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Abstract: The precipitation behaviour during cooling from solution annealing of high alloyed 7049A aluminium alloy was
investigated, covering the complete cooling-rate-range of technical interest. This ranges from slow cooling rates close to equilibrium
up to rates above complete supersaturation and is covering seven orders of magnitude in cooling rate (0.0005 to 5000 K/s). The
continuous cooling precipitation behaviour of 7049A alloy was recorded by combining different differential scanning calorimetry
(DSC) techniques and microstructure analysis by SEM and Vickers hardness testing. The high alloyed, high strength and quench
sensitive wrought aluminium alloy 7049A was investigated during quenching from solution annealing by conventional DSC in the
cooling rate range of 0.0005 to 4 K/s. In this range at least two exothermal precipitation reactions were observed: a high temperature
reaction in a narrow temperature interval of 450—430 °C, and a low temperature reaction in a broad temperature interval down to
about 200 °C. Intensities of both reactions decreased with increasing cooling rate. Quenching from solution annealing with rates up
to 1000 K/s was investigated by differential fast scanning calorimetry (DFSC) and the differential reheating method (DRM). A
critical quenching rate to suppress all precipitation reactions of 100—300 K/s was been determined.
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1 Introduction

Age hardening is the most important heat treatment
to strengthen aluminium alloys. It consists of solution
annealing, quenching and ageing. Solution annealing and
quenching result in a supersaturated solution, from which
fine precipitates are formed during ageing. These fine
precipitates hinder dislocation gliding and thereby
increase the strength of aluminium alloys [1]. If
quenching occurs too slow, coarse precipitates may
already form during cooling. These precipitates usually
are too big to hinder dislocation gliding effectively.
Therefore, they reduce the strength after ageing. Several
investigations of the precipitation processes during
ageing exist, but only few investigations involve the
precipitation processes during cooling from solution
annealing [2—13]. The critical cooling rate (CCR) [10—12]
gives information about the slowest cooling rate where
all precipitation reactions are suppressed completely

[10,11]. After cooling aluminium alloys at the CCR or
even faster (overcritical cooling) the maximum hardness
after ageing was achieved [11]. Depending on the type of
aluminium alloy and composition, the CCR can change
dramatically (for 6xxx aluminium alloys typically from
some 0.1 K/s to some 100 K/s) [11]. The CCR is
commonly  obtained from continuous cooling
precipitation (CCP) diagrams [10,11]. However, CCP
diagrams for aluminium alloys are hardly available. The
common recording procedures for steels are not usable
and only few other experimental procedures exist. One
possibility for recording CCP diagrams of aluminium
alloys is given by differential scanning calorimetry
(DSC) [8,10—12,14,15]. Due to the fact that modern DSC
still has a limited cooling rate range (typically below 10
K/s), aluminium alloys which have CCRs higher than the
cooling rate range achievable by the device cannot be
studied [11,16]. The problem may be solved by the
recently developed differential fast scanning calorimetry
(DFSC) [17-19] reaching cooling rates up to 10° K/s.
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2 Experimental

Wrought aluminium alloy EN  AW-7049A
(Al-8.2Zn—2.9Mg—1.9Cu) has a high content of alloying
elements and the precipitation heat is expected to be
large. Further this alloy is expected to have a high critical
cooling rate. It is therefore a good candidate for the
investigation of precipitation behaviour over a broad
range of cooling rates. This alloy is used in various load
carrying parts of aircrafts. The alloy has been available
as an extruded profile 50 mm (diameter). EN AW-1050
commercially pure aluminium with an aluminium mass
fraction of more than 99.5%, was used as reference
material. No precipitation reactions were detectable for
this material in the temperature range of interest. The
compositions of the alloys are given in Table 1.

Table 1 Alloying elements of used aluminium alloys (mass
fraction, %)
Alloy Si Fe Cu Mn Mg Cr Zn Ti

EN
0.09 0.32 0.002 0.004 0.001 0.001 0.01 0.004
AW-1050

EN
0.25 0.35 1.90 0.20 290 0.22 82 0.10
AW-7049A

The samples were solution annealed and cooled in
three different types of commercial differential scanning
calorimeters (DSC), in two innovative differential fast
scanning calorimeters (DFSC) and in a quenching
dilatometer. The conditions for heat treatment were
provided below: Heating was carried out at 0.83 K/s;
Solution annealing temperature was 470 °C; Solution
annealing time was 30 min for conventional DSC and 15
min for DFSC.

