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A B S T R A C T   

The effect of thermal ageing at 150 ºC on the corrosion behaviour of Scalmalloy® (Al-Mg-Sc-Zr) alloy additively 
manufactured by laser powder bed fusion (LPBF) is reported for the first time. Samples before and after the 
thermal treatment exhibit similar results on cyclic polarisation curves, electrochemical impedance measurements 
in 3.5 wt% NaCl, and tensile and hardness tests. However, electron microscopy characterisation reveals that the 
application of this temperature for sufficient time causes most of the grain limits to be decorated by Al3Mg2 
particles which in turn provokes the sensitization of the alloy to intergranular corrosion processes due to 
microgalvanic coupling.   

1. Introduction 

Metal additive manufacturing technologies allow manufacturing 
parts layer by layer from a three-dimensional digital model. Specifically, 
laser powder bed fusion (LPBF) technology is one of the most employed 
additive technologies for the manufacture of metallic parts. LPBF is 
finding an increasing field of application. The possibilities of using new 
designs, reducing the number of elements or reducing their weight 
attract the interest of strategic sectors such as aerospace. Within this 
sector, great attention has been paid in recent years to develop new 
high-strength aluminium alloys that can be processed by LPBF. This 
need is related to the fact that high tensile strength alloys (7xxx, 2xxx 
and 6xxx series) undergo solidification cracking when processed by 
LPBF [1–6]. As a result, there have been great advances in the devel
opment of new aluminium alloys studied in the literature [1–3]. 

In this context, APWORKS company developed Scalmalloy® 
aluminium alloy specifically to be processed using LPBF technology [7, 
8]. Scalmalloy® is an aluminium alloy that contains between 4.0 and 
4.9 wt% Mg, in addition to Sc, Zr, Si and Mn among other minor alloying 
elements. Among those aluminium alloys that can currently be used 
with LPBF technology, Scalmalloy® is one of the alloys with the best 

mechanical properties [1,3,9], which are mainly related with fine grain 
size and the occurrence of Al3(Sc1− x,Zrx) nanoprecipitates in the 
microstructure [10]. Therefore, the study of this alloy is a hot topic in 
the literature nowadays, being possible to find a growing number of 
works in which its mechanical properties [11–15], microstructure 
[16–19] or applications [20–24] are studied. 

However, the employment of Scalmalloy® in critical aircraft struc
tures is still incipient. In order to promote the use of this alloy, it is 
essential to have more information related to the in-service behaviour of 
parts manufactured using LPBF. In this sense, the scarcity of works 
related to the study of the corrosion behaviour of this material is espe
cially noticeable. With the aim of filling this gap, our group recently 
published a manuscript in which we studied the pitting and intergran
ular corrosion behaviour of Scalmalloy® of both as-built samples and 
subjected to final manufacturer-recommended heat treatment [25]. The 
results obtained in this work show that the as-built samples present a 
good general behaviour against pitting corrosion in 3.5 wt% NaCl so
lutions. From prolonged immersion studies for 15 days, it was concluded 
that small pits of 10–800 nm in diameter were formed, and Mg-Si and Al 
(Fe,Mn) phases were found to be related to pitting. Likewise, the heat 
treatment recommended by the manufacturer to achieve the best 
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mechanical properties and relieve stress, 325 ⁰C for 4 h, did not modify 
this good behaviour against the formation of pits. Moreover, the two 
types of samples are resistant to intergranular corrosion (IGC) according 
to ASTM G67 [26]. 

Another topic that has not been addressed so far in the literature is 
how the in-service behaviour of Scalmalloy® samples is affected after 
working at moderate temperatures for long periods of time. This infor
mation can help to define the framework of use of Scalmalloy®. It is 
known that traditional Al-Mg alloys with a weight percentage of Mg 
above 3.5%, such as 5083, can present problems of intergranular 
corrosion (IGC) and stress corrosion cracking (SCC) when subjected to 
heat treatments between 50 and 200 ⁰C [27–31]. This issue is related to 
the formation, in that temperature range, of the β-phase Al3Mg2, which 
precipitates preferably at the grain boundaries, although it can also form 
on particles rich in manganese [32–34]. The β-phase presents an anodic 
behaviour against the alloy matrix, being dissolved in certain corrosive 
media and thus causing the sensitisation of the material against IGC and 
SCC processes. According to [27], the degree of sensitisation (DoS) de
pends on both the temperature and the duration of the treatment, since 
both variables modify the amount of precipitated β-phase and the con
tinuity of the network they form along the grain boundaries. 

