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Abstract. This study allowed to understand the influence of severe plastic deformation by High
Pressure Torsion (HPT) on an Al-Zn-Mg-Cu alloy and more especially the influence on precipitation
mechanisms thanks to the correlation between DSC, SAXS and STEM data. A shear strain of y = 200
was first applied to the alloy. This deformation leads to nanostructuration, creation of high density of
defects but also solute segregation to boundaries and dynamic precipitation. These specific
microstructural features give rise to an acceleration of precipitation kinetics during heat treatments

but also to a lower precipitation temperature and a modification of final precipitates size distribution

as compared to the un-deformed alloy.

1 Introduction

T### aluminium alloys are high strength alloys
mainly used for aerospace applications due to their high
specific mechanical properties [1]. However, in order to
further increase these properties, we propose to combine
precipitation  hardening  with  grain  boundary
strengthening thanks to ultrafine-grained (UFG)
structures. It has been shown that severe plastic
deformation (SPD) achieved for example by equal-
channel angular pressing (ECAP) or high-pressure torsion
(HPT) may  efficiently refine coarse-grained
microstructures down to the sub-micrometer scale in a
large variety of aluminum alloys [2—5]. However, the
extreme level of strain applied during these processes
leads to a very high level of stored energy that usually
gives a poor microstructure thermal stability and a faster
precipitation kinetics [6,7]. This is attributed to an
increased atomic mobility promoted by crystalline defects
and to a lowering of the nucleation barrier.

In this study, results obtained by small angle X-Ray
scattering (SAXS), differential scanning calorimetry
(DSC) and transmission electron microscopy have been
correlated to understand the deformation influence on the
precipitation of an Al-Zn-Mg-Cu alloy.

2 Experimental
2.1 Material

The material investigated in the present study has
the following composition (wt.%) of: Al 87.19%, Zn
9.46%, Mg 1.87%, Cu 1.33%, Fe 0.8% and %<0.2 Zr+Sc.
This alloy has been cast with an ultra-fast solidification
rate to promote a fine initial intermetallics distribution. It
was subsequently solution heat treated at 474°C during
1h.

2.2 High Pressure Torsion (HPT)

The HPT process (Fig. 1) has been used to deform
the alloy. Disc shape sample of 10mm diameter and 1mm
thickness was deformed under a pressure of 6 GPa at RT
with a rotation speed of 1 rpm. The shear deformation is
a function of the number of revolutions », the distance
from the disc centre » and its thickness after HPT 4 [8]:

2wN.r

y=—7 (1)
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Upper anvil

Lower anvil

Fig. 1 : Schematic representation of HPT process

In this study, the level of deformation has been
achieved by applying 10 revolutions. The anvil
temperature, monitored during processing with an infra-
red temperature measurement device, never exceeded
50°C.

2.3 Characterization methods

Microstructure and more specifically precipitates
evolution were observed using several complementary
techniques.

First, scanning electron microscopy (SEM) was
performed with a Gemini Leo1530 FEG-SEM microscope
using back-scattered electron (BSE) detector.

Scanning  Transmission Electron Microscopy
(STEM) was carried out using a JEOL ARM-200F
operated at 200 kV. Dark Field (DF - collection angles
20-80 mrad) and high-angle annular dark field (HAADF
— collection angles 80—180 mrad) images were recorded
with a probe size of 0.2 nm and a convergence angle of
34 mrad. TEM samples were prepared as 3 mm diameter
discs whose center was halfway between the center and
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the edge of the HPT disc. At this location, the
corresponding shear strain can be estimated thanks to
eq.(1) to y = 200. Then TEM foils were prepared by
conventional mechanical polishing down to 100 pm
thickness, followed by double-jet electropolishing
(performed on a Stuers TenuPol-5) with a mixture of 30%
HNO3 + 70% CH3OH at a temperature of —30 °C (~20
V).

Differential Scanning Calorimetry (DSC)
measurements were performed using a Mettler Toledo
DSC 3+ at a heating rate of 20 °C/min up to 500 °C.
Samples were placed in pure Al crucibles with a capacity
of 40 pl able to receive samples with an average size of
3*3 mm and a weight between 30 and 50 mg.

X-ray diffraction (XRD) analysis was carried out with
diffractometer operating with CuKa irradiation with an
accelerating voltage of 40 kV and a current of 40 mA. The
Ko2 radiation was filtered out from the XRD profile.

