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This work investigates the modification of the precipitate microstructure induced by laser surface treat-
ments in an AA7449 aluminium alloy in T7651 temper. Microhardness maps in the cross-section below
the laser lines, as well as maps of the precipitate size and volume fraction obtained by Small-Angle X-ray
Scattering, show that a significant precipitate dissolution and coarsening has been induced by the laser

treatment. Integrated modelling is carried out to quantify this effect, including a thermal finite element
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model, a size class precipitation model and a precipitation hardening model. The precipitation model
is calibrated using separate reversion experiments, and then coupled to the thermal and mechanical
models, allowing a quantitative description of the modification of the microstructure.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Laser surface treatments for aluminium alloys have experienced
extensive development in the past 10 years, aiming at modifying
the shape and properties of aluminium components, particularly
in the aerospace industry. Three types of laser treatments have
emerged as practically viable. The first is Laser Shock Peening
(LSP), sometimes simply called Laser Peening [1-8]. It consists of
sending very short athermal laser pulses (a few tens of ns) that
induce a shock wave in the material and result in significant com-
pressive surface internal stresses, which may notably improve the
fatigue resistance of the alloys. The second is Laser Surface Melt-
ing, which aims at melting a small depth of the alloy (typically
10-300 wm) in order to obtain a solute-rich microstructure and
improve the stress corrosion cracking performance of the material
[9,10].

A third technique, which has received less attention, is Laser
Beam Forming, which uses the laser operation as a tool for mod-
ifying the component shape, by the plastic flow that follows the
non-uniform thermal dilatation of the material [11-15]. Such treat-
ments, where the material stays in the solid state, provide an
attractive solution for correcting the distortion of aerospace com-
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ponents, which is often found in thin walls after machining of thick
plates, due to the presence of quench induced internal stresses [16].

Laser Beam Forming (LBF) is a complex process, where the shape
modification of the alloy is the result of highly inhomogeneous,
non-isothermal temperature paths, and depends in detail on the
thermo-mechanical response of the material in a wide range of
temperatures and strain rates. The temperature field induced by
such laser treatments has been modelled by Hu and co-workers
[13]and Jiand Wu [11]. More recently, Labeas [15] has included the
mechanical response of the material to reach a thermo-mechanical
description of the process. However there is little evaluation in the
literature of the effect that this laser treatment may have on the
alloy’s fine scale microstructure, and on the related in-use prop-
erties. Chan and Liang [12] and Geiger and co-workers [14] have
reviewed the influence of LBF on microstructure in aluminium
alloys of the 6000 series (AA6013 and AA6082). They indicate
changes in dislocation density, grain structure, and precipitate
structure. No study is available on the microstructure modifications
in 7000 series aluminium alloys, although they are direct potential
candidates for part distortion correction in aerospace components.

High strength 7000 series aluminium alloys gain their mechan-
ical properties essentially by precipitation hardening [17]. It is
known that the precipitates present in peak strength tempers of
these alloys are very sensitive to a sudden heat input, which can be
for instance met in MIG welding [18], friction stir welding [19] or
electron beam welding [20]. Due to the sudden increase of tempera-
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ture, precipitates can either be dissolved or experience coarsening,
and this can be adequately described by appropriate modelling of
non-isothermal precipitation kinetics [21].

Characterising the evolution of the nanoscale precipitation state
during non isothermal, non homogeneous heat treatments requires
the use of tools which make it possible to perform microstructure
mapping, and which can be performed in situ during customised
heat treatments. Small-Angle X-ray Scattering (SAXS), particularly
when performed with a synchrotron source, is a characterisation
technique compatible with these requirements [22]. It provides a
quantitative measure of precipitate size and volume fraction, can
be applied to microstructure mapping with a spatial resolution typ-
ically in the range of 200 wm, and can be performed during rapid
non isothermal temperature paths.

The aim of the present paper is first to provide a quantitative
assessment by SAXS of the microstructure changes and related
microhardness distribution due to laser treatments performed on
plates of the high strength AA7449 alloy in the T7651 temper. In
order to make the problem simpler, the laser treatments will be
performed on relatively thick plates (5mm), in order to minimise
the sample deformation and therefore to study mainly the thermal
processes related to the laser treatment.