Li et al. [35] studied the susceptibility to IGC of the alloys 
Al-5.8Mg-0.4Mn, Al-5.8Mg-0.4Mn-0.1Sc-0.04Zr, and Al-5.8Mg-0.4Mn- 
0.25Sc-0.1Zr obtained by casting and sensitised with treatments at 
130 ⁰C for 10, 72 and 168 h. These authors found that the addition of Sc 
and Zr improves the performance against the IGC and explained this 
improvement according to various experimental findings. Firstly, the Sc- 
and Zr-containing alloys have a higher relative proportion of low angle 
grain boundaries (LAGB) and lower of high angle grain boundaries 
(HAGB) than Al-5.8Mg-0.4Mn due to Al3(Sc1− xZrx) dispersoids formed 
in the Sc- and Zr-containing alloys. Secondly, Al6Mn particles are more 
likely to be rectangular or cubic shape when formed at HAGB, and 
rod-like when formed at LAGB. Thirdly, rectangular or cubic-shaped 
Al6Mn can provide more heterogeneous nucleation sites for β-phase 
than rod-like shape. Therefore, β-phases find a lower number of nucle
ation sites in the Sc- and Zr-containing alloys because they have a lower 
relative proportion of HAGB and lower content of rectangular or 
cubic-shaped Al6Mn. Consequently, β-phases are more likely to grow 
rather than nucleate at a new place in the Sc- and Zr-containing alloys, 
hindering the formation of a β-phase network along the grain bound
aries. Similarly, Qiu et al. [36] added Sc and Zr to AA5182 (4.53%Mg, 
0.22%Mn, 0.175%Fe in %wt.) by direct-chill casting and applied several 
heat treatments to different samples to modify their microstructure. 
Subsequently, they applied a sensitisation treatment at 175 ⁰C for 20 h. 
The studies performed unveiled an improvement in the resistance to IGC 
by adding Sc and Zr attributed to a high number density of nano-scaled 
coherent Al3(Sc1− x,Zrx) dispersoids which resist recrystallization, and 
maintain a fine subgrain structure. They argue that the character of the 
subgrain structure is critical to prevent the occurrence of continuous 
intergranular Al3Mg2 precipitates during sensitisation. 

Although the manufacturing conditions and microstructures are 
distinctly different, the IGC and SCC problems described in [27–31] for 
conventional Al-Mg alloys could be similarly produced in Scalmalloy® 
parts subjected to moderate temperatures, despite the increased corro
sion resistance that the addition of Sc and Zr appears to provide. This 
possibility has not been studied to date in the literature. For this reason, 
in this paper, which is an extension of the work done in [25], the IGC and 
SCC susceptibility of Scalmalloy® samples subjected to sensitisation 
treatments at 150 ºC for up to three weeks is studied. This study is 
considered of high interest since the results obtained could determine 
the use of this alloy in industrial applications that involve exposure to 
temperatures between 50 and 200 ⁰C, even for short periods of time. The 
microstructures of the samples are characterized by SEM, STEM, X-ray 
analysis (EDS) and chemical attack with ammonium persulfate 
((NH₄)₂S₂O₈). The effect of thermal sensitisation on the mechanical 
properties is studied by tensile and microhardness tests. Likewise, the 

effect of sensitisation on the corrosion behaviour is analysed by cyclic 
polarization, electrochemical impedance spectroscopy (EIS), nitric acid 
mass loss test (NAMLT) to measure the DoS to IGC, and by constant 
strain tests in 3.5 wt% NaCl solution alternate immersion to evaluate the 
susceptibility to SCC. 

2. Material and methods 

2.1. Material 

The Scalmalloy® samples studied were manufactured by LPBF using 
an EOS M290 system using raw metallic powders supplied by Toyal and 
an energy density of 88 J/mm3. A detailed description of the 
manufacturing process can be found elsewhere [19,25]. Table 1 shows 
the X-ray fluorescence (XRF) chemical analysis of the powder, expressed 
in wt% and performed with a BRUKER M4Tornado energy dispersive 
micro-XRF device. 

