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Abstract: The volume fraction of age hardening precipitates upon peak ageing after different
quenching rates has been studied for five Al-Zn-Mg-Cu alloys using small angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM). The rate of change in volume
fraction of the n' age hardening precipitates as a function of cooling rate was used to evaluate
changes in the degree of solute supersaturation, and hence the quench sensitivity of the Al-Zn-
Mg-Cu alloys. The results demonstrate that the amount of n' age hardening precipitates can be
changed by varying the thermomechanical processing history or the alloy compositions. It was
found that the volume fraction of age hardening n' precipitates in Al-Zn-Mg-Cu alloys
increases with increasing cooling rates and increasing Mg content as well as that the size of 1’

precipitates is related to the Cu/Mg ratio.

Keywords: Quench sensitivity; small angle X-ray scattering; age hardening precipitates;

volume fraction; Al-Zn-Mg-Cu alloys

1. Introduction

The Al-Zn-Mg(-Cu) series aluminium alloys demonstrate the strongest age hardening
capability among all aluminium alloys [1]. These alloys, as well as other age hardening alloys,
such as Al-Cu and Al-Mg-Si alloys, may suffer from quench sensitivity problems during the
solution-quenching process [2]. Previous studies have shown that the quench sensitivity
problem is due to the formation of quench-induced precipitates during “slow” cooling, which
deplete solute from the matrix and thereby decrease the subsequent age hardening potential [3,
4]. Consequently, the alloy cannot achieve desirable properties such as fracture toughness,

stress corrosion resistance and mechanical strength [5]. This quench sensitivity phenomenon
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is especially critical for thick gauge products where the centre layers always experiences a

slower cooling rate compared to the surface layers [6, 7].

Recently, Milkereit et al. [8] and Zhang et al. [7] have developed continuous cooling
precipitation (CCP) diagrams for Al-Mg-Si and Al-Zn-Mg(-Cu) alloys, respectively. These
CCP diagrams show the different quench-induced reaction regions, thereby enabling selection
of cooling paths that avoid unwanted quench-induced reactions and limit distortion and

residual stresses at the same time.

Based on a recent body of work published by the same group of authors [7, 9-11], it is known,
that the different quench induced phase particles (which precipitate at different temperatures
and substantially different time scales), have a wide range of dimensions. For instance, at low
cooling rates S-phase (Al.CuMg) particles, precipitating at temperatures of about 450 to
350 °C, have dimensions of up to some tens of um. The n-phase particles (based on the
Mg(Zn,Al,Cu). composition), which precipitate during cooling at temperatures of about 350
to 250 °C, have diameters of typically several 100-500 nm. The Y—phase platelets (enriched
in Cu and Zn), precipitating at faster rates and temperatures of about 250 to 150 °C, have
thicknesses which might be as thin as just a few atomic layers [12]. However, their lateral
dimension still reaches up to the um range. At even lower temperatures and cooling rates
slightly below the critical cooling rate, cluster formation is likely to occur during cooling [13].
The CCP diagrams have shown that the critical cooling rate (CCR) for a highly concentrated
Al-Zn-Mg-Cu alloy can be in the order of several hundred K/s [7, 9, 10]. For a conventional
industrial application, it is very difficult to achieve such fast cooling rate conditions,
particularly for thicker products, and it is therefore of interest to understand quantitatively how
much solute was lost over a specific cooling path since this determines how much solute is
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still available for subsequent ageing. By understanding the quantitative relationship between
the remaining solute and the cooling rate, one can successfully predict mechanical properties

after quenching.

Thus, the analysis of quench induced precipitation in a dynamic cooling rates range of several
orders of magnitude requires detection of particles ranging from some tens of um down to few
nm or even less. It therefore is difficult to quantitatively analyse the volume fractions of these
phases directly, as their volume fractions and sizes change significantly with cooling rate.
Starink and co-workers have recently developed a modeling approach to predict the volume
fractions of precipitates from diffusion-controlled reactions during quenching of several Al-
Mg-Si and Al-Zn-Mg-Cu alloys [10, 14]. However, experimental verification of the model

output was limited to coarse particles visible using optical and scanning electron microscopes.