SAXS was performed on a custom built laboratory
setup with a rotating anode source at the Ka energy of Cu
(about 8 keV) and a Pilatus 2D detector. CCD camera data
were corrected for read-out noise, distortion, flat-field and
background noise. In situ experiments were carried out
using a dedicated furnace in which the samples, thinned
to 70-100 um, were placed. The diameter of the X-ray
beam was 1 mm, and the signal was recorded from a
location placed at the mid-distance between the center and
the edge of the HPT-processed disc in order to probe a
reproducible microstructure from one sample to the other
and to be able to correlate this data with STEM
observations. The SAXS 2D-data was radially averaged
and normalized into the 1D-profile of scattered intensity I
versus the scattering vector amplitude q; detailed
procedures for data interpretation and used model can be
found in [9—11]. This model needs some hypothesis which
can be given by other experimental methods like
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Fig. 2 : XRD patterns of an Al-Zn-Mg-Cu alloy after casting, after solution treatment (y = 0) and after deformation
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precipitates composition in Zn (around 53%) and their
shape (assumed to be spherical).

3 Results

3.1 Influence of deformation on microstructure

3.1.1 Influence on present phases

First, XRD analyses (Fig. 2) show the presence of
different phases after casting such as n, T, S which are
mainly composed of Zn, Mg and Cu. But also the presence
of Al;CuyFe intermetallic phase. After solution treatment
at 474 °C during 1 h, most of the n peaks disappear which
means a large dissolution of this phase. Some enriched
Zn-Mg-Cu remain after solution treatment but with a
small amount. And insoluble Al;Cu;Fe intermetallic
particles are still present. After HPT deformation, all
peaks are still exhibited and no other appears, which
means that dissolution or precipitation of a new phase
induced by deformation probably did not occur.

As expected, the aluminium peaks of the deformed
ultra-fine grain material are broader than the ones of the
un-deformed coarse grain material. This broadening is
due to the increase of defects introduced during the HPT
intense deformation, namely grain boundaries, sub-grain
boundaries and dislocations [12]. The diminution of some
peaks intensity could the results of fragmentation of
particles down to the nanoscale.

SEM-BSE

As cast

\

n, Tand S

phases

N

Fig. 3 : SEM-BSE image of as cas

4
5 um
—

t Al-Zn-Mg-Cu alloy

SEM-BSE images of as cast alloy (Fig. 3) confirm
the presence of the different phases revealed by the XRD
pattern. Image on Fig. 4(a), after solution treatment shows
the un-dissolved intermetallic particles. SEM-BSE
images after deformation (Fig. 4(b)) shows only a limited
fragmentation of these intermetallic  particles.
Quantitative measurements reveal that the average
intermetallic particles size evolved from 0.76+0.01 pm to
0.55+0.02 um. And that the surface fraction is stable.

oo B n (
Fig. 4 : SEM-BSE images of Al-Zn-Mg-Cu alloy after solution
treatment (a) and after deformation by HPT (b)

3.1.2  Nanostructure intense

deformation

formation by

The STEM-HAADF images of Fig. 5(a) and (b)
recorded in the un-deformed material (after quenching
from solution treatment and natural ageing) shows a sub-
grain boundary on which some heterogeneous
precipitation occurred. A higher magnification image
(Fig. 5(c)) allows to visualize Al3(Sc, Zr) dispersoids and
to distinguish some very small precipitates which can be
identified as GP-zones thanks to previous works [13—15].

After deformation (Fig. 5(d,e,f)) the microstructure
is significantly different. The DF image (Fig. 5(d))
exhibits lots of disorientations, which can be grain or sub-
grain boundaries or even dislocations. The HAADF Z
contrast images (Fig. 5(e,f)) highlight segregation of
heavy elements on these defects but also locally
precipitation. EDS measurements (shown in Table 1)
reveal that segregations and precipitations are enriched in
Zn, Mg and Cu.
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v = 200

Fig. 5 : Dark field (a,d) and HAADF (b, c, ¢, f) images of un-deformed sample (a,b,c) and HPT deformed sample (d, e, f)

of an Al-Zn-Mg-Cu alloy.