The samples used as reference in this work, hereafter referred to as 
HT, were subjected to an air heat treatment at 325 ºC for 4 h as post
reatment, in order to optimise their mechanical properties. To study the 
possible sensitisation of the samples as a consequence of the operating 
temperature, HT samples were aged at 150 ⁰C for one, and three weeks 
in a Memmert UF30 furnace. Thus, three kinds of samples are studied: 
heat-treated (HT), heat-treated plus sensitisation at 150 ºC for one week 
(HT1W), and heat-treated plus sensitisation at 150 ºC for three weeks 
(HT3W). 

The study was based on comparing the microstructure, mechanical 
properties, and behaviour against different forms of corrosion of HT and 
aged samples at 150 ºC for one and three weeks. 

2.2. Characterisation 

The microstructural characterisation was performed by scanning 
electron microscopy (SEM) in Hitachi SU1510 and FEI NOVA NanoSEM 
450 microscopes, and energy-dispersive X-ray (EDX) analysis in trans
mission electron microscopy (TEM) using a FEI TALOS F200X devide. 
Electron-transparent samples for TEM were prepared in a FEI Scios2 
DualBeam microscope. The percentages of area occupied by precipitates 
were measured using the software Fiji-ImageJ. In addition, the presence 
of β-phase particles in the samples was analysed by SEM after etching in 
0.4 M (NH₄)₂S₂O₈ with additions of concentrated H2SO4 until pH = 1.2, 
as proposed in [27,28]. 

The mechanical properties were studied by means of tensile tests in a 
Shimadzu AG-X plus 100KN machine according to the ASTM E8/E8M 
[37] method B, and microhardness measurements in an Emcotest 
Duravision 20 durometer following the ASTM E384 [38] and applying 1 
kgf. The strain of the specimens during the tensile tests was measured 
using an extensometer and the displacement of the crosshead. On one 
hand, the extensometer has higher precision but it is removed before 
fracture. This method covers the elastic zone and a portion of the plastic 
zone. On the other hand, the data from the crosshead are less accurate 
than those from the extensometer but they are recorded during the 
whole test. Young’s modulus and yield strength are obtained employing 
the data acquired by the extensometer, due to its higher precision. While 
the tensile strength was measured using the data from the crosshead. 
The elongation and reduction of area were measured in each specimen 
after fracture. Further details about the mechanical tests can be found in 
[19]. In all cases the measurements were carried out in triplicate, pre
senting the average value obtained. 

Table 1 
Chemical composition of Scalmalloy® powder in wt% measured by micro-XRF.  

Al Mg Sc Zr Mn Fe Ti V 

balance  4.702  0.871  0.378  0.690  0.170  0.001  0.048  
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2.3. Corrosion tests 

The electrochemical characterisation was accomplished by recording 
the open circuit potential (OCP) for one hour before the acquisition of 
cyclic polarisation curves and electrochemical impedance spectra. The 
samples tested were previously grinded with SiC paper at 1200 grit and 
the area exposed was 1.0 cm2. Three specimens were measured per 
condition. In all cases, 3.5 wt% NaCl aqueous solutions maintained at 25 
⁰C, an Avesta cell with a three-electrode configuration, a PGSTAT204 
Metrohm potentiostat, and Nova 2.1.4 software were used. A standard 
calomel electrode (SCE, 0.244 V/SHE, 25 ⁰C) and graphite rods were 
employed as reference and counter electrode, respectively. The cyclic 
polarisation curves were obtained with + 0.167 mV/s voltage scanning 
velocity from − 0.01 VOCP until a current of 5 × 10− 4 A was reached, 
when the voltage sweep was reversed. The range of frequency for the EIS 
tests was from 1 kHz to 0.01 Hz, with a perturbation of ± 10 mVRMS 
sinus amplitude around OCP. Five impedance values were registered per 
each frequency decade. Nova 2.1.4 software was used to fit the EIS 
spectra. 

The intergranular corrosion behaviour has been studied by per
forming nitric acid mass loss tests (NAMLT) according to ASTM G67–04 
following the procedure described in [25]. 

Finally, stress corrosion tests were performed according to ASTM 
G47–98 for aluminium alloys [39]. To carry out the test, blocks of ma
terial were manufactured and heat treated to obtain HT, HT1W and 
HT3W samples. These blocks were subsequently machined to obtain 
standardised specimens according to the applicable standard. The tests 
were performed using SCC calibrated proof rings from CORMET testing 
systems, with capacity range from 10 to 25 kN, equipped with micro
switches capable to detect the moment where the samples break. The 
equipment can be seen in Fig. 1. While the samples were loaded, they 
were inside a glass cylinder and subjected to cycles comprising 10 min of 
immersion in 3.5 wt% NaCl and 50 min in air. The system to apply these 
cycles by introducing and removing the corrosive solution in and out of 
the glass cylinders has been designed in our laboratories. The concen
tration of the NaCl solution was monitored during the tests by means of 
conductivity measurements and corrected accordingly when required. 
The tests finished when the samples fail or they reach 20 days without 
failure. 