The small angle X-ray scattering (SAXS) technique offers a non-destructive bulk method to
quantitatively analyse the shape, size and volume fraction of nano-scale age hardening
precipitates [15-19]. However, the SAXS technique is limited to the detection of small
(namometer sized) particles in the order of 100 nm, depending on the exact setup of the
experiment. Thus, SAXS can provide information on volume fraction and size distribution of

age hardening n' precipitates which is directly related to achievable strength.

In this work the SAXS is used on Al-Zn-Mg-Cu alloys which are solutionised and quenched
in a wide range (covering nearly five orders of magnitude) and finally artificially aged in a
same regime. The artificial ageing stabilizes samples allowing SAXS analysis at extended

times. Applying this indirect way, SAXS allows to draw conclusions on how variations of the
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cooling rate in a wide dynamic range could affect the properties of studied alloys. The SAXS

experiments are supported by transmission electron microscopy analysis.

2. Materials and methods

The compositions of the studied alloys are given in Table 1 (in at%). Alloy 7150C represents
the centre layer of a commercially processed 80 mm thick AA7150 plate, while alloy 7150S
represents the surface layer of the same commercially processed AA7150 plate. It is shown
that the chemical compositions of the surface layer and the centre are slightly different. The
alloys 7055, 7085 and 7037 are lab-produced alloys with systematically changing Zn/Mg ratio
or Cu content, and are named here according to the nominal or nearest AA standard for

common Al-Zn-Mg-Cu alloys.

Table 1: Actual measured chemical compositions of the studied Al-Zn-Mg-Cu
alloys (at%)

Alloy Fe Si in Mg Cu r in/Mg Cu/Mg Zn+Mg+Cu
7150C 0.03 0.01 2.79 2.54 0.96 0.03 1.10 0.38 6.29
71508 0.03 0.01 2.65 2.40 0.91 0.03 1.10 0.38 5.96
7055 0.02 0.03 3.56 2.36 0.90 0.04 1.51 0.38 6.82
7085 0.02 0.07 3.58 1.72 0.93 0.04 2.08 0.54 6.23
7037 0.01 0.12 3.40 1.60 0.41 0.04 2.13 0.26 5.41

All cast alloys were placed into an air circulation furnace for a homogenisation treatment of
48 hours at 460 °C to avoid possible incipient melting during subsequent solution treatment.
A two-step solution treatment was carried out subsequently, a first soaking step at 460 °C for
1 hour followed by another soaking at 480 °C for an additional hour. Linear cooling was

carried out using different differential scanning calorimeter (DSC) devices or a quenching
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dilatometer covering a wide range of cooling rates. Solution treatment and cooling was done
in Rostock, Germany. The detailed cooling methods and recorded CCP diagrams for all studied
alloys can be found within references [7, 9-11]. The specimens were then aged at 120 °C for
24 hours immediately after quenching. This allowed stabilization of the microstructural state

for transportation to the Australian Synchrotron and sample preparation.

SAXS samples were prepared as 3 mm discs punched directly from the aged DSC/dilatometer
samples. The measurements were carried out on the SAXS/WAXS beamline at the Australian
Synchrotron. X-rays generated by an undulator are focused and monochromated by a Si (111)
double crystal monochromator. Two values of X-ray energy were used for the Cu edge (8400
eV and 8974 eV) and two values for the Zn edge (9200 eV and 9655 eV). Because of different
phases emerging at different cooling rates, a large range of precipitate sizes ranging from
several nm up to the micrometer scale was expected. Therefore the experiment included data
acquisition with two sample-camera distances. We used both short (951.1 mm) and long
(7241.3 mm) distance from the same samples, which are sensitive to different regions in the
g-space, and hence different precipitates size. Data were collected with a two-dimensional (2-
D) pixel array detector (Pilatus1M Dectris, with pixel size p=172 um) and were then merged

to yield large g-range information.

