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ARTICLE INFO ABSTRACT

Keywords: The formability of Al alloys is strongly influenced by their strain hardening capacity. Whilst the effect of pre-
Al al.l‘{ys ) cipitates on yield strength has been thoroughly studied, their effects on the strain hardening behaviour have been
Precipitation comparatively less studied. This is especially true for the case of shearable particles, such as those formed during
gl;f;f;l recovery natural ageing, or underaging. This work presents a detailed study of the effect of shearable clusters/precipitates
SAXS on the room temperature dynamic recovery of 7xxx Al alloys. The dynamic recovery behaviour is characterised

APT by the slope of the stage III hardening () curve in a Kocks-Mecking plot, and the cluster/precipitate state has
been characterised using small angle x-ray scattering and atom probe tomography. The rate of dynamic recovery
is shown to depend non-monotonically on the yield strength of the alloy. For alloys in the solution treated and
quenched state, or with an extremely fine distribution of clusters, dynamic recovery becomes more difficult with
increasing alloy yield strength. However, as the cluster/particle spacing increases, such as during artificial
ageing, dynamic recovery becomes easier. A phenomenological model is presented showing that the critical
microstructural features controlling this non-monotonic dependence of dynamic recovery on yield strength is the
ratio of the cluster/precipitate spacing and the critical annihilation distance between dynamically recovering
dislocations. The model is general and describes well the experimental data. It can be used as a predictive tool to
guide microstructure design for combinations of yield strength and strain hardening behaviour.

1. Introduction the alloy directly in its harder precipitate strengthened state. An inter-

mediate case of warm forming, accompanied by dynamic precipitation is

Precipitate strengthened Al alloys find extensive use in trans-
portation applications (planes, trains, and automobiles) as a means of
light-weighting [1-3]. When designing components for these applica-
tions, the alloy strength (yield strength) is a critical factor, since it will
determine the section thickness (and hence mass) required to carry a
given load; the alloy durability, in terms of resistance to corrosion [4-7],
fracture [8-14] and fatigue [11,15-17], is also important since it affects
the component lifetime; and since many components need to be shaped
by deformation processes (e.g. rolling, extrusion, forging), the form-
ability is also a critical factor [18-22], especially when one is consid-
ering high strength alloys.

One may consider forming the alloy into its component shape in the
soft state and then precipitation hardening after forming (e.g. the paint-
bake cycle in automotive applications, e.g. [2,19,23-25]), or forming
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also possible [26-32]. Regardless of the strategy taken, the question of
formability leads to two issues: the role of inclusions and their detri-
mental effect on fracture [8,12,19], and the role of strain localisation
[33-40]. A key aspect of strain localisation is the ability of the alloy to
strain harden during deformation, and strain hardening depends
strongly on the precipitate state.

There is an abundant literature on the role of precipitation on the
yield strength of alloys [41,42]. In the context of Al alloys, the effects of
precipitate size and volume fraction [43-52], shape [49,53-57], and
remaining solute in solution [58-63] have all been examined in great
detail over the past 50 years. Whilst questions still remain, it should be
generally seen as a major success of physical metallurgy to be able to
design alloys and heat treatments to exploit solid state precipitation for a
target yield strength.
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By comparison, the effect of precipitation on strain hardening in Al
alloys has been much less studied [64,65]. This is all the more compli-
cated because of the dual nature of strain hardening — there is a kine-
matic contribution stemming from internal stresses (largely generated
by shear-resistant particles [33,34,66-76]), and an isotropic component
arising from the dynamics of dislocation accumulation and storage [34,
66-68,75-78]. The internal variable models (such as the
Kocks-Mecking-Estrin (KME) model [77,79,80]) have proven a versatile
and successful tool for describing the isotropic contribution to the strain
hardening.

The effects of precipitates on the strain hardening depends on the
nature of the precipitates. When the precipitates are shear-resistant,
they strongly increase dislocation storage [33,34,66-69,74-76,78]. A
kinematic contribution to the strain hardening develops (and then sat-
urates with strain) due to the elastic loading of the precipitates [33,67,
68,71-75], and the precipitates covered in dislocation loops are thought
to accelerate dynamic recovery [78]. A reasonable understanding of
these effects now exists.

When the precipitates are shearable, the effect on strain hardening is
much less clear, especially when it comes to considerations of their ef-
fects on dynamic recovery. Dynamic recovery requires the interaction
stress between two dislocations to exceed the resistance stress between
them to come together and annhiliate. One proposal is that the resis-
tance stress is proportional to the yield strength. This means that as one
precipitate hardens an alloy by forming a distribution of shearable
particles, dynamic recovery becomes more difficult [78,81]. An alter-
native proposition considers a possible indirect effect of the precipitates.
As precipitation hardening occurs, solute is removed from solid solution.
This solute removal may increase the stacking-fault energy and make
cross-slip easier, facilitating dynamic recovery [77]. This proposal
would make dynamic recovery easier as the yield strength increases
during precipitation. As will be shown in this contribution — dynamic
recovery actually shows a non-monotonic dependence on yield strength.