Secondly, SAXS measurements carried out during reversion
experiments (rapid heating of the alloy to a prescribed tempera-
ture) will be performed in situ to assess the material response to
sudden temperature changes. A combined thermal and microstruc-
ture model will then be used to predict the microstructure after
the laser treatment. The model parameters will be adjusted to the
reversion treatments and then applied on the temperature fields
predicted by the thermal model. A simple model for precipitation
hardening will then be applied to the predicted microstructure
maps and compared to the experimental hardness maps.

2. Materials and experimental methods

The studied material is an AA7449 alloy, a wrought aluminium
alloy of the Al-Zn-Mg-(Cu) family. The specific composition of
the received plate, provided by Alcan - Centre de Recherches de
Voreppe (France), was 8.3% zinc, 2.2% magnesium and 1.9% copper
(all in wt%). The as-received temper was T7651, i.e. pre-strained
and over-aged. The industrial ageing treatment consists in a water
quench from the solution treatment temperature, a plastic defor-
mation of about 2%, a few days of natural ageing, and a two step
ageing treatment: 6h at 120°C and 10 h at 160°C.

The laser treatment was applied on the Long/Short Transverse
plane of rolled plates of dimension 170 x 76 x 5 (mm). Five consec-
utive laser lines were performed with a diode pumped solid state
Nd:YAG laser (A =1064 mm), as shown in Fig. 1, in order to investi-
gate the effect of plate heating when repeating the process. At the
end of the first four lines the laser was shut off for 10s to allow
for a distribution of the heat within the plate before proceeding
with the subsequent line. The beam was defocused to a diameter
of 5 mm, the beam power was 3000 W and the velocity of the beam
was 10 mm/s. Within about 3 s after the last line was finished, the
samples were kept in liquid nitrogen until further investigation to
prevent any evolution of the microstructure.

Hardness maps were performed on mirror polished surfaces
using a semi-automatic micro-indenter with a weight of 100g.
Hardness line-scans across the lines on the plate surface (slightly
polished) gave access to the properties of the outermost surface,
while cross-section maps gave access to the in-depth hardness
evolution.

Mapping of the precipitate microstructure in the laser treated
material was achieved using Small-Angle X-ray Scattering. Slices
parallel to the plate surface and of thickness 100 wm were pre-

fe

Fig. 1. (a) Scheme of the 5 laser lines realised on the AA7449 plates (units are in
mm); the circles indicate a pause of 10s to distribute the heat within the plate
before proceeding. (b) Scheme of the FE mesh for thermal modelling.

pared by cutting and mechanical polishing. Line scans were then
performed on these slices across the laser line while recording the
SAXS images with a CCD camera. X-ray measurements were per-
formed on the D2AM/BMO02 beamline of the European Synchrotron
Radiation facility (ESRF), at a wavelength of 1.3A. The accessi-
ble range of scattering vectors was [0.007-0.4] A-1, and the beam
diameter was 200 pum. CCD camera data was corrected for read-
out noise, distortion, flat-field, background noise. It was normalised
using a reference sample and transmission measurements through
calibrated filters.

Reversion experiments were also carried out while measuring
in situ the SAXS images. Samples of originally T7651 temper mate-
rial were inserted in arapid heating furnace and heated in the range
0f200-400 °C with a heating rate of 10°Cs~!. SAXS recordings were
made every 5s during these heat treatments.

3. Results: hardness maps

Fig. 2 shows the hardness maps realised on the lines #1, 3 and
5. Fig. 3 shows in more detail the hardness profiles for the same
lines. The “top” labelled line was measured on the plate surface
after slight mechanical polishing. The other lines were measured
on the plate cross-section.

From these measurements, the heat-affected zone, as defined
by the zone where the hardness is affected as compared to the base
material, can be evaluated to approximately 4-5 mm wide, namely
comparable to the beam size. It is approximately 500 p.m deep. In
this HAZ, the hardness drops by up to 65 HV. The hardness drop is
monotonous as a function of the distance with respect to the beam
centre.

The three lines show qualitatively the same behaviour. How-
ever, one can observe that when going from the 1st line to the line
#5, the minimum drop in hardness is slightly more pronounced.
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Fig. 2. Microhardness maps of the cross sections below the surface of lines 1 (top), 3 (middle) and 5 (bottom). Note that the longitudinal and vertical scales are different.
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Fig. 3. Hardness profiles realised at different depths below the sample surface for the lines #1, 3 and 5.
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Fig. 4. Optical micrograph after etching in orthophosphoric acid of the area below laser line #3. The dashed line denotes the extension of the zone where precipitate loss is
visible on the optical micrograph. The details in figures (a) and (b) show with higher magnification the subgrain structure, and evidence that no significant grain structure

variation has occurred immediately below the laser line.