All SAXS samples had a thickness of 200 = 5 um and were placed in a custom-designed holder.
The X-ray beam was programmed for consecutive measurements before energy was changed
to the next value. Each sample was measured four times at different locations at a given energy

level for the purpose of minimising statistical error.
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Samples for TEM were prepared directly from the SAXS samples by grinding them to a
thickness of ~120 um for twin-jet electro-polishing using a Tenupol-5 with a solution of 33%
nitric acid and 67% methanol, at a temperature of -30 °C. Since samples are quenched under
different cooling conditions, causing the microstructures of the samples to differ substantially,
the samples studied in this work have different electrical potentials. For optimal TEM sample
preparation by electropolishing, it thus proved necessary to use different voltages in the
process and electropolishing voltages in the range 8-13.8 V were used. The TEM observations
were undertaken using an FEI Tecnai G2 T20 TEM at 200 kV, equipped with a Bruker

Quantax 200 TEM X-ray spectrometer.

3. Results and discussion

3.1 Scattering curves and microstructures

Since five Al-Zn-Mg-Cu alloys with different chemical compositions were investigated in the
cooled and artificially aged condition at four different energy levels, two different camera
lengths and 10 different cooling rate conditions ranging from 0.01 K/s to 300 K/s, a large
amount of data processing was involved. The current paper uses SAXS data mainly from alloy
7055 to demonstrate the data evaluation. This alloy has the highest alloying concentration and
is thus expected to have the most significant quench sensitivity over the studied cooling rate

range.

The scattered intensity from the samples was first calibrated against the scattering of a
reference glassy carbon (GC) plate. All scattering patterns were background corrected and

normalised to the sample thickness.
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After the thickness correction, the intensity was corrected by the Laue background [19], which
is the background intensity due to scattering from a disordered solid solution (not from the
precipitates). This differs from sample to sample as the solid solution changes and it must

therefore be subtracted from the scattered signal [19].

The Laue intensity follows the relation:

Lawad® = (Kp + Iaueqd™) g0 Equation 1
Where lraw is the raw data after thickness normalistion, Kj is the Porod constant and q is the
scattering vector. As a result, I ae can be determined by plotting lawg® vs. g* (see Fig. 1(a)).
The slope of the linear part in Fig. 1(a) is equal to I aue and can be subtracted from Iraw to obtain
scattering intensity due to the precipitates. Fig. 1(b) shows I ae the as a function of cooling
rates for all studied alloys, and it suggest the ILaue generally increases with increasing cooling
rate. However, this would need further confirmation work, particularly it might depend on the

size of objects.

Fig. 2(a) shows a plot of the intensity versus the scattering vector plotted after the Laue
correction. The Guinier radius of the particles is estimated as the reciprocal to the scattering
vector according to Guinier approximation [19]. Previous studies have shown that the Guinier
radius is very close to the mean radius of the age hardening precipitates in the Al-Zn-Mg
system [20]. The Laue corrected intensity (Fig. 2(a)) curves can then be approximated by three

broad regions in terms of precipitate size:
1. Small q for large precipitate sizes (q < ~0.02 A™).

2. Medium ¢ for medium precipitate sizes (~0.02 < q <~0.2 A™h).
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3. Large q for small precipitate sizes (q > ~0.2A™).

The three regions suggest three different families of precipitates, mainly distinguished by their
size. The large particles with small scattering vector g may correspond to quench-induced
particles (e.g. Al.CuMg, Mg(Zn,Al,Cu),), dispersoids (e.g. AlsZr) and/or intermetallic
particles (e.g. AlzCuzFe, M@>Si). Since their sizes range from several hundred nm to several
um, some of the scattering signals from these particles are beyond the detection capability of
the SAXS instrument. The medium sized particles with medium g most likely correspond to
the n' age hardening precipitates [21, 22]. Since these particles precipitate homogenously
during the ageing process, they have a relatively uniformly distributed size and shape.
Therefore, the scattering signal from these particles can be quantitatively studied within the
detection range. A "structure factor" effect was observed for the medium size particles (q ~
0.02-0.06 A). It is the interference effect between the X-rays scattered from individual
particles that can be measured when the density of the particles is very high. When this effect
becomes more significant, it indicates that a higher number density of medium size particles
precipitated in the fast cooling rate range. Small size particles with large scattering vector q
may correspond to G.P. zones or solute clusters. A recent paper has pointed out that GP zones
can form during nonlinear cooling [13]. Interestingly, they can be clearly detected during some
relatively slow cooling rate conditions (0.1, 0.03 and 0.01 K/s for alloy 7055) in the current
work. However, because of their extremely small size, the background becomes very noisy in

the very large g range.