Here we study in detail the dynamic recovery behaviour of a number
of Al alloys at room temperature, with various states of precipitation,
and provide a simple microstructure-based model to describe the effects
of shearable clusters/particles on dynamic recovery. Naturally aged al-
loys (containing shearable clusters), as well as alloys underaged at
elevated temperature (containing shearable precipitates) are both
considered. Even when an Al alloy is formed in its soft state, after so-
lution treatment and quenching but before artificial ageing, some nat-
ural ageing inevitably occurs. This natural ageing introduces clusters
into the microstructure and they affect the strain hardening. When an
alloy is instead formed into shape in its hardened state, it already con-
tains a high number density of fine particles. In the 2xxx, 6xxx and 7xxx
alloys, the states leading up to the peak aged states are usually domi-
nated by shearable particles [3], and a detailed understanding of their
effect on strain hardening, and in particular dynamic recovery, is
required to understand formability. There is a second reason for the
interest in the strain hardening of alloys already strengthened by pre-
cipitates — this also affects the energy absorbed during deformation and
hence the crashworthiness of vehicles [2,82]. This is especially impor-
tant for the automotive industry.

2. Experimental procedure
2.1. Materials and treatments

The Al alloys considered in this study and the compositions of the
main elements are listed in Table 1. All alloys are commercial grades
either purchased or donated. The most detailed analysis is performed on
AA7050 (a high strength Al-Zn-Mg-(Cu) alloy) and this was received in
the form of a hot-rolled plate. The AA7050 samples were solution
treated for 1 h at 480 °C followed by water quenching (STQ). Some
samples underwent natural ageing (NA) at 25 °C or artificial ageing at
150 °C for different times to create microstructures containing shearable
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Table 1

Chemical compositions of the main elements in the Al alloys considered in this
study. The compositions of Al alloys labelled * were measured by ICP-AES. The
other alloy compositions were supplied by the manufacturer.

Alloy Composition (wt.%)

Cu Mg Zn Mn Si
AA7050% 2.2 2.3 6.2 0.05 0.06
AA5083 0.1max 4.0-4.9 0.25max 0.4-1.0 0.4-0.7
AA6061* 0.24 1.0 0.04 0.05 0.67
AA7075 1.2-2.0 2.1-29 5.1-6.1 0.3max 0.4max
AA7040 1.5-2.3 1.7-2.4 5.7-6.7 0.04max 0.1max
AA7020 0.2max 1.0-1.4 4.0-5.0 0.05-0.5 0.35max

clusters or precipitates (Table 2). The condition of 150 °C ageing for 10 h
corresponds to the peak aged state (PA) for this alloy.

Additional commercial 7xxx Al alloys AA7075, AA7040 and AA7020
were also investigated in their NA and artificially aged states to test the
generality of the model to be presented. AA5083, AA6061 and AA7075
were examined in their STQ states. Samples of AA5083 and AA6061
were solution treated for 1 h at 350 °C and 530 °C, respectively, and
samples of AA7075, AA7040 and AA7020 were solution treated for 1 h
at 480 °C, followed by water quenching. The specific ageing conditions
for the four 7xxx alloys are listed in Table 2. All samples were stored in a
freezer at —35 °C after heat treatment and prior to testing to minimise
any additional natural ageing.

2.2. Mechanical testing

Monotonic tensile tests were conducted on a servo-hydraulic MTS
Landmark machine with a 100 kN load capacity and an alignment
fixture. It is particularly important for studies of strain hardening that an
especially well aligned testing system is used. The alignment of the MTS
was calibrated to be close to ASTM E1012 Class 5 (i.e. maximum
bending strain smaller than 5% of the total strain) and the alignment was
repeated periodically during the testing schedule. All tests were per-
formed at room temperature (25 °C) with a crosshead speed of 0.02 mm/
s (equivalent strain rate ~ 1.3 x 10> s™1). Cylindrical tensile samples
with a gauge length of 15 mm and a gauge diameter of 5 mm were
machined with the loading direction parallel to the rolling or extrusion
direction. 2 to 4 samples were tested for each condition and alloy to test
reproducibility and this is reflected in the error bars for the data to be
reported.

Bauschinger tests were performed to quantify any kinematic contri-
butions to the strain hardening. The tests were conducted using the same
MTS Landmark machine with the same crosshead speed as the tensile
tests. Cylindrical samples with a gauge length of 18 mm and a gauge
diameter of 9 mm were machined with the loading direction parallel to
the rolling or extrusion direction. Two clip-on extensometers were
mounted diametrically opposed to each other so that buckling during
compression can be identified once the signals from the two exten-
someters deviate from each other significantly [75,83]. For all the data
to be reported, any internal stress measured from the Bauschinger tests

Table 2
Natural ageing (NA) and artificial ageing conditions of the AA7050, AA7075,
AA7040 and AA7020 alloys.

Alloy Ageing condition
AA7050 NA 6h,12h, 24 h, 48 h, 106 h, 792 h, 1670h
150 °C 10 min, 0.5 h, 2 h, 5h, 10 h (PA)
AA7075 NA 12 h, 24 h, 48 h, 122 h, 360 h, 720 h, 1yr
120 °C 10 min, 0.5 h, 2 h, 5 h, 24 h (PA)
150 °C 0.5 h, 2h
AA7040 NA 6h,12h, 24 h, 48 h, 120 h, 1yr
150 °C 10 min, 0.5 h, 1 h, 2 h, 5h
AA7020 NA 7h, 12h, 24 h, 47h
150 °C 0.5h,1h, 2h
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represents less than 10% of the strain hardening increment. This pro-
vides confidence that the dynamic recovery being studied is occurring in
a system where the strain hardening is dominated by isotropic hard-
ening effects.

2.3. Microstructural characterisation

2.3.1. Small-angle X-ray scattering (SAXS)

SAXS is a tool that allows us to characterise nm-sized particles from
volumes of material relevant for studies of plasticity and therefore
provides some confidence in the statistical relevance of the precipitate
measures.

