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Determination of precipitation sequence in Al-alloys using
DSC method
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Abstract: The precipitation hardening of Al-5 % Cu based alloy was
studied using the differential scanning calorimetry (DSC). Differ-
ent transition phases were gained by the suitable temperature pro-
gram. The microstructure was investigated using Scanning Electron
Microscope (SEM) and Transmission Electron Microscope (TEM).
The type of the precipitated phases was determined. The distribu-
tion, shape and size of investigated precipitates were determined.
The goal of this paper was to present how the DSC method can help
to pursue the precipitation in to already known alloys or even to de-
termine if the precipitation occurs in unknown alloys.

Izvleéek: Izlocevalno utrjevanje zlitine Al-5 % Cu je bilo preiskovano z
diferenc¢no vrsti¢no kalorimetrijo (DSC). Prehodne faze so bile v mi-
krostrukturi dosezene z uporabo ustreznega temperaturnega progra-
ma. Mikrostruktura je bila dolocena z uporabo vrsticne elektronske
mikroskopije (SEM) ter presevne elektronske mikroskopije (TEM).
Tip, porazdelitev, oblika in velikost preiskovanih izlockov/preho-
dnih faz so bili tudi doloceni.

Namen raziskav je bil predstaviti uporabnost DSC-metode pri spre-
mljanju izloCanja v poznanih ter nepoznanih zlitinah.
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tation, precipitation kinetics, Scanning electron microscope (SEM),
Transmission electron microscope (TEM)

Kljuc¢ne besede: zlitina Al-Cu, diferen¢na vrsticna kalorimetrija (DSC),
izloCanje, kinetika izloCanja, vrsti¢na elektronska mikroskopija
(SEM), presevni elektronski mikroskop (TEM)

INTRODUCTION

The formation and the distribution of
various precipitates from supersatu-
rated solid solution have a significant
meaning of strengthening of many en-
gineering alloys. The strength of the
precipitation hardening alloy depends
on the distribution, size and shape of
the precipitated intermetallic phases.
Regarding the type of the precipitates
the corresponding hardness, tensile
strength and ultimate tensile strength
of the alloy is expected. 2

Al-Cu alloys are widely known and
discussed in many works. When the al-
loy of composition

Al-5 % Cu is heated to the temperature
of'about 530 °C the copper is dissolved
in solid solution, and by quenching the
alloy rapidly into water there is no time
for any transformation to occur. The
solid solution is then supersaturated
with Cu and there is a driving force
for precipitation of the equilibrium
0-phase, ALCu.

The total precipitation process appears
in followed sequence:

o, — o, + GP zone — o, + 0’ — a,+ 0’
—>0L4+6

where o, is the original supersaturated
solid solution, a, is the composition
of the matrix in equilibrium with GP
zones, o, the composition in equilib-
rium with 6 phase, o, the composi-
tion in equilibrium with 6’ phase and
a, the composition in equilibrium with
0-ALCu phase. 2345101

The total sequence of GP zones and
transition phases takes place only if the
alloy is aged under the solvus tempera-
ture of GP zones. For example, if age-
ing is carried out at temperature above
the 0 solvus but below 0’ solvus, the
first precipitate will be 8, heterogene-
ously nucleated on dislocations. If age-
ing is carried out above the 0’ solvus,
the only precipitate that is possible is
0 which nucleates and grows at grain
boundaries. Also, if an alloy contain-
ing GP zones is heated to above the GP

zone solvus the zones will dissolve. [©
7, 8]

Differential  scanning calorimetry
(DSC) is a popular technique which
is often used to study the thermody-
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namics and kinetics of phase changes
in materials. It is particularly useful
for precipitation reactions in light al-
loys used for structural applications,
where successive solid-state reactions
of precipitation and dissolution can be
analysed at increasing temperatures. ['>
161 In this study the application of this
method is presented.

