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ABSTRACT

Differential fast scanning calorimetry (DFSC) has been combined with a novel differential reheating method
(DRM). Interrupted quenching at different temperatures followed by overcritical cooling enables both time-
and temperature-dependent investigations of precipitation reactions in aluminium alloys during cooling from
solution annealing at cooling rates between 1 K/s and 10° K/s. Together with conventional differential scanning
calorimetry (DSC) results, for the very first time, a full continuous cooling precipitation (CCP) diagram for a highly
concentrated wrought AlZnMgCu alloy has been developed. For alloy AA7150, three precipitation reactions with
their respective start and end temperatures were observed by DFSC. The critical cooling rate for suppressing the
high-temperature precipitation of S-Al,CuMg was found to be ~10 K/s, whereas for the medium-temperature
precipitation of n-Mg(Zn,Al,Cu), it is ~100 K/s and for the low-temperature precipitation of Y-phase plates
enriched inZn and Cu it is ~300 K/s. The method can potentially be transferred to similar precipitate-forming me-
tallic systems or related solid-state phase transformation systems also beyond the particular system analysed in

the present study.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The strength of precipitation hardening aluminium alloys is typically
adjusted by means of a solid-state age hardening heat treatment proce-
dure. The age hardening process contains three steps: solution anneal-
ing (in solid state), quenching and ageing. During the solution
treatment all soluble phases should dissolve. During quenching, this so-
lution should be retained and an unstable, supersaturated solid solution
results. During ageing, nano-sized particles precipitate, which hinder
dislocation movement by particle strengthening and thereby increase
the strength of the alloy. The tendency to lose supersaturation of dis-
solved alloying elements during cooling from solution annealing is
called quench sensitivity. The quench sensitivity or the precipitation be-
haviour of aluminium alloys during cooling from solution annealing is
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typically described in continuous cooling precipitation (CCP) diagrams.
Such CCP diagrams need to cover a wide range of cooling rates from
near-equilibrium slow cooling [1,2] up to beyond the upper critical
cooling rate (CCR) [1,3,4]. The CCR is defined as the slowest cooling
rate at which no precipitation occurs during cooling from solution an-
nealing, which ensures maximum supersaturation after quenching
and thereby maximum volume fractions of strengthening precipitates,
and hence maximum strength, after subsequent artificial ageing.

During the last decade, measurement techniques to investigate the
quench sensitivity of aluminium alloys were developed [ 1,3-10]. For ex-
ample, one of the techniques combines microstructural analysis and
mechanical testing with in-situ differential scanning calorimetry
(DSC) [1,3,4]. DSC is able to detect the enthalpy changes caused by pre-
cipitation reactions, whereby the enthalpy change gives a direct link to
the thermodynamics and volume fractions of the phases. The work [1,3,
4], which combines microstructural analysis and mechanical testing
with in-situ DSC, led to the first continuous cooling precipitation dia-
grams of low to medium alloyed AIMgSi (6000 series) and AlZnMg(Cu)
(7000 series) wrought alloys.

As a diffusion controlled process, precipitation during quenching de-
pends on nucleation as well as on diffusion rate. Diffusion rate mainly
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depends on the types of diffusing atoms and matrix (e.g. Zn in Al) and
temperature. Nucleation mainly depends on supersaturation (homoge-
neous nucleation) and intrinsic nuclei (heterogeneous nucleation). In-
trinsic nuclei may be grain boundaries, primary precipitates or
dispersoids. Thus, the quench sensitivity of an aluminium alloy can be
influenced by its chemical composition and solution annealing parame-
ters (supersaturation) as well as by its microstructure (intrinsic nuclei).
DSC always measures the enthalpy changes due to precipitation influ-
enced by a superposition of all the above mentioned factors, i.e. diffu-
sion rate, supersaturation and microstructure (intrinsic nuclei).

The precipitation process in AlZnMg(Cu) alloys is complex and may
be divided into precipitation of different phases over different tempera-
ture and time ranges during different process steps [4,5,11,12]. More
specifically, there are three different classes of precipitates. Firstly, rela-
tively coarse primary precipitates tend to grow directly from the melt
(e.g. via eutectic reactions) and reach dimensions of several pm. In this
particular case, the Al;Cu,Fe intermetallic particles fall into this catego-
ry. Such primary precipitates are assumed not to be influenced by the
age hardening heat treatment. However, they may act as nucleation
sites for coarse equilibrium phases that precipitate during slow cooling.
Secondly, dispersoids occur. Dispersoids are based on minor alloying el-
ements like Zr, Mn and Cr and form intermetallic particles of sizes typ-
ically in the range of 10-100 nm. Precipitation of dispersoids is a
solid-state reaction that commonly occurs during homogenisation
heat treatments. Dispersoids are also assumed not to be influenced by
the age hardening heat treatment. However, they can strongly influence
the quench sensitivity as dispersoids may act as nucleation sites for the
quench-induced phases [12]. Thirdly, there are precipitates that form
from the main alloying elements (here Zn, Mg, Cu and Al) and are
greatly influenced by the age hardening procedure. In an ideal case, all
these last-mentioned precipitates dissolve during solution annealing,
and the quenching step should suppress any precipitation during
cooling. During subsequent ageing, fine metastable nano-scale harden-
ing precipitates are nucleated and evolve along a precipitation sequence
with increasing ageing. As mentioned before, the aim of quenching from
solution annealing is to retain the solid solution by avoiding any
quench-induced precipitation that would lower the potential for subse-
quent hardening. Based on recent work from the present authors [4,12],
the precipitation reactions during cooling of alloy AA7150 from solution
annealing were divided into three main reactions: high-, medium- and
low-temperature reactions (HTR, MTR and LTR, respectively). Never-
theless, the CCRs of MTR and LTR have so far only been inferred from
ex-situ microstructure and property observations because conventional
DSC is limited to cooling rates below ~10 K/s [13,14]. Furthermore, their
precipitation temperature ranges at cooling rates above 3 K/s are un-
known [4]. However, cooling rates between 1 and 10° K/s are highly rel-
evant in technological processes, because such cooling rates are reached
by water quenching (depending on the material thickness and water
temperature) [15]. Besides, the more concentrated higher strength Al
alloys have critical cooling rates in the range from ~10 to 10® K/s [3,4,
16-19].