SAXS experiments were conducted on all the AA7050 states except
the STQ, NA24h, NA792h and 150 °C 2 h states. SAXS samples were cut
from the head part of tensile samples and ground to ~70 um thickness.
This thickness provides a ~30% Cu x-ray transmission rate. The SAXS
experiments used a Bruker N8 Horizons SAXS system with a Cu-anode X-
ray source. The SAXS patterns were recorded on a two-dimensional
detector (Vantec-500). The signals were radially averaged and plotted
as a function of the scattering vector, q. The data were corrected for
background noise, transmission rate and specimen thickness. A constant
Laue scattering intensity from the solid solution was subtracted to
isolate the clusters/precipitates contribution to the scattered signal. The
AA7050 PA (10 h 150 °C) sample was used as an internal standard for
absolute intensity calibration by assuming that its precipitate composi-
tion and volume fraction is close to the local equilibrium state for the 5
phase at 150 °C, which was calculated using the Thermo-Calc 2021a

TCAL4 database: f, = 6.4%, cgf;‘i = 28 at.%, C&n = 39 at%, Cil =
33 at.%. The reasonableness of this is justified in a following section.

The SAXS data was represented in the form of a Kratky plot, i.e. Iq?
vs. q where q is the scattering vector (A1) and 1 (A~2) is the scattered
intensity. SAXS was used to estimate the size and volume fraction of
clusters/precipitates [84,85]. With the assumption that the cluster-
s/precipitates detected can be approximated as spheres and present with
a reasonably narrow size distribution, their size can be estimated by the
Guinier radius R, obtained from the scattering vector q,, at which Iq?
shows a maximum [84]:

R =2 €

Considering a two phase material composed of particles with elec-
tron scattering density p, embedded in a matrix of electron scattering
density p,,, the volume fraction of objects is estimated using the inte-
grated scattered intensity Q [84]:

0= / Igdg, 0 =22lp, — po[fi1—F.) @
0

Determining the cluster/precipitate volume fraction requires
knowledge of the electron scattering density of the matrix and pre-
cipitates, and this requires knowledge of their compositions. This is
especially difficult for nanometre sized particles.

Two estimates for the cluster or precipitate composition are made:

a) we assume that the cluster/precipitate compositions in all tested
states of the AA7050 alloy are close to the 5 phase at 150 °C calcu-
lated using Thermo-Calc, and Q can then be calculated using Eq. (3).
A similar composition has previously been assumed for the GP zones
in an AA7010 alloy [86].

PA
Q =) 3

I
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b) Atom probe tomography is used to experimentally measure the
cluster/precipitate compositions for two states of the AA7050 alloy.
This should also be considered an estimate of the composition, and
the approach taken is described in detail below.

2.3.2. Atom probe tomography (APT)

The NA 1670 h and 150 °C 10 min states of AA7050 alloy were
selected to conduct APT experiments to assess for changes in the clus-
ters/precipitates chemistry for the different treatments (naturally aged
versus artificially aged). APT specimens were prepared on a FEI Helios
Plasma focused ion beam (PFIB) using a Xe source. APT experiments
were conducted on a Cameca Instrument Inc. Local Electrode Atom
Probe (LEAP) 5000XS at a base temperature of 40 K in voltage-pulsed
mode. The pulse fraction, pulse rate and target detection rate of the
measurement were 20%, 250 kHz and 0.5%, respectively.

Data reconstruction and analysis of the 1st nearest neighbour dis-
tribution and radial distribution function (RDF) were performed using
the AP suite software. The ‘distribution of isolated atoms for the deter-
mination of the matrix composition’ (DIAM) method [87] combined
with the pair correlation function (PCF) protocol [88,89] was used to
estimate the matrix and cluster/precipitate chemistries. We follow the
approach in [88], where the pair correlation function, vy, of species i — j
pair, 7;_j(r), is defined as:

1ii(r) = G-Ciy(r) = GG )]

where C;, C; are the average compositions of element i and j, and C;_j(r)
is the concentration of species j at a distance r from an atom of species i
averaged over all the atoms of species i. In the case of the correlation
between the same species:

2

7ia(r) =Ci-Gi(r) = C; 5)
Eq. (5) can be written in terms of two contributions [88]:
Visi(r) = AC,'Z'}’O(V) (6)

7o(r) is the shape function of the PCF which is dependent only on the
geometry of the objects. For spherical particles of radius R, y,(r) is

sphere

represented by yy " (r, R) and is given as [90]:

3

3r r
2L <
iR e "2 %)

0 (r>2R)

.[s]phere (r) _

AC? is the mean square composition fluctuation dependent only on the
quantity and composition of the objects:

ac=n0-n(g-a) =(¢-a)@-q) ®

In Eq. (8), C, and C, refer to the particle and matrix compositions,
respectively, and f, is the volume fraction of particles. In this contribu-
tion, C,, was determined by the DIAM method [87], with an associated
error bar, and this uncertainty is propagated through the calculations of
C, and f, and is reflected in the error bars on those quantities.

