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Highlights
e Lightweight AA2099(AI-Cu-Li) exhibits a thermal stability comparable or even higher than
other Al-Cu alloys specifically developed for high temperature applications.
e Overaged AA2099 showed high residual hardness and tensile strength, suggesting its
potential use in high temperature (yet lighter) automotive components.
e STEM investigations revealed the superior thermal stability of the T1 phase (typical of Al-

Cu-Li alloys) compared to 9 and S.

Abstract

The thermal stability of the lightweight, T83 heat treated 2099 Al-Cu-Li alloy was assessed in the
temperature range 200-305°C, through both hardness and tensile tests. After prolonged overaging,
the alloy exhibited a better performance compared to aluminium alloys specifically developed for
high temperature applications, with the advantage of a considerable lower density. The tensile
behaviour was modelled through Hollomon’s equation as a function of residual hardness. The

changes in the alloy performance were explained through both SEM and STEM investigations.
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Microstructural analyses gave evidence of Ostwald ripening, while fractographic analyses revealed
a transition from an intergranular to a ductile fracture mechanism in the overaged alloy. STEM
investigations highlighted the superior thermal stability of the T1 phase compared to 9 and S
strengthening phases, which dissolved during overaging at 245°C. The study underlines the need to
enhance the formation of T precipitates when high temperature strength is required. The results of
the present study suggest that the 2099 alloy is a very promising candidate for automotive engine

components, which are extremely demanding in terms of both thermal resistance and lightweight.
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1. Introduction
The 2099 Al alloy belongs to the third generation of Al-Li alloys, which are high performance and
lightweight materials. Lithium exhibits the lowest density among metals, equal to 0.534 g/cm?,

hence it significantly contributes to a density reduction of the alloy. The substantial influence of Li



addition in density reduction was at first underlined by Peel et al. [1] in the empirical formula to
calculate Al alloy densities (Equation 1).

p (g/cm®) =2.71 + 0.024Cu + 0.018Zn + 0.022Mn - 0.01Mg - 0.004Si - 0.079L.i

Equation 1: Empirical formula to evaluate the density of Al alloys; atomic symbols represents the concentration of the element in wt%. The benefit of
Li addition is clearly visible [1].

Another relevant aspect is that Li increases the Young’s elastic modulus of the alloy (around 6%
increase due to 1wt% Li addition [2]). Combined with the possibility to use conventional
production processes, the enhancements in specific strength and stiffness have made Al-L.i alloys a
competitive alternative to more conventional aluminium alloys (such as those of the 6XXX and
7TXXX series) for structural applications in the aerospace field [3—7], due to the consistent
improvements in payload and fuel efficiency.

Rioja et al. [2,8] offered a comprehensive review on the microstructural and technical issues which
finally lead to the development of the complex third generation of Al-Li alloys. Starting from the
first generation, a significant enhancement in fracture toughness has been achieved thanks to both a
specific balance in chemical composition and a simultaneous optimization of the thermo-
mechanical processing. To obtain the maximum benefits in terms of mechanical properties, Al-Li
alloys need to be processed to the T8 condition (solution, quench, cold stretch, artificial aging), the
key point being the generation of the desired texture and sub-structure to make the precipitation
more effective and uniform [9,10]. Cold deformation, in fact, induces a dislocation network which
acts as nucleation site for co-precipitation of strengthening intermetallics (mainly Cu and Li based);
the result is, therefore, both a refinement of precipitates microstructure and a reduction in
precipitation at grain boundaries, which is deleterious in terms of toughness [2,11]. Together with
an increased Cu/Li ratio, T8 heat treatment promotes the formation of the T1 (Al2CuLi) phase at the
expenses of &” (AlsLi) precipitates [2,12-16], which offers the maximum strengthening effect and is

more thermally stable. In addition to these strengthening phases, the relevant presence of Cu and



Mg in Al(-Cu)-Li alloys leads to the formation of 6" (Al2Cu), S’ (Al2CuMg) and ¢ (AlsCusMg2)
phases.

Usually, Zr and Mn are also added in low quantities; these elements are known to form AlsZr
(spherical) and Al20CuMns (rod-like shaped) dispersoids, essential to control texture, to pin grain
and sub-grain migration and to inhibit recrystallization, enhancing fracture toughness [2,11,17-19].
Given the opposite microsegregation patterns of Mn and Zr in Al, the joint addition of these
elements is thought to produce a more uniform dispersion coverage, even if recent studies
highlighted a reduction in recrystallization resistance [18].