Fig. 2 (b) reveals that, within the g range of ~0.05 to 0.25 A, the curves follow the g
relationship, and the « values change gradually from -4.0 to -2.8 with increasing cooling rate
in this g range. A similar trend was detected for all the other studied alloys, as indicated in Fig.

9


https://www.sciencedirect.com/science/journal/02641275
https://www.sciencedirect.com/science/journal/02641275/142/supp/C

published as: Materials & Design, 142, 2018, Pages 259-267

2 (c). At cooling rates of < 0.1 K/s, the curves appear different, indicating that the detected

objects may be changing in a different manner.

Figure 3 shows that the morphology of the n' precipitates formed after ageing changes with
different solution-quenching process. The TEM images show that the ' precipitates are small
and rounded at the faster cooling rates and larger and more elongated at the slower cooling
rates. It seems that the morphology of the n' precipitates is associated with a values. The
selected area diffraction (SAD) patterns in Fig. 3 (b) confirms that even though the
morphology changed, all precipitates are still ' phase. The number density of n' precipitates
is significantly higher at faster cooling rates than at slower cooling rates. It is also shown in
Fig. 3(e) that no n' precipitates can be observed at the very slow cooling rate of 0.03 K/s. The
corresponding SAD pattern at lower right corner indicates that the particles are G.P.l zones
[23, 24]. These results are also consistent with the SAXS results in Fig.2 (a), where it is evident
that at cooling rates of < 0.1 K/s scattering data exhibit different curve shapes than for other
cooling conditions. Fig. 3(e) shows that a high number density of G.P.I zones can be observed
for these slow cooling rates after ageing. They are generally considered to form during natural
ageing — in this case possibly during the extended natural ageing that the SAXS and TEM
samples were exposed to room temperature after artificial ageing. However, Schloth et al.
showed that G.P.l zones can also form during the cooling process [13]. Liu et al. also
demonstrated that a large amount of stable G.P.I zones can be found prior to artificial ageing
in slowly cooled samples [25]. In the current experiments, the distribution of G.P.I zones did
not significantly change with cooling rates. This could be due to low vacancy concentration
and low solute concentration within the very slow quenched samples. The quenched-in

vacancies annihilate sharply with decreasing cooling rates. According to Falahati et al. the

10
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vacancy density of aluminium alloys can change from 5x10° for fast quench to 2x107° for very
slow quench rate [26, 27]. The low solute concentrations, which are caused by the quench
induced phases consuming the solutes [7-9, 12], cause a reduced driving force for continued

age hardening precipitates formation during artificial ageing.

It should be noted that whilst the present analysis of precipitate shape using SAXS data shows
trends that are consistent with literature data, the present method of interpretation of SAXS
data needs further research. Particularly the present simple linear fitting needs to be critically

assessed as it may be an oversimplification.
3.2 Kratky plot

In order to calculate the volume fraction of n' precipitates that form during ageing after
exposure to different cooling rate conditions, Kratky plots (1.92 vs. ¢) were produced as shown
in Fig. 4. In the Kratky plots, a specific peak corresponds to a given family of particles within
the studied samples. In the low g region shown in Fig. 4(a), there is a group of broad peaks in
the cooling rate range from 1 to 100 K/s, and the area under the peak decreases with increasing
cooling rate. As discussed before, this group of particles corresponds mainly to the
combination of intermetallic phases and quench-induced phases, though only the quench-
induced phases change with cooling rate. The position of gmax can be used to determine the
Guinier Radius R, = V3/q,, [22]. Fig. 4(a) shows that the position of the maximum q value
(qmax) is shifting from very small (~ 0.002 A %) to much larger but still relatively small g values
(~ 0.01 AY), which indicates that both the volume fraction (area under the peak) and the
average size (position of gmax) of these quench-induced precipitates decrease with increasing

cooling rate. They are quench-induced precipitates with Ry > 170 A. In the relatively slow
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cooling rate range (<1 K/s), their volume fraction and size are too large to be detected by this

SAXS technique.