4. Results: measurement of precipitate microstructures

First, we evaluated the possible changes in grain structure that
could be induced by the laser treatment. Fig. 4 shows an opti-
cal micrograph of the cross-section below the laser line #3, after
mirror polishing followed by immersion in warm orthophosphoric
acid solution (which reveals the coarse precipitates in 7000 series
Al alloys). The micrograph shows that the grain structure is kept
unchanged in all the cross-section, and evidences that no melt-
ing has occurred due to the laser treatment. The irregular nature
of the surface is actually due to milling grooves that were present
before the laser treatment. These grooves appeared visually identi-
cal after the laser treatment. The optical image of the cross section is
lighter below the laser, which indicates that substantial precipitate
dissolution has happened. This is further evidenced by observa-
tions in Scanning Electron Microscopy (Fig. 5), which evidence that
the intergranular and inter-sub-granular precipitates are similar
in the material below the laser beam and far away from it. Since
no melting or change in grain structure has been detected, and no
significant shape change has been recorded, the laser process can
be simplified to a purely thermal process involving changes in the
precipitate microstructure.

Small Angle Scattering spectra have been interpreted in terms of
mean precipitate size using the Guinier radius and in terms of pre-
cipitate volume fraction using the measured integrated intensity,
similarly to [23]. Fig. 6 shows two examples of scattering curves,
one for the base T7651 material, and the other in the heat-affected
zone. The precipitates in the HAZ are observed to be present in

much lower volume fraction, and somewhat larger precipitate size,
as compared to the base material. Fig. 7 shows the line scans corre-
sponding to different depths below the plate surface for the line #3.
The heat-affected zone is characterised by a pronounced decrease
in precipitate volume fraction up to almost full dissolution 100 pm
below the plate surface. This dissolution comes together with a sig-
nificant increase in precipitate size: the radius in the base material
is 52 A, and goes up to 80A just below the beam centre, 100 um
below the sample surface. Note that contrarily to the hardness mea-
surements, it was not possible to obtain SAXS measurements right
on the sample surface.

Now the microstructure and hardness maps can be compared
with each other. Fig. 8 shows the hardness and volume fraction
maps together. It is observed that the two maps fit well together in
terms of spatial extension of the HAZ.

5. Results: reversion heat treatments

Reversion treatments were carried out on the T7651 base mate-
rial in order to provide a quantitative basis for understanding the
material response to a sudden rise of temperature. Two types
of reversion treatments were carried out: a sudden tempera-
ture increase to the prescribed temperature, which was varied
from 200°C to 400°C, and ramp heat treatments at 0.8 and
1.6°Cs~1. Fig. 9 shows the evolution of the volume fraction
and precipitate radius during the reversion experiments. As pre-
viously observed in similar cases (see e.g. [21]), the reversion
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Away from the laser line. -

Fig. 5. Field-Emission Gun Scanning Electron micrographs (in-lens BSE detector) of
the material immediately below the laser line as compared to the base material,
showing that no significant change in grain microstructure and coarse precipitation
has occurred.

behaviour consists in a fast drop of volume fraction followed by
a slower recovery to reach the equilibrium volume fraction at the
temperature of the reversion treatment. During this slow recov-
ery of the volume fraction, extensive precipitate coarsening is
observed to happen. When the temperature of the heat treatment
increases, both the drop in volume fraction and the increase in
volume fraction are more pronounced. The ramp heating results
will be presented in the next section along with the modelling
results.
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I
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6. Modelling the evolution of precipitates

Reversion experiments coupled with a class precipitation model
have been recently shown [24] to be a powerful tool to tune
independently the main physical parameters for the precipitation
process in a material, such as the solubility product, the interfacial
energy and the diffusion constant of the limiting diffusing species.

In this study we used the PreciSo model developed by Perez and
co-workers [25] and previously applied to a variety of microalloyed
steels. For the details about the model implementation refer to [26].

