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Abstract

The combined strengthening effects of high pressure torsion (HPT) and age hardening
on a recently developed 3 generation Al-Cu-Li alloy was investigated. Solution treated
samples were processed through HPT at room temperature, followed by low
temperature artificial ageing (i.e. T4-HPT-AA). A micro-hardness of ~240 Hv was
achieved on ageing at 110 °C/60h after HPT. A further improvement in the hardness to
~260 Hv was accomplished by a pre-ageing 110 °C/24h before HPT combined with a
post-HPT ageing process at 110 °C for 180h (i.e. T6-HPT-AA). These novel multi-
stage processes give rise to an increase in hardness by a factor of 2 as compared to the
T4 condition (~120 Hv). After HPT the grain size was dramatically refined to the
ultrafine-grained (UFG) structure, accompanied by a large amount of dislocations. No
long-range ordered precipitates were observed after HPT and subsequent ageing
treatments. Instead, atom probe tomography (APT) provided clear evidence that Cu-
Mg co-clusters were homogeneously distributed in the matrix of T4 and T6 processed
samples and they segregate strongly to the grain boundaries (GBs) during HPT. Further
ageing treatment after HPT leads to the segregation of clusters to dislocations. A
strengthening model that incorporates dislocation hardening, grain boundary hardening,
solid solution strengthening and a new short-range order strengthening mechanisms
was used to predict the yield strength of the alloy. This model indicates that the
combined effect due to all three types of Cu-Mg clusters (clustering in matrix,

clustering at GBs and at dislocations) is dominant for the strength in all conditions.



1. Introduction

In recent years, under the increasing demand for fuel efficiency and cost efficiency,
Al-Cu-Li alloys have gained great attention for their uses in the aircraft industry and
aerospace programmes owing to their lightweight combined with a balance of damage
tolerance and good formability [1,2]. In particular, they have recently been employed
in many advanced aerospace applications such as Boeing 777, Airbus 380, NASA space
shuttle in view of their low density, high specific strength and stiffness [3,4]. Such
commercially available heat treatable Al alloys are strengthened by age hardening
through the formation of nanoscale particles in the grains, that inhibit the dislocation
motion [5,6]. Besides, grain refinement can also lead to a significant increase in the
strength of metallic materials. Given this, the fabrication of ultra-fine grain (UFG)
structure through severe plastic deformation (SPD) is an effective method. As one of
the most popular SPD techniques, high pressure torsion (HPT) can produce exceptional
levels of grain refinement and achieve a UFG microstructure with a high dislocation
density [7].

In the past three decades, the formation of clusters and co-clusters were observed in
many Al-based metallic alloys during solution treatment or low temperature ageing [8—
11]. These clusters have been accepted to be the dominant strengthening factor due to
a short-range order strengthening mechanism [8,9]. More recently, the UFG Al-Cu-Mg
(AA2024) [12] and Mg-Gd-Y-Zn [13] alloys processed by HPT showed that the
segregation and clustering of solutes at GBs. Such clusters serve as obstacles to grain
growth and stabilise the nanosized grains via pinning the grain boundaries, providing
an extra strengthening effect in UFG alloys [12,14,15].

To exploit the strengthening mechanisms that contribute to the high strength of HPT-

processed metallic alloys, several detailed models which incorporate the grain



refinement and dislocation strengthening contributions were proposed [16-19]. In
subsequent works, the solute atoms were also considered as part of strengthening
effects, and segregation of solute atoms at grain boundaries was detected in the 7075
and 7136 Al alloys [14,20,21] after SPD processing. On this basis, a physically-based
model incorporating solute clusters and segregation cluster-defect complexes
strengthening was then established by Chen et al. [22], which successfully predicted
the strength of the UFG Al-Cu-Mg alloy. However, this model of cluster strengthening
in the absence of detailed explanations for each indivildual type of cluster
strengthening mechanism, i.e. clusters in matrix, clustering at GBs and dislocations.
Also, there is a number of research works on the dislocation-solute interaction [11], but
little is known about the enthalpy change of clustering at dislocations and amount of
strengthening provided by these dislocation-solute complex structures. Hence, in this
work, the understanding of the strengthening due to clusters on defects is discussed,
and different enthalpy values of different types of clusters are estimated.

Previous studies indicated that the hardness and strength of Al-based alloys can be
substantially improved by HPT processing [7,23-25]. Also, many combinations of
equal-channel angular pressing (ECAP) and ageing have been successfully used to
enhance the strength of Al alloys and especially pre-ECAP solution treatment combined
with post-ECAP low temperature ageing has been applied [26—-30]. No works have been
done to investigate the combination of HPT and age hardening on the Al-Cu-L.i alloys.

