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ABSTRACT

Crossover aluminium alloys have recently been introduced as a new class of coarse-grained age-
hardenable alloys. Here, we study the evolution of precipitation of the T-phase — Mgs,(Zn, Al)49-
phase — in a 5xxx/7xxx crossover alloy with coarse- and ultrafined microstructures. Both alloys were
examined using differential scanning calorimetry, X-ray diffraction and in situ transmission electron
microscopy. The ultrafine-grained alloy revealed significant different and accelerated precipitation
behaviour due to grain boundaries acting as fast diffusion paths. Additionally, the ultrafine-grained
alloy revealed high resistance to grain growth upon heating, an effect primarily attributed to inter-
granular precipitation synergistically with trans-granular precipitation of T-phase.
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The effect of coarse and ultrafine grains on the T-phase precipitation behaviour in novel alu-
minium crossover alloys was investigated. Thermal stability of ultrafine grains was achieved through

controlled T-phase precipitation.

1. Introduction

To broaden the property profile while simultaneously
improving sustainability [1], crossover alloying emerged
as a promising strategy for research in the field of
aluminium alloys [2]. Such an approach was firstly
developed for a crossover alloy merging the 5xxx and
7xxx [2-5] aluminium alloy systems, and recently, it has
been used to produce new alloys between 6xxx and 8xxx
alloys [6]. In the 5xxx/7xxx crossover system, the T-
phase — Mgs, (Zn, Al)49 — was identified as the harden-
ing precipitate. Although the T-phase of the AI-Mg-Zn
ternary system is already known for decades [7,8], the
scientific interest has been rather low before introducing
the crossover concept. Since then, however, the T-phase
became the focus of intensive research in materials sci-
ence. The T-phase is beneficial when used to inhibit grain

growth or to generate particle stimulated nucleation [4],
or even increase resistance to corrosion and hydrogen
damage [9-11]. The age hardening potential by adding
Cu and/or Ag was investigated, as reported by Stemper
et al. [3,5], as well as by other groups [12,13]. Neverthe-
less, the precipitation sequence in coarse-grained (CG)
Al-based crossover alloys is not yet fully exploited. Sev-
eral groups presented different precipitation sequences
as summarized by Stemper et al. [2]. Cu modifies the
precipitation sequence as proposed by Hou et al. [14]:
supersaturated solid solution (SSSS) — Guinier-Preston,
fully coherent (GPI-zone) — T, fully coherent (GPII-
zone) — intermediate T’, semi-coherent — equilibrium
T, incoherent. Moreover, Tunes et al. [15] found T-phase
surviving upon heavy ion irradiation. Very recently the
resistance of a crossover alloy against irradiation was
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strongly improved by reducing the grain size [16]. Specif-
ically, these ultrafine-grained (UFG) crossover alloys
aimed for applications in extreme environments, the pre-
cipitation behaviour has not been studied in detail so far,
although it is known that a reduction in grain size to
the nanometer scale may significantly change the precip-
itation behaviour [17,18]. The decrease in grain size is
not only affecting the precipitation sequence of a given
alloy, but consequently also its final mechanical proper-
ties [19-22]. The process of precipitation within UFG
regime exhibits variations compared to the CG coun-
terpart. For instance, in cases where precipitates exist
initially, severe plastic deformation (SPD) can result in
the fragmentation or even dissolution of these precip-
itates into the matrix. This effect can lead to a state
resembling a SSSS condition [23]. Conversely, when a
SSSS has no initial precipitates, SPD can induce dynamic
precipitation [24]. Accelerated precipitation kinetics, as
evidenced by Luo et al. [25], highlight an essential dis-
tinction compared to the CG material. This expedited
precipitation phenomenon is attributed to the consid-
erable density of defects adjacent to grain boundaries
(GBs), potentially reaching values of up to 1017 m—2 [26].
Moreover, the intermediate precipitation steps are often
bypassed [17], leading directly to the precipitation of the
equilibrium phase, even at lower temperatures. There-
fore, precipitation sequences known from CG alloys need
to be revised and reinvestigated. This study aims at sys-
tematically closing the knowledge gap in the precipita-
tion behaviour of 5xxx/7xxx crossover alloys in different
grain size regimes. The evolution of precipitates in both
CG and UFG microstructural regimes is herein inves-
tigated through DSC measurements and characterized
using X-ray diffraction (XRD) techniques and in situ
transmission electron microscopy (TEM). A comprehen-
sive evaluation on the overall thermal stability of the UFG
structure is also performed.