It has been shown that for particles of radius of 1 nm and smaller, the
limited spatial resolution of APT can significantly change the PCF shape
(Eq. (7)) and distort the particle size and composition [89,91]. As a
result, we model the limited spatial resolution by convoluting the PCF
shape with a resolution function [89]. We assume that there is a single
type of particle of radius equal to R, obtained from the SAXS data, which
enables a determination of the analytical PCF shape. We further assume
that the spatial resolution function has a Gaussian distribution with a
standard deviation ¢. By convoluting the analytical PCF shape with the
resolution function in three-dimensional coordinates, one obtains a

resolution-affected PCF shape yRC™(r). As a result, AC? can be
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calculated by fitting y;_;(r) with yReCo™ (r):

Viei(r) = ACH75=C (1) ©

The set of AC? gives the C, and a set of volume fractions calculated
for each solute element. Since we assume that there is only a single type
of particle, we fix the volume fraction as an average of those computed
from Eq. (8) with Mg and Zn. Cu is excluded from the averageing due to
its low content, both on average and in the precipitates. With this
“consolidated” volume fraction, the corrected C;, are recalculated from

Eq. (8).
3. Results
3.1. Mechanical response

The room temperature tensile response of all alloys tested, expressed
as true-stress versus true-strain is shown in Fig. 1a-c. AA7050 shows an
increase in yield strength, ultimate tensile strength (UTS) and uniform
elongation as a function of NA time (Fig. 1a). Similar observations are
made by Zhang et al. [92]. AA7050 artificially aged at 150 °C, also
shows an increase in yield strength and UTS as a function of ageing time,
but in this case the uniform elongation decreases as the yield strength
increases. The tensile response of AA7050, AA7075, AA5083 and
AA6061, all in the STQ state, is shown in Fig. 1c. These alloys contain
different solute types and levels (Table 1) and provides an indication of
the effect of solute in solution on the dynamic recovery behaviour.

The corresponding strain hardening behaviour, expressed in the form
of so-called Kocks-Mecking (KM) plots [77,79,80], is shown in Fig. 1d—f.
In all cases, except AA7050 PA (10 h at 150 °C), the stage III strain
hardening behaviour is well represented as a straight line in the KM plot.
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In the case of the STQ alloys (Fig. 1f), dynamic strain ageing effects are
evident due to the larger concentrations of solute in solution and this is
the reason for the fluctuations in the KM curves.

Bauchinger tests have also been performed on a selection of these
alloys to test for any significant kinematic contribution to the strain
hardening. These Bauschinger plots are shown in the Supplementary
materials. The only state shown in Fig. 1 where a significant kinematic
hardening contribution is observed is the PA (10 h 150 °C) AA7050
state. This kinematic contribution is also the reason for the non-linear
Stage III curve in the KM plot of the AA7050 PA state in Fig. le. Due
to this kinematic contribution, the PA state is excluded from the analysis
reported in subsequent sections. This PA state of AA7050 represents the
state where a non-negligible fraction of the precipitates begin to be
bypassed and this leads to a qualitative change in the strain hardening
behaviour.

The dynamic recovery behaviour of a material showing isotropic
strain hardening can be characterised by the slope of the Stage III curve
(B) ina KM plot [33,67,77,78]. An example is indicated in Fig. 1e for the
10 min 150 °C AA7050 (f=5.05) state. § has been quantified for all
states and is plotted as 1/f versus the experimentally measured yield
strength in Fig. 2. The error bars represent the range of p measured on
the 2-4 samples tested for each state. Where an error bar cannot be seen,
the error is smaller than the data point size in the plot.

Fig. 2 brings together four groups of data: the AA7050 in the NA state
(Fig. 1a, d), the AA7050 after ageing at 150 °C (Fig. 1b, d), four STQ
alloys (AA7050, AA7075, AA6061 and AA5083) (Fig. 1c and f), as well
as some data on STQ alloys taken from the literature (AA1100, AA5005,
AA5052 and AA5754). All of the data falls on a master curve showing a
proportionality between 1/p and the experimentally measured yield
strength up to ~300 MPa (indicated by the grey dashed line). In
particular, all of the single phase or STQ alloys lie on the same master
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[ A I 4 L
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=600 T~ =600 ! = 7050STQ 2075 57q
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Fig. 1. True stress strain curves of (a) AA7050 alloy NA for 6 h, 12 h, 24 h, 48 h, 106 h, 792 h and 1670 h; (b) AA7050 alloy 150 °C aged for 10 min, 0.5h,2h,5h
and 10 h; and (c) STQ states of AA7050, AA7075, AA5083 and AA6061. (d-f) The corresponding Kocks-Mecking (KM) plots. The dashed lines in (d-f) show the linear
trend of the stage III work hardening, of which the slope () was used to characterise materials dynamic recovery behaviour in this work. An example of  quan-

tification for the AA7050 150 °C 10 min state is indicated in (e).
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Fig. 2. Evolution of the experimental }1 as a function of 6, for the AA7050 NA
states (open circles), AA7050 150 °C aged states (full circles), and other Al
alloys in the STQ states (grey squares). Error bars originate from multiple
tensile tests. Data points of AA1100, AA5005, AA5052, AA5754 were taken
from Poole [65].

curve, even though they come from different Al alloy classes (1xxx,
5xxx, 6xxx and 7xxx) and contain very different solute contents and
types of solute in solid solution. This strongly suggests that the first order
effect on dynamic recovery is the yield strength and not any solute effect
on the stacking fault energy. At yield stresses higher than 300 MPa, the
dependence reverses and 1/p decreases with further increases in yield
strength. As the yield strength of the Al alloys shown in Fig. 2 increases
up to ~300 MPa, regardless of whether the source of the strengthening is
solid solution strengthening (STQ alloys) or cluster strengthening in the
NA AA7050 states, dynamic recovery becomes more difficult (1/f in-
creases). This retardation of dynamic recovery with the increase in yield
strength due to NA of the AA7050 alloy is the reason why the uniform
elongation, as well as the yield strength and UTS, all increase simulta-
neously in Fig. 1a.