An overview of the microstructural features of the 2099 Al-Cu-L.i alloy is offered by Rioja et al. in
[2], whose schematic is reported in Fig.1. Further in-depth microstructural investigations are present
in literature, which confirm the abovementioned features and characteristics of both strengthening
precipitates and dispersoids [11,20,21].
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Figure 1: Schematic of Al-Cu-Li 2099 alloy microstructural features, focusing on precipitates and dispersoids [2]. Reprinted under Springer
permission.

Since the “‘80s, several studies have been carried out on T8 heat treated AA2099, due to its
interesting properties for aerospace applications, however there is a substantial lack of studies

focusing on the thermal stability of this alloy. Very few studies, whose aim is mainly linked to the



design of the aging treatment, deal with thermal exposure of AA2099 at medium-high temperature
(that is below 200°C), but little attention has been given to microstructural features [15,20,22,23].
Jabra et al. [24] firstly evaluated the response of AA2099 to prolonged thermal exposure at elevated
temperatures (180°C, 230°C, 290°C), in order to replicate a range of possible thermal
environments. For all the investigated temperatures, a decrease of tensile properties was found,
coupled with an increase of the elongation to failure. Even if the decay of tensile properties showed
a good correlation with residual hardness data, no systematic relationship was determined.
Moreover, up to date, there is a total lack of microstructural investigations on the high temperature
overaging of the AA2099 alloy, which still raises open questions about the thermal stability of its
precipitates, or about which type of precipitates are needed during the aging treatment in case of
high temperature applications.

Further studies are therefore required in order to completely characterise the alloy strengthening
mechanisms and, above all, to evaluate the maximum service temperature the alloy is able to
withstand without a significant strength loss. The study falls within a wider context: the huge
benefits of AA2099 in terms of mass savings make it a potential candidate not only for structural
components in the aerospace field, but also for automotive applications, even for engine
components. The increasingly topical race to boost fuel economy, which today involves car
manufacturers, has not to be neglected. Since automotive applications are extremely challenging in
terms of both specific strength and service temperature, the aim of this study is to evaluate the
possibility to expand the 2099 temperature range of applications. Time-Temperature-Hardness
curves, tensile tests at room and high temperature on peak-aged and overaged samples, and
microstructural investigations through both Scanning and Transmission Electron Microscopy have
been carried out, in order to outline the microstructural modifications which mainly affect the

mechanical behaviour of the alloy.



2. Experimental

The material used in the present study was a 2099 Al-Cu-L.i alloy, provided by Alcoa in the form of
extruded bars with 85mm diameter. The alloy was industrially heat treated according to the T83
condition (which consists of solution treatment, quench, 3% stretching at room temperature
followed by artificial aging). The chemical composition limits of AA2099, provided by the supplier,

are reported in Table 1.

Cu Li Zn Mn Mg Ti Zr Fe | Others, each | Others, tot| Al
2.4-3.0 | 1.6-2.0 | 0.40-1.0 | 0.10-0.50 | 0.10-0.50 | 0.10 | 0.05-0.12 | 0.07 0.05 0.15 Bal.

Table 1: Chemical composition limits [wt%] of AA2099.

In order to assess the thermal stability of the alloy, several specimens (10x15x6) mm? in size,
were cut from the T83 extruded bar. The samples were then subjected to different overaging heat
treatments in the temperature range 200-305°C, the soaking time ranging from 2min up to 168h.
Additional overaging curves at lower temperatures (155-185°C) were added to the analyses, aiming
to determine the maximum temperature the alloy is able to withstand without any loss of properties;
for this purpose, the soaking time was reduced to 24h. During the heat treatments, the temperature
of the samples was controlled by a K-type thermocouple, allowing + 2°C variation of the targeted
temperature. For each time-temperature condition, the residual hardness of the alloy was
determined as the average of 6 hardness measurements, performed on 2 different samples. Brinell
hardness tests were carried out according to the ASTM E 10-08 standard, the indenter being a
hardened steel ball, 2.5mm in diameter, and the applied load being equal to 62.5kg.