The initial material consists of a T7651 overaged state, with
relatively large precipitates that have a radius of about 5 nm. There-
fore, it can be safely assumed that this initial material mostly
contains the equilibrium 5 phase, and that this equilibrium phase
will remain the dominant one upon increasing the temperature.
Although this phase is well known to contain both Cu and Al atoms,
for the sake of simplicity it was assumed here that the material was
pseudo-ternary (i.e. Cu atoms were counted as Zn atoms) and that
the precipitate composition was MgZn,. The thermodynamics of
this phase in the Al matrix was simply described by a solubility
product, taking into account the size dependent Gibbs Thomson
correction:

XingXzn = Kvigzny (R) = Kiizn, €Xp(Ro/R) (1)
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Fig. 7. Line scans for the precipitate volume fraction and the Guinier radius (calculated from the SAXS curves) realised below the laser line #3.
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Fig. 8. Comparison between the hardness and volume fraction maps obtained below laser line #3.

where Kl‘\’/ngnz = exp ((ASO/kB)— (AHO/kBT)) is the equilibrium
solubility product of the n phase and R, =3(2y$2/kgT) (where y is
the interfacial energy and £2 the mean atomic volume within the
precipitate, assumed to be equal to that of the matrix) is the so-
called capillarity radius. The factor 3 accounts for the number of
atoms in the MgZn, molecule.

Nucleation was made possible in the model when the super-
saturation was large enough (such as after extensive precipitate
dissolution and subsequent change of temperature). The nucleation
rate (applying to the precipitate size class corresponding to the
critical size) was calculated as follows:

dN, . —AG* T
i - NoZB* exp ( kaT ) exp (—?)
where AG* is the energy barrier for nucleation, N, the density of

nucleation sites (=1/£2) and 8*~1 the critical attachment rate. This
duration can be expressed, for one solute i, as:

_ 4ATR2DX¥
i

(2)

(3)

where a is the matrix lattice parameter and X the (atomic) solute
fraction in the matrix. The mean duration 8*1 in the presence of
two species considers the two constituents of the precipitates, Mg
and Zn:

ﬂ*_l _ ﬁil +2ﬂ71 _ a4 1 + 2
- Mg DRI T 47Re2 \ DvgXyy,  DznX3,

In Eq. (2), the second exponential term accounts for the presence
of an incubation period:

(4)

1 2 /
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When calculating the activation barrier for nucleation, we account
for the possibility of heterogeneous nucleation through a tuneable
proportionality factor ope; that can take a value between 0 (no
nucleation barrier) and 1 (homogeneous nucleation):

4 R2y
AG* = ahet§ 5(2)

where S is the supersaturation factor defined by:

(6)

S=1In (Xf,) +2 In (X%,) — In Kz,

(7)

The critical size for nucleation R*, which was also subsequently
the critical radius defining the boundary between the growing and
dissolving classes, is calculated as:

*_RO
R =~ (8)

After accounting for possible nucleation, the behaviour of each of
the precipitate size classes is simply determined by the current
value of the solid solution using a classical growth equation applied
to both diffusing species, e.g. to Mg:

dR _ Dwig Xiig ~ Xwg
&~ R XX, ®)
Mg Mg
The interfacial concentration is determined for each precipitate
class using the solute flux compatibility equation resulting from
the stoichiometric nature of the precipitates, similarly to [21].
The initial precipitate size distribution corresponding to the
T7651 temper was calculated by adjusting a log-normal distribu-
tion of ellipsoids to the SAXS scattering, similarly to [27]. Fig. 10
shows the result of the data fitting by the distribution of ellipsoids.
The resulting distribution had a mean radius of 44.9A, a relative
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Fig. 9. Evolution of precipitate volume fraction (fy) and precipitate radius (Rg) during the reversion heat treatments realised at temperatures ranging from 200 to 400°C.
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Fig. 11. Comparison between the experimental SAXS reversion behaviour and the model results in the temperature range 200-260 °C.

standard deviation of 0.32 and an aspect ratio of 0.39. This distri-
bution was taken as a starting point for the precipitation modelling,
assuming that the precipitates are spherical.

Fig. 11 shows the comparison of the experimental results and
the precipitation model in the temperature range 200-260°C.
Above this temperature no reasonable agreement could be found,
probably due to extensive heterogeneous precipitation at the rever-
sion temperature. Table 1 shows the model parameters obtained
with this fitting procedure. The nucleation parameter was evalu-
ated using separate isothermal ageing measurements that can be
found in [28].