Therefore, the present work aims to obtain ultra-high strength Al-Cu-Li material via
the combined effects of HPT and artificial ageing (AA). To reveal the microstructural
evolution, X-ray diffraction (XRD), transmission electron microscopy (TEM) and
Differential scanning calorimetry (DSC) are employed. Also, to analyse the behaviour

of solute clusters in different processing conditions, atom probe tomography (APT) is



used. Finally, a model is applied to evaluate the contributions of strengthening
mechanisms in the strength of the material and predict the strengthening in an Al-Cu-

Li alloy during T4-HPT-AA and T6-HPT-AA treatments.

2. Experimental materials and procedures

An experimental Al-2.88Cu-1.34Li-1.03Mg-0.09Zr (wt%) alloy with a composition
similar to typical 3" generation Al-Li alloys was designed with the aim of retaining or
optimising the critical mechanical properties of the 2024-T351 alloy, which possesses
a yield strength of ~325-350 MPa [31]. The alloy was produced by casting and
subsequent rolling at QinetiQ (Farnborough, UK). The samples were cut into disks of
9.8 mm in diameter and mechanically ground to 0.80 £ 0.3 mm in thickness. 5 turns of
HPT processing was conducted on these disks at room temperature, using a pressure of
6 GPa and a rotation speed of 1rpm. Two different processing conditions were
performed on the samples: (1) Solution treatment + HPT + artificial ageing (i.e. T4-
HPT-AA); (2) Solution treatment + artificial ageing + HPT + artificial ageing (i.e. T6-
HPT-AA). The full details of processing procedures, including ageing temperature and
time are given in Table 1.

Micro-hardness, XRD, TEM, DSC and APT tests were performed on the Al-Cu-Li
alloys in all stages of two processing procedures (T4-HPT-AA and T6-HPT-AA) from
solution treatment to final ageing hardening aimed at revealing the evolution of the
microstructure.

Table 1. The processing details for two processing conditions.

Processing conditions Processing details

T4-HPT-AA SSS (515°C/0.5h) + natural ageing (12h) + HPT + artificial ageing (110 °C/60h)
T6-HPT-AA SSS (515°C/0.5h) + pre-ageing (110°C/24h) + HPT + post-ageing (110°C/180h)




Vickers hardness was carried out on mirror-like polished surfaces by a micro-
hardness tester employing a dwell time 15s and a load of 300 gf. For each processed
sample, five measurements were taken at points half-way between centre and edge of
the disks to provide a realistic average hardness. Five measured positions were
separated by about 0.5 mm to avoid mutual interference between the different selected
points, and the reported hardness for each processed sample is the mean of its five
indentations.

XRD was carried out using a Rigaku SmartLab X-ray diffractometer equipped with
a graphite monochromator Cu Ka radiation at 50 steps per degree and a count time of
1.2s per step. The slit length was chosen as 5 mm. In order to improve accuracy and
reduce errors, the data for each sample were collected by repeating runs. The samples
with a diameter of 4 mm were punched from HPT-processed discs at the peripheral
region (1 mm from the centre). Furthermore, to determine crystallite size and
microstrains, XRD line broadening analysis was performed using the Materials
Analysis Using Diffraction (MAUD) software that is based on the full peak X-ray
profile refinement using the Rietveld method [32,33]. Dislocation density p, defined as
the length of dislocation lines per unit volume (m/m?) can be obtained from the
measured microstrains and crystallite size from [34]:

p= 2v/3<e2>1/2 1)
Do b

Where b is the Burgers vector, equal to 0.286 nm for FCC Al materials, D, is the
crystallite size and € is microstrain.

TEM was conducted on the Al-Cu-L.i alloy using a FEI Talos TMF200S TEM/STEM
operated at 200 kV. The disk samples were mechanically ground down to ~150 um in
thickness first, and smaller disk-shaped samples with 3 mm in diameter were punched

at a position 1 mm from the centre of the disk. The samples were then ion-polished



using Gatan PIPS 11 polishing system through Ar ion beam milling process to obtain a
thin electron transparent TEM sample.

DSC measurements were performed on disc-shaped samples with 6.1 mm in
diameter and 0.6 mm in thickness punched from the periphery of the processed disc
samples using a Perkin-Elmer Pyris Diamond calorimeter. Pure Al samples of similar
mass were used as reference samples. Heating was conducted from -50 °C to 320 °C at
a constant rate of 30K/min. A Huber TC 100 cooler was used, and the nitrogen gas was
purged to provide a protective gas atmosphere.