EXPERIMENTAL

The Al-5 % Cu alloy with composition
presented in Table 1 was prepared and
melted in the induction furnace from
aluminium (99.8 %) and refined cop-
per (99.9 %). The alloy was cast into
grey cast iron mould of a cylindrical
shape of internal diameter 15 mm and
length 123 mm. Furthermore the as-
cast specimens were homogenized at
temperature 520 °C for 8 h and then
quenched in water to room tempera-
ture. The specimens for DSC analysis
were turned to disks of 5 mm diameter
and 3 mm high. The DSC analysis was
performed in atmosphere of argon by
the different temperature programs to
reach different precipitates:

A. Heating up to 100 °C for 10 min
with heating rate of 10 °C/min and
cooling rate of 20 °C/min

B. Heating up to 200 °C for 10 min
with heating rate of 10 °C/min and
cooling rate of 20 °C/min
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C. Heating up to 360 °C for 10 min
with heating rate of 10 °C/min and
cooling rate of 20 °C/min

D. Heating up to 500 °C for 10 min
with heating rate of 10 °C/min and
cooling rate of 20 °C/min

Whole experimental process is pre-
sented in Figurel.

Casting
!
Homogenisation at 520 °C/8 h
!
Water quenching
!
Aging by the temperature program
A B,C,B

Figure 1. Schematically presentation of
experimental process

The DSC instrument (Jupiter 449¢c of
NETZSCH) was previously calibrat-
ed and the basic curves for individual
temperature program were recorded.
Furthermore DSC curves were plotted,
temperatures of the precipitation were
marked and the energies of a various
precipitates were determined. In ad-
dition the specimens were observed
with the scanning electron microscope
(SEM) SIRIUM 400nc of a Fey Com-
pany equipped with the EDS analyzer
INCA 350 and with transmission elec-
tron microscope JEM-2000FX. The
shape, sizes and distribution of the pre-
cipitates were determined.



298

VoneiNA, M., SMOLEI, A., MEDVED, J., MRVAR, P. & BARrBiC, R.

Table 1. Chemical composition of investigated alloy Al-5 % Cu

Element Si

Fe Cu Mn

Mg

Zn Ti Al

mass fraction (W/%) 0.028

0.043 4.730 | 0.0012

0.004

0.001 0.003 Rest

Table 2. Temperature of the precipitation of different precipitates at two heating rates

Precipitate/transition phase Heating rate 10 °C/min Heating rate 20 °C/min
GP zone 58.0°C 60.5 °C
e 87.6 °C 106.8 °C
CX 210°C 219.4 °C
©-ALCu 419.1 °C 421.7°C

RESULTS AND DISCUSSION

The first experiment was made to com-
pare the influence of the heating/cool-
ing rate on the precipitation intensity
(temperature and precipitation energy/
enthalpy). DSC curves are presented in
Figures 2 and 3. Regarding the cooling
rate it can be observed that with the in-
creasing heating rate the starting tem-
perature for the precipitation of various
precipitates (precipitation sequence)
increases (Table 2) as it was described
by Gaber A. et. al. [1314]

After the temperature and the precipi-
tation energy of transition phases and
ALCu precipitates were determined,
the purpose was also to prove which
transition phase (precipitate) actually
occurred. The DSC experiment was
carried out with a suitable tempera-
ture program (A, B, C and D) to reach
the desired precipitates in the micro-
structure.

Peak A on Figure 4 belongs to the for-
mation of GP zones. The activation en-
ergy for the formation of GP zones at
heating rate 10 °C/min was 0.392 J/g.
At peak B the transformation from GP
zone to the 0” zone took place. This
peak is an endothermic peak where en-
thalpy of —5.126 J/g is used. Precipitate
0’ usually nucleate at dislocations, 3!
what takes course in section C with the
enthalpy of 13.97 J/g. Incoherent equi-
librium 6 phase of a approximate com-
position Al,Cu precipitates in section D
presented on Figure 4. For this transfor-
mation 4.029 J/g energy was relaxed.