After artificial ageing of the AA7050 at 150 °C, dynamic recovery
becomes easier (1/p decreases) as the yield strength increases. This is the
reason why the uniform elongation decreases with increasing yield and
tensile strength in Fig. 1b.

The proportionality between 1/p and the yield strength (up to ~ 300
MPa) in Fig. 2 is consistent with previous suggestions [78,81] that the
resistance stress seen by dislocations undergoing a dynamic recovery
event is proportional to the yield strength. As a result, as the yield
strength increases, dynamic recovery becomes more difficult. To un-
derstand the non-monotonic behaviour in Fig. 2 requires a detailed
characterisation of the precipitate and cluster state and consideration of
their effect on the dynamic recovery process.

3.2. SAXS characterisation of particle size and inter-particle spacing

SAXS was used to characterise the cluster/precipitate state for most
of the NA and artificially aged AA7050 states. Since we are interested in
questions of plasticity, and plasticity occurs on a length scale of microns
and tens of microns, it is important to also characterise the average
precipitate state over this length scale. SAXS is a very good tool for this
reason. The Kratky plot in Fig. 3 allows us to estimate the mean scat-
tering object size from the peak position (Eq. (1)), and the volume
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Fig. 3. SAXS data expressed in the form of a Kratky plot (Ig? vs. q) for the
AA7050 NA and 150 °C aged states.

fraction of scattering objects is related to the total scattered intensity,
which depends on the area under the curves (Eq. (3)).

The average particle size, expressed as the Guinier radius, and vol-
ume fraction for each of the AA7050 states shown in Fig. 3 have been
quantified using Eqgs. (1) and (3) and are plotted in Fig. 4a and b,
respectively. To quantify the volume fraction of objects, one must know
the composition of the particles and matrix. The first estimate we make
is to assume that the clusters (in the NA state) and the precipitates in the
artificially aged states (150 °C) all have exactly the same composition
and this composition corresponds to the composition of 7 phase at

150 °C, calculated using the Thermo-Calc 2021a TCAL4 database: Cll,z’i =

28 at.%, C4 = 39 at.%, Cal, = 33 at.%. Using this estimation for the
composition of the particles, the volume fractions are shown in Fig. 4b.
The volume fraction of particles at the longest NA time (1670 h) is
approximately the same as the volume fraction of particles after 10 min
of ageing at 150 °C. Of course, the sizes of the particles during NA are
much smaller than those observed during artificial ageing. The error
bands indicated in the volume fraction plots of Fig. 4b correspond to +
20% of the integrated intensity from the SAXS measurements. This error
bar is included to capture the uncertainty in quantifying the Laue scat-
tering from the solid solution, e.g. [93], which is subtracted from the
total scattered intensity to isolate the scattering coming from the
clusters/precipitates.

Assuming the particles can be approximated as spherical, the number
density of particles can be calculated from the size and volume fraction,
along with the average spacing between particles. These are shown in
Fig. 4c and d, respectively, and will be used in the subsequent modelling.
The number density of clusters in the NA state is ~10%® (m_s) and the
number density of precipitates after artificial ageing is ~10%* (m~3).
These are consistent with previous measurements on 7xxx alloys (e.g.
[27,86,94-96]). As expected from such number densities, the spacing
between clusters/particles (Fig. 4d) is much smaller for the NA state
than the artificially aged state of AA7050 (Fig. 4d).

The quantification of cluster/precipitate characteristics shown in
Fig. 4 assumes that the chemistry of the clusters/precipitates in the NA
and artificially ages states is the same.

3.3. APT characterisation

To obtain an experimental estimate of the cluster/precipitate
chemistries, we used atom probe tomography for two states of the
AA7050 alloy: NA 1670 h and 10 min 150 °C. Reconstructured APT
maps for these two states are shown in Fig. 5. The NA state (Fig. 5a)
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Fig. 4. (a) The Guinier radius Ry, (b) volume fraction f,, (c) number density N and (d) inter-particle spacing A of the clusters/precipitates for the AA7050 NA and
150 °C aged states obtained by SAXS, with the particle chemistry assumed to be the same as the equilibrium # phase calculated by Thermo-Calc. The error band range
represented in b-d arises from an assumption of an error bar of +20% on the SAXS integrated intensity used to calculate the volume fractions.

contains numerous small objects, as expected from the SAXS (Fig. 4a and
c), but their compositions cannot be readily estimated from the
elemental maps. In the artificially aged state (Fig. 5b) the imaged par-
ticles have a radius of approximately 2 nm, which agrees well with the
SAXS measurements (Fig. 4a). The particles in the artificially aged
sample are enriched in Zn and Mg but no obvious Cu incorporation is
observed from the Cu map shown in Fig. 5b.

As discussed by de Geuser and co-workers [89,91], estimating the
chemistry of such small objects using APT is not straightforward. We
follow the approach outlined in [89], and summarised in the experi-
mental method section, but it must be emphasised that these measure-
ments are best estimates using the most current analysis protocols.