Needle-shaped specimens for APT analysis were prepared from a thin metal bar with
dimensions of 0.5 mm x 0.5 mm x 10 mm using standard two-step electro-polishing
procedures. APT analysis was conducted using a LEAP 4000 HR at a specimen
temperature of 50 K, a pulse repetition rate of 200 kHz, a pulse voltage fraction of 15%
and a target evaporation rate of 0.5%. The background vacuum level of the analysis
chamber was less than 10® Pa, and the detection efficiency was 36%. The
reconstruction and visualisation of the APT data were performed using Imago
Visualization and Analysis Software (IVAS) 3.6.12 software [35]. Solute-rich features
were identified using the maximum separation method, with Cu and Mg as targeting
clustering solutes [10]. Mg and Cu atoms were identified as clustered/segregated if they

had a separation distance of dmax< 0. 7 nm.

3. Results and analysis
3.1 Micro-hardness measurements

The micro-hardness of Al-Cu-Li alloy samples in T4, T4-HPT, T4-HPT-AA, T6,
T6-HPT and T6-HPT-AA conditions were measured. Fig. 1(a) shows that the micro-
hardness after T4 treatment (i.e. solution treatment for 515 °C /0.5h followed by

quenching and natural ageing for 12h) was ~120 Hv. After 5 turns HPT processing, the



hardness has dramatically increased to ~ 220 Hv, and a continued low temperature
ageing treatment (110 °C/60h) improved the peak-aged hardness further to ~235 Hv.
On the other hand, processing by T6 treatment (i.e. solution treatment followed by
quenching and artificial ageing 110 °C/24h) does not show any improvement in
hardness in Fig. 1(b), compared with the sample that had been processed by T4
treatment. Also, it is obvious that the hardness increases strongly from ~120 Hv to ~210
Hv after processing by HPT. As expected, a further improvement in the hardness to
~260 Hv was accomplished by a pre-ageing (110 °C/24h) before HPT in combination
with a post-ageing (110 °C/180h) process. This gives over twice that of the initial T4-

processed sample (~120 Hv).
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Fig. 1. (a) Vickers hardness of Al-Cu-Li alloy under T4, T4-HPT and T4-HPT-AA,; (b) T6, T6-
HPT and T6-HPT-AA processing conditions.

3.2. Microstructural characterisation
3.2.1. XRD analysis

XRD diffraction spectra in the range of 30°-90° were collected for the samples in
different processing conditions. In Fig. 2(a), diffraction peaks due to the Al-phase are
detected, the observed peaks are dueto (111),(200),(220),(311)and (22 2) at 20

equal to 38°, 45°, 65°, 78° and 82°, respectively. The spectra of the undeformed samples



(i.e. T4 and T6) in addition reveal the presence of additional weak peaks, identified as
S (Al.CuMg) and 6 (Al.Cu) phases. Accordingly, the absence of S and 6 phases in the
other four conditions suggesting that all these precipitates are dissolved in Al matrix
and a supersaturated solid solution forms after HPT processing. Additionally, Al-phase
diffraction peaks remain present and no additional peaks arise after HPT or post-ageing
treatments indicate no new phases are formed due to post-ageing. Besides, the
intensities of Al phase peaks varies with different processing conditions, which
indicates that HPT processing changed the crystallographic texture of the alloys. Fig.
2(b) reveals that HPT processing caused peak broadening, which is ascribed to the
reduction in crystallite size and increased density of lattice defects [36,37].

The crystallite size and microstrain were optimised simultaneously using Rietveld
refinement through profile fitting on the XRD data. Fig. 3(a) shows that the crystallite
size of T4-processed sample is reduced by a factor of 10 during 5 turns HPT processing
at room temperature, and then slightly increases during the subsequent ageing for 60h.
The dislocation densities have an opposite trend: increasing to the highest level of
~3.5x10* m?2 right after HPT, indicates dislocation accumulation during HPT
deformation and gives rise to a high hardness. Subsequent peak ageing treatment results
in a dropping to ~0.8x10%* m=. It is apparent that the changes in crystallite size and
dislocation densities with the consecutive processing conditions T6, T6-HPT and T6-
HPT-AA present almost the same trend as with T4, T4-HPT and T4-HPT-AA

processing conditions, shown in Fig. 3(b).
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Fig. 2. (a) Overview of XRD patterns of the HPT-processed and aged Al-Cu-Li alloys, (b)

enlarged Section of XRD pattern from 37 °C to 46 °C.
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Fig. 3. The crystallite size and dislocation density as a function of different processing
conditions; (a) T4, T4-HPT and T4-HPT-AA, and (b) T6, T6-HPT and T6-HPT-AA processing

conditions.