2. Materials and methods

The chemical composition of the investigated crossover
alloy is Al-4.9Mg-3.7Zn-0.6Cu-0.2Ag (determined via
optical emission spectroscopy in wt.-%.). The CG
alloys were processed by hot- and cold-rolling from
12mm to 1.5mm, followed by solution heat-treatment
at 465°C/35min and water quenching. High-pressure
torsion (HPT) was carried out under a nominal hydro-
static pressure of 4 GPa for 10 revolutions at a rotational
speed of 10 min/revolution using a disk with 12 mm
height and 30 mm diameter. The investigations reported
in this paper were performed after both the CG and
UFG alloys experienced a storage time of 30 days at
RT. It is important emphasizing that all thermal analysis

experiments were performed at 10°C - min~!.

Differential Scanning Calorimetry was carried out
using a Netzsch 204DSC F1 Phonix device. Nitrogen was
used both as a purge and protective gas (each 20 ml/min).

XRD measurements (Bruker AXS D8 Advance
DaVinci diffractometer operating with Cu Ko radiation)
of fast cooled samples were performed to identify phases
that precipitated. All experiments were performed in
Bragg-Brentano geometry. Quantitative data on phase
fraction was obtained through Rietveld refinement [27]
that was performed using the software package Topas
6 by Bruker. Further details of the Rietveld refinement
process for phase fraction estimation can be found else-
where [28]. In addition, a series of prolonged isothermal
aged specimens were measured to obtain information
about the near-equilibrium state of the phases. All pro-
vided information of phase fraction within this research
is corresponding to wt.-%.

Scanning Transmission Electron Microscopy (STEM)
was carried out using a Thermo Fisher Scientific Talos
F200X electron microscope instrument. Thin foils were
prepared by twin jet electro-polishing using a solu-
tion of 25 vol.-% nitric acid and 75 vol.-% methanol
at a temperature range of —18 to —25°C and a volt-
age range of 12 to 14V. High angle annular dark field
(HAADF), bright field (BF-TEM) and energy-dispersive
X-ray spectroscopy (EDX) measurements were used.
In situ heating was carried out using a micro-electro-
mechanical system (MEMS) and a Protochips Fusion
Select in situ heating/cooling holder with an uncoated
e-chip. Preparation for in situ measurements were car-
ried out according to literature [29]. The material was
heat-treated within a TEM using a linear heating-rate of
10°C - min~1.

Thermodynamic assessments were carried out using
Thermocalc 2023a with database TCALS to determine
the phase fraction of the alloy system upon heating.

3. Results and discussion
3.1. Precipitation sequence

Figure 1(a,b) showing BFTEM images of the CG and
UFG alloy, showcasing the difference in their grain
sizes. The CG alloy reaches an average grain size of
54.6 + 2.6 wm while for the UFG alloy, the average grain
length reaches 294.3 = 109.8 nm and the average grain
width 91.4 &+ 36.6 nm. The precipitation sequence for the
CG and UFG alloy determined by DSC is displayed as
heat-flow signals in Figure 1(c). The CG alloy shows
exothermic peaks at 34, 233, 271, 306 and 445°C and
endothermic peaks at 114 and 385°C. The develop-
ment of precipitates in the CG alloy shares similarities
to findings in experiments conducted by other research
groups [14,30,31]. Defect recovery of the UFG alloy was
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Figure 1. BFTEM images of (a) the coarse- and (b) ultrafined alloy. (c) shows the DSC heat-flow curves of a coarse-grained (blue
continuous line) AIMgCuZnAg crossover alloy after solution heat-treatment (465°C/35 min) and ultrafine-grained (green dashed line)
AIMgCuZnAg crossover alloy. The sample was stored at RT for 30 days. The DSC experiments were performed with a linear heating rate

of 10°C - min~".

not observed, but it may be overlaid by the precipitation
signal in the DSC heat-flow [32].