Fig. 6 presents the pair correlation functions (PCF, y) for the two
AA7050 samples along with the corresponding fits (Eq. (9)). The three
fitting curves for each element and state were obtained by convoluting a
Gaussian spatial resolution function with a standard deviation, ¢. Three
different standard deviations are shown: 6=0.5, 0.6, 0.7. The overall
best fit to the experimental data was generally achieved with 6=0.6. It is
noted that the PCF fit for the Zn-Zn pair of the 150 °C 10 min state
appears less good (in terms of shape but not intercept), which is likely
due to the fact that precipitates have a size distribution (e.g. following a
log-normal distribution) instead of being monotonically distributed. The
precipitates are more enriched in Zn than Mg, which means the PCF fit
for Zn (compared with Mg or Cu) is more influenced by the size distri-
bution. However, since we have introduced a fitting parameter ¢ from
the spatial resolution function, we choose not to consider the particle
size distribution so as to avoid introducing more fitting paramters. Based
on the amplitudes of the PCF (y(0)), the clusters/precipitates in both

samples mainly consist of Zn and Mg, with only small amounts of Cu.
Note that the y-axis scale of Fig. 6a and b is different (x10~* in Fig. 6a
and x1073 in b). The amplitudes of the PCF (y(0)) indicate that the
particles formed in the 150 °C 10 min sample are more enriched in Zn
and Mg than the clusters formed in the 1670 h NA state of the AA7050.

Quantification of the global composition of each APT specimen,
matrix composition and cluster/precipitate compositions using the
DIAM-PCF protocol (outlined in the experimental method and [88,89])
are shown in Fig 7. Fig. 7a contains a dashed and solid line for each
solute element. The dashed line represents the global composition of
that solute element measured in the APT tip, and the solid line repre-
sents the composition of that solute element measured in solid solution
in the same APT tip. As should be the case, the solid lines fall below the
dashed lines for each element. The solid lines include an error band, and
this represents the uncertainty in quantification of the solid solution
concentration using the DIAM method. We can see from Fig. 7a that
more solute has been removed from solid solution by precipitation in the
case of the 150 °C 10 min sample, compared to the NA 1670 h sample.
The cluster/precipitate compositions for both states are presented in
Fig. 7b. The error bars shown in Fig. 7b result from propagating the
errors in Fig. 7a regarding the matrix solid solution compositions
through the PCF protocol. Precipitates in the 150 °C 10 min state
comprise about 21 at.% Mg, 30 at.% Zn and 5 at.% Cu, which corre-
sponds well to the equilibrium # phase composition. Clusters in the
NA1670h sample consist of about 14 at.% Mg, 21 at.% Zn and 6 at.% Cu,
approximately 2/3 the composition of the equilibrium # phase.

With these experimental estimates of the cluster/precipitate com-
positions measured using APT, the SAXS data can be reanalysed for these
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Fig. 5. APT maps for the (a) NA 1670 h and (b) 150 °C 10 min states of AA7050 showing the arrangement of solute atoms. Representative clusters and precipitate are

shown in the yellow rectangles in a and b respectively.

two states and a second estimate of the cluster/precipitate volume
fraction, number density and particle spacing can be obtained. Both
estimates (those using the # compositions from Thermo-Calc, and the
estimates using the APT particle compositions measurements) are shown
in Fig. 8. Since the 150 °C 10 min sample has an estimated particle
chemistry from APT close to the Thermo-Calc # phase, the results of
these two approaches show excellent agreement. However, in the NA
1670 h sample, because APT estimates a significantly more dilute cluster
chemistry compared to the 5 phase, this leads to higher estimated vol-
ume fraction and number density (Fig. 8a and b), resulting in a further
reduction in the spacing between clusters (Fig. 8c).

4. Discussion and modelling

The proportionality between 1/p and the macroscopic yield strength
(up to ~300 MPa) shown in Fig. 2 is consistent with previous sugges-
tions of Deschamps et al. [81] and Simar et al. [78] that the resistance
stress seen by dislocations undergoing a dynamic recovery event may be
proportional to the yield strength. This idea can describe the room

temperature dynamic recovery behaviour of a wide range of STQ Al
alloys, as well as the AA7050 in most of the NA states (Fig. 2). In the
following, we build a simple model based on this idea, and introduce a
key new ingredient to explain the deviation that leads to the
non-monotonic 1/f as the yield strength further increases above 300
MPa in Fig. 2.

4.1. Modelling the effect of yield strength on dynamic recovery
considering the inter-particle spacing effect on dislocation annihilation

As summarised by Simar et al. [78], in the KME framework, the
dynamic recovery rate, B, is proportional to the critical distance (y*) that
two dislocations of opposite sign must approach to be able to annihilate.
If dislocations can annhiliate even when separated by a large distance
(ie. large y*), then dynamic recovery is quite easy. If dislocations need to
approach very close to each other (i.e. a small y*) for an annhiliation
event to occur, then dynamic recovery is more difficult.

This critical distance, y*, is such that the interaction stress between
the dislocations (« Gb/y*), where G is the Shear modulus and b is the
Burgers vector, exceeds the resistance stress felt by the dislocations (o}).
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This leads to the dynamic recovery rate f to be inversely proportional
to the local resistance stress o, as shown in Eq. (10). The proportionality
factor k; describes how much more difficult it is for the dislocations to be
annihilated by dynamic recovery compared to their in-plane slip. If the
resistance stress seen by the dislocations, o}, is equal to the experi-
mentally measured yield strength, then Eq. (10) corresponds to the
dashed grey line in Fig. 2 that describes well the dynamic recovery of all
the states with yield strengths up to ~300 MPa, k=19.3.

