallel part and with 250 mm in gage length, and were polished with
No. 1000 emery paper. Tensile test was made with a strain rate of 1.3x10-°
mm/mm-sec. After the specimens heat-treated were electropolished on a section
parallel to a chiiled surface at solidification, micro-Vickers hardness was measured
on the section.
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4. Measurement of lattice parameters by x-ray

Concerning to specimens solidified by rapid cooling and heat-treated (on polished
surfaces parallel to a chilled surface and at each 1 mm or 0.5 mm interval) which
were measured the hardness, lattice parameters of Al-Mn solid solutions were
determined by diffractometer with Cu-Ka radiation filtered with nickel. Only for
resolved doublets in diffraction lines of higher angle than a (200) plane, lattice
parameters were calculated from wave lengthes for Cu-Kea; radiation (1.54051 f&)

and for Cu-Ka, (1.54433 fk). Those values were plotted by Nelson-Riley function
and a value extrapolated to a Bragg angle of 90° gave exact lattice parameters.’®?
For the correction of angle, 99.9wt% silicon powder was used as the standard
sample.

5. Analyses of x-rvay diffraction patterns and EPMA line-scanning
profiles

Diffraction patterns of crystallized compounds in typical structures solidified
by rapid cooling and precipitated phases in the typical structures after heat treat-
ment were obtained by using Cu-Kea radiation filtered with nickel. Furthermore,
in order to find the species of crystallized compounds in the solidified structures,
the line-scanning analyses on manganese, iron and silicon were carried out with
EPMA. Ternary compounds precipitated were confirm by the line-scanning analyses
on manganese and silicon repeatedly.

Iix Experimental Results and Discussion

1. Cooling curves and the solidifying conditions??)

In order to measure the conditions for rapid solidification in this study, three
hot junctions of thermocouples were set in the ingot at three points, that is, at
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Fig. 4. Size and thickness distance of the hot junctions.
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Photo. 1. Typical cooling curves of the rapid solidification for Al-2.9wt%Mn alloy.
(@ V:=0.0383 cm/sec
(b) V:=0.0593 cm/sec
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about 1.5 mm (D;), 3.0 mm (D;) and 4.5 mm (D;) from the chilled surface,
respectively, as shown in Fig. 4 and thermal analysis was made with those. Two
typical cooling curves recorded by this method are shown in Photo. 1. The cooling
curve (a) in Photo. 1 is of the case that the incompletely super-saturated solid
solution of an Al-2.9 wt%Mn alloy was formed and (b) is of the completely super-
saturated solid solution of an Al-2.9wt%Mn alloy. The cooling curves of i=1,
:=2 and =3 are those recorded the local solidification process at about 1.5 mm,
3.0 mm and 4.5 mm in thickness distance from the chilled surface, respectively.
The temperature scale on each cooling curve is written on the right side in Photo.
1 with constant voltage pulses. Fig. 5 are cooling curves schematically drawn. The
arrest time (i. e. local solidification time) shown on a cooling curve is obtained by
the following equation:

dt,=t,—t; (i=1~3) (1)

where 4¢; is local solidification time, #; is the beginning time of local solidification
and #; is the ending time of that. Therefore, as shown in Fig. 6, the moving rate

Solid¥—Solid Liquid—i—Liquid

/ Region

Hot Junction

Local Solidification Time

51 5

At: = t,’ -t h
Alt:e:tt - 1. ; 2
L ——
At:,:'t:, —Tg f5=1 fs:O
Fig. 5. Local solidification time, starting Fig. 6. Relation between the position of a
time of local solidification and the hot junction for liquid-solid region
ending time of cooling curves. and solidification rate.

of the iiquid—solid region V; (d(4e)/dt), that is, the rate at which the liquid-solid
region passes a hot junction with 4D diameter, is expressed as Eqg. (2):

V,=4D;/4t, (i=1~3) (2)

where the diameter of a hot junction 4D; is determined by x-ray radiograph and
4t; is the arrest time obtained from a cooling curve. After this ¥V, is taken as
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solidification rate, then the average value of solidification rates measured with three
thermocouples is taken as the average solidification rate.

2. Alloy structures solidified by rapid cooling?%,32, 3%

2. 1. The structure changes of Al-Mn alloys influenced by an increase
of thickness distance in ingots

2. 1. 1. Al-1.0 wt%Mn alloy (a hypo-eutectic alloy)

Microstructures of the Al-1.0wt%Mn alloy solidified by rapid cooling are a
uniform solid solution of a single «-phase as shown in Photo. 2 (a) and (b), and
show the cellular structure (morphology of network).!6, 38> Therefore, in the range
of solidification rates of this study, only cell size changed from 10# to 60¢ with an
increase in thickness distance and other changes were not found in these structures.

Photo. 2. Microstructures of Al-1.0wt%Mn alloy. (X250)
(@ V;=0.0136 cm/sec, (b)) Vi=0.0394 cm/sec

2. 1. 2. Al-2.0wt%Mn alloy (an eutectic alloy)

About the specimens of an Al-2.0wt%Mn alloy (an alloy of the eutectic com-
position) solidified by rapid cooling, microstructures changed by an increase in
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thickness distances as shown in Photo. 3. Then, this change corresponds to the
change of microstructures by a decrease in solidification rates. The structure (a)
is a completely super-saturated solid solution (single a-phase) which is distributed

completely super-saturated solid incompletely super-saturated solid solution
solution (@) (hypo-eutectic)

incompletely super-saturated solid solution structure formed by displacement of the
(hypo-eutectic) eutectic point (hypo-eutectic)
Photo. 3. Change of microstructures with thickness distance for Al-2.0wt%Mn alloy. (X 250)

at a chilled portion (the vicinity of a surface where a specimen is in contact with
a chill). Then, the structure (b) is the incompletely super-saturated solid solution
of a hypo-eutectic type (the mixed structure consisting of a super-saturated solid
solution and secondary phases). The structure (c) is that at a place where thickness
distance increased further, and is the incompletely super-saturated solid solution of
a hypo-eutectic type. As in the structure of this case many compound phases are
found, the amount of super-saturated solid solubility may be less compared with the
structure (b). The structure (d) is a hypo-eutectic structure corresponding to a
structure formed by displacement of the eutectic point. In the conditions for solid-
ification in this study, an eutectic structure corresponding to an equilibrium struc-
ture could not be found within 8 mm in thickness distance.
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2. 1. 3. Al-2. 9wt%Mn alloy (a hyper-eutectic alloy)

About the specimens of an Al-2.9wt%Mn alloy solidified by rapid cooling, the
change of microstructures with an increase in thickness distances is shown in Photo.
4. With an increase in thickness distances, the structures change from (a) to (f)

completely super-saturated incompletely super-saturated incompletely super-saturated
solid solution solid solution of a hypo-eu- solid solution of a cellular
tectic type eutectic type

incompletely super-saturated primary compound + eutectic primary compound -+ solid
solid solution of an acicular solution
eutectic type