A good agreement is reached for the description of the rever-
sion behaviour, both in terms of precipitate size and volume
fraction. The next step was to model the ramp heating exper-
iments, which are shown in Fig. 12. Using the same set of
parameters, the continuous heating experiments were properly
described, with a continuous decrease of the volume fraction
and a sharp increase of precipitate size after a critical level of
dissolution has happened. Therefore, at this stage the model is

Table 1

able to describe the evolution of the precipitate microstructure
during a sudden rise in temperature, and during continuous heat-
ing. The next step will be to apply this model to temperature
paths predicted by thermal modelling for the laser treatment,
and compare the end microstructures with the experimental
ones.

7. Thermal modelling

The temperature evolution was computed using a laser beam
heat flux model such as presented in [15]. For the finite element
model, the specimen was meshed with SHELL131 elements of the
ANSYS code. It is a 3-D layered shell element with in-plane and
through-thickness thermal conduction capability. The element has
four nodes with up to 32 temperature degrees of freedom at each
node. Ten layers through the thickness of the 5 mm plate were con-
sidered. The mesh was refined in the area near the laser beam, as
shown in Fig. 1b.

Parameters for the precipitation model. Domg and Doz, are the pre-exponential factors for the diffusion constants of Mg and Zn. Qug and Qz, are the activation energies for

these diffusion constants. The other parameters are defined in the text.

Parameter Domg Quig Dozn Qzn Y Opet AS, AH,
Unit m2s! kJ mol~! m2s! kJ mol~! Jm2 - kJ mol~' K1 Jmol-!
Value 1.3e8 85.3 1.3e”7 85.3 0.5 0.3 59.8 15.8
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The heat input was introduced in the finite element model using
the following surface heat flux distribution:

oo (<((5)+(2)))

where AC is the laser absorption coefficient of the irradiated sur-
face, Pis the laser beam power, 1, is the laser beam radius equal to
2.5 mm for all investigated cases, cis a shape parameter of the heat-
flux distribution and x, y, z are the Cartesian coordinates. The above
parameters that are required in the laser beam heat flux simula-
tion model can be divided into three groups: process parameters
(beam power, diameter, scanning velocity and distance from mate-
rial), material parameters (thermal conductivity, heat capacity and
density) and specimen parameters. This third group includes the
specimen geometry but also the material absorption coefficient,
which depends mainly on the material surface state (colour and
roughness). This last parameter is difficult to determine accurately.
For this reason, the temperature distribution for different values
of absorption coefficient between 0.1 and 0.2 were calculated and
the value of the absorption coefficient was evaluated by an inverse
methodology: the experimental precipitation state measured on
the laser treated part was compared to the modelled precipitation
state, resulting from the computed temperature profile.

An example of the evolution of the temperature distribution on
the outer surface of the plate during the 5 successive laser process-
ing lines is shown in Fig. 13. In this case the absorption coefficient
(AC) was chosen at 0.10, which generates a maximum tempera-
ture of ~420°C, in the middle of the laser beam. At first sight, one

c-AC-P
w12

Qx,y) = (10)

can notice an increase of the mean plate temperature between the
firstand the lastlaser lines, from ~25 °C to ~60 °C. This effect will be
seen more clearly in the following figures, where more quantitative
data will be available.

Fig. 14 shows the evolution of temperature at some relevant
locations during the whole laser process: (a) on the surface, in the
middle of laser lines 1, 3 and 5 and (b) for different depths in the
centre of laser line 1. The temperature at a given point rises sharply
when the laser beam approaches. The reached peak temperature,
which lies well above the temperature of the T7651 heat treatment
(160°C), is probably high enough to destabilise the precipitates.
This stage lasts less than 1 s, after which the temperature goes back
to lower values (less than 100 °C) when the laser beam goes away.
Then, new temperature increases can be observed when the laser
beam goes along the next lines.

The mean plate temperature increases during the whole pro-
cess, going from room temperature to ~60 °C. As a consequence, the
peak temperature from one laser line to another is also observed to
rise. There is a high temperature gradient in the depth of the spec-
imen in the near-peak area (see Fig. 15). The temperature profile is
very steep and reaches high values in the top surface (in that case:
374°C), but less than 160°C in the middle of the plate and even
less in the bottom of the plate (5 mm under the top surface). This
gradient decreases and disappears very soon after the peak: in less
than 1s, the temperature is homogeneous throughout the plate.