*

1 o
5=l (10)

For coarse grained, STQ alloys it seems reasonable that the resistance
stress seen by the dislocations undergoing a dynamic recovery event, is
proportional to the experimentally measured yield strength. The matrix
is spatially quite uniform, even at the length scale of y*. However, once
particles are introduced into a matrix, the situation changes. Consider
the schematic shown in Fig. 9 which presents two extreme cases of two
dislocations separated by a critical annhiliation distance (y*) in matrices
containing particles with different interparticle spacings, A. Fig. 9a
shows a situation where the spacing of clusters/precipitates, 4, is
significantly smaller than the critical dislocation annihilation distance
y*. In such a situation, the particles serve as obstacles impeding dislo-
cation annihilation and the resistance stress felt by the dislocations
would be similar to the macroscopically measured yield strength.
However, Fig. 9b shows a situation where the spacing of particles 4 is
much larger than y*. In this case, the resistance stress seen by the ann-
hiliating dislocations is that of the matrix between the particles, and this
would be significantly less than the macroscopically measured yield
stress. The key factor determining the resistance stress seen by the
annhiliating dislocations is the ratio y*/A.

We can write the local resistance stress o), seen by the annhiliating
dislocations as:

0y = 0y + P %0y an

where ogg is the solid solution strengthening contribution to the matrix
between two annhiliating dislocations, P is the probability for two
annhiliating dislocations to meet clusters/precipitates during their
annihilation and opy is the cluster or precipitate strengthening contri-
bution to the yield strength.

We can describe this probability, P, by a Poisson distribution

involving the ratio YT

P=1—exp <7y7> 12
When 1 is small compared to y*, P =1 (Fig. 9a), when A is much larger
than y* P = 0 (Fig. 9b).

y* depends on microstructure and it must be found as the solution to
an implicit equation (Eq. (13)):

v Gb
ot [1=exp( =2 ) [0 = — 13
Oy + { eXp( ﬂ)} I = 13)

The term on the left of Eq. (13) represents the resistance stress seen

(b)

Fig. 9. Schematic representations of the different relative length scales of the
inter-particle spacing A compared to the critical dislocation annihilation dis-
tance y*: (a) A<y* and (b) A>y*.
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by the dislocations undergoing a dynamic recovery event, and the term
on the right is the interaction stress between the dislocations which
drives dynamic recovery.

Solid solutions naturally reduce to the case with probability P =
0 and the rate of dynamic recovery reduces to Eq. (14). The grain
boundary contribution to the yield strength o is not considered to affect
the dislocation annihilation due to its much larger length scale than y*.
% = ko = 14

Using the quantification of the interparticle spacings for the NA and
artificially aged AA7050 presented in Figs. 4d and 8c, y* has been found
from Eq. (13) and is plotted for each state, along with 4, in Fig. 10a.
Using the values of y* and 1 summarised in Fig. 10a, P is calculated using
Eq. (12), the resistance stress seen by the annhiliating dislocations, o}, is
calculated using Eq. (11) and 1/ is then calculated using Eq. (10). This
calculated dynamic recovery rate for the NA and artificially aged
AA7050, taking into consideration the effect of the clusters and shear-
able precipitates, is plotted as red and green points in Fig. 10b. For the
most part, the agreement with experimental observations is excellent. It
is clear that one may estimate the dynamic recovery rate of these alloys
containing shearable clusters or precipitates, if one knows their spacing
compared to the critical annhiliation distance.

The calculated dynamic recovery rate for the NA 1670 h sample,
using the cluster composition estimated from the APT (green data point)
lies a little higher than the experimental measurements (Fig. 10b). This
is because the calculated spacing of clusters is smaller when using the
APT chemistry (~1.5 nm) compared to the chemistry corresponding to
the 5§ phase (~3 nm) (comparing the red and green filled circle points for
NA 1670 h in Fig. 10a). This highlights that it is quite important to
quantify accurately the volume fraction of clusters (which strongly in-
fluences the cluster spacing) in the NA state, and this depends on the
cluster chemistry, which is difficult to measure with confidence when
particles are of the order of 1 nm in size [89,91].

The agreement between experimental measurements of dynamic
recovery rates and those calculated by considering the balance between
the interaction stress between dislocations and the resistance stress seen
by the dislocations (which depends on particle spacing) (Fig. 10b),
suggests that in these Al alloys, the resistance stress is indeed the
dominant factor controlling the dynamic recovery rate at these strain-
rates and at room temperature. The different alloys, and different
microstructural states in Fig. 10b, all have different amounts of solute in
solution. Any effect of this solute in solution on the stacking fault energy,
and its subsequent influence on the dynamic recovery event appears to
be a 2nd order effect in these alloys, under these conditions.

With the obtained physical understanding of the shape of the dy-
namic recovery curve as a function of yield strength shown in Fig. 10b,
two questions should be asked — how general is this behaviour? And how
can it be manipulated to obtain better tensile responses (e.g. better
combinations of yield strength and uniform elongation). The latter
question is reasonably straightforward. By retarding dynamic recovery,
for everything else held equal, the strain hardening rate is increased and
this generally improves the elongation (e.g. Fig. 1a) and formability. As
the yield strength is increased, the objective would be to remain in the
top right hand corner of Fig. 10b, instead of dynamic recovery becoming
easier (1/p decreasing) as it does with the artificially aged AA7050. The
key to this is to maintain an extremely small particle spacing, smaller
than, or close to, the critical annihilation distance y*. This requires a
very high number density of extremely small clusters/precipitates.
Already, after artificially ageing at 150 °C, the particle spacing is too
large and the annihilating dislocations see mostly the resistance stress of
the matrix between the particles.
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4.2. Dynamic recovery behaviour of other 7xxx alloys