Photo. 4. Change of microstructures with thickness distance
for Al-2.9wt%Mn alloy. (X 200)

according to the distance from the chilled surface and the structure (a) is a com-
pletely super-saturated solid solution of a single a-phase which distributes at a
chilled portion. In this structure, all phases found at cell boundaries are Al-Fe
compounds. The structure (b) is an incompletely super-saturated solid solution of
a hypo-eutectic type. That of (¢) is an incompletely super-saturated solid solution
of a cellular eutectic type. The structure (d) is an incompletely super-saturated
solid solution with acicular eutectic compounds, shown as a cellular type. The
structure (e) is a primary compounds - eutectic structure which is formed by dis-
placement of the eutectic point and the structure (f) is a primary compounds - «
structure which is an equilibrium structure.
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2. 2. The consideration of structures solidified by rapid cooling based
on x-ray diffraction rvesults

2. 2. 1. The change in lattice parameters of Al-Mn alloys

The changes of lattice parameters on Al-Mn solid solution matrix, influenced
by an increase in solidification rate, are shown in Fig. 7. For example, for an Al-
2.9 wt%Mn alloy, the lattice parameters of an equilibrium structure (primary com-
pounds and a-phase) and a structure formed by displacement of the eutectic point
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Fig. 7. Change in the lattice parameter with solidification rate for Al-Mn alloys.

(primary compounds and eutectic) were equally a fixed value of 4. 0451&, which is
obtained at solidification rates below 1.5x10-2 cm/sec. Therefore, perhaps, the
Al-Mn solid solutions may contain the concentration3®) of the maximum equilibrium
solubility 1.4 wt%Mn.4® At a range of solidification rate (1.5x10-2 to 4.5x10-2
cm/sec), the super-saturated solid solubility of manganese increases, an incompletely
super -saturated solid solution appears and lattice parameter decreases. That is, at
solidification rates above 4.5x10-%2 cm/sec, the completely super-saturated solid
solution of a single «-phase is obtained and the lattice parameter changes to a
fixed value of 4.040A. Concerning to the change of structures of Al-2.0wt%Mn

and Al-3.6 wt%Mn alloys, the change of the lattice parameter is similar to that of
an Al-2.9wt%Mn alloy. Therefore, at solidification rates below 0.8x10-2 cm/sec
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for an Al-2.0 wt%Mn alloy and below 3.5x10-2 cm/sec for an Al-3.6 wt%Mn alloy,
the lattice parameters were a fixed value of 4. 045A. When solidification rate

increases above these values, the lattice parameters are less than 4. 04513;. However,
for an Al-2.0wt%Mn alloy, as solidification rate becomes above 2.6x10-2 cm/sec,
the lattice parameter showed a fixed value of 4. 043A. The lattice parameters of
an Al-1. 0 wt%Mn alloy (below the composition of the maximum equilibrium solubil-
ity limit) were a fixed value of 4.0465A over all ranges of solidification rate used
in this study (0.5x1072 ~7.0x10-2 cm/sec). Moreover, for an Al-4.4 wt%Mn

alloy, the lattice parameter is a fixed value of 4. 04510& However, in this case the
structure changed from primary compounds - «-phase to primary compounds - eutectic.

2. 2. 2. Structures solidified by rapid cooling and crystallized
compound phases

In Fig. 8, we summarize the relations between solidified structures and the
change of crystallized compound phases, brought by change of solidification rates,

Struc- [Equilibrium |Structure pro-|Incompletely super- satu-| Completely
ture duced by displ super-saturat -
acement of the p ur
Element structure |eutectic point|rated solid solution ed solid solution
= -
[
£. : Al Mn
ol Mn AlgMn + solution
c
E (Alg(Mn,Fe)) AlgMn
=
T
= a
[ 1 .
E| Fe Al Fe AlsFe + AlgFe AlgFe.  isolution
Iy L
>
‘gé Si |a-AlpMn3Si +a-AlFeSi| a-Aly,Mn3Si solution
| e : ,
AL(Mn)-| @ : ; : .
. £ — H : : ) -
solid |2s|| Vi:10® : ; v, >10
solution|3g || ¢m/sec é cm/sec
Fig. 8 Schematic figure illustrating relation between crystallized phases

and solidified structures for rapidly solidified Al-Mn alloys.

by analyizing the x-ray diffraction patterns and the EPMA line-scanning profiles.
Crystallized Al-Mn compound phases found in an incompletely super-saturated solid
solution structure are the metastable intermediate phase Al,Mn (simple cubic sys-
tem, a,=12. 7271&)33> and the equiliburium phase AlgMn (orthorhombic system, a,=
6. 501&, b0:7‘,55;&, co=8. 8’7AO).“> In a structure formed by displacement of the
eutectic point and an equiliburium structure, the AlgMn and the primary compound
Alg(Mn, Fe)*? are identified. Iron, an impurity element, crystallizes at cell bound-
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aries as the metastable phase AlgFe (orthorhombic system, a,=6. 49)&, bo=7. 4413&,

co=38. 79&).43) Even if structure is a completely super-saturated solid solution or
an incompletely super-saturated solid solution of a hypo-eutectic type, it crystallizes
also as AlgFe compounds. In an incompletely super-saturated solid solution with a
cellular eutectic type structure and a structure formed by displacement of the
eutectic point, the AlgFe and the equiliburium phase Al;Fe (monoclinic system,
a,=15.49A, by=8.08A, co=12.48A, f=107°43")44 coexist.

Also, silicon crystallizes as ternary compounds, that is, in an incompletely super-
saturated solid solution of a cellular eutectic type, a-Al;,Mn;Si (b.c.c. system,

a,=12.65+0. 15&)42) crystallized and in a structure formed by displacement of the
eutectic point and an equiliburium structure, the a-Al;,Mn3;Si and «-Al-Fe-Si (b.c.

c. system, a,=12. 548;%)4” crystallized. Hypo-eutectic alloys (2.0 to 1.4 wt%Mn)
crystallize the intermetallic compounds of manganese and iron systems and alloys
of manganese compositions below the maximum equiliburium solubility, for example
an Al-1.0wt%Mn alloy, crystallize the compound phases of a iron system.