The quenching step was varied from very slow
(near to equilibrium) up to very fast rates where
precipitation was expected to be suppressed. Slow
cooling experiments from 0.0005 K/s to 0.025 K/s were
executed in a heat flow type DSC Setaram 121 [10].
Sample dimensions were about 6 mm (diameter)x22 mm
(mass of about 1850 mg). Samples were placed in
standard aluminium crucibles. The cooling rates in the
intermediate range from 0.083 K/s to 0.5 K/s were
performed employing the heat flow type Mettler Toledo
DSC 823, 822. The optimal samples for these rates and
this device had typical dimensions of about 5.4 mm in
diameter and 1.4 mm in height, which results in a sample
mass of approximately 96 mg [10]. The samples were
placed in standard aluminium crucibles. The fastest DSC
which was used in the range from 0.6 K/s to 4 K/s was
the Perkin Elmer Pyris 1 DSC. This type of DSC had a
typical power compensation scheme. The sample had
dimensions of 4 mm in diameter and 1 mm in height.

The dimensions result in a sample mass of about 30 mg.
These samples were placed inside pure aluminium
crucibles. Excess specific heat capacity was calculated
from all experiments and evaluation was performed
according to the results by MILKEREIT et al [10]. It is
important to mention that for the excess specific heat
capacity calculation baseline experiments have to be
performed each time. In this case the reference material
mentioned above was used in both furnaces of the device.
Thereby, the difference between specific heat capacity of
EN AW 7049A and EN AW 1050 was calculated.

The quenched DSC samples were afterwards
naturally aged in T4 mode. Natural ageing was
performed at room temperature (24 °C) for 30 d. The
purpose of this procedure was hardness investigation as
well as metallographic tests for comparison with the data
acquired from different DSC’s. Then the samples were
placed into epoxy resin, ground, polished and etched.
Light microscopy and scanning electron microscopy
(SEM) analyses were performed with the samples
obtained from the various DSC devices. When
metallographic screening of the samples was finalized,
the samples were subjected to hardness analysis. Each
sample was tested total five indentations HV; within
various areas. Calculation of the hardness was performed
by averaging the values.

Even faster quenching rates up to 1000 K/s have
been realised in a differential fast scanning calorimeter
DFSC Mettler Toledo Flash as well as in self designed
chip DFSC [19]. Unfortunately, these devices have a low
sensitivity in the interesting quenching rate region of
some 10 to some 100 K/s. Therefore, a new method,
called differential reheating method (DRM) has been
developed [20]. This method based on the idea that
precipitates formed during cooling can also be
characterized by their dissolution during following
reheating. Reheating can be realised with faster rates in
the optimal sensitivity range of the devices. DFSC
samples are very small, and typical edge length is
100 pm. Solution annealing has been performed at the
same temperature as mentioned above, but the solution
annealing duration has been reduced to 15 min due to the
small sample size. Quenching rates between 0.125 K/s
and 2000 K/s have been investigated, namely, a broad
overlap between DSC and DFSC has been realised.
Reheating rates amounted 1000 K/s, and overcritical
quenching as a reference has been performed with 8000
K/s. Because DFSC samples are too small for common
microstructure investigations and hardness test, high
quenching rates have also been realised in a quenching
dilatometer Bahr 805A/D. Sample dimensions are 4—5
mm (diameter)*10 mm and quenching rates of some 100
K/s can be achieved. Altogether, quenching rates from
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0.0005 K/s to some 1000 K/s, i.e. seven orders of
magnitude, have been investigated.

3 Results and discussion

The excess specific heat capacity of aluminium
alloy EN AW 7049A during cooling with rates from
0.001 K/s to 4 K/s is demonstrated in Fig. 1. This cooling
rate range has been covered by the three conventional
DSC devices Setaram 121 DSC, Mettler- Toledo 823
DSC and Perkin-Elmer Pyris 1 DSC. The slowest
cooling rates of 0.0005 K/s and 0.001 K/s were hard to
evaluate. From 0.025 K/s to 4 K/s the excess specific
heat capacity shows at least two overlapping main peaks.
The first relative sharp peak (high temperature

precipitation) starts at about 450 °C for low cooling rates.

