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The Kkinetics of precipitation in Al-Mg and Al-Mg-Cu alloy

Kinetika izlo¢anja v zlitinah Al-Mg in Al-Mg-Cu
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Abstract: Aluminium alloys usually contain many alloying elements which form

many phases. However, most of the heat-treatable alloys contain combina-
tions of magnesium with one or more of the elements such as copper, sili-
con and zinc. In this work a triple simple thermal analysis (TETA) was used
in order to achieve three different cooling rates and consequently three dif-
ferent stages of supersaturated solid solution. In addition melt spinning was
used to obtain highly supersaturated solid solution. The course of equilib-
rium solidification of the alloys was calculated using the computer simula-
tion (Thermo-Calc). To pursue the sequence of precipitation of hardening
precipitates the differential scanning calorimetry (DSC) was used enabling
determination of precipitation energy and the temperature of precipitation
of precipitates from supersaturated solid solution. Scanning electron mi-
croscopy (SEM) and energy dispersive spectroscopy (EDS) was used to de-
termine the phases formed during solidification. Using the DSC method the
kinetics of precipitation from supersaturated solid solution in our case in
AlMg7.5 and AIMg3Cu can be followed very precisely. The precipitation
kinetics is related to increasing tendency for energy relaxation on heating
DSC curve, and is enhanced with strongly supersaturated solid solutions. If
the portion of the precipitation energy is calculated, it can be evident that,
in the AIMg7.5 alloy, it increases with the increasing supersaturation. In
the AIMg3Cu alloy the precipitation energy also increases from 0.8 % in
specimen that was cooled in MC1 to 1.6 % in specimen that was rapidly
solidified.

Izvlec¢ek: Aluminijeve zlitine obi¢ajno vsebujejo veliko zlitinskih elementov, zato

imajo v mikrostrukturi ve¢ faz. Vecina toplotno utrjevalnih aluminijevih
zlitin vsebuje kombinacijo magnezija z enim ali ve¢ elementi, kot so baker,
silicij in cink. V tem delu je bila, za dosego razli¢nih stanj prenasicene trdne
raztopine, izvedena trojna enostavna termi¢na analiza (TETA), pri ¢emer
so bile doseZene tri razli¢ne ohlajevalne hitrosti ter posledi¢no tri razlicne
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prenasicene trdne raztopine. Z napravo za hitro strjevanje (Melt Spinner)
pa je bila dosezena najbolj prenasic¢ena trdna raztopina. Potek ravnotezne-
ga strjevanja je bil dolo¢en z racunalni$ko simulacijo Thermo-Calc. Za
zasledovanje zaporedja izlo¢anja utrjevalnih izloC¢kov je bila uporabljena
simultana termic¢na analiza (STA) in sicer diferenc¢na vrsti¢na kalorimetrija
(DSC), s katero so bile dolo¢ene energije izlo¢anja ter temperature izloca-
nja izlo¢kov iz razliénih prenasi¢enih trdnih raztopin. S pomocjo elektron-
ske mikroskopije (SEM) ter energijsko disperzijske spektroskopije (EDS)
so bili doloceni tipi nastalih izlockov. Ob uporabi DSC metode je omogo-
¢eno izredno natancno zasledovanje kinetike izlo¢anja iz prenasicene trdne
raztopine, v naSem primeru v zlitini AIMg7,5 in AIMg3Cu. Kinetika izlo-
¢anja je razvidna iz poveéevanja spro$cene energije izlocanja, ki pa s se
povecéano prenasicenostjo samo $e povecuje. Pri izraGunu deleza sproscene
energije je opaziti, da energija izloCanja s prenasicenostjo v zlitini AIMg7,5
naraste. Pri zlitini AIMg3Cu energija izlo¢anja prav tako naraste od 0,8 %
v vzorcu predhodno ohlajanem v MC1 na 1,6 % v vzorcu predhodno ohla-

jenem na Melt Spinnerju.

