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a b s t r a c t

The effect of grain microstructure on the age-hardening behavior is investigated on recrystallized and
un-recrystallized Al–Cu–Li alloys by combining electron-backscatter-diffraction and micro-hardness
mapping. The spatial heterogeneity of micro-hardness is found to be strongly dependent on the grain
microstructure. Controlled experiments are carried out to change the pre-strain before artificial ageing.
These experiments lead to an evaluation of the range of local strain induced by pre-stretching as a
function of the grain microstructure and results in heterogeneous formation of the hardening T1
precipitates.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recently developed Al–Li–Cu alloys, such as the AA2198 alloy,
are well suited for high performance aerospace applications as
they exhibit low weight, high strength and good thermal stability
of their properties [1–5]. The thermo-mechanical process applied
to these alloys consists of a series of hot processing stages
(homogenization and hot rolling) followed by solution treatment,
quench, pre-stretching and finally artificial ageing [6]. The grain
microstructure and related crystallographic texture of the alloy
depend on the details of the hot processing stages and are
determined after the solution treatment. These process para-
meters affect the degree of recrystallization [7]. During artificial
ageing, the AA2198 alloy strength increases dramatically through
the precipitation of the T1-Al2LiCu phase. The T1 precipitates form
as high aspect ratio plates lying in the {111}Al planes and nucleate
on dislocations [8,9]. Thus, pre-stretching the alloy is necessary to
favor the formation of the T1 phase [10] and the degree of pre-
stretching has a strong influence on the kinetics of precipitation
and related strengthening [11].

The crystallographic texture of these alloys, together with the
anisotropic nature of the precipitates, is known to result in yield
strength anisotropy [12–19]. However, the texture can also result
in an inhomogeneous distribution of dislocations during the
pre-stretching step thus creating an inhomogeneous hardening
response during ageing treatment [14]. The aim of this paper is to
identify quantitatively the origin of the inhomogeneity of the
spatial distribution of strength by studying its magnitude in an
Al–Li–Cu alloy with two different crystallographic textures.

Un-recrystallized rolled Al–Li–Cu alloys usually exhibit a strong
brass texture 〈112〉 {110} [19,20]. Kim and Lee [14] pointed out that
the uniaxial pre-stretching step resulted in a non-homogeneous
distribution of dislocations depending on the activated slip planes.
As T1 nucleates on dislocations, it then resulted in an inhomoge-
neous distribution of precipitates thus contributing to yield strength
heterogeneity. The link between crystal orientation and precipita-
tion is clear as the nucleation and subsequent growth of T1 strongly
depends on the local dislocation density. However, to date, there
is no quantitative study of the relationship between the range of
precipitation inhomogeneity and the grain microstructure.

In the present work, the inhomogeneity of strengthening will be
studied on two materials with significantly different crystallographic
textures. The first specimen is unrecrystallized and thus has a
pronounced rolling texture with long-elongated grains, while the
second one is recrystallized and thus displays a weak texture with a
distribution of equiaxed grains. We combine electron backscattered
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diffraction (EBSD) with micro-hardness maps in order to investigate
the local relationship between texture and strengthening. The
results are then compared with experiments where the plastic strain
during the pre-stretching operation is varied continuously in a
controlled way. The obtained results are discussed in terms of
inhomogeneity of pre-stretching throughout the grains, inhomoge-
neous precipitate kinetics and thus heterogeneous strengthening
behavior.

2. Material and experimental procedure

Two sheets of AA2198 alloy were provided by Constellium
Technology Center, Voreppe. The first sheet was 5 mm thick with a
fully un-recrystallized grain structure and the second sheet was
1.4 mm thick with a fully recrystallized grain structure. The
samples were first solution treated and water quenched. Right
after quenching, the samples were pre-deformed, in the rolling
direction, to a macroscopic tensile plastic strain of 2.5%. The
samples were then naturally aged for seven days. The artificial
ageing treatment was executed in an oil bath, starting with a
heating ramp of 20 K h�1 to 155 1C, followed by an isothermal
treatment at 155 1C. The samples were quenched into cold water
at different times during the heat treatment and then analysed.
The sample preparation for EBSD and micro-hardness consisted in
a mirror polishing procedure that consisted in gradual grinding
and diamond polishing steps down to colloidal silica (�0.01 μm).

The Vickers micro-hardness measurements were performed on
a Wilson hardness Tukon 1102 fully automatic apparatus. A mass
of 500 g was first used to measure the hardness evolution at
155 1C (indent diameter of 70–100 mm). A mass of 100 g was used
for the hardness mapping (indent diameter of 30–40 mm). The
electron back scattered diffraction (EBSD) measurements were
conducted on a SEM-FEG ZEISS Ultra 55 apparatus. A scanning step
of 1 μm was used for the EBSD acquisition.