With increasing cooling rate, it shifts to lower
temperatures. The second broad peak (low temperature
precipitation) is characterized by a slowly decreasing
excess heat capacity down to a temperature of about 175
°C at 0.001 K/s. At cooling rates faster than 3 K/s
separation of the two main peaks is not possible. They

finish at 225-250 °C for 4 K/s.

Cooling of 7049A after 470 °C for 30 min
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Fig. 1 Excess specific heat capacity of aluminium alloy EN
AW-7049A during cooling with rates from 0.001 K/s to 4 K/s

The areas under the precipitation peaks become
smaller with increasing cooling rate. They give the
precipitation heat as plotted in Fig. 2 as the sum of all
precipitations. The precipitation heat decreases
continuously also at such cooling rates, where the DSC
device has been changed. This proves reliabilty of the
experimental results. For low cooling rates, the
precipitation heat about 50 J/g. This
precipitation heat is large compared to other aluminium
alloys (e.g. 6xxx wrought alloys [11]), due to the high
alloying element content in EN AW-7049A. With
increasing cooling rate, the precipitation heat decreases
down to 10—15 J/g at 4 K/s, namely, the critical cooling
rate is significantly higher. A cooling rate of 4 K/s is the

amounts

upper limit of conventional DSC in the configuration
used in our lab. Therefore, the precipitation behaviour
during cooling has been further investigated by
differential fast scanning calorimetry (DFSC) and the
differential reheating method up to 5000 K/s.
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Fig. 2 Precipitation heat of aluminium alloy EN AW 7049A
during cooling with rates from 0.0005 K/s to 4 K/s

The differential heat flow of aluminium alloy EN
AW-7049A during reheating after cooling with rates
from 0.125 K/s to 2000 K/s is demonstrated in Fig. 3.
Cooling rates of 0.125 K/s to 4 K/s overlap with
experiments in conventional DSC. They show relative
large differential heat flow peaks and agree with direct
measurements during cooling. With increasing cooling
rate, the differential heat flow during reheating decreases.
The area under the differential heat flow peaks has been
evaluated in Fig. 4 for seven different sets of reheating
experiments. Because the exact sample mass is not
known, the peak area is given in arbitrary units. Due to
demanding preparation of the very small DFSC samples
and due to possible chemical inhomogeneities among
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Fig. 3 Differential heat flow of aluminium alloy EN AW-7049A
during reheating after cooling with rates from 0.125 K/s to
2000 K/s



Davit ZOHRABYAN, et al/Trans. Nonferrous Met. Soc. China 24(2014) 2018—-2024 2021

5]
o
Dataset number
= : o— No.2
o — No.3
oo o— No. 4
E o o— NO.S
= o o— No. 6
ic" o— No. 8§
= 0 0— No. 10
=] o s “0o
o o o Oo gO
o B}
oUddgp
U..
0 Baf'=
, . ° RE MR o o
107! 10" 10! 102 10° 104

Cooling rate/(K-s™")

Fig. 4 Integration of differential heat flow of aluminium alloy
EN AW 7049A during reheating after cooling with rates from
0.125 K/s to 5000 K/s

the very small DFSC samples, absolute peak areas differ
relatively strong. But the important result is that for all
seven sets of reheating experiments, the peak areas reach
zero level at very similar cooling rates, namely, DFSC
experiments are reproducible. The peak area reaches zero
level at 100—300 K/s, namely, the criticial cooling rate of
aluminium alloy EN AW 7049A is 100-300 K/s. The
high critical cooling rate is due to the high amount of
alloying elements in aluminium alloy EN AW 7049A.
Because of the cooling rate overlap between DSC
and DFSC, the peak areas of DFSC can be normalised by
the peak areas of corresponding DSC tests. Figure 5
summarises the precipitation heat of all DSC and DFSC
experiments in the cooling rate range from 0.0005 K/s to
2000 K/s, i.e. an investigated cooling rate range of seven
orders of magnitude. Precipitation heat decreases
continuously with increasing cooling rate down to the
critical cooling rate of 100—300 K/s. Opposite, the
hardness after ageing T4 increases from about HV, 60 at
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Fig. 5 Precipitation heat and hardness of aluminium alloy EN
AW-7049A after cooling with rates from 0.0005 K/s to 2000
K/s and after ageing T4

0.0005 K/s to about HV; 180 at 300 K/s. All alloying
element atoms lost in coarse precipitates during slow
cooling cannot participate in strengthening by fine
precipitates during ageing. The high hardness of HV,180
in the T4 state after overcritical cooling is due to the high
amount of alloying elements in aluminium alloy EN AW-
7049A.