Fig. 4(b) shows the Kratky plot for the full range of scattering vector g. The main peak here
represents another group of particles, whose gmax is shifting from high to low g values with
decreasing cooling rate, indicating that the average size of these particles increases with
decreasing cooling rate. The TEM results in Fig. 3 have shown that they are age hardening n'
precipitates, and it is evident from both the SAXS and TEM results that the volume fraction

of these precipitates tends to decrease with decreasing cooling rate.

In the high q region, expanded in Fig. 4(c), it is evident that there is another peak at the cooling
rate of < 0.1 K/s with gmax at ~0.23 AL, This corresponds to Rq ~ 7.5 Al and appears to
represent the G.P.I zones that were detected by SAD in the TEM at the cooling rate of 0.03
K/s (Fig. 3). It is interesting to note that this peak is most pronounced at the cooling rate of 0.1
K/s. Its intensity decreases with decreasing cooling rate, suggesting that natural ageing occurs
during room temperature storage (in this case > 2 months) after 24 h of artificial ageing at
120 °C, and that the amount of the zones is also associated with the solute concentration after
the solution-quenching process. It is possible that there is also a G.P.l zones peak at cooling
rate of > 0.1 K/s, but that this is not easy to see due to overlap with the n' peak. It appears in

the TEM results in Fig.3, that G.P.l zones may also be present between the n' precipitates.

The Guinier radius of these n' precipitates are plotted against the cooling rate for all the studied
alloys in Fig. 5. It is interesting to note that the radius of the n' precipitates depend on alloy
composition. In alloy 7037, with the smallest Cu/Mg ratio of 0.26 amongst the alloys studied,

the smallest n' precipitates formed during ageing. Alloy 7085, corresponding to the largest
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Cu/Mg ratio of 0.54, has the largest n' precipitates over the whole range of investigated cooling
rates. The sizes of ' precipitates for the other studied alloys are in between these two extremes
(corresponding to an intermediate Cu/Mg ratio of =0.38). The only exception is that alloy

7055 has very small n' precipitates in the relatively fast cooling rate range (comparable to alloy
7037 at > 30 K/s), although their size increases significantly with decreasing cooling rate. The
underlying mechanism of how the Cu/Mg ratio could affect the size of the n' precipitates is
still unclear at this moment and is worthy of future investigation as this appears to have not

been reported previously.

The volume fraction of the scattering precipitates is proportional to the invariant or integrated
intensity Q, which is proportional to the area under the scattering curve in the Kratky plot.
Assuming a two-phase model, separated by a sharp interface, the volume fraction can be

calculated as [28]:

Qo = J, Iq*dq = 22 (Ap)*f,(1 - f,) Equation 2

Measuring the whole scattering curve from 0 to infinity is not possible due to a limited
available g-range in the experimental measurements. Therefore, extrapolations for the low g

and high g regions are necessary [19, 20].

In the low q region, a linear extrapolation from the first measured point go to O can be
performed. This is only valid if there is no strong parasitic scattering, e.g. double Bragg
scattering or scattering from large particles. Since no n' precipitates can be detected at cooling
rates of < 0.1 K/s, the Qo calculation is only valid for cooling rates of > 0.1 K/s for alloy 7055.
In the high g region, the integral can be extended to infinity by fitting the scattered intensity

with Porod's law, giving [19, 21, 22]:

13
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Q= @ + f:f I1(q)q?*dq + % Equation 3
According to Equation 2, for a given value of integrated intensity, a relationship between
composition (Ap) and volume fraction (fy) can be drawn. Ap is the electron density contrast
between the precipitates and the matrix |App — Apml. In order to calculate the volume fraction
fv, Ap and Qo are required but only Qo is known so far. As a result, the composition of the
precipitates needs to be evaluated using the Anomalous Small Angle X-ray Scattering
(ASAXS) technique [19, 21, 29]. It should be noted that in ASAXS there is a strong lever
effect, which amplifies inaccuracies on the absolute scaling of the intensity when the scattering
energy is too close to the edges. Thus if ASAXS is applied more energy levels should be

chosen to eliminate such uncertainties in future work.