3. The change in mechanical properties with the change of solidified
structures?®

3. 1. Micro-Vickers hardness
Fig. 9 and Fig. 10 show the changes in micro-Vickers hardness, with an increase
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Fig. 9. Change in micro-Vickers hardness with solidification rate for 99.8 wt%
Al and Al-1.0 wt%Mn alloy.
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Fig. 10. Change in micro-Vickers hardness with solidification rate for
Al-Mn alloys.

in solidification rates, of pure aluminium (99.8 wt%) and Al-Mn alloys containing
varicus amount of manganese. Even if the solidification rate increases, pure alumi-
nium and an Al-1.0wt%Mn alloy show 21.3 and 32.6 in micro-Vickers hardness
respectively and the refinement hardening of subgrainst?,48> was not recognized.
Next, in case of slow solidification rates (below 0.6x10-2 for an Al-2.9 wt%Mn,
1.7x10-2 for an Al-3.6 wt%Mn alloy and 2.2x10"2 cm/sec for an Al-4.4 wt%Mn
alloy, respectively) followed by a primary compounds - @ structure, a fixed hardness
value 41.7 Hy was obtained. When solidification rates increase above 0.6x10-2,
1.7%10-2 and 2.2x10-2 cm/sec, structures become those formed by displacement
of the eutectic point (that is, those structures are consisted of primary compounds
and eutectic) and the hardness (Hy) increased severally from 41.7 to 47.0, from
41.7 to 50.0 and over 41.7 according as manganese contents of the alloys described
previously increases. This increase is brought by the dispersion hardening of eutectic
compounds. When the solidification rate increases further (that is, solidification
rates become above 0.9x10-2 cm/sec for an Al-2.0wt%Mn alloy, 1.5x10-2 cm/sec
for an Al-2.9wt%Mn alloy and 3.7x10-2 cm/sec for an Al-3.6wt%Mn alloy, re-
spectively), in every Al-Mn alloy the super-saturated solid solubility takes place and
incompletely super-saturated solid solutions of an eutectic structure or a hypo-
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eutectic structure are obtained. The hardness Hy increases still from 41.7 to 45.5,
from 47.0 to 50.2 and over 50.0 by the solid solution hardening of manganese. At
solidification rates above 2.5x 102 cm/sec for an Al-2.0wt%Mn alloy and above
4.9%10-2 cm/sec for an Al-2.9wt%Mn alloy, a completely super-saturated solid
solution of a single «-phase is obtained and the hardness Hy indicates fixed values
of 45.5 and 50. 2.

3. 2. Tenstle strength

Fig. 11 shows the change in ultimate tensile strength with an increase in
solidification rates for pure aluminium and the alloys of various compositions. The
change in ultimate tensile strength of the hyper-eutectic alloys, that is, Al-2.9
wt%Mn, Al-3.6wt%Mn and Al-4.4wt%Mn alloys shows the same tendency as
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Fig. 11. Change in ultimate tensile strength with solidification rate for
Al-Mn alloys.

micro-Vickers hardness. However, in the region of solidification rates that a pri-
mary compounds - a structure corresponding to equiliburium is obtained, since the
amount of primary compounds increases with an increase in manganese compositions,
ultimate tensile strength increases as 9.5, 9.9 and 11.3 kg/mm? gradually. Futher-
more, the solidification rate increases and in regions of solidification rates that a
primary compounds - eutectic structure and an incompletely super-saturated solid
solution appear, ultimate tensile strength values oz for an Al-2.9wt%Mn alloy
increase from 9.5 to 12.8 kg/mm? and from 12.8 to 14.8 kg/mm? respectively,
because of the dispersion strengthening of eutectic compounds and the solid solution
strengthening. Also those for an Al-3.6wt%Mn alloy increase linearly from 9.9 to
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13.4 kg/mm? and over 13.4 kg/mm?, respectively and those for an Al-4.4 wt%Mn
alloy increase linearly over 11.3 kg/mm2?. Ultimate tensile strength values for pure
aluminium and an Al-1.0wt%Mn alloy are fixed values of 6.3 and 8.0 kg/mm?
respectively. Though structures of an Al-2.0wt%Mn alloy changed from the struc-
ture formed by displacement of the eutectic point of hypo-eutectic to that of the
completely super-saturated solid solution of a single a-phase, the ultimate tensile
strength o5 was 12.1 kg/mm? in any case.

3. 3. Elongation

Fig. 12 shows the change in elongation with an increase in solidification rates
for pure aluminium and the alloys of respective manganese contents. In pure alumi-
nium, an Al-1.0wt%Mn alloy and the super-saturated solid solution of an Al-2.0
wt%Mn alloy, that is, those structures were a single «-phase, elongation increases

25

| e
1 —x 99.8%Al
i —==0 L0%Mn
| e 2.0%Mn
] X — 4 2.9%Mn
A ek 3.6%Mn
=0 4.4%Mn
X
20
p”
f"’
>
Jpt i L
T //.-/
Pt « .
PraglE 4 o
315 P I W ’
& JRs 2
’/’ * o
c L~ /~ .
g - ../4
o
o
c
o
w

(&)

3
Solidification Rate , d(AE)/dt (X102cmusec)

Fig. 12. Change in elongation with solidification rate for Al-Mn alloys.

linearly by the effect of the refinement of cellular grains with an increase in
solidification rates.4”  However, in a primary compounds - a structure and a
primary compounds - eutectic structure of the hyper-eutectic alloys in which rod
like primary compounds set in array, elongation was fixed values until the solidifi-
cation rates attain to several fixed values. Since the amount of primary compounds
increases as the manganese compositions of the alloys increases, these elongation
values decrease slightly. In case solidification rates increased further, an increase
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of elongation values was observed since the amount of primary compounds decreased
markedly.®

From results described above, tendencys of change in mechanical properties
(that is, ultimate tensile strength ¢z, micro-Vickers hardness Hy and elongation 6)
on the material solidified by rapid cooling with an increase in solidification rates
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Fig. 13. Schematic figure illustrating changes in mechanical properties
and lattice parameter with solidification rate or the change

of solidified structures for Al-Mn alloys.

are illustrated by Fig. 13 in which lattice parameter is added to indicate the solid
solution state of manganese. The (a) is the case of the alloys containing a hypo-
eutectic composition and the (b) is that of the alloys containing a hyper-eutectic
composition. In the (a), there is not so much change in ultimate tensile strength,
but in an incompletely super-saturated solid solution the hardness rises. When
structure changes to the completely super-saturated solid solution of a single a-
phase, ductility becomes better. On the one hand, when the alloy is of a hyper-
eutectic composition which has a structure formed by displacement of the eutectic
point, the dispersion strengthening by eutectic compounds is obtained and in case
solidification rates increase further and super-saturated solid solubility arises, me-
chanical properties are improved by the solid solution strengthening further. It can
be concluded that especially, when the alloys having more manganese compositions
had completely super-saturated solid solutions containing more manganese composi-
tions, their thoughness was improved fairly.
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4. The structure distribution in ingots solidified by rapid cooling
and the conditions for formation of these structures??,32,33)

4. 1. The relation between solidified structures and, the changes in
micro-Vickers hardness and lattice parameters with an in-
crease in thickness distance