Figure 6 demonstrates microstructures of aluminium
alloy EN AW 7049A (light microscopy) after cooling at
rates of 0.001, 0.08 and 0.6 K/s, respectively. All images
show three types of precipitates. The first type is large
(a few 10 um) precipitates in irregular shape (red circles).
Their sizes do not depend on cooling rate, namely, they
are primary precipitates. The second type is polygonal
shaped precipitates (green circle). Their sizes decrease
with increasing cooling rate from about 10 um at 0.001
K/s to about 1 um at 0.6 K/s. The third type is
needle-shaped precipitates (blue circles). Their lengths
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Fig. 6 Optical microstructure of aluminium alloy EN AW-
7049A: (a) Cooling rate of 0.0016 K/s; (b) Cooling rate of 0.08
K/s; (¢) Cooling rate of 0.6 K/s
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decrease with increasing cooling rate from about 10 pm
at 0.001 K/s to about 1 pm at 0.6 K/s. After a cooling
rate of 0.6 K/s, the last two types are hardly visible
although the precipitation heat still amounts about 30 J/g
(Fig. 5). A large number of smaller precipitates must be
present and will be investigated by scanning electron
microscopy.

Figure 7 shows the SEM images of aluminium alloy
EN AW-7049A after cooling with rates of 0.1, 0.5 and 4
K/s. Polygonal and needle-shaped secondary precipitates
are also visible in SEM images. Their chemical
composition was measured by energy dispersive X-ray
analysis. Both of them contained large amounts of zinc,
magnesium and copper. Due to relative slow cooling,
these precipitates are assumed to be equilibrium phases
like 7-Zn,Mg and S-Al,CuMg. Their sizes decrease with
increasing cooling rate from a few um at 0.1 K/s to a few
0.1 um at 4 K/s.

The precipitation start and end temperatures of the
overall reaction as well as the intersection between high-
temperature (HTR) and low-temperature reaction (LTR)
were evaluated from the conventional DSC-
measurements. The corresponding time—temperature data

Fig. 7 SEM images of aluminium alloy EN AW-7049A: (a, b) Cooling rate of 0.1 K/s; (c, d) Cooling rate of 0.5 K/s; (e, f) Cooling
rate of 4 K/s
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points were plotted in a time—temperature diagram.
Figure 8 shows the resulting continuous cooling
precipitation diagram of EN AW-7049A after solution
annealing at 470 °C for 30 min and the chemical
compositions as listed in Table 2. The time scale is scaled
logarithmic. The critical cooling rate range detected by
DFSC is identified by a hatched cross pattern.

Table 2 Chemical composition of EN AW-7049A (mass
fraction, %)

Si Fe Cu Mn
0.25 0.35 1.90 0.20
Mg Cr Zn Ti
2.90 0.22 8.2 0.10

4 Conclusions

The exothermal heat flow from quench-induced
precipitation in wrought aluminium alloy EN AW-7049A
during cooling was investigated by measuring excess
specific heat capacity curves with DSC over a cooling
rate range from 0.0005 K/s to some 1000 K/s, i.e. seven

D
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Fig. 8 Continuous cooling precipitation diagram of EN
AW-7049A after solution annealing at 470 °C for 30 min

orders of magnitude. The influence of the cooling rate on
the precipitation behaviour was described. The results
show that there are at least two different quench-induced
precipitation reactions occurring during cooling in
specific cooling rate ranges. The microstructural analysis
points on the existence of equilibrium 7-Zn,Mg and
S-Al,CuMg phase, at least for low cooling rates.
Premature precipitation during quenching from solution
annealing decreases the hardness after ageing.
Differential fast scanning calorimetry was applied to
cover the cooling rate range needed for high alloyed
materials. A new methodology, called differential
reheating method, was applied for differential fast
scanning calorimetry (DFSC). The critical cooling rate
for the quench sensitive EN AW-7049A alloy was
determined as 100—300 K/s.
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