The microstructural characterisation of T83 and over-aged alloy was carried out on samples
mechanically ground with SiC papers to 4000 grit and finally polished up to 0.05um colloidal
silica. Chemical etching through Keller’s reagent (95mL H20, 2.5mL HNOs, 1.5mL HCI, 1mL HF)

was then carried out in order to perform Optical Microscopy (OM) analyses, while Scanning



Electron Microscopy (SEM) analyses and Energy Dispersive Spectroscopy (EDS) investigations
were carried out on not-etched samples.

Once the minimum residual Brinell hardness of the alloy has been determined through
overaging curves, the interval between the maximum hardness value (characterising the T83
condition) and the minimum value was divided into 6 equally spaced hardness classes, in order to
study the variation of tensile properties due to thermal exposure. It is in fact widely accepted that
mechanical properties of Al alloys deteriorate during thermal exposure, and a nearly-linear
relationship exists between the softening of the alloy and the decrease of its tensile properties [25].
With the aim to reach the targeted residual hardness for each class, specific overaging heat
treatments were performed on tensile specimens, the time-temperature parameters being selected
according to the previous overaging results. Room temperature tensile tests were then carried out on
both T83 and overaged samples, using a screw tensile testing machine. Test parameters and
geometry of samples were defined according to EN ISO 6892-1: 2009 standard; the strain rate was
set equal to 3.3x103s%; the specific dimensions of the tensile samples are reported in Fig.2.
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Figure 2: Geometry and dimensions [mm] of tensile specimens.

Proof strength (Rpo.2), ultimate tensile strength (UTS) and elongation to failure (A:%) were
evaluated according to EN 1SO 6892-1: 2009 standard; the representativeness of the results was

assured by testing 3 specimens for each class of residual Brinell hardness. To accurately establish



the relationship between the average values of UTS, Rpo.2, A% and residual hardness, the targeted
residual hardness was confirmed by Brinell hardness tests, performed on grip areas of tensile
samples after testing.

In order to completely describe the flow behaviour at room temperature, the true stress—true strain
(o-¢) curves referring to different overaging conditions have been also modelled according to
Hollomon’s equation [26]:

o=Ke"

Equation 2: Hollomon’s law, representative of the behaviour of the alloy in the plastic field, when deformation occurs at room temperature [26].

The strength coefficient K and the hardening coefficient n were evaluated according to ISO
10275:2007 standard, taking into account true stress-true strain data between 2% plastic strain and
the percentage plastic extension at maximum force (Ag). Since the purpose was to outline the
changes in the alloy behaviour due to thermal exposure, K and n values have been modelled as a
function of the residual hardness of tensile samples.

In order to relate experimental results with microstructural changes, SEM analyses of the fracture
surfaces were carried out, using both secondary and backscattered electrons. Finally, to investigate
how the density, size and type of precipitates evolve during overaging, annular dark-field scanning
transmission electron microscopy (ADF-STEM) studies were conducted. Samples were prepared by
grinding the material to 100 um thin foils, which were punched to 3mm discs. The discs were
electropolished using a TenuPol-5 unit and an electrolyte containing 1/3 HNOs and 2/3 CH3OH,
cooled down to —25 °C. The applied voltage was 20V. The ADF-STEM images were acquired on a
JEOL JEM-2100F microscope, operated at 200kV. Samples were imaged both in <001>a and

<112>ai directions for identification of all the phases present.



3. Results and discussion

3.1 Starting material
The as-received alloy was characterised both by OM and SEM-EDS investigations. Representative
OM micrographs, both in the longitudinal and transverse directions, are reported in Fig.3, and
reveal the typical unrecrystallized microstructure of T8 Al-Cu-Li alloys [2,3,11,27,28], with grains

elongated along the extrusion direction.

Figure 3: OM micrographs of the T83 AA2099, after chemical etching by Keller’s reagent: (a) longitudinal and (b) transverse directions.

This morphology is confirmed by SEM investigations on T83 alloy (Fig.4a), which show secondary
phases aligned towards the extrusion direction. Consistent with observations by Ma et al. [11], EDS
analyses reveal that the secondary phases mainly consist of Al-Mn-Fe-Cu, and that brighter areas
are richer in Cu (Fig.4b). Due to the very fine size of coherent precipitates and dispersoids,
characterising the 2099 alloy in the T83 condition, SEM investigations were not able to resolve

other microstructural features.