For the change of the structure of an Al-2.9wt%Mn alloy described in III-2,
the changes in micro-Vickers hardness and lattice parameters with thickness dis-
tance at two solidification rates are shown in Fig. 14 (a), (b) about the fast case
and the slow case, that is, in these case each average solidification rate is 1.58x
10-2 cm/sec and 0.56x10-2 cm/sec, respectively. In the fast case, a completely
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Fig. 14. Micro-Vickers hardness and lattice parameter changes
with thickness distance.

super-saturated solid solution is obtained at the neighbourhood of a chilled surface
less than 0.5 mm thickness distance and an incompletely super-saturated solid solu-
tion distributed over a range from 0.5 mm to 3.0 mm thickness distance. Fur-
thermore, when thickness distance increases, at thickness distances above 3.0 mm
a primary compounds - eutectic structure which is formed by displacement of the
eutectic point appears and at thickness distances above 6.0 mm a primary compounds
- a structure corresponding to an equilibrium structure.
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In the slow case, a completely super-saturated solid solution is not found even at
a chilled surface therefore and even less than 1.0 mm thickness distance, the struc-
ture becomes an incompletely super-saturated solid solution. At thickness distances
from 1.0 to 1.2 mm, structure changes to a primary compounds - eutectic structure
in the same manner as the specimen of the fast case and at thickness distances
over 1.2 mm the structure changes to a primary compounds - « structure.

4. 2. The structure distribution diagram

About the specimens of an Al-2.9wt%Mn alloy obtained by different average
solidification rates, the change in micro-Vickers hardness with thickness distance is
investigated, and inflection points were found on hardness curves and Fig. 15 shows
the relation among average solidification rates, thickness distances and structures.
Namely, this is the structure distribution diagram which expresses the correspond-
ence between inflection points on the hardness curves and the discontinuity of
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Fig. 15. The structure distribution diagram for Al-2.9 wt%Mn alloy.
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structural distribution. While in a high solidification rate, the completely super-
saturated solid solution of a single a-phase distributes on a wide range, in a low
solidification rate a super-saturated solid solution is not found even at the neigh-
bourhood of a chilled surface and a primary compounds - a structure corresponding
to equilibrium distributes in a wide range.

On the basis of the structure diagrams as Fig. 15 for Al-1.0~4.4 wt%Mn
alloys, the manganese contents (up to 5wt%Mn) v.s. thickness distance diagrams
for specified average solidification rates are shown in Fig. 16 (a) and (b). This
shows the effect of manganese contents on the structural distribution. In the slow
case of solidification rates, structures of equilibrium and displacement of the eutec-
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Fig. 16. The manganese content v. s. thickness distance structure
diagram for Al-Mn alloys.
region I : solid solution,
region II : completely super-saturated solid solution,
region III : incompletely super-saturated solid solution,
region IV : structure formed by displacement of the eutectic point,
region V : equilibrium structure

tic point distribute widely up to low manganese compositions and small thickness
distances. On the other hand in the case of high solidification rates, the region of
a completely super-saturated solid solution expands up to samples of high manganese
compositions and large thickness distances domain and, for example, at a solidifica-
tion rate of 4.5x 10-2 cm/sec, it became evident that the completely super-saturated
solid solution of an Al-2.0wt%Mn alloy is formed until about 6 mm thickness
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distance of the sample. When it is necessary to get an aimed structure in given
manganese composition alloys or low solidification rates, the structure diagrams
will give standards about thickness of ingots and solidification conditions.

4. 3. The relation between the change in lattice parameters and the
structure distribution diagram based on the micro-Vickers
havdness change

The values of lattice parameter determined on the specimens of an Al-2.9
wt%Mn alloy solidified in some average solidification rates ¥; were classified into

next ranges, that is, less than 4. 0422\, (namely this corresponds to solid solubility
of about 2.9 wt% manganese),*® from 4. 042A to 4.044A (namely solid solubility

from 2.9wt% to 1.4wt% manganese)*® and above 4. 044A (namely solid solubility
of about 1.4 wt% manganese),*? and Fig. 17 is a diagram which shows the relation
between lattice parameters and the structure diagram shown by Fig. 15 at the same
solidification conditions each other. Both boundary lines determined by lattice
parameter groupings and hardness ranges almost conincide as the figure. Since the
boundary line between a primary compounds - eutectic structure and a primary
compounds - « one was not obtained by this experiments, it is shown with a broken
line. This is due to that the manganese contents of a solid solution in eutectic and
that of a a-phase are similarly 1.4 wt% manganese (the composition of the maxi-
mum equilibrium solubility limit).

Also the relation between the structure distribution obtained from the change
of lattice parameters and that obtained from hardness measurement was manifested.
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4. 4. The condition diagram for formation of solidified structures

The mechanical properties of the super-saturated Al-Mn alloy solid solution
obtained by rapid cooling is improved considerably as described in IXI-3. Then it
is necessary to clear the minimum conditions of solidification rates which is required
to get these structures. In micro-Vickers hardness change curves (in Fig. 10), with
an increase in solidification rates, for the alloys containing each amount of man-
ganese, there exist solidification rates at which the discontinuity in the hardness
change takes place, and on the basis of these values, the conditions to form solid-
ified structures of the alloys containing up to 5wt% manganese are illustrated by
Fig. 18. Region I shows the conditions for formation of a uniform solid solution

8 T T T
! ; /
H : i o
7 f h
i
- i
o 1
@ '
¢ /
- — * i
b
o .
z () L an
5 Completely super.
o Solid solution | ~saturafed solidf®
= 1 . :
solution i
w ;
3 L
RS [[ncompletely.
. super-saturat- |
o ed solid )
S soiution Structure formed
c 3 . by displacement A
o f/ i ot the eutectic point
= 1
= . !
.S / | | x/
= e
s’ / 7/ v
3 S y <
%) ". ! g(\/) .
P R S '." é_ A A Equilibrivm___|
"‘"'g structure
: X !
) L——/ |
0 B ! L
Al 1 2 3 4 5

Mn Content (wt®e)

Fig. 18. The condition to form some solidified structures of
rapidly solidified Al-Mn alloys.

(solid solubility below 1.4 wt%Mn),38> region 1I for a completely super-saturated
solid solution (super-saturated solid solubility above 1.4 wt% manganese), region III
for an incompletely super-saturated solid solution (the added manganese does not
dissolve completely in solid but is soluble more than 1.4 wt% manganese), region
IV for a structure formed by displacement of the eutectic point and region V for
an equilibrium structure. Exactly speaking, the region V should be expressed as the
region of an equilibrium structure at the time when solidification has just finished.
Therefore, this diagram expresses that in order to form an incompletely super-
saturated solid solution and a completely super-saturated solid solution in an Al-2.0
wt%Mn alloy, solidification rates over 0.9x10-2 cm/sec and 2.5x10-2 cm/sec are
required, respectively.
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5, The solidification mode of a super-saturated solid solution and
the super-saturated solid solubility phenomenon®?, 3%

5. 1. The solidification model and the analysis on results of
thermal analysis

Regarding the structures of a completely super-saturated solid solution, an
incompletely super-saturated solid solution and a structure formed by displacement
of the eutectic point of Al-1.0wt%Mn and Al-2.0wt%Mn alloys, microphotographs
at sections parallel and perpendicular to a chilled surface are shown in Photo. 5.