3.22TEM

TEM dark-field micrographs of samples in the different processing conditions are

shown in Fig. 4(a)-(f), and the corresponding mean grain sizes were estimated by the

line intercept method described in [38]. The undeformed Al-Cu-Li alloys in T4 and T6

conditions have a grain size of 3.0 um and 3.1 um. Fig. 4(d) reveals the presence of

particles with a size of about 250 nm, mainly located at grain boundaries. The



corresponding elemental mapping was conducted by energy dispersive spectrometry
(EDS) detector. It provided further evidence that these particles contain a high
concentration of Cu and Mg atoms, and thus they were identified as S’ phase (Al.CuMg),
the only known precipitate phase that contains Cu and Mg. After 5-turn HPT, grains with
a size of 96 + 6 nm and 115 + 13 nm appear in the microstructure of T4-HPT and T6-
HPT samples, i.e. the grain size has been reduced significantly by HPT processing,
which gives a UFG structure. Fig. 4(e and f) show slight grain growth, compared with
as-HPT condition, indicating grain coarsening during subsequent ageing treatment.
Eventually, further ageing causes a mean grain size of 102 £ 9 nm and 123 = 10 nm in
the T4-HPT-AA and the T6-HPT-AA conditions.

The spherical-shaped particles with a size of ~50 nm were observed throughout all the
samples, i.e. it was present right from the start of the processing and is retained even during
solution treatment, ageing treatment, and HPT processing, as shown in Fig. 4(a)-(f). These
particles were detected to be Zr-rich particles by EDS analysis. Comparison with literature
data on shape and composition of Zr-rich particles in Al alloys [39-41] indicates that these
particles are B’ (AlsZr) phase. The B' phase particles are observed in many Zr-containing
Al alloys after quenching or ageing treatment (see, e.g. [39,41,42]). These particles
stabilise the grain growth, inhibit recrystallisation, and effectively pin the grain and
sub-grain boundaries, thereby helping to improve the hardness and toughness through
influencing grain size and reducing recrystallisation [39]. However, as a very limited
amount of ' phase particles form, they will not contribute much to the strengthening of
the Al-Cu-Li alloy by themselves. Besides these B' phase particles, TEM does not show
any visible precipitates after HPT processing and subsequent ageing treatments.
However, similar processing conditions performed on AA2091 (Al-2.09Li-1.99Cu-

1.55Mg-0.12Zr in wt%) show that fine &' (AlsLi) precipitates exist within the UFGs



after ageing and are responsible for the age hardening [43]. Apparently, the lower
content of Li in our alloy (1.34 wt% Li) compared with AA2091 (2.09 wt% Li) makes
it unlikely to form &' phase. Also, the temperature here (~110 °C) is too low to cause

nucleation of precipitates.
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Fig. 4. TEM dark-field images showing the structural evolution of Al-Cu-Li alloy in (a) T4, (b)
T4-HPT, (c) T4-HPT-AA, (d) T6, (e) T6-HPT (f) T6-HPT-AA conditions.

3.3 Solute segregation and clustering

Fig. 5 and Fig. 6 show the APT atom maps of alloying elements Cu, Mg, Li and
impurity element Si for the samples processed by T4-HPT-AA and T6-HPT-AA
treatments, respectively. The analysed volume of both samples comprises three forms
of solute enriched feature, i.e. at segments of the grain boundaries, at a dislocation line,
and in the grain away from these defects.

Six GBs have been analysed in T4-HPT-AA condition and five GBs have been

analysed in T6-HPT-AA condition, marked with black arrows in Fig. 5(a) and Fig. 6(a).

The typical concentration profile of solutes across the GBs in T4-HPT-AA and T6-

HPT-AA conditions are shown in Fig. 5(b) and Fig. 6(b), which reveals the segregation

of Cu and Mg solutes at the GB in both conditions. The atomic concentration ratio of
segregation of Cu: Mg at the grain boundaries is approximately 1:1. Additionally,

segregation of Cu and Mg solutes at a dislocation was evident in Fig. 5(c) and Fig. 6(c),

the Cu: Mg atomic ratio at the dislocation was also ~1. These figures show that the
concentration of Li at the GBs compared with that within the grains are similar, which

implies there is no segregation of Li after HPT and subsequent ageing. A limited



amount of Si was also observed with localised enrichment at grain boundaries (Fig. 5(a)
and Fig. 6(a)).

T4-HPT and T6-HPT samples show less distinct solute segregation of grain
boundary and no solute enriched features related to dislocations, as compared to the
post-ageing HPT conditions. Their atom maps are not shown. In all processing
conditions, Li shows neither enrichment nor depletion at the grain boundaries.