Element

Element
Al 70.38
Mn 9.03
Fe 13.87
Cu 6.72
Totals 100.00
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Figure 4: SEM-EDS analyses of AA2099 in the T83 condition at (a) low and (b) high magnification, with focus on Al-Mn-Fe-Cu secondary phases.

3.2 Time — Temperature — Hardness curves
The complete overaging curves, obtained in the range 200-305°C for soaking time up to 168h, are
reported in Fig.5a. Lower temperatures (155-185°C) were also investigated for shorter soaking
time, up to 24h, and the results are reported in Fig.5b. To have a more effective comparison with

curves at higher temperatures, also the curve at 200°C was here reported in solid line.
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Figure 5: Overaging curves referring to AA2099; each point is obtained as the average of 6 Brinell hardness values; error bars are representative of
95% confidence interval (#20). (a) Overaging curves in the range of interest (200-305°C) to assess the thermal stability of the alloy. (b) Overaging
curves in the range 155-180°C with a reduced soaking time, aimed to determine the maximum temperature which does not produce softening; part of
200°C overaging curve (solid line) is also reported, to make an effective comparison with the additional overaging curves at 155-185°C (dashed
lines).

Since the softening of the alloy consists of a diffusion-controlled mechanism, the strength loss is
more pronounced and it occurs faster at higher temperatures. Fig.5a, however, reveals that the
thermal stability of the alloy is compromised even at temperatures which are usually considered
relatively low in the automotive field; in fact, the high hardness value in the T83 condition, equal to
164HB, is immediately lost after only 30 min of exposure at 200°C.

The additional overaging curves at lower temperatures, separately reported in Fig.5b, allowed to
determine the maximum temperature that does not significantly affect the alloy strength. It can be
noted that the hardness of the T83 alloy is almost maintained even after 24h of soaking time at
155°C,; it can therefore be stated that no substantial microstructural evolution occurs at this
temperature, since the driving force for the diffusion processes is extremely low. The slight
instability which occurs for short time of exposure at low temperature, barely detectable at 155°C,
is in all probability connected to the little coarsening of &’ precipitates, since the hardness variation

is actually limited and the typical Al-Cu based precipitates (3’ and S) do not tend to coarsen at this
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low temperature. The hypothesis is in agreement with Lin et al. [20], who demonstrated that slight
overaging occurred even with prolonged time (96h) at 152°C, due to little coarsening of &’
precipitates.

Ortiz et al. [22] confirmed that tensile properties remain substantially stable up to 1000h of
exposure at 83°C and 135°C, while a relevant decrease of strength is detected when the alloy is
exposed to 177°C, up to 1000h; the same observation is supported by Romios et al. [23] and Gao et
al. [15], who considered the soaking at 180°C responsible for overaging.

A plateau of hardness, equal to about 70HB is reached when the 2099 alloy is maintained at
temperatures equal to or higher than 260°C, as shown in Fig.5a. Due to its thermodynamically
driven nature, the softening is faster at 290°C and 305°C, temperatures at which 24h is the required
time to complete the microstructural evolution and to reduce the driving force for the coarsening of
precipitates (Ostwald ripening).

Additional SEM analyses carried out on the overaged samples are reported in Fig.6 and gave
evidence of microstructural evolution, which significantly depends on temperature and time of
exposure. The consequences of Ostwald ripening are in fact clearly visible by comparing the SEM
micrographs reported in Fig.4b and Fig.6a-b, obtained with the same magnification. Due to an
increase in temperature (or time) of exposure, a network of coarse precipitates starts to decorate

grain or sub-grain boundaries and finally it tends to cover the matrix itself.

12



EHT = 15.00 kv = . r ] - i = "
Mag = 10.00K X Signal A =QBSD Date 116 Nov 2015 w 2im Mag= 1000k x EHT=1500KY  Signal A=QBSD Date 116 Now 2015 W

WD=80mm  PhotoMo =5350  Time 10:00:42 - WD=80mm PhotoNo. =5341  Time :9:30:00

Figure 6: SEM micrographs of the overaged samples, after 24h soaking time at (a) 245°C and (b) 305°C, same magnification.