The same calculations were performed with different absorp-
tion coefficients of the laser beam into the plate, namely 0.125,
0.15 and 0.20, instead of 0.10. An example of the influence of this
parameter is given in Fig. 16. One can notice that the absorption
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Fig. 13. Predicted temperature distributions at the sample surface during the laser processing for the 5 successive lines (1 to 5 from left to right), with AC=0.1.
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Fig. 14. Temperature profiles predicted in different locations of the plate during the laser processing (with AC=0.1). (Left) Surface temperatures in the centre of lines 1, 3
and 5 (right) surface temperature compared with those at depths 2.5 mm (middle of the plate) and 5 mm (opposite surface of the plate) for line #1.
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Fig. 15. Numerically predicted spatial distribution (with AC=0.1) of the maximum temperature experienced in the plate below the lines 1 (top), 3 (middle) and 5 (bottom).
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Fig. 16. Influence of the AC (absorption coefficient) parameter of the model on the
predicted temperature predicted on the plate surface below the centre of line #1.

coefficient plays a very significant role on the peak temperature,
but also on the average plate temperature. For laser line 5 for
instance, the peak temperature varies from 416 °C for AC=0.10 to
785°C for AC=0.20. Such a high temperature would exceed the
material fusion temperature, which is in contradiction with our
experimental observations.

In order to determine the value of this absorption coefficient
more accurately, we applied the thermal fields predicted for differ-
ent values of AC to the precipitation model with the calibration
procedure made above, for a point located 0.5 mm below the
surface in the centre of laser line #3. The microstructure study pro-
vided the precipitate radius in this location (58 A) and the residual
volume fraction (4%) after laser treatment. Fig. 17 shows the pre-
dicted evolution of the microstructure during the laser treatment.
The model predicts a sharp drop of volume fraction during the tem-
perature spike, together with a decrease of the precipitate radius.
The first point corresponds well with the experimental data, and
an absorption coefficient of 0.1 reproduced correctly the final vol-
ume fraction. The second point is actually in contradiction with the
experimental results, since we have seen before that within the
laser lines the precipitate size was actually larger than that of the
base material. This can be understood when looking at the initial
and final modelled precipitate size distributions as shown in Fig. 18.
The model predicts that the precipitate size distribution evolves in
two separate directions, with some precipitates remaining at a size
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Fig. 17. Microstructure evolution (precipitate volume fraction and radius) predicted by applying the modelled thermal profile predicted to the microstructure model, with
the initial state set up for the T7651 temper. Several values of the AC parameter, which result in different temperature profiles, are considered. The experimental point

corresponds to the microstructure measured after laser treatment.

comparable to the initial one, and some very fine precipitates that
nucleate during the last stages of the heat treatment at low tem-
perature. These fine precipitates represent only a small proportion
of the total volume fraction, but shift significantly the measured
precipitate radius. Actually, the SAXS experiments were adjusted
(in terms of the range of scattering vectors accessible) in order to
detect rather large precipitates and were not capable of observing
such small precipitates as the model predicts to form in the last
stages of the laser treatment. Within this limitation, AC=0.1 gives
reasonable results and this value will be considered from now on.

8. Model prediction of the microstructure and properties
maps

The last step of the modelling procedure was to apply the ther-
mal fields predicted by the thermal model with AC=0.1 to the
initial T7651 precipitation microstructure, and compare the end
results with the experimental “precipitation maps” obtained from
the SAXS measurements. Fig. 19 shows such a comparison for the
volume fraction as well as for the precipitate size. For the volume
fraction, a very good agreement is obtained, both in terms of the
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Fig. 18. Precipitate size distributions before the heat treatment (fitted on the SAXS
signal) and after the laser treatment corresponding to the conditions of Fig. 17
(predicted by the microstructure model).

extension of the heat-affected zone, of its shape (width-to-depth
ratio), and in terms of the extension of the precipitate dissolution.
For the precipitate size, the agreement is not good. As discussed
above this is due to the fact that the model predicts some re-
precipitation of very fine scale precipitates in the late stages of laser
operation, which were not detected by the SAXS experiments.