According to equations 2, it is necessary to obtain compositional information for both the
precipitates (C/) and matrix (C™). Based on previous literature and atom probe tomography
(APT) results [21, 22], we hereby assume Mg(Zn,Al,Cu)2 stoichiometry for the n' phase and

that Cj,, = 33% and Cy, = 15% for all cooling conditions.

The Zn and Cu concentrations in the matrix are generally small compared to those in the
precipitates. Although there are some data on the matrix concentrations in Al-Zn-Mg alloys in
different ageing conditions, the samples in those studies were generally water quenched i.e.
quenched at a high rate [21, 22], and hence substantially different from our samples which
were aged after different cooling rates. The present work shows that the Laue background,
which is due to a disordered solid solution i.e. the Al-rich matrix phase [19] increases clearly
with increasing cooling rate (as shown in Fig. 1(a)), which is an indication that the matrix

composition in the cooled and artificially aged condition increases with increasing cooling

14
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rates. We therefore calculated the matrix concentration according to the Laue background

intensity for different cooling conditions, as shown in Fig. 6:

¢ .
Clj = e * C"* Equation 4

max
Laue

where j is cooling rate of element i (Zn and Cu in this case), and C{"®* is the maximum matrix
concentration that can be achieved in the cooled and artificially aged condition for a given

alloy, which is equal to actual measured chemical compositions.

It is demonstrated that the matrix concentration decreases slightly with decreasing cooling rate.
As aresult, the larger n' precipitates in the slow cooled conditions in Fig. 3 are most likely due
to the lower matrix concentration remaining after slow cooling both before and after ageing.
This phenomenon is frequently observed adjacent to precipitate free zone (PFZ) regions, where

a lower matrix concentration leads to relatively large n' precipitates [30-32].
3.3 Volume fraction of age hardening precipitates

The volume fraction of age hardening n' precipitates can be calculated by incorporating the
compositions of the precipitates and matrix. Figure 7 shows the calculated volume fractions
together with the Guinier radii for the different alloys. In order to understand the different

quench sensitivity behaviours, the data have been divided into three groups.

It is shown in Fig. 7 (a) that the first group includes alloys 7150C and 7150S, which represent
the centre layer and surface layers of the same commercially processed AA7150 plate,
respectively. They have experienced a different thermomechanical processing history, as the
surface is always exposed to more severe deformation than the centre layer. Previous studies

have shown that the surface layer and centre layer exhibit different quench sensitivity
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behaviours [6], which was mainly attributed to different recrystallisation fractions after
solution treatment. The quench-induced phases precipitate preferentially on dispersoids in
recrystallised grains. Therefore, the higher degree of recrystallisation near the plate surface
causes a higher quench sensitivity. The results here in Fig. 7 (a) confirm that alloy 7150S is
more quench sensitive at cooling rates of <30 K/s, as the volume fraction of n' precipitates
decreases more rapidly with decreasing cooling rate for 7150S than for 7150C. At cooling
rates of > 30 K/s, the volume fraction of n' precipitates decreases slightly with increasing
cooling rate. This could be due to some Y-phase precipitation during cooling, which would
slightly decrease the amount of solute that remains for n' precipitates during subsequent ageing

[12].

The second group including alloys 7055 and 7085, is shown in Fig. 7 (b). Table 1 shows that
these two alloys have similar alloy compositions except that alloy 7085 has a lower Mg content.
It is shown that alloy 7085 contains a higher volume fraction of age hardening n' precipitates
over the entire cooling rate range from 0.3 K/s to 300 K/s. In other words, there is more solute
available in the right stoichiometric ratio for n' precipitate formation during ageing after the
solution-quenching process for alloy 7085 as compared to alloy 7055. Furthermore, the
volume fraction of n' precipitates starts to drop from <30 K/s for alloy 7055 but only from <10
K/s for alloy 7085, and alloy 7085 still has the same volume fraction of n' precipitates for a
cooling rate of 3 K/s as alloy 7055 has for a cooling rate of 10 K/s. It is therefore evident that

alloy 7085 has a lower guench sensitivity than alloy 7055.