Co-clustering of Cu and Mg atoms in all materials was evident in the APT maps,
shown in Fig. 7(a-f) and identified as clustered/segregated by a separation distance of
0. 7 nm and up to containing 50 solute atoms. T4 and T6 materials show a homogenous
distribution of Cu-Mg clusters throughout the whole samples. After HPT, solute

clusters at GBs were evident in Fig. 7(b and d), which reduce the overall Gibbs free

energy and enhance the thermal stability of grain boundaries [44,45]. During final
artificial ageing treatment, strong Cu-Mg cluster segregation occurs at both GBs and

dislocations (marked with yellow boxes), see atom maps Fig. 7(c and f). A more

detailed examination of atom maps reveals that the detected clusters are distributed
mainly at the GBs rather than in the matrix, having an average Cu: Mg ratio of ~1

obtained from concentration profiles.
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Fig. 5. Atom maps of Al-Cu-L.i alloy processed by T4-HPT-AA: (a) Cu, Mg, Li, Si atom maps.
(b) concentration profiles of solutes across GB and (c) across dislocation.
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3.4 DSC data

DSC curves presented in Fig. 8(a) reveal that several thermal reactions occur during
heating up to 330 °C. APT maps in_Section 3.3 show that the formation of Cu-Mg
cluster after natural ageing and artificial ageing occurred, and no other phase was
observed. The low temperature sections up to 100 °C in both T4 and T6 samples were
found to have no exothermic reactions, which indicates these clusters do not form to
100°C. On further heating, multiple endothermic effects occur in the T4 material from
100 °C to 270 °C. This implies that the clusters dissolve during DSC heating. The
occurrence of 2 endothermic peaks indicates that some of the clusters transform into a
more thermodynamically stable metastable phase or cluster before finally dissolving.
The T6 sample in the thermogram exhibits thermal effects that are broadly similar (Fig.
8(b)), but the first endothermic reaction shifts to a higher temperature compared to T4
sample. Hence, the T6 ageing treatment has increased the thermal stability of clusters
or transformed clusters into more stable structures.

The T4-HPT and T4-HPT-AA samples show no distinct endothermic effect up to

230 °C, indicating that HPT has caused the clusters to transform into a more stable



structure. The APT data indicates that these structures are clusters at grain boundaries
and dislocations. The exothermic effect occurring in these HPT processed samples,
which reaches its peak at about 240 °C, is attributable to recovery and the formation of
precipitate [22,46]. At that stage, the hardness of the material will drastically decrease

and therefore has no direct interest in this study.
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4 Discussion
4. 1 Modelling of strength prediction

In order to investigate the dominant mechanisms responsible for the increase in
micro-hardness of Al-Cu-Li alloys processed by the combination of HPT and ageing
treatments, a model for strengthening is crucial. In this Section, a modified model on
the basis of those developed recently [12,47,48] that include multiple strengthening
mechanisms will be applied to Al-Cu-Li alloys processed by T4-HPT-AA and T6-HPT-
AA conditions. In comparing the model with our experimental data on hardness, an

empirical equation ,, = 3HV (with units HV and MPa) will be used [49,50].

The yield strength of polycrystalline material is related to the critically resolved shear

stress (CRSS) of the grains and the grain boundary strengthening (Aagy,). In the present



model, we will consider five strengthening mechanisms that affect the CRSS of grains
using a linear superposition (see, e.g. [47,48]), which provides:

oy = Aggy, + M(Aty + Atgq + Atgs + (ATsro + AT)) 2
Where g, is the yield strength; Aogy, is strength increase due to grain boundary
strengthening; M is often referred to as the Taylor factor [51,52]; the contribution due
to dislocation strengthening, Aty; the contribution due to solid solution strengthening,
Atg; and cluster strengthening consists of short-range order strengthening, Atsgo [8,9];
and modulus hardening, At,, [53,54]; the intrinsic strength of annealed Al involving
small contribution of Mn, Fe, and Si impurities, At,. As XRD, TEM, and APT all reveal
no precipitates were formed during HPT and post-ageing, the strengthening due to long-
range ordered precipitation will be negligible. The detailed descriptions of each

strengthening mechanism are given below.

4.1.1 Strengthening due to grain refinement

The strengthening due to grain boundaries can be defined as follows :
Ogp = kypd ™ (3)

Where kyp is often termed as the Hall-Petch constant [55]; d is the grain size. x = %
has been applied in coarse-grained metals for investigating the strengthening
behaviours in traditional Hall-Petch relation [56]. kyp = 0.062 MPa/m was taken here,

see Ref [22]. Grain size d was measured from TEM images.

4.1.2 Strengthening due to dislocation strengthening
The strengthening contribution of dislocation is considered to follow the below

relation:



0q = Ma,Gb,/pais (4)

Where a; is a constant taken as 0.3 [12,22], G is shear modulus (26 GPa for Al), b is
burgers vector (0.286 nm for Al) [12,57]; and pq;s IS the dislocation density calculated
by microstrain and crystallite size obtained from MAUD software line broadening

analysis, see Eq. (1) in Section. 2.