Recently it was shown that the chip-sensor based differential fast
scanning calorimetry (DFSC), whose heating and cooling rates can
reach up to some 10° K/s [20,21], could be utilised to follow precipita-
tion reactions in Al alloy 7049A by the indirect differential reheating
method (DRM) [22]. Based on this approach, the CCR of Al alloy
7049A was determined to be about 300 K/s. However, so far it was
only shown that the DRM is able to detect the overall precipitation en-
thalpy at high cooling rates — unfortunately without any tempera-
ture-dependent information of individual precipitation reactions.

In this current work, we aim to close the former metrological gap by
describing a method to obtain temperature-dependent enthalpy infor-
mation of precipitation reactions in alloy AA7150 in the cooling rate
range from a few up to several thousands of K/s. The DRM was devel-
oped further towards higher precision, larger cooling rate range of va-
lidity and particularly temperature dependency. Thereby, for the very

first time, a full continuous cooling precipitation diagram covering all
the technologically relevant cooling rates could be recorded for a highly
concentrated AlZnMgCu wrought alloy (i.e. AA7150).

2. Materials and Methods

Bulk samples of alloy AA7150 (composition given in Table 1) were
cut from the centre layer of a commercially produced 80 mm thick
plate, supplied by the Aluminium Corporation of China Ltd. (Chalco).
In order to obtain samples for DFSC measurements, a small piece of
5 x 10 x 20 mm? was cut from the centre layer of the thick plate, as
shown in Fig. 1(a). Then the material was heated up to 460 °C for 1 h
followed by slowly heating up to 480 °C for another 1 h and finally
quenched in cold water as a pre-solutionising treatment in a furnace
[4]. This pre-treatment was done to reduce local chemical inhomogene-
ities in the thick industrially processed plate, thereby avoiding high local
solute concentrations that could result in localised melting during the
DSC and DFSC heating cycles. It therefore enabled the heating times in
the calorimeter to be shortened significantly without any risk of incipi-
ent melting (which could occur if samples were heated rapidly directly
to 480 °C without the prior removal of concentration gradients at a safe
temperature of ~460 °C).

To obtain DFSC samples, a slice of about 300 um thickness was cut
parallel to the short transverse direction (STD)-long transverse direc-
tion (LTD) plane. Further, the slice was manually ground and polished
to foils having a thickness of around 50 pm. As shown in Fig. 1(b), the
foil thickness direction was aligned with rolling direction (RD) and
was perpendicular to the sensor plane. The reason for this was to cap-
ture a more representative cross-section of the material, especially en-
suring that sufficient grain boundaries were included in the thin foil.
After that, the sample for DFSC measurements was cut into small rect-
angular pieces by a scalpel under an optical microscope and placed on
the centre of the sensor by a thin copper wire, as shown in Fig. 1(c). In
order to secure the small sample on the sensor, silicone oil was used,
which would be evaporated during the first heating up to 480 °C.

DFSC is controlled by the power compensation method, which takes
care of the heat losses on both sensors (loaded sample and empty refer-
ence) following the predefined temperature program very closely. Even
at 10% K/s, the temperature difference between reference (T) and sam-
ple sensor (Ts) obeys the inequality, T — Ts < 0.1 K [21]. The
nanocalorimeter sensor, XI-415 (Xensor Integrations, Netherlands),
was used in this work. The sensor consists of an amorphous silicon-ni-
tride membrane with a film-thermopile and a resistive film-heater
placed at the centre of the membrane, as shown in Fig. 1(d). The sensor
can effectively promote high heating and cooling rates up to 10° K/s
through a preferable ratio between the added heat capacity of the sen-
sor and sample heat capacity and applicable heating power. In a micron
scale system, the most efficient cooling agents are gases because of their
small heat capacity [23]. Considering these circumstances, we have cho-
sen samples with a size of approximately 75 pm x 110 um x 40 pm, as
shown in Fig. 1(c). The DFSC temperature was calibrated by pure In,
Sn, Pb, Zn and K;SO4 in an Ar7.5/H, (volume fraction in %) atmosphere
at different heating and cooling rates up to 10° K/s. Further details about
the temperature calibration method are given in Ref. [21].

In order to develop a complete CCP diagram, the CCR should be de-
termined first. The CCR for alloy AA7150 is expected to be between
100 and 1000 K/s [24]. The low signal to noise ratio of the DFSC at
these scanning rates, due to the very small thermal effects of

Table 1
Chemical composition of the investigated AA7150 alloy (in mass fraction).

Elements Si Fe Cu Mn Mg Zn Zr Al
Mass fraction (%) 0.02 005 204 004 215 633 012 Bal
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