Key words: Al-Mg alloy, Al-Mg-Cu alloy, thermal analysis, differential scanning
calorimetry (DSC), precipitation kinetics

Kljucne besede: zlitina AI-Mg, zlitina Al-Mg-Cu, termic¢na analiza, diferencna
vrsti¢na kalorimetrija (DSC), kinetika izloCanja

INTRODUCTION

Al-Mg and Al-Mg-Cu alloys are usually
strengthened by nanoparticles that precipi-
tate from a supersaturated solid solution.
Nevertheless, most of the heat-treatable al-
loys contain combinations of magnesium
with one or more of the elements like cop-
per, silicon and zinc. Characteristically,
even a small amount of magnesium in con-
cert with these elements accelerates and
accentuates precipitation hardening. The
structural changes, which are formed as a
result of precipitation of atoms from solid
solution, have extraordinary technological
and industrial meaning.

The majority of heat-treatable aluminium
alloy systems exhibit multistage precipita-
tion and undergo accompanying strength

changes. Multiple alloying additions of el-
ements employed in commercial alloys are
strictly functional and with different heat
treatments serve to provide many different
combinations of properties!.

Heat treatment to increase strength of alu-

minium alloys is a three-step process:

1. Solution heat treatment: dissolution of
soluble phases.

2. Quenching: development of supersatu-
rated solid solution.

3. Age hardening: precipitation of sol-
ute atoms either at room temperature
(natural aging) or elevated temperature
(artificial aging).

The classical Al-Mg alloy is typically used
for car body construction, where certain
problems can occur during the paint-bak-
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ing treatment, due to the softening of Al-
Mg parts. The undesirable softening can
be overcome either by using precipitation
hardening at paint-baking temperatures
(160-180 °C) either with small additions
of copper, which makes the alloys pre-
cipitation hardenable during paint-baking
treatment!').

During aging of Al-Mg-Cu alloy the pre-
cipitation takes place in following se-
quence:

SSS — GPB zone — S”/GPB2 — S — S

SSS stands for supersaturated solid so-
lution and GPB for Guinier-Preston-
Bagaryatsky!'?. The transition phases
(GPB zone, S, S’) are formed because
they have a lower activation energy barrier
for nucleation than the equilibrium phas-
es. S-phase prefers to nucleate on defects,
therefore dislocations and dislocation loops
are the favoured nucleation sites!!.

In this work we investigated the precipi-
tation kinetics from different supersatu-
rated solid solutions in two alloys: binary
AlMg7.5 and ternary AIMg3Cu. The latter
alloy was chosen in order to determine the
influence of copper on precipitation kinet-
ics. The most important goals were to de-
termine energies and temperatures of pre-
cipitation.

EXPERIMENTAL

The investigated AIMg7.5 and AIMg3Cu
alloys were made out of pure electrolytic
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aluminium (99.98 %), pure magnesium
and pure copper. Alloys were melted in
graphite crucible and cast into three meas-
uring cells (Table 1) of triple simple ther-
mal analysis (TETA)!" with a purpose to
obtain three different supersaturated solid
solutions.

These alloys were also casted on the de-
vice for rapid solidification (Melt Spin-
ner). The process is schematically pre-
sented in Figure 1. During melt spinning
the liquid metal is cast upon a fast rotating
copper wheel. A stable melt puddle ap-
pears when the wheel’s velocity attains the
critical point (up to 35 m/s). The thickness,
width and length of ribbons depend on the
wheel’s velocity, substrate material, melt
superheat, injection pressure, nozzle diam-
eter and the distance between the nozzle
and the wheel. Consequently, the ribbons
with a thickness range of 10 um to a few
mm, and with width range of 1 to 12 mm
at solidification rate from 102 to 10° K/s are
produced.

After TETA the specimens were chemi-
cally analysed. In order to determine the
intensity and the energy of precipitation
from various supersaturated solutions the
differential scanning calorimetry (DSC)
of simultaneous thermal analysis (STA)
Jupiter 449c of NETZSCH enterprise was
used.

With a purpose to determine phase formed
during solidification in investigated al-
loys the Scanning Electron Microscopy
(SEM) with EDS analyser (Sirion 400 NC
equipped with INCA 350) was used.