The coarsening of strengthening precipitates is unavoidable in heat treated aluminium alloys.
However, in order to enlighten the potentiality of AA2099 in terms of thermal resistance, it is worth
making a comparison with another high temperature resistant Al-Cu alloy, such as the AA2618:
e AA2099 contains Li and its peculiarity it the extremely low density and good mechanical
properties at room temperature, both favouring its main applications in the aerospace field.
e AAZ2618 contains significant amount of Ni and Fe, and it is specifically developed for high
temperature applications in the automotive field.
By comparing the two alloys in the most overaged condition (exposure at 305°C for 168h), it is
worth underlining that the residual hardness of the 2099 alloy (about 70HB) is still higher than that
of the AA2618 (about 60HB, as reported by Ceschini et al. [25]). This result further strengthens the
hypothesis that AA2099 can be suitable for automotive components running at high temperature,

yet exhibiting a lower density.

3.3 Scanning Transmission Electron Microscopy analyses
Along with the T83 condition (164 HB), samples overaged for 24h at 245°C (residual hardness ~
110 HB) and 305°C (residual hardness ~ 70 HB) were selected for STEM analysis, in order to study
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the peak-aged condition and the microstructural changes responsible of the slightly overaged and
heavily overaged conditions. The decision process was driven by the results of the overaging curves
reported in Fig.5a, which show that the 3 selected samples are evenly spaced in the range of
residual hardness investigated in this study. It should be underlined that the hardness plateau equal
to 70HB is reached after just 24h at 305°C, and that hardness does not significantly change by
further prolonging the time of exposure at 305°C. Since hardness and tensile properties are
interrelated, and both strictly connected to microstructural changes, it can be inferred that the
microstructural evolution responsible of overaging already occurred after 24h at 305°C. The latter

condition was therefore considered as representative of the mostly overaged investigated condition.

Fig.7 shows the collected STEM images.

Figure 7: ADF-STEM images of the precipitate microstructure in (a),(d) the T83 condition, (b),(e) overaged at 245°C for 24h and (c),(f) overaged at
305°C for 24h. (a),(b),(c) are acquired along the <001>Al direction and (d),(e),(f) in the <112>Al direction.
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In the T83 condition, the ADF-STEM images (Fig.7a,d) show a fine, rich precipitate microstructure
with Cu-containing phases (S, T1 and 9’ phase) appearing bright and the Li-containing & phase
appearing dark, because the atomic weights of these elements are very different from that of Al.
Apart from T3, all strengthening phases dissolve upon overaging at 245°C for 24h, while T:
continues to exist and grows in thickness (Fig.7b,e). According to Gao et al. [15], just prolonging
the aging time at 200°C to 72h is sufficient to dissolve &’ and 0’, while the T1 and S phases still
remain stable.

Even at the highest overaging temperature considered in the present investigation (305°C) a coarser
distribution of Tz particles is perceivable, as indicated in Fig.7c,f. This aspect confirms that the T1
phase, which contains both Cu and Li, is the main responsible for the remarkable thermal stability
of Al-Cu-L.i alloys. The coarse and incoherent ¢ phase is formed at high temperatures (it is evident
in the alloy overaged for 24h at 305°C, as highlighted in Fig.7e) and does not contribute to
strengthening. In agreement with [33], the cubic structured o phase is usually observed in overaged
Al-Cu-Mg alloys, and it corresponds to the stoichiometric formula AlsCusMgz. It is however
reported in literature [15,34] that cubic o phase might also form in Al-Cu-L.i alloys in different
aging or overaging conditions.

EDS maps were also performed on the most overaged sample, as reported in Fig.8, in order to
combine chemical and morphological analyses and to clearly define the phases still present after
overaging. It is worth to point out that the EDS maps reveal the presence of significant amount of
Cu and Mg coupled with Zn in the cubic phase. The presence of Zn is in agreement with the theory
proposed by Li et al. [34], aiming to explain the formation of ¢ phase in absence of Si or Ag: Zn is
suspected to contribute to its nucleation. According to literature data [15,34], thermal exposure

leads to overaging of all the strengthening precipitates characterising the 2099 Al-Cu-L.i alloy, with
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the exception of the o phase. However, the coarse dimensions of the ¢ phase and its incoherency

with the Al matrix prevent it from providing a consistent strengthening effect.