For all the cooling rates that were studied, the Guinier radius of the n' precipitates is larger for
alloy 7085 than for alloy 7055. This was already discussed in the context of Fig. 5. Together

with the composition information, it is concluded that the quench sensitivity increases with
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increasing Mg content and decreasing Zn/Mg ratio. The result is consistent with some other

publications [33, 34].

The third group includes alloys 7085 and 7037, and the variation in size/volume fraction of
age hardening n' precipitates as a function of cooling rate is shown in Fig. 7 (c). It is
demonstrated that the Guinier Radius of the n' precipitates for alloy 7085 is significantly larger
than that for alloy 7037 for all cooling rates. The volume fraction of n' precipitates for alloy
7085 is significantly larger than that of alloy 7037 in the cooling rate range of = 3 K/s. This is
mainly due to the fact that alloy 7085 contains more Zn, Mg and Cu, i.e. alloy 7085 has a
higher total alloying content than alloy 7037. Fig. 7 (c¢) demonstrates that alloy 7037
experiences a relatively small change in volume fraction of n' precipitates over the cooling rate
range of 1-100 K/s, while over the same cooling rate range, the volume fraction of n'
precipitates for alloy 7085 decreases dramatically from 5% to < 3%. At cooling rates of = 10
K/s, the volume fraction of n' precipitates for alloy 7085 drops so dramatically that it drops
below that in alloy 7037 at cooling rates below about 1 K/s. It is therefore concluded that alloy
7037 is less quench sensitive than alloy 7085. However, the maximum attainable strength of
7037 is lower than that of alloy 7085 because of the lower amount of age hardening n'

precipitates (for cooling rates of = 1 K/s).

4. Conclusions

SAXS was used to analyse the volume fractions of age hardening ' precipitates for four Al-
Zn-Mg-Cu-Zr alloys subjected to different continuous cooling conditions, allowing, for the
first time, direct analysis of the volume fractions and Guinier radius of nanometer sized

particles through a range of alloys quenched at a wide range of cooling rates.
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For a thick 7150 plate experiencing more deformation at the plate surface than centre, the
quench sensitivity is higher at the plate surface. For similarly concentrated alloys, the quench
sensitivity of the Al-Zn-Mg-Cu alloys increases with increasing Mg content when this
decreases the Zn/Mg ratio below about 2. For alloys with different total alloying contents, the
quench sensitivity increases with increasing alloying content as long as the Zn/Mg ratio is

amenable to n' formation during subsequent ageing.

For alloy 7055, both the Guinier Radius and the aspect ratio of the age hardening n' precipitates
increase with decreasing cooling rate from 100 to 0.1 K/s. At cooling rates of below 0.1 K/s,
no n' precipitates were observed in the peak aged condition. Instead, only G.P. | zones were

observed. Alloys with higher Cu/Mg ratios have larger sizes of n' precipitates.

Apart from the quench sensitivity evaluation, the SAXS results also demonstrated how the

Laue background and matrix composition varies for different cooling conditions.
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Figure 1: (a) lrawg® vs. g*plot for alloy 7055, the slope of which is equal to
ILaue; (b) The Laue background changes with cooling rates for all studied
alloys
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Figure 2: (a) Scattered intensity after Laue correction vs. g, (b) Plots
showing how the a values changes with cooling rate for alloy 7055, (c) Plots
showing how the a values changes with cooling rate for all studied alloys
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Figure 3: TEM images and SAD patterns of ageing induced precipitates in
7055-T6 for different cooling conditions. All images are taken from the
<110>Al direction.
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Figure 4: Kratky plot (1.g% vs. q) for alloy 7055-T6 for the full range of
cooling conditions shown for (a) low q region, (b) full range of g values,
and (c) higher q region.
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demonstrating that no ' precipitates can be detected.
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Figure 6: Calculated matrix concentration in the T6 condition for different
cooling rates for alloy 7055.
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Figure 7: Volume fraction and Guinier Radius of n' precipitates in the T6
condition as a function of cooling rate for the studied alloys (a) 7150C and
71508, (b) 7055 and 7085 and (c) 7085 and 7037.
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