460 VONCINA, M., MRVAR, P., ZuranNic, F., MEDVED, J.

Table 1. Measuring cells of triple simple thermal analysis
Tabela 1. Merilne celice trojne enostavne termi¢ne analize
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Figure 1. Scheme of a free jet melt spinner!”
Slika 1. Shematski prikaz naprave Melt Spinner!”
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Table 2. Chemical composition of the investigated alloys

Tabela 2. Kemijska sestava preiskovanih zlitin

Element/mass.%
Alloy Cu Zn Mg Mn Si Ti Fe Al
AlMg7.5 0.00061 0.0114 7.572 0.0035 0.0534 0.00012 0.1417 rest
AlMg3Cu 0.8451 0.0107 3.253 0.0030 0.0547 0.00002 0.1932 rest

Table 3. The course of equilibrium solidification calculated using Thermo-Calc program
Tabela 3. Potek ravnoteznega strjevanja, izracunanega s programom Thermo-Calc

AlMg7.5 AlMg3Cu
Temp. /°C  Reaction Temp. /°C  Reaction
620 L—a,, 640 L—a,,
606 L — a, +AlFe, 622 L —a, +Al_Fe,
546 L —a, +MgSi 550 a, — MgSi
314 o, — Al,Mg 396 a,, — AL Mg Cu,
230 o, — Al Mg Cu 293 a,, — Al Mg Cu
156 a,, — AlMn 253 a, + AlngyCuZ — Al Mg, Cu
50 a,, — ALTi 111 a, — AlMn
9 o, — ALTi

RESULTS AND DISCUSSION

The chemical composition of the investi-
gated alloys is presented in Table 2.

In Table 3 the course of equilibrium solidi-
fication of the alloys was calculated using
the computer application Thermo-Calc.
Equilibrium phase diagrams are shown in
Figure 2. From Table 3 and Figure 2 the
temperature of primary solidification, eu-
tectic solidification and precipitation at
equilibrium conditions can be determined.
The sequence of solidification can be in-
fluenced by concentration of alloying ele-
ments (i. e. chemical composition).
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From the cooling curves in Figure 3 the
temperature of primary solidification, so-
lidification of eutectic and the temperature
of precipitation in the investigated alloys
are evident. With the increasing cooling
rate the peaks in differential cooling curve
decreases. The alloy is now supersaturated
with magnesium in case of AlMg7.5 al-
loy and magnesium and copper in case of
AIMg3Cu alloy. The characteristic tem-
peratures are also changing in dependence
of the type and concentration of alloying
elements.

The solidification of AIMg7.5 and
AIMg3Cu alloys is presented in Figure
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Figure 2. Isopleth equilibrium phase diagram of AIMg7.5 and AIMg3Cu alloy
Slika 2. Izopletni ravnotezni fazni diagrami zlitin AIMg7,5 ter AIMg3Cu
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Figure 3. Cooling curves and differential cooling curves of investigated alloys
Slika 3. Ohlajevalne in diferencirane ohlajevalne krivulje preiskovanih zlitin
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Table 4. The energy and temperature of solidification and melting of specific phases in
investigated alloys
Tabela 4. Energije in temperature strjevanja in taljenja posameznih faz pri preiskovanih

zlitinah

AlMg7.5 - MCl
DSC - heating DSC - cooling
Temp. /°C Reaction Energy Temp. /°C Reaction Energy
(x0.9513 J/g) (x0.9513 J/g)
576.1 L—a, 609.4 L—oa,
529.7 L — a, +Al_ Fe, -135.47 550.5 L—a, +Al_ Fe, 16115
447.1 L — a, +MgSi -1.27 521.5 L— o, +MgSi
308.6 o, — AlMg 0.07
AlMg7.5 - MC2
606.5 L—a, 612.4 L—a,
532.2 L — a, +Al_ Fe, -262.56 566.7 L— o, +Al_ Fe,
4472 L — a, +MgSi -0.23 551.1 L —a,+MgSi 275.40
279.5 o, — AlMg 0.47
AlMg7.5 - MC3
574.0 L—oa, 609 L—a,
532.7 L — a, +Al Fe, -287.96 545 L— o, +Al_ Fe, 280.44
336.1 o, — AlMg -6.63 520 L —a,+MgSi
AlMg7.5 — rapid solidification
556.1 L—a, 618.7 L—a,
536.1 L — a, +Al Fe, -221.94 565.4 L— o, +Al_ Fe, 220.04
310.0 a, — AlMg -0.89 540.3 L — o, +MgSi
AlMg3Cu—-MC1
DSC - heating DSC - cooling
Temp. /°C Reaction Energy Temp. /°C Reaction Energy
(x0.9513 J/g) (x0.9513 J/g)
575.5 L—oa, -205.10 633.7 L—a,
508.2 L — a, +MgSi -3.521 580.3 L— o, +Al_ Fe, 211.66
293.4 o, — Al Mg Cu 1.708 489.8 L—a, +MgSi 1.59
AlMg3Cu —MC2
577.5 L—oa, -207.38 633.0 L—a,
511.3 L — a, +MgSi -2.04 576.7 L—a, +Al_ Fe, 211.09
254.5 o, — Al Mg Cu 2.19 471.7 L — o, +MgSi 2.71
AlMg3Cu — MC3
576.3 L—oa, -303.75 636.0 L—a,
510.0 L — a, +MgSi -1.88 583.0 L— o, +Al_ Fe, 303.56
251.4 o, — Al Mg Cu 1.38 484.0 L — o, +MgSi 2.34
AlMg3Cu — rapid solidification
574.4 L—oa, -260.09 635.9 L—a,
246.5 o, — Al Mg Cu 4.28 592.6 L— o, +Al_ Fe, 256.37
476.6 L — o, +MgSi 0.44