The gained specimens were analysed
using Scanning electron microscope
and Transmission electron microscope
(Figures 5-8). On Figure 5 bright-field
TEM micrographs of specimen analysed
by temperature program A is presented.
Regarding the final heating temperature
it can be expected, that these are GP
zones that precipitated from supersatu-
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Figure 2. DSC curve obtained at heating and cooling rate 10 °C/min up to
530 °C for casted and homogenized Al-5 % Cu alloy
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Figure 3. DSC curve obtained at heating and cooling rate 20 °C/min up to
500 °C for casted and homogenized Al-5 % Cu alloy
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Figure 4. DSC curve analysed by the temperature program that provides
desirable precipitate in the microstructure.

e Lk i
i

Figure 5. TEM micrographs of Al-5 % Cu Figure 6. TEM micrographs of Al-5 % Cu

specimen prepared by temperature pro- specimen prepared by temperature pro-
gram A (GP zone). gram B (0" precipitates)

rated solid solution. Phases could not be Figure 6 presents microstructure of a
analysed with EDS because the electron specimen analysed by DSC temperature
beam is too wide and the phases are too program B. At heating to temperature
small (the error would be too large). 200 °C at most fully and semi-coherent
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Figure 7. TEM micrograph of Al-5 % Cu
specimen prepared by temperature pro-
gram C (0’ precipitates)

plate-like 0" precipitates precipitate in
the matrix beside GP zone. These pre-
cipitates also could not be analysed
with EDS because of their small size
however the length was measured and
was 500—-1500 pm and the tightness was
30-35 nm. TEM analysis confirmed
two variants of precipitates, first 0" pre-
cipitate which plane (001) is parallel to
plane (100) of aluminium and second 6’
precipitate which plane (100) is parallel
with (100) plane of aluminium (Figure
6). The orientation of the specimens is
also evident from Figure 6.

With heating to temperature 360 °C with
heating rate of 10 °C/min and cooling
rate of 20 °C/min (C) the specimen pre-
sented in Figure 7 was tested. Here 6’
precipitates can be observed that grew
bigger. It was found that they had ap-
proximate composition of stable Al,Cu.
On Figure 8 microstructure of speci-
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Figure 8. SEM microstructure of Al-5 %
Cu specimen prepared by temperature pro-
gram D (6-AlL,Cu precipitates)

men analysed by temperature program
D is presented. Regarding the final
heating temperature it can be expect-
ed to find equilibrium 6-AlLCu phase.
EDS analyzer showed that it was com-
bine from mole fractions 3540 % of
copper and 60-65 % of aluminium
what corresponds to a composition of
AL Cu phase. [%- 1%

CONCLUSION

In this study the temperature of pre-
cipitation sequence and the precipita-
tion energy was investigated. It can be
seen that the DSC method is very use-
ful when the precipitation or even the
course of the precipitation in the alloy
is to determine.

In this case the temperature of forma-
tion of transition phases and the influ-
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ence of heating rate ware determined
with the DSC analysis. It was shown
that the precipitation temperature shift
to a higher temperature when heat-
ing rate increases. At higher heating
rate 20 °C/min the precipitation ener-
gies are a little smaller than at heating
rate of 10 °C/min because of a shorter
precipitation time. For the formation
of GP zones, ®” and ®-ALCu the exo-
thermic peak occurs on heating DSC
curve. However for the formation ®”
precipitate the endothermic peak ap-
pears on the heating DSC curve. The
aim was also to prove which transition
phase or precipitate precipitated from
supersaturated solid solution at defined
temperature. TEM micrographs and
convergent beam electron diffraction
confirmed the sequence of the precipi-
tation.

Differential  scanning calorimetry
(DSC) is a popular technique which is
often used to study the thermodynam-
ics and kinetics of phase changes in
materials. It is particularly useful for
precipitation reactions in light alloys,
where successive solid-state reactions
of precipitation and dissolution can be
analysed at increasing temperatures.
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