The first peak at 34°C has been attributed to the for-
mation of G.P. zones [14,25]. Their partial dissolution can
be seen upon further heating to 114°C. G.P. zones have
been shown to enhance the age-hardening behaviour of
the crossover alloy [12], even more pronounced when Cu
and/or Ag is present. [3,33,34].

At 233°C, formation of metastable T”-phase precipi-
tates is expected [14]. A peak at 271°C is not reported
in the literature and is therefore assumed to be related
with the nucleation of metastable T°-phase. It is not clear
from literature whether the shoulder region at 306°C
is anticipated to be the transformation of T”-phase —
T’-phase [14], the transformation of T" — T [35] or
nucleation of T-phase [36,37]. The endothermic peak at
385°C represents most likely the dissolution of small-size
T’-phase particles [14,30]. The dissolution temperature
of T-phase is reported between 430 and 485°C, which
was not clearly observable during the DSC run in our
experiments [38-40].

Reducing the grain size affects the precipitation
behaviour of aluminium alloys [17], but as already men-
tioned, no comprehensive investigation for 5xxx/7xxx
crossover alloys yet are known so far. As can be seen
in Figure 1, the UFG alloy does not show an exother-
mic peak at low temperatures. Since UFG microstruc-
tures are rich in microstructural defects which provide

fast diffusion paths [41], G.P. zones may have already
formed during RT storage time, so that only their disso-
lution becomes visible as an endothermic peak at 110°C.
Such behaviour was also observed in an UFG AA-7075
alloy [42]. The large exothermic peak at 183°C poten-
tially relates to the maximum formation of a metastable
phase. The following shoulder may be the transition to a
more stable phase with its dissolution at higher tempera-
ture. However, no further insight can be derived from the
DSC curves.

It is noteworthy that both the CG and UFG alloys
exhibit similar characteristics. It is quite feasible that
the two exothermic peaks between 200°C and 300°C
in the CG alloy have merged into one major peak at
183°C in the UFG alloy. Additionally, the precipita-
tion temperature is shifted to lower temperatures, indi-
cating higher precipitation kinetics in the UFG alloy,
which can be attributed primarily to accelerated dif-
fusion. As previously indicated, the type of precipi-
tate strongly depends on the Zn/Mg ratio. As reported
in [43,44], when the Zn/Mg ratio is low, only T-phase
precipitates are observed [3,45]. Hence, given the alloy
composition in our study, with a Zn/Mg ratio of 0.72,
we expect to find exclusively T-phase particles. To val-
idate these findings alongside our results and to study
kinetics of the actual precipitates formed, we conducted
XRD measurements at the peaks marked by arrows
in Figure 1.
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3.2. Phase evolution

To identify the precipitated phases, XRD measurements
were performed. After linear heating the samples to the
targeted peak temperatures of 34, 114, 233, 271 and
306°C for the CG alloy and 110, 183 and 233°C for the
UEG alloy, we added an isothermal ageing time of 0, 1,
10 and 100 h, respectively to evaluate kinetics.

The X-ray diffractograms of the CG samples are
shown in Figure 2(a—c). In addition to the diffractograms,
also the standard peak positions of the fcc- Al matrix [46]
and the T-phase [47] are shown. Note that Bigot et al. [48]
observed that the equilibrium T-phase and its precursor

Coarse-grained alloy

exhibit a hardly distinguishable crystal structure. Conse-
quently, XRD does not allow to distinguish between the
precursor and the equilibrium T-phase, but can indicate
that T-phase or precursors are present.

The lower peak temperatures, in particular 34 and
114°C, are not shown in Figure 2, because only reflec-
tions of the Al matrix were observed. They are thus
not displayed in Figure 2. However, with increasing
temperature, reflections peaks of T-phase become more
distinct from 233°C/Oh up to 233°C/100h of isother-
mal ageing. Their increase is marked with black arrows
within Figure 2. This is also the case for 271 and 306°C.

Ultrafine-grained alloy
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Figure 2. X-ray diffractograms of the coarse- and ultrafine-grained crossover Al alloy. The samples were heated with a linear heating rate
0f 10°C - min~" upto (a) 233°C, (b) 271°C, (c) 306°Cand (e) 110°C, (f) 183°C, (g) 233°C, respectively. The plot inin (d) and (h) display the
phase fraction of T-phase as a function of temperature and duration of isothermal ageing of the CG alloy and the UFG alloy, respectively.
Note that the phase fraction was determined by Rietveld refinement. Black arrows pointing out the increase of reflection peaks.