4.1.3 Strengthening due to solid solution
The increment of strength due to solid solution strengthening At is given by:

O =MY kjc;-‘ (5)
Where k; signifies the strengthening factor for individual elements and ¢; indicates the
concentrations of the alloying elements in solid solution [58,59], and n is a constant
taken as 1 [52,58]. After calculating the solvus of Cu-Mg clusters using thermodynamic
data on Al-Cu-Mg alloys [8], and a quantitative evaluation of APT raw data, i.e. the
number of Cu and Mg atoms detected within clusters and the total number of Cu and
Mg atoms in the sample. We adopt the assumption that 80% of Cu and Mg atoms are
clustering in samples and only 20% of them stay in the solid solution, signifying only
Li fully contributes to solid solution strengthening. For the present Al-2.88Cu-1.34L.i-
1.03Mg-0.09Zr wt% alloy, converting into atomic percent provides the composition
Al-1.20Cu-5.09Li-1.11Mg-0.03Zr at%. The contribution of Mn, Fe and Si to solution
strengthening are very small, much smaller than those of Cu, Li and Mg, and their small
contribution will be treated as part of intrinsic strength Az,.
4.1.4 New strengthening model due to co-cluster and cluster-defect complexes
The co-cluster strengthening is considered to be due to short-range order strengthening

and modulus hardening. The former has been widely studied and proved to be the



dominant cluster strengthening effect in typical Al alloys [8,9,22]. The work done by
lattice deformation that is caused by co-clusters impedes the movement of dislocations,
and it is equal to the change in energy-related to short-range order per unit area on slip

plans in Al matrix. This gives equation [8]:

Atgro = ys: ° (6)

Where ysro IS the change in energy per unit area on slip plans on the passing of one
dislocation and b is the burgers vector.

Starink and Wang [8] developed a model that provides a detailed calculation
regarding the change in area density of A—B nearest neighbour bonds crossing the slip
plane on the passing of one dislocation, and thus derived a short-range strengthening
equation in which the strengthening is proportional to the enthalpy of formation of the
clusters, AH,_g. The APT atom maps in Fig. 7, show that three types of short-range
order clusters are present: (i) intragranular solute clusters, i.e. clusters in matrix, (ii)
clustering at GBs, (iii) clustering at dislocations. In the present model, we will consider
that all three types have a distinct enthalpy of formation associated with them, and
hence they will each have a distinct strengthening effect. Our new short-range order

clusters strengthening model is then represented as:

AHa_g 4 2

AOsro- matrix = M b V3073 (Va1 +¥B1) (7
AHp p—op 4 2
Adsro-gb = M%gb\/gbng’A,z + ¥B,2) (8)

AHp_B_dis 4 2

Aosro-dis =M == =77 (Vas t ¥B3) ©)

Where AH,_p stands for the enthalpy of A-B clusters in matrix, AHs_g_gp is the
enthalpy of A-B clusters at the GBs and AH,_g_gis Signifies the enthalpy of A-B
clusters at dislocations. y, ; and yg ; defined as the number of A atoms and B atoms

per volume in the clusters of matrix, respectively; y, , and yg , are the number of A



atoms and B atoms per volume in the clusters-GBs complexes, respectively; y, 3 and
yg 3 are the number of A atoms and B atoms per volume in the clusters-dislocations
complexes, respectively.

As the average Cu/Mg ratio in clusters was close to 1, which has been confirmed
by APT data also in accordance with the Cu/Mg ratio estimated by best fitting a
thermodynamic model to data on Al-Cu-Mg alloys [8]. Therefore, the following set of
equations define the interrelation between the compositions of the two main alloying

elements (Cu and Mg):

Ya1 = ¥YBa (10)

Ya2 = ¥YBa (11)

Va3 = VB3 (12)

Ya,total = YBtotal (13)

Hence: Va1t Yaz2 +Ya3=Yp1tVe2t+Yp3 (14)

To investigate the amount of A and B atoms (in our alloys Cu and Mg) clustered on

the GBs (y, , and yg ;) and dislocations (y, 3 and yg 3), we consider A and B located

around the grain boundary and dislocation as a plane and a cylinder, respectively. Grain
boundary density can then be calculated and with the aid of concentration profiles of
APT, so that y, , and yg, can be obtained. On the other hand, y, 3 and yg 3 can be
calculated utilising dislocation density measured from XRD and solute concentration
profiles of APT. Besides, clusters induce an elastic modulus which brings an extra
strengthening to Al-Cu-Li alloy [8,9,22,54]. The CRSS caused by shear modulus of

clusters can be approximated as:

Au 1

Ao, =M 2
med = (4my/2)

fz (15)



Where f is the total volume fraction of the clusters, Au is the difference in shear
modulus between clusters and their surrounding metallic phase. Ay = 3.4 GPa was used

for strengthening due to Cu-Mg clusters [22].