To test the generality of the behaviour shown in Fig. 10b, three
additional commercial 7xxx alloys have been considered (AA7020,
AA7040 and AA7075), both in NA states, and artificially aged states at
120 °C and/or 150 °C. These alloys contain different amounts of solute
and hence the precipitation behaviour (volume fraction, size and
spacing) is different. Tensile tests were performed in the same way as
those shown in Fig. 1, the KM plots were made, and the dynamic re-
covery behaviour has been quantified by the slope of the stage III
hardening curve, p. This data is summarised as 1/f versus experimen-
tally measured yield strength in Fig. 11, and the experimental data for
AA7050 is added for comparison. The straight grey line is identical to
the straight pink line in Fig. 10b that describes well all of the STQ states
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Fig. 11. Evolution of the experimental % as a function of o, for the AA7050
(blue), AA7075 (red and brown), AA7040 (pink) and AA7020 (green) alloys in
their STQ, NA (hollow circle) and artificially aged states (full circle). Data from
the STQ conditions are labelled. The grey line represents the model 3 = k2
for solid solutions. The red curve labelled 1 represents the trend for the AA7075
NA and 120 °C aged states. The brown curve labelled 2 represents the trend for
the AA7075 NA and 150 °C aged states (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.) .
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shown in Fig. 10b. It also describes quite well the STQ states of the
AA7020, AA7040 and AA7075 alloys.

These alloys all have slightly different solute contents, and this af-
fects the driving force for precipitation and the volume fractions of
precipitates formed during NA and artificial ageing, and hence the
interparticle spacings — which we have seen in Fig. 10b is the key to
understanding the non-monotonic behaviour of the 1/p curves with
increasing yield strength. As a rough indication of the relative pro-
pensity for precipitation amongst the alloys, one can compare the local
equilibrium volume fractions of # phase at 150 °C. Using Thermo-Calc
TCAL4, AA7040 will form 6.7% r]’ phase. AA7050 6.4%, AA7075 6.0%
and AA7020 4.7%. One would expect, under the same solution treat-
ment and ageing conditions, for the number density of particles to be
highest in AA7040 and decrease in the order of the volume fractions, and
hence the spacing of particles is expected to be smallest for AA7040,
followed by AA7050, AA7075, AA7020.

Indeed, the expectations of such comparative precipitation behav-
iour are reflected well in the dynamic recovery plot in Fig. 11. After NA,
dynamic recovery is even more difficult (1/p is highest) in AA7040
compared to AA7050, due to the expected finer cluster spacing. During
artificial ageing, when the particle spacing in both alloys is much greater
(cf. Fig. 10b), the dynamic recovery behaviour is similar because the
solid solution strengthening contributions to the matrix will also be
similar.

AA7075 is expected to form fewer particles during NA and artificial
ageing and this is the reason for the easier dynamic recovery in Fig. 11
(reduced 1/p) compared to AA7040 and AA7050. Samples of AA7075
were aged at both 120 °C and 150 °C. As can be seen for both types of
samples with yield strengths around 400 MPa, the 120°C aged samples
show less dynamic recovery (1/p is higher) than the samples aged at
150 °C. This is because the samples aged at the lower temperature will
have finer particles (with smaller interparticle spacings) than those aged
at the higher temperature of 150 °C.

Finally, the AA7020 alloy contains significantly less solute than the
other three alloys. The number density of particles formed in this alloy
would be expected to be the smallest of the four alloys and hence the
particle spacing will be the largest. As expected, the dynamic recovery
behaviour is easiest in this alloy.

The phenomenological model for dynamic recovery presented here,
and its modification to take into account the effect of shearable clusters
and precipitates, is completely general. We have applied it to the
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problem of 7xxx alloys (with a few other STQ other alloys) but it can
equally be applied to other Al alloys containing shearable clusters/
precipitates such as 2xxx and 6xxx alloys, and likely other alloy systems
where the first order effect controlling the dynamic recovery behaviour
is the resistance stress seen by the dislocations (as opposed to a SFE
effect). In such cases, Fig. 10b demonstrates that it is possible to predict
the dynamic recovery behaviour, if the state of precipitation is known.

5. Conclusions

The room temperature dynamic recovery of a range of Al alloys in
either the STQ state, or containing shearable clusters/precipitates has
been studied in detail using tensile tests. When plotted in the form of a
Kocks-Mecking plot, the stage III strain hardening behaviour is well
approximated as linear in the alloys considered and the dynamic re-
covery behaviour has been characterised by the slope, B, of the stage III
curve.

The main conclusions of this work are:

1. For a wide range of Al alloys (1xxx, 5xxx, 6xxx and 7xxx) in the STQ
state, the dynamic recovery behaviour, expressed as 1/p, is propor-
tional to the experimentally measured yield strength. This suggests
that the first order effect controlling dynamic recovery in these alloys
is the resistance stress that the matrix exerts on dynamically recov-
ering dislocations, rather than any solute effect on stacking fault
energy.

2. When shearable particles are formed in 7xxx alloys, either by natural
ageing or artificial ageing, the linear dependence of 1/f on yield
strength is broken. If the clusters/particles are extremely fine, such as
those formed during natural ageing, then 1/f may still increase with
increasing yield strength, but at a decreasing rate. As the spacing of
the clusters/particles increases, such as during artificial ageing, 1/p
passes through a maximum and then decreases (i.e. dynamic recov-
ery becomes easier) with further increases in yield strength.

3. A simple microstructure-based model is presented to capture the
non-monotonic behaviour of 1/ with increasing yield strength. It is
shown that the critical feature controlling the behaviour when
shearable particles are added to the microstructure is the ratio of the
particle spacing, 4, and the critical annihilation distance, y*, for
dynamic recovery. The model is general and predictive, and can be
used as a design tool to help identify microstructures that may show
good combinations of strength and strain hardening behaviour.
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