[001]AI

; ' 500 nm [010]Al [100]Al 4

Figure 8: ADF-STEM image of the precipitate microstructure overaged at 305°C for 24h, acquired along the <001>Al direction (a), and
corresponding EDS mapping of Mg (b), Al (c), TI (d), Mn (e), Fe (f), Cu (9), Zn (h), Zr (i).

3.4 Tensile tests
Based on the hardness interval determined by the overaging curves (roughly equal to 100HB,
between the T83 condition and the minimum hardness value of 67HB, which is reached after 168h
at 305°C), 6 hardness classes were defined for the tensile specimens: peak-aged (164HB), 147HB,

129HB, 112HB, 93HB, 73HB. Among the possible couples of time-temperature conditions to reach
16



the targeted residual hardness values, the choice fell on the heat treatments that last enough to be
accurate, but not extremely time-consuming. The actual residual hardness values were checked on
the grips of tensile samples, after the completion of the tensile tests. The results of hardness and
tensile tests on the specimens belonging to the different hardness sets are reported in Table 2. To
better appreciate the mechanical properties of AA2099 after overaging, Table 3 was added,
reporting the numerical results of tensile tests on overaged AA2618 specimens, carried out by
Ceschini et al. in [25]. Even if AA2618 is specifically designed to resist thermal exposure
[25,29,30], the tensile properties of AA2099 after overaging were always slightly superior than that
of AA2618 [25], even at the lower residual hardness conditions. Again, this is a promising

indication for high temperature applications.

. Actual residual Rpo2 [MPa] | UTS [MPa] Ai[%]
Target[HB] | Overaging | . qness [HB] +26 +2G +25
164 (T83) No overaging 165 619 (£7.2) 635 (+ 4.7) 9.3 (+1.3)
147 6h @ 215°C 150 457 (£1.3) 531 (+5.1) 8.1 (£1.7)
129 24h @ 215°C 135 379 (£2.1) 447 (£2.0) 11 (+2.4)
112 24h @ 245°C 115 263 (+8.2) 388 (+3.3) | 16.6 (+1.5)
93 72h @ 245°C 93 194 (+4.2) 329 (+3.1) | 18.9 (+3.3)
73 24h @ 305°C 75 120 (£3.7) 266 (£9.2) 20.7 (x1.7)

Table 2: Classes of hardness for AA2099 tensile specimens, overaging treatments performed to reach the targeted hardness, actual Brinell hardness
measured after tensile tests and results of tensile tests on the overaged samples (average and standard deviation).

Target [HB] | Overaging ﬁ‘;%ﬂegis[ﬂlg Rpo2 [MPa] | UTS [MPa] A %]
142 (T6) No overaging 142 365 423 4.1
125 24 @ 200°C 126 317 384 5.8
115 10h @ 230°C 116 267 353 6.6
105 120h @ 230°C 104 218 321 6.6
90 3.5h @ 290°C 90 166 279 7.8
80 9h @ 305°C 79 121 245 10.2
70 30h @ 305°C 71 187 231 10.7

Table 3: Classes of hardness for AA2618 tensile specimens, overaging treatments performed to reach the targeted hardness, actual Brinell hardness
measured after tensile tests and results of tensile tests on the overaged samples [25].

The relationships between tensile properties and residual hardness values of the alloy are reported

in Fig.9a. As can be noted in Table 2, negligible differences between targeted and actual hardness
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have been generally detected in the overaged samples. The actual residual Brinell hardness values
were therefore taken into account in order to model the behaviour of the 2099 alloy with residual
hardness. As expected, a well-defined relationship exists between tensile properties and residual
hardness, as also reported by Jabra et al. [24]. In particular, as shown in Fig.9a, UTS and Rpo.
exhibit an exponential decrease in the overaged alloy, while A% shows a logarithmic increase with
prolonged overaging. It is worth to underline the different behaviour of the AA2099 (Al-Cu-Li)
alloy with respect to the AA2618 (Al-Cu-Mg-Ni-Fe) alloy [25], which display, respectively, an
exponential and linear decrease of tensile properties with decreasing residual hardness.