3. Results 

3.1. Microstructure 

Fig. 2 depicts the 3D microstructure of a cube extracted from an HT 
sample observed by BSE-SEM. The superposition of semispherical melt 
pools formed by equiaxed fine-grained zones (FGZ) at the shell and 
elongated coarse-grained zones (CGZ) in the core is observed. The cross- 
section of the melt pools can be distinguished in YZ- and XZ-planes, 
which are equivalent. Hence, columnar grains are observed in CGZ 
and equiaxed grains in the FGZ. Meanwhile, the microstructure in XY- 

planes is the transversal view of the microstructure described on the 
YZ- and XZ-planes. There are two groups of round grains featuring 
different diameters. The small grains are placed in the boundaries of the 
melt pools and correspond to FGZ and the coarse grains correspond to 
transverse sections of elongated grains in the CGZ inside the melt pools. 
This bimodal microstructure is characteristic of metallic samples man
ufactured using LPBF technology and has already been described for 
Scalmalloy® [25]. A more detailed description of the microstructure can 
be found elsewhere [19,25]. 

Fig. 3 includes BSE-SEM images at different magnifications of the 
three different samples studied. Thus, the images in Fig. 3(a-c) corre
spond to the HT sample. The images in Fig. 3(d-f) correspond to the 
HT1W sample obtained by treating the HT sample in an oven at 150 ºC 
for one week. Finally, the images in Fig. 3(g-i) correspond to the HT3W 
sample, obtained by prolonging the oven treatment at 150 ◦C for three 
weeks. Fig. 3(a-c) show that the microstructure of the melt pools in the 
HT sample has the two separate zones described above: FGZ in the shells 
and CGZ in the cores. 

Comparing the image in Fig. 3(a) with those included in Fig. 3(d) and 
(g), no significant changes are observed between the three types of 
samples. Thus, it has been determined, after measuring around 150 
grains in each sample, that in the FGZ the average grain size is 0.7 
± 0.3 µm for the HT sample, and 0.6 ± 0.2 µm and 0.7 ± 0.2 µm for the 
HT1W and HT3W samples, respectively. In the CGZ the average grain 
size in its longest dimension for sample HT is 6.7 ± 5.7 µm, and 6.4 
± 3.9 µm and 8.6 ± 7.2 µm for samples HT1W and HT3W. Fig. 4 shows 
the analysis of the shape factor obtained for the CGZ grains for the HT, 
HT1W and HT3W samples. It can be seen that the clearly predominant 
shape factors are 2, 3 and 4. That is, a typical grain in CGZ in all three 
sample types is roughly three times longer along the manufacturing 
direction than in the perpendicular direction. Therefore, it can be 
concluded that a heat treatment in an oven at 150 ºC, with a duration 
between one and three weeks, does not generate significant changes in 
the morphology of grains, neither those present in FGZ nor in CGZ. This 
behaviour is consistent with the high resistance to recrystallization at 
temperatures below 400 ⁰C shown by this alloy, attributed to the pres
ence of fine Al3(Sc1− x,Zrx) precipitates highly dispersed at the grain 
boundaries [12,40]. 