The increasing intensity of T-phase reflexes with increas-
ing temperature and duration can be interpreted as
the progressive formation of precipitates with T-phase
structure.

The T-phase fraction in the CG alloy as a function of
the ageing time is shown in Figure 2(d). When isother-
mal ageing was conducted at 233, 271, and 306°C in the
as-heated conditions (0 h), the phase fractions were mea-
sured to be 3.3%, 4.1% and 3.5%, respectively. After 100 h
of isothermal ageing, the phase fractions at each tempera-
ture were 8.8%, 9.5% and 8.9% indicating an approaching
(quasi-)equilibrium state. This also fits very well to cal-
culated values of 11.3%, 9.9% and 8.6% for the T-phase
fraction from Thermocalc.

The X-ray diffractograms of the UFG material are
displayed in Figure 2(e-g). Similar to the CG alloy, the
UFG alloy shows an intensity increase of reflection peaks
of precipitates with T-phase structure with increasing
temperature and increasing ageing time.

The T-phase fraction in the UFG alloy as a func-
tion of the ageing time is shown in Figure 2(h). Even
in the as-heated state (0h), volume fraction with a T-
phase structure of 1.8%, 3.7% and 7.8% were determined
in the relatively low temperature range of 110, 183 and
233°C. It can be assumed that this observation is due to
the fact that precipitates in UFG-structured materials can
easily form via the benefits of preferential grain bound-
ary diffusion [49]. After 1h at 110°C the phase fraction
increases to 3.1%. When samples are heated at 183°C/1 h
and 233°C/1 h, phase fractions of 9.0% and 9.4% were
observed. Ageing for 10 h leads to an increase of the phase
fraction of the 110°C sample, resulting in 6.3%. Mea-
surements at 183 and 233°C showing 10.3% and 9.6%,
respectively. However, at 100 h of isothermal ageing, all
three samples exhibit again a (quasi-)equilibrium. The
values of phase fraction for 110, 183 and 233°C are 9.1%,
10.0% and 10.5%, respectively.

In summary, XRD measurements revealed, apart from
Al matrix, the sole presence of phases with T-phase struc-
ture in both materials. However, the important question
of the local position of the precipitates in the UFG mate-
rial, at GBs or matrix, cannot be derived from XRD data.
This will be answered by STEM investigations in the next
section.

3.3. Precipitate characteristics

STEM investigations were carried out at 233, 271 and
306°C for the CG alloy and at 183 and 233°C for the UFG
alloy in the as-heated condition, as indicated in Figure 1.
As displayed in Figure 3(a), the investigations at 233°C
revealed for the CG alloy that the main alloying elements
Mg and Zn are present in the T-phase (note that no
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distinction is made between precursors and equilibrium
of the T-phase). The elemental mappings does not clearly
show an enrichment of Cu and Ag within the precipitate
at this state. The morphology appears in a round shape
and shows similarities as reported by Stemper et al. [3].
Only very few elongated precipitates can be found as
shown in Figure 3(a) in the HAADF image. The size of
the particles is in average 6.7 = 0.7 nm.

At 271°C, the incorporation of Cu and Ag within the
T-phase was detected as shown in Figure 3(b). A detailed
examination of the HAADF image reveals that the major-
ity of the precipitates exhibit a spherical morphology. The
presence of Cu and Ag within the T-phase suggests their
potential role in modifying the characteristics and prop-
erties of the precipitates. The particle size increased to
104 £ 1.4 nm.

At 306°C it is visible that Cu and Ag are clearly
involved within the particles (Figure 3(c)). Cu may show
a core/shell tendency, but a more detailed investigation
is needed to fully clarify this issue. The morphology did
not change significantly and their shape is predominantly
spherical, but the size increased to 14.9 £ 5.2 nm.