Matrix © iPrecipitates o

wt.%
Al 714 05 61.8 0.5
7n 213 0.4 28.9 04
Mg = 138 02 2.6 02
Cu = 50 02 62 0.3
Sc¢ | 00 0.0 0.0 0.0
Zr | 02 031 01 0.3
Fe 0.4 0.1 0.4 0.1

Table. 1 : EDS measurements in the matrix and in precipitates
(heterogeneous precipitation) for the un-deformed sample.

These results show that HPT deformation has a huge
influence on the microstructure, and this can clearly
influence precipitation during subsequent heat treatments.
Before investigating such heat treatments, SAXS analyses
were performed at 25°C to correlate the STEM data with
the size distribution found by SAXS.

3.1.3 Correlation between STEM and SAXS results

The precipitates size distributions were estimated
from SAXS data fitting with a Monte Carlo procedure
similar to that of the McSAS algorithm [10,11]. It has
been performed for both the deformed and undeformed
alloys, and they are presented in Fig. 6. First, these curves
show that both samples contain a population of
precipitates with a size between 0.5 and 1.5 nm, consistent
with GP zones [9].

Precipitate size distribution

=

Precipitates radius (nm)

Precipitate size distribution

(=]
—
Ln

Precipitate radius (nm)

Fig. 6 : Precipitate size distribution estimated from SAXS data
fitting for un-deformed (dashed line) and deformed (full line)
Al-Zn-Mg-Cu alloy.

However, the areas under the curves suggest that
there is a higher volume fraction of these precipitates for
the un-deformed sample. Besides, for this latter material,
another population of precipitates is found with size
between 6 and 14 nm. This size corresponds to the inter-
granular precipitates observed by STEM. For the
deformed sample, this population is also exhibited but
with a much lower volume fraction as compared to un-
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deformed material. Nevertheless, a third population, with
a size distribution between 1.7 and 4 nm, is also exhibited
but only in the deformed sample. This is consistent with
the precipitates observed on defects by STEM.

These first results show that deformation by HPT
leads to a nano-structuration of the structure with high
level of defects like grain boundaries, sub-grain
boundaries and dislocations. The deformation leads to
precipitation of Zn, Mg and Cu closely related to their
segregation on the defects. A different precipitate size
distribution as compared to un-deformed alloy is then
achieved. This change could modify the alloy behavior
during heat treatment. Indeed, it is well known that high
density of defects usually leads to faster diffusion and
decreased nucleation barrier. In previous works,
precipitation sequence was changed or accelerated during
heat treatment after severe plastic deformation [9,16]. The
observed segregations could also have an influence during
heat treatment.(ZH: 1 do not see description for Fig.7
before Fig.8.)

3.2 Alloys behaviour during heating ramp
DSC curves (Fig. 8) show clearly a different

behaviour during annealing in continuous heating
conditions between deformed and undeformed samples.
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Fig. 8 : DSC curves of un-deformed (dashed line) and deformed

(continue line) of Al-Zn-Mg-Cu alloy during a temperature ramp
of 20°C/min

Indeed, for the wun-deformed sample, the
precipitation sequence during 20°C/min ramp is
decomposed in several steps: Dissolution of GP-zones
(~100°C), then, formation of 1’ precipitates (~170°C) and
evolution of 1’ in stable 1 precipitates (~200 to 300°C).
Finally, there is dissolution of precipitates between 320
and 450°C [15,17,18]. In the deformed sample, the GP-
zones dissolution appears at lower temperature, the
precipitation of mn’ also occurs at lower temperature
(~80°C) and all the following transformations are
gathered within the same exothermic peak (excepted for
dissolution of precipitates). This shows a diminution of
precipitation temperature followed by an acceleration of
the precipitation kinetics. Indeed, the precipitation

—_
o

Precipitate size distribution —
2
N
=

A 150°C

iV 0.43nm

=
o
=

15
Precipitate radius (nm)
(d) 220°C
- .
2
=
=
Z
8 1.2-11nm
= P
z
5: ’.,‘
: ——— e
0 1 10 15

Precipitate radius (nm)

Fig. 7 : Precipitate size distribution estimated from fitting SAXS data for un-deformed (dashed line) and deformed (full line) Al-Zn-Mg-

Cu alloy at different temperatures during a ramp of 5°C/min
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completion is around 300°C for the un-deformed sample
and around 250°C for the deformed sample.