4.2 The limitations of the Rietveld method/ misfit of solute atoms

The Rietveld method uses line broadening to determine crystallite size and
dislocation density. For analysis, the method assumes that polycrystals contain crystals
(grains) separated by grain boundaries with dislocations in the grains. The method
analysis of XRD data indicates that artificial ageing (AA) treatment after the T4-HPT
and the T6-HPT materials decreases the dislocation density in the materials (see Fig.3).
However, this result is most likely inaccurate because i) APT data shows that the further
artificial ageing treatment causes Cu and Mg atoms to cluster at dislocations, which is
not considered in the Rietveld analysis method; ii) the hardness of the materials
increases after AA treatment whilst APT shows no indication of a known hardening
reaction that could compensate for the reduction in dislocation hardening.

It is thought that rather than a reduction in dislocation density, in fact, Cu and Mg
clustering at dislocations during the final ageing stage reduces the local nanostrains. In
the Al-rich phase, the atomic radius of Mg is larger than Al whilst Cu is smaller than
Al. Cu and Mg atoms segregate around dislocation will find atomic sites more suited to
their radii. Cu and Mg atoms will preferentially move to these positions because it
reduces the free energy of the sample (e.g. this positioning reduces local strain fields).
Thus, they can effectively reduce nanostrains, causing a narrowing of the diffraction
peaks. The Rietveld analyses such a narrowing diffraction peak, finds a lower
microstrain and ascribes it to a lower density of defects (e.g. dislocations). Hence, the

dislocation density then should be unaltered.



We can now assume that the dislocation density after HPT remains unaltered during
subsequent low temperature ageing in the strength model. In support of the above
interpretation, it is noted that in published works on post SPD ageing of Al and its alloys,
generally no reduction in dislocation density was reported for the low artificial ageing
temperature applied in this work [12,15]. Instead, reduction in dislocation density was

reported in AA6069 during ECAP processing at 170 °C [60] and in AA7036 during

ECAP processing at 200 °C due to annihilation of dislocations [61].

4.3 Estimating enthalpy of Cu-Mg clusters at dislocations
AH,_g was identified as 34.5 + 0.5 kJ/mol using calorimetry data on coarse grained

Al-Cu-Mg alloys [8] and AHa_g_gp, Was determined as 50 + 5 kJ/mol using data on

UFG Al-Cu-Mg alloys [62]. Ageing of the HPT processed materials does not alter the
clustering at the GBs to any detectable extend, and instead the formation of clusters at
dislocations is the main change that is observed. This indicates that the formation of
dislocation-cluster complexes causes the largest decrease in free energy, i.e. it suggests

that AHp_g_gis > AHp_p—gb > AHa_g . In the analysis of AHA_g_g4;s We could attempt

to consider from dislocation elastic energy aspect. Dislocations in a crystal increase the
elastic energy of the material predominantly due to elastic lattice distortion. However,
clustering of Cu and Mg atoms around a dislocation can be very effective in reducing
the elastic energy due to size effects of Mg and Cu atoms. The expression for elastic

energy caused by lattice distortion is [63]:

Gb?
U, =
el ™ 4r(1-v)

lng (1 —v cos?a) (16)
Where Uy, is the elastic energy associated with a dislocation, G is shear modulus, 26
GPa was taken to use here, b is burgers vector, v is Poisson's ratio, 0.3 was used for Al

alloy, r,, is the core radius of the dislocation (r,= 2b), @ is a geometrical factor that



represents the angle between the burgers vector and the dislocation line. For screw
dislocation, a = 0; for edge dislocation, « = n/2, R is the outer radius of dislocation or

dislocation spacing can be determined by:

1
R = pais 2 (17)

Where pg;, is dislocation density, R = 100 nm (valid for a dislocation density 1x 10*

m2, which is typical for HPT processed Al-Cu-Mg type alloys).

The free energy change of the dislocations-containing lattice due to clustering of Cu
and Mg atoms around dislocations can be calculated by assuming that the change in
elastic energy is the dominant factor the clustering can effectively dissipate all of the
elastic energy due to the dislocation. The total enthalpy changes due to clustering near
the dislocation will be the sum of the change due to the elastic strain field plus the
change due to near neighbour Cu-Mg interactions. From the above we may thus

conclude that a good approximation for AH,_g_q4is = 165 kJ/mol.