(perpendicular section)

(parallel section)

Photo. 5. Microstructures at sections, parallel and perpendicular to the chilled
surface, of Al-Mn alloys. (X 150)

(@) 1.0 wt%Mn alloy,

(b) 2.0 wt%Mn alloy (completely super-saturated solid solution),

() 2.0wt%Mn alloy (incompletely super-saturated solid solution),

(@) 2.0wt%Mn alloy (structure formed by displacement of the eutectic point)

These show the structure morphology which are consisted of long-ellipsoid-like
cells arranged in the direction of solidification as close-packed state. Also the
structures of a completely super-saturated solid solution and an incompletely super-
saturated solid solution of an Al-2.9 wt%Mn alloy are the same as those in Photo.
6. According to the microstructures shown in Photo. 5 and Photo. 6 and the
results of thermal analysis, a solidification model would be assumed as follows,
that is, solidification advanced by movement of the solid-liquid region in which
columnar or rotated ellipsoid-like cells are arranged in front of a perfectly solidified
layer as close-packed state. This is illustrated by Fig. 19 (a). This solidification
mode is named as the exogenous mushy-cellular solidification. Within this solid-
liquid region, the element of an equilateral hexagon (L is the length of one long
side) on a perpendicular plane to the solidification direction is assumed and a local
solidification model is as follows : (1) a solid phase is a collectivity of cells in
which each has a circular section of radius #, (2) the solid phase increases its
thickness with the progress of local solidification (Fig. 19 (b)) and (3) these cells
are arranged in close-packed state in the solid-liquid region*®, Therefore, when at
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(perpendicular section)

(parallel section)

Photo. 6. Microstructures at sections, parallel and perpendicular to the chilled
surface, of super-saturated Al-2.9 wt%Mn solid solutions. (X 300)

(a) completely super-saturated solid solution
(b) incompletely super-saturated solid solution of a cellular eutectic type

a certain thickness distance within the solid-liquid region average radius of cells is
7, solid fraction f; is given from Eq. (3):

fo=@n//3)(r*/L?) (3)

In this case, it is assumed that average radius of cells (#) is in proportion to the
square root of the elapsed time from the beginning point of local solidification ()17

r=K. g (0<r<CL/2, K: constant) (4)

Using Eq. (4), the relation between cell spacing L and true local solidification time
6r is Eq. (5):

L/2=K-\/§; (5)
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The true local solidification time &, is obtained by Eq. (6), using the local solidifi-
cation time measured on a cooling curve 4f; and the time taken when the front
of a perfectly solidified layer (solid fraction fy=1 within the solid-liquid region)
passes through a hot junction (£p);:

Gf:‘dti_<t17>i (6)

By substituting Egs. (4), (5) and (6) into Eq. (3), the change of solid fraction at
a thickness distance D; within the solid-liquid region is expressed by Eq. (7), which
is in proportion to the elapsed time of local solidification 4 :

Fi(Dy 0)=Av0 (A=/027/3 (41, (1,),) )

Subsequently, transforming the Eq. (3) that expresses solid fraction f; at which
the average radius of cells is 7, the average radius » of cells during local solidifi-
cation at a thickness distance D; where solid fraction is f; within the solid-liquid
region is obtained by Eq. (8):

r(D,, 6)=0.525-L-\/f.(D, ) ®)
The increasing rate of a cell radius (d»/dt) is obtained by Eq. (9):
dr/dt:0.263-A~L/\/fT(b;, 0) ©)

5. 2. The solidification mode of super-saturated solid solutions

In the first place, the distribution of solid fraction within the solid-liquid region
with the progress of solidification was calculated from Eq. (7) and on the basis of
this result, the solidification mode of the case forming super-saturated solid solu-
tions was examined. The change of f (D, ¢,) is shown in Fig. 20 (a) and (b) for
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Al-2.0wt%Mn and -2.9wt%Mn alloys, respectively. Solid lines indicate the change
in f;(D, t,) of the case formed the completely super-saturated solid solutions and
broken lines that of the case formed the incompletely super-saturated solid solu-
tions. Furthermore, in the case of the completely super-saturated solid solutions
the distribution is with d2f;/dD?<0 (convex upward) while in the case of the
incompletely super-saturated solid solutions with d2f,/dD2?>0 (convex downward).
This fact manifests that in the case of the incompletely super-saturated solid solu-
tions growing much, liquid phase exists as far as the deep points of the solid-liquid
region and when cells thicken the occasion that the cell interface contacts with
liquid phase is more than in the case of the completely super-saturated solid solu-
tions.

When the distribution of solid fraction f,(D, t,) described above changes by
solidification progressing, the distribution on the average radiuses of cells, which
are growing and thickening in the solid-liquid region, #(D, ¢,) is shown in Fig. 21.
Fig. 21 (a) is for the case of an Al-2.0wt%Mn alloy and Fig. 21 (b) for the case
of an Al-2.9wt%Mn alloy. The point plotted at the time #{s(=t;+8) in the case
of the small thickness distance D; in the diagrams, (that is, a point at the left
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upper side) is the point corresponding to 1 in solid fraction f; and 7 indicates the
cell radius immediately after the completion of local solidification. The change in
these distribution curves shows aspects of the distribution of the average radiuses
and the thickening and growth of solid cells at the time when the solid-liquid region
passes through from thickness distance D; to D, with time elapsing from ¢; to
(¢,+t3+17)/2 and t,+80,;. Broken lines are the distribution curves for the case of
the incompletely super-saturated solid solutions and solid lines are those for the
case of the completely super-saturated solid solutions. Regarding the distribution
on the average radius of solid cells a minimum value exists, as the thickening and
growth of solid cells near the front of a perfectly solidified layer perhaps are
slower than those of solid cells at far ahead.