The analysis of the UFG alloy at 183°C reveals the
formation of elongated T-phase, consisting mainly of the
alloying elemens Mg and Zn, and distributed preferably
discontinuously at GBs (Figure 3(d)). This observation
is an indication that no fully coherent precipitates par-
ticipate in the first steps of the precipitation sequence,
and that increased diffusion along GBs plays an impor-
tant role. A similar UFG structure is also reported in
literature [50,51]. The T-phase thickness (i.e. transverse
length) were measured to be 7.1 & 1.3 nm.

When the sample is heated to 233°C, precipitation
within the matrix is visible in the UFG alloy Figure 3(e).
Precipitation at GBs still occurs discontinuously, but the
elongated T-phase slightly increased in thickness (12.4 £
2.9nm). At both precipitation sites, all alloying elements
are incorporated into the T-phase. Precipitates within the
grains appear to have both elongated and round shapes.

3.4. Thermal stability

Another important question arises regarding the ther-
mal stability of both the UFG structure in terms of grain
growth (recrystallization) and the T-phase precipitates
in terms of growth and dissolution. We investigated this
behaviour using in situ TEM heating experiments. The
results are shown in Figure 4. Upon heating to 230°C,
small precipitates can be seen primarily at GBs, which
is consistent with the results presented in Figure 3. The
UFG microstructure has not changed up to 280°C which
can presumably be attributed to the pinning effect of
T-phase particles on the GBs. At approximately 300°C,
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Figure 3. STEM HAADF and EDX elemental mappings of the coarse- and ultrafine-grained crossover Al alloy. The samples were heated
with a linear heating rate of 10°C - min~! up to (a) 233°C, (b) 271°C, (c) 306°C for the CG alloy and to (e) 183°C, (f) 233°C for the UFG

alloy.

coalescence is noted and precipitates grow in size due
to Ostwald ripening [52]. These particles, as indicated
with an arrow, gradually diminish in size and even-
tually disappearing completely at 346°C. It should be
noted that the volume fraction of T-phase decreases
with increasing temperature (solvus temperature accord-
ing to Thermocalc simulation 450°C). Consequently, the

precipitates partially dissolve, exemplified in Figure 4.
Simulatenously, when T-phase particles are dissolving,
the average grain size of the UFG microstructure is
increasing.

However, the average grain size is still in the UFG
regime. Given the significant amount of energy stored
in GBs [53], UFG alloys are known to be susceptible
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Figure 4. BFTEM images illustrating in situ TEM experiments conducted as a function of temperature on the UFG-AIMgZnCuAg alloy. The
alloy underwent heat treatment using a MEMS heating holder, employing a linear heating rate of 10°C - min~". Images are extracted
from the video file; the scale bar displayed at RT applies to all micrographs.

to grain growth upon minimal heating [54,55]. Dhal
et al. [56] investigated a cryo-rolled AA-2024 alloy and
observed the start of recrystallization at 100°C. Our study
reveals that the grain size of the UFG crossover alloy
remains unchanged up to 280°C and undergoes slow
grain growth at temperatures beyond 300°C. Finally, the
UFG microstructure completely diminishes at 380°C,
showcasing the stabilizing effect of the T-phase particles
on the UFG structure.

4. Conclusion

Coarse and a novel ultrafine-grained AIMgZnCuAg
crossover alloy were investigated and the major dif-
ferences were revealed using DSC, XRD and (in situ)
TEM techniques. Grain size effects on the precipita-
tion sequence were unravelled for an UFG aluminium

crossover alloy for the first time. The grain size affects the
precipitation behaviour and following conclusions can be
drawn:

(1) In both alloys, precipitation is governed by parti-
cles with T-phase structure-type. Isothermal ageing
at different temperatures up to 100 h did not change
their crystal structure.

(2) Kinetics of precipitation is different between CG and
UFG alloys. The UFG alloy reaches equilibrium T-
phase fraction faster and at lower temperature when
compared with the CG alloy. This is most likely due
to fast diffusion at GBs.

(3) While for the CG alloy transgranular precipita-
tion dominates, the UFG alloy is characterized by
discontinuous precipitates at GBs (intragranular)
accompanied by precipitates within the matrix.
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(4) Precipitation of the T-phase at GBs leads to a high
thermal stability reflected by a resistance to grain
growth in the UFG alloy up to 280°C.
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