4. 4 The combination of multiple strengthening mechanisms
The values of the parameters involved in the strength prediction model are all derived

from either the experimental results presented in Section 3 or literature data. A list of

parameters is shown in Table 2. The relation between Vickers hardness and yield
strength is approximate HV = % where C is a constant that is often taken as ~3, see
Refs [49,64]. In our strengthening model, the equation of o, ~ 3HV is taken for

assessment, where the unit of HV has converted into MPa for easy comparison. The
results of the model predictions are illustrated in Fig. 9. The corresponding values of

each strengthening mechanism are listed in Table 3. The yield strength of six processing




condition groups is given, and each group represents the comparison of the yield
strength predicted by strengthening model and the strength measured from hardness
results. The graph shows a good correspondence between the strength predicted by the
model and the measured strength from Vickers hardness for T4, T4-HPT, T4-HPT-AA,
T6, T6-HPT processed samples. Among the model predictions for total strength, only
the prediction of strength of T6-HPT-AA sample is substantially outside the typical
accuracy of 4%, and it is most likely due to the estimation of AH,_g_g4is Value. This
analysis shows that grain boundary strengthening is still the crucial mechanism for
HPT-processed materials, but it accounts for only ¥ of the total strength. The Cu-Mg
clusters contribute substantially to the strength in all conditions. The combined effect
of all three types of clusters due to short-range order mechanism is dominant for all
conditions studied, with less than 8% of the modulus strengthening effect. Therefore,

the whole clusters in total have the strengthening larger than grain boundaries.

Table 2. Parameters used in the strengthening prediction model.

Parameters Values Refs
M 2.6 [51,52]
kyp 0.062 MPa/m™ [65]
Aty 10 MPa [51,52]
a, 0.3 [50]
G 26 GPa [50]
K¢y 10 MPa/at% Cu [52,58]
Kug 6 MPa/at% Mg [58,66]
K;; 6 MPa/at% Li [67]
n 1 [66]
Ccu 1.20 at% See Section 4.1.3
Cumyg 1.11 at% See Section 4.1.3
CLi 5.09 at% See Section 4.1.3
b 0.286 nm [51,52]
AH, g 34.5 kJ/mol [8]
AH,_g_¢B 50 kJ/mol [12]
AH p_g_gis 135 kJ/mol See Section 4.3
C 3 [49]
Ap 3.4 GPa [22]
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Fig. 9. Comparison between yield strength measured from strengthening model and micro-

hardness tests.

Table 3

Measured strength (MPa) by Vickers harness and strength (MPa) caused by different
strengthening mechanisms in six processing conditions.

Conditions Hv

Op Ogp Opgis Oss OSRO-matrix Omod OSRO-gb  OSRO-dis
T4 379 26 36 105 89 181 47 0 0
T4-HPT 653 26 197 112 89 106 47 99 0
T4-HPT-AA 705 26 193 112 89 98 47 102 23
T6 381 26 35 9 89 181 47 0 0
T6-HPT 634 26 182 74 89 103 47 102 0
T6-HPT-AA 770 26 183 74 89 104 47 94 35

5 Conclusion

This present experimental work demonstrates the potential for combining grain

refinement with appropriate ageing treatments to achieve an ultra-high strength for Al-

Cu-Li alloy. Two processing conditions were applied to two types of materials: T4-

HPT-AA and T6-HPT-AA. A series of characterisation techniques, e.g. XRD, TEM,



APT and DSC were conducted on the materials with different processing conditions. A
strengthening model was used to evaluate the contributions of different strengthening

effects. The following conclusions are reached:

1. T4-HPT-AA treatment of the Al-Li-Cu alloy has accomplished a hardness of
~240 Hv. A further increase in hardness up to ~260 Hv was achieved through
pre-HPT ageing at 110 °C/24h and post-HPT ageing at 110 °C/180h, i.e. T6-HPT-
AA. This gives rise to more than twice the hardness of the sample that had
undergone T4 heat treatment.

2. The grain size of T4 and T6-processed samples were significantly refined (by a
factor of ~10) during HPT deformation, resulting in an UFG structure with grain
size of ~80 nm and ~115 nm, respectively. This UFG structure was retained during
subsequent artificial ageing at 110 °C/60h in T4-HPT-AA and 110°C/180h in T6-
HPT-AA conditions.

3. Homogeneously distributed Cu-Mg clusters were observed throughout the T4 and
T6 samples. During HPT process, the Cu-Mg clusters segregate strongly at the
UFG grain boundaries of T4 and T6 materials, and segregation of solute co-cluster
at dislocations was revealed during final artificial ageing at 110 °C.

4. The assessment of strengthening mechanisms has shown that all three types of
short-range order strengthening due to clustering contribute to the high strength
of HPT-processed Al-Cu-Li alloy.

5. 5 out of 6 predictions show a good correspondence between measured and

predicted values.
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