*0.9513 is a correction factor of STA machine for aluminium alloys at current conditions.
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3. The primary solidification at the alloy
AlMg7.5 occurred at 615 °C or 616.5
°C. The undercooling was 5 °C and the
recalescence 1.5 °C. The eutectic (o, +
Al ,Fe,) solidified at 546.5 °C, eutectic
(o,, + Mg Si) solidified at 451 °C. These
characteristic temperatures are somewhat
lower than theoretical ones, because of the
unequilibrium solidification of the alloy.

AIMg3Cu alloy started to solidify at 640.5
°C or 641 °C (Figure 3). The solidification
of eutectic (a,, + Al ,Fe,) started at tem-
perature 593 °C. Eutectic (a,, + Mg,Si) so-
lidified at 489.5 °C. As mentioned above,
these temperatures result differ from the
theoretical ones because of the unequilib-
rium solidification.

At higher cooling rates the characteristic
temperatures of primary and eutectic so-
lidification move to lower temperatures.

From DSC curves on Figure 4 and 5 and
from Table 4 the energy of formation and
melting of specific phases are determined.
The temperature where the solidification
of specific phase starts (in cooling DSC
curve) and temperature where the solidi-
fication of specific phase ends (in heat-
ing DSC curve) are also determined. Only
heating DSC curves of investigated alloys
are presented.

In AIMg7.5 alloy some changes between
the heating DSC curves can be seen. These
are the consequences of different cooling
rates (Figure 4). It is obvious that the pre-
cipitation in specimens is intensified with
higher supersaturation of Mg in solid solu-
tion; i.e. in specimens cooled with higher
cooling rates. During reheating magnesium
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is precipitated from o, in a form of AlXng
precipitates. In Figure 5 the precipitation
kinetics can be even clearly seen. Namely,
there is a stronger tendency for energy re-
laxation on heating DSC curves in samples
previously cooled with higher rates and a
fact that the solid solution in AI-Mg-Cu al-
loy is more supersaturated solid solutions.
At higher magnification it can be clearly
seen, that the precipitation temperature de-
creases with the increasing supersaturation.
The energy of precipitation also increases
with the increasing supersaturation of the
alloy. Here the precipitation of AlXngCuZ
precipitates took place within the primary
crystals of o, . In addition, if the portion of
the energy for the precipitation is calculat-
ed it can be evident, that the fraction of the
precipitation energy is increasing with the
increasing supersaturation, so the portion
of the precipitates in the microstructure
increases. The portion of precipitation en-
ergy in AIMg7.5 alloy increases from 0.05
% in specimen that was cooled in MCl1
to 0.18 % in specimen that was cooled in
MC2 and to 0.3 % at specimen that was
rapidly solidified. In the AIMg3Cu alloy
the precipitation energy increases from 0.8
% in specimen that was cooled in MC1 to
1.0 % in specimen that was cooled in MC2
and to 1.6 % in specimen that was rapidly
solidified. As already mentioned the cop-
per in the alloy accelerates and accentuates
precipitation hardening. That is evident
from the fraction of precipitation energy
in heating DSC curves of AlMg7.5 and
AlMg3Cu alloys. The portion of precipi-
tation is higher in AIMg3Cu alloy at each
level of the supersaturation. The portion
of precipitation energy was calculated as a
portion from the total solidification energy
(precipitation energy divided with the total
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Figure 4. Heating DSC curves of specimens made of AIMg7.5 alloy: previously
cooled in MC1, previously cooled in MC2 and previously cooled with Melt