5. 3. The thickening rate of solid cells (local solidification process)

Fig. 22 shows the thickening rate of the radiuses of solid cells with the progress
of local solidification for super-saturated solid solutions of Al-2.0wt%Mn and
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Al-2.9 wt%Mn alloys obtained by different solidification rates. Fig. 22 (A) is the
case of an Al-2.0wt%Mn alloy and the curve (a) shows the local solidification
process of the completely super-saturated solid solution, (b) that of the incom-
pletely super-saturated solid solution and (c¢) that of the structure formed by
displacement of the eutectic point. In the case of an Al-2. 9wt%Mn alloy shown
in Fig. 22 (B), the curve (a) shows the local solidification process of the completely
super -saturated solid solution, (b) of the incompletely super-saturated solid solution
of a hypo-eutectic type, (¢) and (d) of the incompletely super-saturated solid
solution of a cellular eutectic type. These thickening rates of the radiuses of solid
cells (dr/dt) diminish with an decrease in solidification rates (V;). Then, in the
early stage of local solidification less than 0.1 in solid fraction (f), the thickening
rate of the radiuses of solid cells is very fast and decreases steeply with the
progress of local solidification. Next, in solid fractions more than 0.2, the thicken-
ing rates become the order of about 10-% cm/sec.

5. 4. The theoretical interpretation of the super-saturated solid
solubility phenomenon

The consideration on the super-saturated solid solubility phenomenon of Al-Mn
alloys was tried on the basis of the thickening and growth rates of solid cells and
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diffusion coefficient of manganese atoms in supercooled molten aluminium. In this
experiment under the conditions of solidification rates from 0.5 x10-2 to 7x10-2
cm/sec (cooling rates from 30 to 250 C/sec), since during local solidification time
6 the solid-liquid region moved much larger than the diffusible distance of man-
ganese atoms, the change of structures induced by the segregation of manganese
atoms in the direction of solidification can not be considered. Therefore, in the
consideration on the change of structures, it is necessary to compare the diffusion
velocity of manganese atoms in the local solidification direction perpendicular to
the direction of solidification with the thickening rate of solid cells. For Al-2.0
wt%Mn and Al-2.9 wt%Mn alloys, the changes in the amount of thickening of a
solid cell during a very short time 66 with an increase in solidification rates V;
are shown in Fig. 23 by solid lines. Then, broken lines show maximum limits of
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Fig. 23. Relation between the amounts of thickening per cell and the maximum diffusible
region of manganese atom (or iron) for a very short time 60.

the diffusible region of manganese atoms in molten aluminium existing in the neigh-
borhood of solid cell interface at a supercooling temperature during local solidifi-
cation. In solidification rates over 0.7x10-2 cm/sec for an Al-2.0wt%Mn alloy
and over 1.8x10~2 cm/sec for an Al-2.9 wt%Mn alloy, the amount of thickening of
a solid cell is larger than the maximum diffusible region, so that the condition in
which the interface of solid cells traps manganese atoms, that is, the conditions for
formation of a super-saturated solid solution are satisfied. These solidification
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rates described above, agree almost with the minimum solidification rates required
to form the super-saturated solid solution for each alloy. These minimum solidifi-
cation rates were obtained from the changes in lattice parameters and hardness
mentioned previously. Then, in spite of the solidification in the ranges of solidifi-
cation rates to form completely super-saturated solid solutions for manganese,
AlgFe compounds crystallized on cell boundaries. For explanation of this phenome-
non, it must be considered that iron cannot dissolve in solid aluminium matrix in
super-saturated state, that is, in Fig. 23 the solid lines showing the amount of

thickening of a solid cell exist under a dotted chain line at these solidification
rates.

6. The phase decomposition of a completely super-saturated solid
solution®®

6. 1. Isothermal heating

The heat treatment characteristics of a completely super-saturated Al-3.0
wt%Mn solid solution was investigated. Mechanical properties of the alloy were
improved at such remarkably rapid solidification state (especially in toughness).
Fig. 24 is the change showing the progress of age-hardening by isothermal heating

75 -—n!

Aging temperature L
o 300°C A
70 ® 325 A/

\
A}
1
\
~--=A 350 / Y
——A 400 e A
........ o 450 A s e
- 500 _ /7 L
====0 550 &/ .
——8 575 ././ ~. /
—X 600 /T
I

)
a
1
|
|
]

Hardness
[e2]
@]
o P\

(82}
o

Micro-Vickers
()]
o

IS
ol

)
o

010 15 30 min 1 2 4 ® 15 20 30 80 hr
Aging Time

Fig. 24. Change in micro-Vickers hardness during isothermal heating in Al-3 wt%Mn
super-saturated solid solution at various temperatures.
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for the completely super-saturated solid solution. Even if heating temperature is
300, the super-saturated solid solution is considerably stable4?’ and its hardening
is not recognized. However, in the case heated for a long time at higher heating
temperature, i. e. from 325C to 350C, the alloy showed remarkable age-hardening
and slightly softened after hardening. The hardening is based on precipitation of
G-phase®® and after precipitation - decomposition hardness values were kept at
constant. When those constant values of some aging temperatures are compared
each other, the values above 550°C are lower than those below 550C.

Next, Fig. 25 shows the change in lattice parameter with isothermal heating
for the completely super-saturated solid solution. In the case of aging below 500C,
lattice parameter changed continuously and in the initial stage of precipitation -
decomposition before reaching the maximum hardness, two values of lattice pa-
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Fig. 25. Change of the lattice parameter during isothermal heating in Al-3 wt%Mn
super-saturated solid solution at various temperatures.

rameter were measured,’?’ that is, the one value corresponds to the completely super -
saturated solid solution and the other to the region in which decomposition pro-
ceeded. In the middle stage of precipitation - decomposition, decomposition began
in the undecomposed region and those two values of lattice parameter increased
together according to a reaction formula of the first degree. After decomposition
reached the last stage of precipitation - decomposition, the lattice parameter had
again one value and approached to the value corresponding to the equilibrium state.

In case of 550C and 575C aging, after at 10 min heating the decomposition
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began and its behavior was already similar to those of the middle stage of precipi-
tation - decomposition at lower aging temperatures. At 600°C aging, the separation
of lattice parameter i. e. being of two lattice parameters, is not recognized and
decomposition has already attained to the last stage of precipitation - decomposition.

6. 2. Precipitated phases and precipitation process

Fig. 26 is a diagram summarized the change and the species of precipitates
with the decomposition of the super-saturated solid solution for aging temperatures
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Fig. 26. Time-temperature-transformation diagram entered decomposition
products of Al-3 wt%Mn super-saturated solid solution obtained
by the heat treatments.