It can be noted that the area of the first endothermic
peak, corresponding to the GP-zones dissolution,
decreases with the deformation. It also seems to shift
towards lower temperatures (from 120 © C to 100 ° C).
According to [15], this would indicate the presence of
smaller GP zones before annealing. Furthermore, the
decrease in the peak area indicates a decrease in the GP-
zone volume fraction present in the samples deformed by
HPT. Thus, the deformation induces a decrease in the size
but also in the volume fraction of GP-zones. The
segregations observed after deformation (Fig. 5) could
reduce the quantity of elements available for
homogeneous precipitation and may contribute to this
difference. These results are in agreement with the SAXS
curves at 25°C (Fig. 6) which show a lower volume
fraction of GP-zones for the deformed sample with a
smaller average size.

Then, different temperatures were chosen, and are
indicated in Fig. 8 by arrows, to display SAXS precipitate
distributions. It should be noted that the ramp is not
exactly the same during DSC and SAXS experiments:
20°C/min and 5°C/min respectively.

Precipitate size distribution at 120°C (Fig. 7(a)) for
the un-deformed sample shows a monomodal distribution
with precipitate size between 0.7 and 2.4 nm. So there is
an increase of precipitate size and a decrease in volume
fraction as compared to the distribution at 25°C (grey
curve).

For the deformed sample, there is also a decrease in
volume fraction and in the average size of this smaller
population of precipitates. But the growth rate is lower
and the decrease in volume fraction is more important
(~50% compared to ~35%) than for the un-deformed
sample. Moreover, the volume fraction of bigger
precipitates population (2-14 nm) increases.

At 150°C (Fig. 7(b)), the area under the curve of the
monomodal distribution for the un-deformed sample is
40% lower as compared to 120°C. This shows an increase
in volume fraction. A small increase in average size (~1.5
nm to ~2 nm) is also observed. For the deformed sample,
the behavior is completely different. Indeed, the volume
fraction of smaller population continues to decrease and
that of the bigger precipitates continues to increase.

At 200°C (Fig. 7(c)), the volume fraction and the
average precipitate size continue to increase for the
precipitates of un-deformed sample. For the deformed
sample, the small population of precipitates totally
disappears. The average size of the larger precipitates
population continues to increase but the volume fraction
is now decreasing.

Finally, at 220°C, the precipitate population of un-
deformed sample simply grows (increases in size but not
in volume fraction). Contrarily to the precipitates
population of the deformed sample which don’t grow and
exhibits a decrease in volume fraction.

These results show that in the undeformed sample,
a progressive growth of precipitates occurs during the
temperature ramp with first a decrease in volume fraction
and then a kind of stabilization. For the deformed sample,
there is a rapid loss of the small precipitates balanced by

the formation of precipitates with a wide size distribution
which rapidly decreases in volume fraction certainly
because of the bigger precipitate population (>15nm). The
rapid precipitation kinetics and the wide range of size
precipitates is in agreement with DSC curves, and also
with the lower precipitation temperature.

3.3 Alloys behaviour isothermal
treatment at 100°C.

during

Isothermal heat treatment was carried out on both
samples and the microstructure evolution was followed
both by SAXS and STEM.

[100°c
| 48h

30°C

Precipitate size distribution

Precipitate radius (nm)

Fig. 9 : Precipitate size distribution estimated from fitting SAXS
data for un-deformed and deformed sample, before and after
thermal treatment at 100°C during 48h

Precipitates size distributions (Fig. 9) show a
progressive growth of precipitates after 48h at 100°C for
the un-deformed sample. For the deformed sample, there
are less GP-zones before the thermal treatment, (as
discussed in previous section), and there is a simultaneous
growth of these GP-zones and some precipitates which
can be identified as ’ or 1. A large increase in volume
fraction is also observed for these precipitates contrarily
to the GP-zones volume fraction which is stable during
this treatment.

The STEM images for un-deformed sample (Fig. 10
(a, b, c¢)) after this annealing treatment show
homogeneous precipitation with precipitates size in a
range of 0.5-3 nm and some heterogeneous precipitation
(size 4-10 nm).

For the deformed sample, dark field images (Fig. 10
(d)) show that the grain size is still below the micron size.
HAADF images (Fig. 10 (e, f)) show two populations of
precipitates, one on the defects with a size between 3 and
15 nm, and one inside grains with a size between 0.7 and
3 nm.