Spinner

Slika 4. Segrevalne DSC krivulje vzorca iz zlitine AIMg7,5: predhodno
ohlajene v MC1, predhodno ohlajene v MC2 in predhodno ohlajene na napravi

Melt Spinner

solidification energy). Furthermore, when
the specimen was cooled very quickly the
melting of eutectics (a,, + Al ,Fe,) and
(o,, + Mg,Si), and primary phase takes
place in one step. On the other hand, when
the cooling of the specimen was slow, the
melting of eutectics (o, + Al ,Fe,) and (o,
+ Mg Si), and primary phase takes place in
two steps.

Using the scanning electron microscope
and energy dispersive spectroscopy the
microstructure constituents in all investi-
gated alloys were analysed. In Figure 6 the
microstructure of AIMg7.5 alloy with the

EDS analysis are presented. In the micro-
structure primary crystals of o, and the eu-
tectic (a,, + Al ,Fe,) are visible. When the
specimen was ached in a diluted solution
of HF acid for approximately 10 minutes
also Al,Mg, precipitates become visible.

In the specimen AIMg3Cu in Figure 7 the
primary crystals of a,, and the eutectic (o,
+ Al ,Fe,) were determined. In the struc-
ture the phase on the basis of aluminium
with some magnesium and copper were
also determined, which did not correspond
to stoichiometry that was described in
literaturel®’.
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Figure 5. Heating DSC curves of specimens made of AIMg3Cu alloy: previously
cooled in MCl, previously cooled in MC2 and previously cooled with Melt
Spinner: whole heating curve (a) and heating curve at the precipitation (b)
Slika 5. Segrevalne DSC krivulje vzorca iz zlitine AIMg3Cu: predhodno
ohlajene v MCl1, predhodno ohlajene v MC2 in predhodno ohlajene na napravi
Melt Spinner: celotna segrevalna krivulja (a) ter segrevalna krivulja pri
izlocanju (b)
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AlMga:
35,60 wt% Mg
64,40 wi % Al
AlsMga:
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Figure 6. Secondary elektron image of AIMg7.5 alloy (SEM)
Slika 6. SEM mikroposnetek zlitine AIMg7,5 (SEM)
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13,68 wt.% Mg

42,78 wi% Al

43,53 wt% Cu

» Composition:
56,69 wt.% Al
37,75 wt% Fe
5,56 wt.%Cu

Composition:
3,23 wt% Mg
94,02 wt% Al
1,99 wt% Cu
0,77 wt.% Fe

Figure 7. Secondary elektron image of AIMg3Cu alloy (SEM)
Slika 7. SEM mikroposnetek zlitine AIMg3Cu (SEM)
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CONCLUSIONS

From the above presented results a few

conclusions can be made:

* Using the DSC method the kinetics of
precipitation from supersaturated solid
solution in our case in AlMg7.5 and
AIMg3Cu can be followed very pre-
cisely.

* The precipitation kinetics is related to
increasing tendency for energy relaxa-
tion on heating DSC curve, and is en-
hanced with strongly supersaturated
solid solutions.

* The temperature of precipitation de-
creases with the increasing supersatu-
ration. The energy of precipitation also
increases with the increasing supersatu-
ration of solid solution. If the portion of
the precipitation energy is calculated, it
can be evident that, in the AIMg7.5 al-
loy, it increases with the increasing su-
persaturation from 0.05 % in specimen
that was cooled in MC1 to 0.18 % in
specimen that was cooled in MC2 and
to 0.3 % at specimen that was rapidly
solidified. In the AIMg3Cu alloy the
precipitation energy increases from 0.8
% in specimen that was cooled in MC1
to 1.0 % in specimen that was cooled in
MC2 and to 1.6 % in specimen that was
rapidly solidified.