Moreover, for each hardness class, the existing relationship of the average strength coefficient K
and the average hardening coefficient n as a function of the residual material hardness is shown in
Fig.9b. According to the experimental data, the strain hardening exponent is constantly growing for
lower residual hardness, while the strengthening coefficient exhibits an opposite trend; both n and K
follow a nearly linear function of residual hardness. The opposite trend of K and n as a function of
residual hardness can be related to the microstructural modifications induced by the heat treatment
conditions, as explained below.

e The very fine and coherent precipitates characterising the T83 condition (as clearly visible
in Fig.7a) induce the maximum strengthening effect, which is directly translated into high
values for K coefficient); however, these precipitates are not effective one step further the
plastic field has been reached. Above the plastic threshold, the fine and coherent precipitates
are cut according to the Ashby’s model [31]. In case of the AA2099 alloy, given the almost
total absence of secondary phases able to hinder the dislocations motion, deformation
increases without appreciable strain hardening, and the strain hardening exponent is
approximately null. This is confirmed by the almost horizontal trend of the stress-strain

curves referring to T83 condition (reported as blue curves in Fig.10).
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e On the contrary, the strengthening coefficient K progressively decreases for lower residual
Brinell hardness, due to the coarsening of precipitates (whose evidences are reported in
Fig.7b,c). At the same time, the strengthening exponent n is considerably increased due to
the activation of the Orowan’s mechanism [31]. In fact, the interaction between coarser,
incoherent precipitates and dislocations is responsible for the growth of number of

dislocations and their subsequent obstruction to slip.
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Figure 9: (a) Relationship between tensile properties (Proof Strength, Ultimate Tensile Strength, Elongation to failure) and residual hardness of
AA2099; (b) relationship between strength coefficient K, strain hardening exponent n and residual hardness of the alloy. In both plots, each point is
the average value of 3 tensile tests, while the error bars have been set as #2¢.

Processing of the experimental data lead to the implementation of the following formula, which is
able to predict the true stress of the alloy in the plastic field, as a function of the residual alloy

hardness:

Ototiomon = (0.0028HB? + 0.9461HB + 472.57) - £pyq51;c > 10 *HB* ~0.0036HB+0.4855)

Equation 3: Stress-strain model of 2099 alloy in the plastic field, as a function of the alloy residual hardness. The model is based on Hollomon’s law,
the strengthening coefficient K and the strain hardening exponent n being determined from elaboration of tensile tests data.
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The validity of the model is confirmed by the fact that experimental results (dashed line in Fig.10)
appropriately match the curves generated by the model (solid line in Fig.10). Absolute and relative
errors were calculated for all hardness classes, as reported in Table 4. Due to the divergence of the
modelled curves for high values of plastic deformation and in order to make an effective
comparison between hardness classes, the experimental and modelled data were limited to &true<5%.
It is possible to state that, with the exception of the peak aged condition, the maximum absolute
error never reaches 30MPa. The relative error obviously tends to increase for the highly overaged
conditions, due to the lower values of true stress. It is interesting to underline that the 93HB class
exhibits a higher absolute error compared to 112 and 73HB classes and to compare the table to
Fig.9b: the higher error value is mainly linked to the interpolation error in modelling the strain
hardening exponent n. At the same time, it can be also pointed out that errors in K values modelling
are not considerably affecting the modelling results (the low error for 112HB class is obtained

through a nearly perfect interpolation of n value, but poor modelling of K value).

True stress - True strain VS Hollomon Model

700 =~ 164HB - - 147HB
~ -~ 129HB 112 HB

600 Model 164HB Model 147HB
——— Model 129HB Model 112HB

500 - -~ 93HB Model 93HB
- -~ 73HB Model 73HB

True stress o [MPa]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
True strain € [%)]

Figure 10: Actual true stress-true strain curves (dashed lines) compared to modelled curves (solid lines). The last ones have been calculated
according to Hollomon’s equation, therefore data are restricted to the plastic field. K and n parameters have been modelled as a function of residual
hardness values, as reported in Fig.9b.
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8w [ ] s [

Max absolute error [Mpa]

39 27 19 12 23 13
Eqps = max(|0true ;~Fmodet il)
Corresponding relative error [%]
I“Jtrue i~Omodel iI 6,3% 5,7% 4,9% 4,5% 11,9% 9,0%

E‘i"ef -

Otrue i

Table 4: Absolute and relative errors between true tensile data and the implemented Hollomon's model.