These observations are in good agreement with the
SAXS measurements that revealed one population of
precipitates for the un-deformed sample with a size
between 0.4 and 1.5 nm (0.5-3nm for STEM
measurements) and two populations for deformed sample:
0.3 - 3nm for smallest (0.7-3nm in STEM) and 3-10 nm
(3-15nm in STEM). The population of heterogeneous
precipitates observed in STEM for the un-deformed
sample was not seen in SAXS certainly because of its very
low volume fraction.
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Fig. 10 : Dark field (a,d) and HAADF (b, c, e, f) images of un-deformed sample (a,b,c) and HPT deformed sample (d, e, f) of an

Al-Zn-Mg-Cu alloy heat treated by 100°C during 48h

4 Discussion

First, this study shows that deformation by HPT
does not influence the phases present in the alloy,
meaning that there is no deformation induced phase
transformation or total dissolution of another. However,
many microstructural changes are caused by this severe
plastic deformation. Observations by SEM show a
fragmentation of Al;CuyFe intermetallic particles, but it is
rather, limited since fragment sizes are still in the
micrometer range.

Deformation-induced segregations on defects was
observed after HPT, mostly on grain and sub-grain
boundaries and probably along some dislocations. It has
been proposed that this kind of segregation could be
formed by several mechanisms. Dislocations can bring
some solute to grain or sub-grain boundaries when
annihilating. Segregations can also be formed by solute
drag during the migration of a grain boundary [19].
Vacancies are created constantly during deformation and
thus they may give rise as well to non-equilibrium
segregations. Indeed, vacancies annihilate at grain
boundaries which are defect sinks, a flow of vacancies
towards the grain boundaries is then established during
the deformation. If solute-vacancies complexes form, then
vacancies bring solutes to boundaries creating segregation
[20]. In the present case, STEM-EDS revealed such Zn,
Mg, Cu segregations.

STEM images show also some precipitation of Zn,
Mg, Cu localized on defects. It can be the consequence of
solute/defects interaction which increase the solute
diffusion combined with high density of crystalline
defects which decrease the nucleation barrier.

The distribution of solute atoms is therefore largely
influenced by severe plastic deformation, and this can also
have an influence on the following heat treatment or the
thermal stability of the alloy as observed in this study.

Correlation between SAXS, DSC and STEM
measurements allowed to follow the precipitation
mechanisms in this deformed structure and to compare
with the undeformed material subjected to the same
annealing treatments. DSC shows a precipitation that
starts at lower temperature than in the un-deformed alloy
(100°C against 120°C). It also shows that the stages of
precipitation are not anymore sequential but become
simultaneous, leading to a faster precipitation kinetics.
SAXS results confirm this by evidencing a bimodal
precipitates distribution compared to the monomodal one
for the un-deformed sample and also by a larger size of
precipitates and a faster decrease in volume fraction of
precipitates smaller than 15 nm.

The isothermal treatment made at 100 °C during 48
h by in-situ SAXS allows to further evidence this
accelerated precipitation kinetics. In order to understand
why two populations of precipitates are present in the
deformed sample, observations with STEM were
necessary. They show that the population of large
precipitates is mostly localized on grain boundaries after
annealing and the population of smaller particles is inside
the grain. Thus, deformation leads to higher density of
inter-granular precipitation compared to un-deformed
alloy. Intra-granular precipitation still occurs in the
deformed material but in a limited way (lower volume
fraction of small precipitates observed by SAXS and
STEM analyses). This balance can result from the high
density of grain boundaries which generate high density
of bigger precipitates, reducing the amount of solute for
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the intra-granular precipitation. Furthermore, the smaller
size of intra-granular precipitates in the deformed sample
(shown by SAXS and STEM) can also be a consequence
of this lack of available solute.

4 Conclusions

This study allowed to understand first the influence
of deformation on solute distribution in solid solution and
more generally on the microstructure of an Al-Zn-Mg-Cu
alloy. But also the influence of this deformation on
precipitation mechanisms by following the precipitate
evolution using different observation methods. By DSC,
and more specifically to followed precipitates size
distribution by SAXS and the spatial arrangement of these
precipitates thanks to STEM.
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