Now that the precipitate microstructure maps are available, it is
possible to apply a precipitation strengthening model to this data
to compare with the microhardness maps. We applied a classical
approach combining shearing and by-passing mechanisms for the
precipitate-dislocations interactions. The details of the model and
how its parameters were fitted with SAXS and yield strength data
along various heat treatments can be found in [28].

Two strategies were applied to model the hardness distribu-
tion through the cross section below the laser line #3. (i) The
strengthening model was applied to the microstructure data mea-
sured by SAXS; (ii) the strengthening model was applied to the
microstructures predicted by the thermal and precipitation mod-
els. Fig. 20 shows the two calculated microhardness maps. The one
calculated using the full model provides a very accurate descrip-
tion of the hardness distribution within the cross-section, whereas
the hardness map calculated from the experimental distribution of
precipitate sizes overestimates the softening due to the laser pro-
cess. This difference is actually the result of the lack of the fine
scale precipitates in the measured microstructure maps, whereas
these precipitates are present in the modelled maps. Thus it is
likely that these precipitates formed during the last stages of the
laser treatment (where the plate is at a temperature close to 70 °C)
are actually present in the microstructure, and help to reduce
the laser-induced softening. It is a limitation of the present study
that we have not an experimental proof of their presence, nor
of their nature. Since these precipitates are likely formed below
100°C, they are certainly Guinier Preston (GP) zones. These parti-
cles could have been detected by a proper SAXS set-up measuring
much wider scattering angles, or by other techniques such as Atom
Probe Tomography. However, one must consider the fact that the
microstructure directly following the laser treatment is not stable
and evolves rapidly at room temperature, which makes it more dif-
ficult to study. In order to account properly for them in the model,
one would have to calibrate separately a precipitation model for GP
zones and apply it to the cooling stage of the thermal path induced
by the laser treatment.

The potential for further reduction of laser-induced softening
by natural ageing has been evaluated after 1 year of natural ageing,
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Fig. 19. Comparison between the experimental and modelled maps for volume fraction and radius of the precipitates below line #3. Note that the scales of the experimental
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Fig. 21. Microhardness profiles measured at different depths below the sample surface for the line #3, in the as-laser treated material (left), and after 1 year of natural ageing
(right).
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as shown in Fig. 21. The hardness at three distances from the plate
surface were measured in the naturally aged plate, and compared
to the values measured on samples kept in liquid nitrogen after the
laser treatment until the hardness measurements. The natural age-
ing actually provides a substantial amount of hardness recovery,
which is consistent with the discussion on the hardness immedi-
ately after the laser treatment. After one year, the maximum level
of observed softening is only of about 30 HV against 80 HV before
natural ageing.

9. Discussion and conclusions

The present study aimed at reaching a comprehensive under-
standing of the effect of a thermal laser treatment on the
precipitate microstructure and resulting properties of a T7651
AA7449 aluminium alloy. By mapping the microstructure and
applying successive models for the temperature fields, their influ-
ence on the precipitate microstructure and the link between this
microstructure and the properties, it has been possible to assess
the extension of the heat-affected zone and to gain insight into the
mechanisms prevailing during the laser treatment:

(i) The very short temperature spike caused by the laser treatment
induces mostly precipitate dissolution, however several lower
temperature processes have been shown to be influential to the
material response. When multiple passes are performed on a
single plate, the average temperature of the plate increases
substantially, which causes a rise in the peak temperature
experienced during the last passes (and in turn increases the
amount of precipitate dissolution). But it also causes the pre-
cipitation of new very fine particles (probably GP zones) in the
dissolved zones of the first passes; additional work is neces-
sary to assess the exact nature and characteristics (size, volume
fraction, hardening potential) of these fine particles.

(ii) The investigated laser treatment results in a very significant
precipitate dissolution in the first 500 wm below the surface,
together with a modification of the precipitate size. Although
the very small precipitates that form during the late stages
of the laser treatment and during natural ageing compen-
sate partly the mechanical loss, this microstructure change
should not be overlooked when applying such treatments to
correct part distortions in aerospace components. Its influence
on various properties such as buckling, fracture toughness or
corrosion resistance should be assessed.

(iii) The microstructure and properties maps can be reproduced by
a fully integrated model including thermal modelling and pre-
cipitation modelling. One limitation of the current integrated
model is that it does not account properly for the precipita-
tion of the fine GP zones upon cooling. Within this limitation,
such an integrated model can be a useful tool for process
optimisation.
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