Fig. 1a and b displays the inverse pole figure maps measured in
EBSD on the two specimens. Note that these EBSD maps were
acquired on a sample aged 7 h at 155 1C, however since the grain
microstructure does not change during ageing at this temperature it
is representative of the sample state during the pre-straining opera-
tion. The long elongated grains observed in the un-recrystallized
state are typical of the rolling brass texture that prevails in this alloy.
The 〈110〉 direction is observed to be dominant in the rolling plane.
The recrystallized state shows an equiaxed distribution with grain
sizes ranging from �20 μm to �500 μm and an average grain size of
�150 μm.

From now on and for more clarity, recrystallized and un-
recrystallized will respectively be denominated R and UR.

3. Evolution of micro-hardness during aging

The Vickers micro-hardness evolution was recorded during
artificial ageing at 155 1C for both the R and UR materials. In order
to get enough statistics, 20 indents were performed on each
sample. Fig. 2a and b shows respectively the evolution of the
average micro-hardness and its standard deviation for the two
texture conditions. The micro-hardness first drops during the
heating ramp. This phenomenon has previously been attributed
to the dissolution of clusters [10]. The hardening kinetic is then
similar in both cases with a slightly higher peak hardness for the R
condition. The similarity in the hardness evolutions indicates that
the grain morphology and texture has, on average, only a small
effect on strengthening.

However, in contrast to the average hardness, the standard
deviation of the hardness measurements shows a very different

behavior in the UR and R conditions. For early ageing times, similar
standard deviations are observed but the values rapidly differ after
a few hours at 155 1C. For the case of the UR state, the standard
deviation is relatively stable between 1 Hv and 3.5 Hv with no
clear evolution throughout the heat treatment. In contrast, the R
state displays a clear evolution throughout the heat treatment. The
standard deviation first increases to a maximum of �12 Hv after
7 h at 155 1C and then decreases towards the end of the heat
treatment. The standard deviation reached after 7 h at 155 1C for
the R specimen is significant as it corresponds to approximately
10% of the average value. The evolution of the standard deviation
shows a clear effect of grain microstructure on the hardness
dispersion with a much more inhomogeneous distribution of
hardness kinetics in the R sample as compared to the UR state.
The extreme case of 7 h at 155 1C presents the strongest hetero-
geneity and was thus selected for further investigations.

4. EBSD and hardness mapping

EBSD and hardness mapping were conducted on the same
areas on both the UR and R conditions after a heat treatment of 7 h
at 155 1C (see Fig. 1a–d).

The micro-hardness map consists in 20 lines of 24 indents.
The indents were regularly spaced every 100 μm and a load of
100 g was used, resulting in an indent diameter of about 35 μm,
thus generally smaller than the grain size. The distance between
indents was chosen to be large enough in order to avoid un-
desired interactions between the indents' strain fields. Fig. 1c and
d displays the hardness maps, generated from the hardness
measurements, in the form of iso-hardness regions. The average
hardness is found to be 136 Hv and 129 Hv respectively for the UR
and R state. These values differ slightly from one another but
remain in good agreement with the average hardness of 130 Hv
measured previously after 7 h at 155 1C (Fig. 2). As observed
previously, the dispersion in the hardness measurements is
significantly different in both conditions. The standard deviations
are found to be 8.1 Hv and 3.5 Hv respectively for the R and UR
conditions. We find the same trend as for the results of Fig. 2, even
though the difference in dispersion is somewhat smaller in this
second set of measurements. This small discrepancy can be
explained by a larger measurement statistics in the second
experimental dataset, or by the change in indenter load.

While the spatial distribution of hardness seems to follow the
same morphological characteristic as the grain structure, it is not
possible to directly correlate single grains with a corresponding
hardness region. Indeed, the hardness measurement depends on
many parameters such as the presence of grain boundaries buried
below the apparent grain, and the level of plastic strain is not
expected to be completely uniform in each grain. Therefore, to
complete this qualitative comparison, it was chosen in the follow-
ing to quantify the dispersion of plastic strain introduced in the
material during the pre-stretch operation, by the evaluation of the
strengthening kinetics during the precipitation heat treatment as a
function of pre-strain.

5. Discussion

The precipitation of the T1 phase strongly influences the yield
strength of this type of Al–Li–Cu alloys. As the T1 precipitates
nucleate on dislocations, the pre-stretching step is important.
We have shown in a previous study [11] that varying the amount
of pre-strain had a strong influence on the precipitation kinetics,
namely the evolution of precipitate volume fraction and of the
related strengthening was faster, the higher the pre-strain. The
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