[ precipitated phase containing manganese
( ) precipitated phase formed by the impurity element

and time. At aging below 550°C and in the quite early stage of decomposition
when the change in lattice parameter begins, the G’-phase induced by impurities

(simple cubic system, ap=12.75+0. 15103\)50, 52> and the metastable phase G”-phase

(hexagonal system, a,=7.54+0. 07;&, Co=7.8440. 085{)50,53) are confirmed and in
case decomposition proceeded further, the G-phase (b. c. c. system, a,=7.54+

0. 08,&)50,54) appears. In the middle stage of precipitation - decomposition, the
relative amount of the G-phase increased with aging time. These three phases of
the G-, G’- and G”-phases coexist, even after precipitation - decomposition finished.
On the one hand, at heating temperatures above 550°C the equilibrium phase AlgMn
and the G’-phase were confirmed even in the initial stage of decomposition of 10



156 S. Nishi and T. Ikeda

min at 575C. Though at heating temperatures below 500C the precipitation -
decomposition process is yet in the incubation period for the precipitates containing
manganese, compounds containing impurities (iron and silicon) were already recog-
nized as the AlgFe, B-Al-Fe-Si (monoclinic system, a,=by=0. 122, c0:41‘48;&,
8=91°)¢2 and a-Al;,Mn;Si by aging at this temperature range. In the initial
stage of precipitation - decomposition, the a-Al;;Mn;Si disappeares to grow contin-
wously into the G’-phase’9 and with the progress of precipitation - decomposition,
the Al4Fe decomposes and becomes the §-Al-Fe-Si.

At heating temperatures above 500C, the AlgFe has alreadly changed into the
Al;Fe in the incubation period and this Al;Fe reacts on silicon which was isolated
by the decomposition of the a-Al;;Mn;Si and consequently, precipitates as the a-
Al-Fe-Si. Therefore, iron and silicon as impurity elements precipitate as binary
Al-Fe compounds (Al;Fe and AlgFe) and ternary compounds (a-Al;,Mn;Si, a-Al-

“450C, 20 hr.
Photo. 7. Microstructures of Al-3wt%Mn super-saturated solid solution heated for 4
and 20 hr at various temperatures. (X 800)
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Fe-Si and B-Al-Fe-Si) and it can be understood by the decomposition reaction of
those compounds that the iron and silicon have great influences upon the nucleation
and growth rate of the precipitates containing manganese. Typical examples of the
change in microstructures for the precipitation - decomposition of the super-satu-
rated solid solution described above are shown Photo. 7. The structure of (a) is
that in the incubation period for the precipitates containing manganese. However,
the AlgFe and, the ternary compounds a-Al,;,Mn;Si and 8-Al-Fe-Si precipitate at
cell and grain boundaries. The structure of (b) is that in the initial stage of
precipitation - decomposition. The G-phase forms by nucleating any of G-, G”-
phases and the compounds containing the impurities and the hardness attains to the
maximum value, and it became evident by micrograph observation that the precipi-
tates grow along cell boundaries. The structure of (c) is that in last stage of
precipitation - decomposition and precipitates have grown to cylindrical or acicular
particles and also the precipitation in cell interior is recognized. The structure of
(d) is that in a finished state of precipitation - decomposition at a heating tem-
perature of 600C. In the structure, the AlgMn, G’-phase and a-Al-Fe-Si coexist
and Ostwald growth5% of those precipitates can be observed. Namely it becomes
evident that small precipitates at grain interior dissolve and the coasening of plate-
like precipitates takes place on grain boundaries.

7. The analysis on the precipitation - decomposition process in a
completely super-saturated solid solution®®

7. 1. The analysis method of the precipitation - decomposition process

Fig. 27 is the schematic diagram showing the results which converted the
values of the change in lattice parameter shown in Fig. 26 with isothermal heating

Mn Concentration (wt%)

SO € B € R B I IR )
lcgt; logt, log t3 log t,
Log (Aging Time)
Fig. 27. Typical change of the manganese concentration in the super-saturated
solid solution with aging time during isothermal heating.

om

into the manganese concentrations in the solid solution using the known relation3®
between manganese solid solubility and lattice parameter. This change in manganese
concentration would be divided into five processes. The process (I) is the incuba-
tion period for the precipitation of phases containing manganese, the process (II)
is the initial stage of the precipitation - decomposition, the process (III) is the
middle stage, the process (IV) is the last stage and in the process (V) the precipi-
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tation - decomposition process has completed. In the initial and middle stages, there
are two values of lattice parameter at an aging time. This phenomenon perhaps
must be caused by next two factors, i. e. (1) the diffusion velocity of manganese
atoms is slow and (2) in addition precipitates nucleate and grow preferrentially at
cell boundaries. The precipitation - decomposition processes (II) and (III) for this
super-saturated Al-Mn solid solution are analyzed using a precipitation - decomposi-
tion model shown in Fig. 28.

The precipitation region has the cylindrical cell form connected each other
with network. These are composed of the cell interior (O<r<(R;) with slight
concentration gradient, the diffusion zone (Rs<{r<R,) and the precipitation zone
(R,<y<CL/2), and this concentration profile is constructed by repeating the unit
model in two dimensions. The concentration profiles shown in Fig. 29 are approx-
imately expressed by Eq. (10):
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Fig. 28. The cylindrical cell model of pre- Fig. 29. Profiles on manganese concentra-
cipitation based on the nucleation tion in a cylindrical cell hypoth-
and growth mechanism. esized for the precipitation - deco-

mposition processes (II) and (III).
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0<r<R, :C=C,

Ry<r<R, : C=(C,—Cp)*"~(r—R)/(R;—R)+C, (10)
R<r<L/2 . C=C,

where X is the exponent which is determined according to heating temperatures.
The C; and Cs are the manganese concentrations corresponding to diffraction lines
from the cell interior and the diffusion zone respectively, and these were calculated
from two values of lattice parameter determined for each heating time. An in-
finitesimal volume 4V of range 4r with the very low concentration range 4C
(=(Cr—Cpr)/n i. e. the concentration profile in the diffusion zone are divided into n
equal portions) is expressed as Eq. (11):

AV =2xr - 47|+l 11D
Therefore, the Cs is expressed as Eq. (12) by i where 4V has the maximum value:
CSIAC'Z.maxJ?_CE (Avmax ""_> imax) (12>

Furthermore, by substituting im.. into Eq. (12) and rearranging the results, the
width ratio of the diffusion zone in matrix, Rs/R, is expressed as Eq. (13):

Ry/R=1-{(X-1)/Q2X-1)2-1(C,—Cp)/(C;—Cp) 2" (13)

The boundary condition at the precipitation zone - diffusion zone interface is ex-
pressed by Eq. (14):

(Cs—Cp)+(dR/dl) =D-((Cp—C) /(R —R;) (14)

Differentiating » (precipitation fraction), which is ratio of the amount of man-
ganese having precipitated at heating time { to initial manganese concentration in
cell before heating, and substituting Eq. (13) and Eq. (14) further, the rates of
precipitation dy/dt are expressed respectively for the initial process of precipitation
- decomposition (II) by Eq. (15) and for the middle process of precipitation - de-
composition (III) by Eq. (16):

L<t<t, : dy/dt=C(2X-1)/(X—-1)3-(8D/L*)-((C;~C,)/(C,—Cp) " (15)
L, <t<t, . dy/dt={(2X—-1)/(X—123-(8D/L*)-((C;—Cp)*/
(CI_CE> -t (CO‘CE>I (16>

Precipitation fraction y becomes Egs. (17) and (18) by integrating the rate of
precipitation :

<ty T y=C(2X 1)/ (X ~1)3-(8D/L?)+(1/(C,—C)™)-
[ cam—c,orar an
te<rsty © y=C2X 1)/ (X—1)3BD/L)-{11/(C,—C [ Gty —Coo
JCC,(5) —C2 ¥t +T1/ (Co—C) - [ TCut —Coovar} (18)
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The last process of precipitation - decomposition is expressed as Eq. (19)%¢):
ty=t<lt, . y=LC,—C,;(1)1/(Co—Ch) (19)

The values for exponent X in the equation described previously are confined to
Eq. (20) and Rs;/R, is from 0 to 1 and determined by integrating precipitation
fraction y from #; to #, and in heating time 1.