Finally, complementary SEM analyses of the fracture surfaces have been carried out on two tensile
specimens, representative of the upper and lower residual hardness conditions: T83 and overaging
for 24h at 305°C. The fracture surfaces of the tensile samples, reported in Fig.11, give evidence of
microstructural changes affecting the alloy behaviour at different residual hardness values. Low
magnification SEM micrograph of the T83 sample (Fig.11a) highlights the presence of shear lips,
confirming the not negligible elongation to fracture (about 9%) reported in Table 2. High
magnification SEM micrographs of the same T83 sample (Fig.11c) reveal a mixture of intergranular
fracture and presence of fine dimples. The observations are in agreement with Lin et al. [20], whose
TEM micrographs report the presence of continuous secondary phases and precipitate-free zone at
grain boundaries, which act as stress concentration sites for crack initiation. The intergranular
fracture mode in the peak-aged condition is also confirmed by others [3,27,32].

Overaging induces significant changes in the fracture mode. The fracture surface appear
considerably deformed even at low magnification (Fig.11b).The high magnification micrograph
(Fig.11d) gives evidence of very fine dimples, which cover the entire surface and which make grain
boundaries no more perceivable. It seems that at peak hardness, the weak points are the grain

boundaries, while in the overaged conditions, the material is weak both grain boundaries and the
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interior of the grains because of the low density of precipitates. According to [20], also slight
overaging (peak-aged condition with additional 48h at 152°C) results in coarsened, discontinuous,
large-spaced grain boundary phases, which can therefore relieve stress concentration at grain
boundaries, improving ductility. The observation is in agreement with our experimental data (Table
2), which highlight the nearly double elongation to fracture of the highly overaged condition,

compared to the peak-aged condition.

h Meg= osx ENT=20008V  Signal A=SE1  Date 2 Feb 2015
WD= 85mm  PhotoNo.=7842 Time 155032 f WD=85mm  PhotwoMo. 7830  Time 154854

. L3 P e
Signal A = SE1 Date :2 Feb 2016
WD=85mm  PhotoNo.=7844 Time :16:01:24 WD= 90mm  PhotoNo.=7840 Time :15:50:09

10 pm EHT = 20.00 kV Signal A=SE1  Date :2 Feb 2016

‘ Mag= 500K X

Figure 11: Low and high magnification micrographs of the fracture surfaces representative of (a), (c) the T83 condition, (b), (d) overaging to 75HB residual
hardness; the significantly different fracture mechanisms is underlined.
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4 Conclusions

With respect to other conventional Al alloys, AA2099 (Al-Cu-Li) exhibits a lower density and a
higher elastic modulus, which provide an excellent specific stiffness at room temperature. The main
strengthening mechanism of this alloy is precipitation hardening; however, similarly to other heat
treatable Al alloys, also AA2099 undergoes coarsening of the strengthening precipitates during high
temperature exposure, which can considerably reduce its performance. This study assessed the
effect of overaging on the AA2099-T83, in the range 200-305°C, highlighting that:

e The lower the hardness, the lower the tensile strength of the alloy. To provide a useful
instrument for the design process, the relation between residual hardness and tensile strength
has been determined, according to Hollomon’s equation in the plastic field.

e The lowest hardness and strength limit of AA2099 are reached after 24h at 305°C and it is
maintained when the soaking time is further prolonged. This limit is comparable or even
higher than that of Al alloys specifically designed for high temperature applications, which
suggests that also 2099 might be suitable for high temperature applications.

e After thermal exposure, the main strengthening mechanism is provided by T1 precipitates.
T phases tend to thicken at high temperatures but they do not dissolve, unlike 9°, d and S
phases, while the formation of the coarse and not strengthening o phase is activated. T1
precipitation has therefore to be enhanced in order to promote the thermal stability of the
2099 Al alloy.

Overaging curves and room temperature tensile tests of overaged samples are the basic step to
evaluate the suitability of the alloy for high temperature applications. Since Al-Cu-Li alloy AA2099
exhibited promising properties after overaging, even better than Al alloys specifically developed for
high temperature applications, it is reasonable that also mechanical properties of AA2099 at high

temperature would be encouraging.
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Future work

Since the mechanical properties at high temperature are the key issue of automotive components

operating at high temperature and the overaging results of AA2099 alloy are promising, the authors

are currently involved in in testing the alloy at high temperature.
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