* When comparing the behaviour of both
alloys, it becomes evident that copper
in the alloy enhances the precipitation.
The portion of precipitation was higher
in AIMg3Cu alloy in each level of su-
persaturation. Consequently, more pre-
cipitates in the microstructure of the
AlMg3Cu alloy can be expected.

* Microstructure constituents have been
analysed. In specimens, primary crystals
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of a,, and eutectic (o, +Al Fe, ) have
been observed. In case of AIMg7.5 alloy
the ALLMg, precipitates were found. In
case of AIMg3Cu alloy the precipitates
on base of aluminium with some mag-
nesium and copper were determined,
which stoichiometry did not correspond
to that described in literature!®’.

PovzETEK

Kinetika izlo¢anja v zlitinah AI-Mg in
Al-Mg-Cu

Aluminijeve zlitine obi¢ajno vsebujejo
veliko zlitinskih elementov, zato imajo v
mikrostrukturi ve¢ faz. Vecina toplotno
utrjevalnih aluminijevih zlitin vsebuje-
jo kombinacijo magnezija z enim ali vec
elementi, kot so baker, silicij in cink. Ze
majhna koncentracija magnezija v poveza-
vi s temi elementi pospesi in poudari izlo-
Cevalno utrjevanje. Strukturne spremembe,
ki so posledica izlocanja atomov iz trdne
raztopine, so izrednega tehnoloskega in in-
dustrijskega pomena.

Vecino aluminijevih zlitin utrjujemo vec-
stopenjsko. Dodajanje vecjega Stevila
zlitinskih elementov je nujno samo za
funkcijske namene ter za dolocene toplo-
tne obdelave ter tako omogocajo razlicne
kombinacije lastnosti: fizikalne, mehan-
ske, elektromehanske, ki so potrebne za
razli¢ne aplikacije!'.

Zlitine Al-Mg ter Al-Mg-Cu se utrjujejo
z izlocanjem nanodelcev iz prenasicene
trdne raztopine. V tem delu smo za dose-
ganje razli¢nih stopenj prenasicenja trdne
raztopine izvedli trojno enostavno termic-
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no analizo (TETA), pri ¢emer so bile dose-
zene tri razlicne ohlajevalne hitrosti. S hi-
trim strjevanjem (Melt Spinner) pa je bila
dosezena najbolj prenasi¢ena trdna razto-
pina. Za zasledovanje zaporedja izloCanja
utrjevalnih izlo¢kov je bila uporabljena
simultana termi¢na analiza (STA) in sicer
diferen¢na vrsti¢na kalorimetrija (DSC), s
katero so bile doloCene energije izlocanja
ter temperature izloCanja izlockov iz raz-
liénih prenasicenih trdnih raztopin. S po-
mocjo elektronske mikroskopije (SEM) so
bili doloceni tipi nastalih izlockov.

Na osnovi rezultatov preiskav smo prisli
do naslednjih zakljuc¢kov. S pomocjo DSC
metode lahko dokaj podrobno zasleduje-
mo kinetiko izloCanja iz prenasicene trdne
raztopine, v nasem primeru pri zlitinah
AlMg7,5 ter AIMg3Cu. Kinetika izlocanja
je razvidna iz tendence vecCanja koli¢ine
sprosc¢ene energije na segrevalnih DSC kri-
vuljah pri povecevanju ohlajevalne hitrosti
zlitin in vse bolj prenasiceni trdni raztopi-
ni. Poleg tega temperatura pricetka izloca-
nja izlockov pada ob povecanju prenasice-
nja trdne raztopine. Ce izradunamo delez
izloCevalne energije opazimo, da se ta pri
obeh preiskovanih zlitinah povecuje s pre-
nasi¢enjem trdne raztopine. Pri primerjavi
obeh zlitin med seboj lahko zaklju¢imo, da
baker v zlitini izloCanje izrazito poveca.
Z elektronsko mikroskopijo smo v zlitini
AlMg7,5 nasli izlocke Al Mg, v zlitini Al-
Mg3Cu pa izlo¢ke na osnovi aluminija z
nekaj magnezija in bakra, katerih stehio-
metrija pa ni ustrezala stehiometriji podani
v literaturit®.
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