X1, ((Co—Cp) /(Cs—Cp) < (2X —1) /(X —1) (20)

7. 2. The kinetic consideration on the precipitation process

The Johnson - Mehl formula (Eq. (21))°" was applied for the precipitation
fraction y caluculated from the precipitation - decomposition model and the precipi-
tation process of the super-saturated solid solution during isothermal heating was
considered qualitatively.

y=1—exp(— (/)™ 1)

Fig. 30 is expressed those values by means of log{—In(1—y)) vs. logf. The ex-
ponent m is the gradient of those straight lines and is the parameter expressing
the nucleation and growth mechanism and the configuration of precipitates. At
heating temperatures below 500C, the initial process of precipitation, in which the
G-phase nucleated after the G'- and G”-phases nucleated and grew to some extent,
takes about 5/2 for the parameter m and the nucleation and the diffusion controlled
growth takes place simultaneously.’®’ Afterward, the middle process of precipita-
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Fig. 30. Relation between precipitation fraction and aging time plotted on
the basis of the Johnson-Mehl equation.
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tion, in which fine acicular (cylindrical) or long and thin plate type precipitates
were observed, takes about 1 for the parameter m and agrees with the process in
which cylindrical precipitates are obtained by the diffusion controlled growth in the
axial direction.®® In the last process of precipitation, in which the nucleation in
the cell interior and the growth of precipitates at the precipitation zone of cell
boundaries begin again, the parameter m is converted into 1/2 and consequently this
process can be interpreted as the process that precipitation takes place on disloca-
tions in the cell interior.53®)

Then, at heating temperatures of 550C and 575C, after 10 min isothermal
heating the precipitation process was thought to be already at the end in the initial
process or at the beginning in the middle process, therefore the figures showed the
inclinations corresponded to the middle process of precipitation that the parameter
m takes about 1 and then to the last process of precipitation that the parameter m
takes about 1/2. However, at a heating temperature of 600°C the precipitation
process has proceeded sooner and even at 10 min heating is in the last process of
precipitation and therefore the value of m is about 1/3 and it means that precipi-
tates gather plate-like.60

7. 3. The decomposition process of a completely super-saturated
solid solution

Fig. 31 is the schematic diagram of the decomposition process, that is, the
super-saturated solid solution itself aged by the precipitation process described in
the previous paragraph and the changes in concentration in cell matrix are estimated
roughly from Eq. (13) and lattice parameter. The concentration profile (a) cor-
responds to the incubation period for precipitation of phases containing manganese,
and those from (b) to (c) are that in the initial process of decomposition and
decomposition preceeds rapidly at the diffusion zone. In the middle process of

Mn Concentration (wt%s)
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Fig. 31. Transition of schematic profiles of the manganese concentration in
matrix with the decomposition of super-saturated solid solution.
@: t<lt, (b) () : t1lt<to, @ (€ () ta=ltlts,
(8): ta<t=lty, (h): t >ty
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decomposition, from (d) to (e), decomposition proceeds Teven at the cell interior
and is in the latter half of the middle process, from (e) to (f), the diffusion zone
becomes narrow, since the diffusion of manganese atoms toward the diffusion zone
decreases so that the concentration gradient in the diffusion zone may decrease.
In the last process of decomposition, (g), the manganese concentration profile almost
becomes uniform and a value close to the concentration of equilibrium solid solu-
bility Cz. (h) indicates the profile after decomposition has finished.

7. 4. The activation energy for the precipitation - decomposition

Using the data on precipitation fraction y calculated from Egs. (17), (18) and
(19), the activation energy for precipitation - decomposition was calculated by
means of the crosscut method. Consequently, in the case of heating temperatures
below 550°C at which the G-, G'- and G”-phases precipitated, the activation energy
for precipitation was 21.4 kcal/mol and the activation energy of the AlgMn and
G’-phase that precipitated at high temperatures above 550°C¢1~¢% was 40. 7 kcal/mol.
Also, the value obtained from heating times when the hardness attained to the
maximum hardness for each heating temperature in isothermal heating was 23.7
kcal/mol below 550°C and this value agreed nearly with the value obtained from the
lattice parameter measurment described previously.

IV Summary

(1) When Al-Mn alloys are solidified by rapid cooling (about 50 to 300C /sec
in cooling rate), super-saturated solid solutions are formed comparatively easily.
In this case, the thickness sensitivity is remarkable and especially, in Al-Mn alloys
with hyper-eutectic compositions, the marked change of structure was found with
variation in thickness distance. Those structures were classified as follows: i) the
completely super-saturated solid solution of a single a-phase, ii) the incompletely
super-saturated solid solution which is composed of the mixed structures of a
super-saturated solid solution and secondary phases, iii) the primary compounds -
eutectic structure corresponding to a structure formed by displacement of the
eutectic point and iv) the primary compounds -« structure corresponding to an
equilibrium structure. Furthermore, the species and changes of crystallized com-
pound phases which composed those structures were elucidated.

(2) For Al-1.0 to 4.4 wt#%Mn alloys, the distribution diagrams on the struc-
tures solidified by rapid cooling were obtained in regard to solidification rates and
manganese contents.

(3) The mechanical properties of hyper-eutectic Al-Mn alloys were improved
by controlled rapid cooling and especially, in the completely super-saturated solid
solution of a single a-phase, the toughness value increased fairly.

(4) The conditions of the minimum solidification rates which is required to
form super-saturated solid solutions were made clear. Furthermore, the interpre-
tation on the solidification mode of super-saturated solid solutions and the super-
saturated solid solubility phenomenon was proposed.

(5) When the completely super-saturated Al-3wt%Mn solid solution of a high
manganese composition was heated at heating temperatures from 325C to 350C
isothermally, age-hardening took place fairly and the species and change of pre-
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cipitated phases with its decomposition by heating were determined clearly.

(6) On the basis of the change in lattice parameter with the decomposition by
heating of the completely super-saturated solid solution, the precipitation - decom-
position process was made clear by analyzing and presented a precipitation - decom-
position model in this. case.
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