Fig. 3(b), (e) and (h) show the BSE-SEM images acquired at higher 
magnification in FGZ of each of the three samples studied. They reveal 
that the treatment at 150 ◦C, Fig. 3(e) and (h), lead to an increase in the 
number of dark precipitates compared to the HT sample, Fig. 3(b). These 
precipitates tend to accumulate mainly at intergranular positions, 
whereas they are not present at intragranular positions in FGZ. Images in 
Fig. 3(c), (f) and (i) were acquired at higher magnification in the CGZ of 
HT, HT1W and HT3W samples, respectively. The same effect described 
for FGZ is observed, i.e., the heat treatment at 150 ◦C for up to three 
weeks causes the formation of dark intergranular precipitates in CGZ. 
Likewise, there are no dark precipitates at intragranular positions in CGZ 
of samples HT1W or HT3W. In addition, the presence of white pre
cipitates can be observed in the images corresponding to the sample 
without ageing, HT, Fig. 3(a-c), whose distribution seems to be not 
significantly modified in the samples treated at 150 ◦C, Fig. 3(d-f) and 
Fig. 3(g-i). Estimates of the percentages of the area occupied by the dark 
and white precipitates were measured using the software Fiji-ImageJ in 
5 images per type of sample, containing these images FGZ and CGZ. The 
dark precipitates account for 0.06 ± 0.02%, 1.87 ± 0.51% and 1.26 
± 0.32% of the total area in HT, HT1W and HT3W, respectively. 
Therefore, an increase in the percentage of dark particles is observed 
when the samples are sensitized at 150 ◦C for 1 week, and there is no 
significant change when the treatment is prolonged from 1 to 3 weeks. 
While the areas populated by the white precipitates are 0.48 ± 0.22% 
for HT, 0.26 ± 0.07% for HT1W and 0.23 ± 0.09% for HT3W. Thus, 
according to this characterisation, the content of white precipitates is 
not substantially altered by the treatment at 150 ◦C. 

It should be noted that, since these images were obtained with the Fig. 1. Stress Corrosion Cracking equipment.  
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Fig. 2. Schematic 3D representation of the microstructure of HT sample.  

Fig. 3. BSE-SEM images showing the microstructure for a XZ-plane of HT sample ((a)-(c)), HT1W sample ((d)-(f)) and HT3W sample ((g)-(i)). Building direction 
indicated by arrows. 
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backscattered electron detector, the dark and white shade of the pre
cipitates in comparison with the matrix would indicate that the pre
cipitates contain elements with lower and higher atomic numbers than 
aluminium (Z = 13), respectively. A detailed study of the composition of 
the precipitates is described below. 

With the objective of analyse the chemical composition of the pre
cipitates identified in Fig. 3, elemental distribution maps were acquired 
by EDS-TEM. For this purpose, lamellae were extracted using FIB mi
croscopy from FGZ and CGZ. The elemental distribution maps for Al, 
Mg, Sc, Zr, Si, Fe, Mn, and O are included in Fig. 5 and Fig. 6. Thus, the 
maps included in Fig. 5 were acquired in FGZ of the three samples, while 
those in Fig. 6 were acquired in CGZ. Images obtained by high angle 
annular dark field scanning transmission spectroscopy (HAADF-STEM) 
of the three zones analysed are also included in both figures. 

Previous characterisation work of the HT condition carried out in our 
research group [25] identified different types of precipitates: i) Mg-rich 
phases, ii) Mg-Si phases, iii) Al(Sc,Zr) phases, iv) Al(Fe,Mn) phases, and 
v) different oxygen-rich particles attributed to various oxides. The 
presence of these types of phases in Scalmalloy® samples has also been 
described by other authors [7,40,41]. 

The changes that occur in the distribution of precipitates as a 
consequence of the sensitisation heat treatment are detected when 
contrasting the elemental distribution maps of the HT, HT1W and HT3W 
samples. Thus, when comparing the Mg maps, the main effect observed 
is the formation of Mg-rich precipitates at the grain boundaries after the 
treatment at 150 ºC. This effect is observed both in the FGZ, Fig. 5, and in 
the CGZ, Fig. 6. The sizes of these precipitates are variable, but most of 
them are in the range of 20–60 nm in width and 50–400 nm in length. 
Moreover, Mg-rich precipitates do not suffer substantial modifications 
when the ageing treatment is extended from one week up for three 
weeks. Besides, Sc maps show that the 150 ◦C treatment leads to the 
formation and/or coarsening of Sc-rich precipitates in the FGZ, Fig. 5, 
while new Sc-rich precipitates are not clearly perceived in the CGZ after 
the thermal aging, Fig. 6. While Sc-rich particles in the HT sample 
exhibit sizes below 20–30 nm approximately, particles with several tens 
of nm can easily be found in the HT1W and HT3W. Sc-rich particles can 
be reasonably attributed to Al3(Sc1− x,Zrx) precipitates, characteristic of 
Al-Sc-Zr alloys [16,42–44]. 

Additionally, different types of precipitates that are not affected by 
the heat treatment can be found in Fig. 5 and Fig. 6. Among them, there 
are Mg- and Si-rich phases located at the grain boundaries in the FGZ, 
Fig. 5, and in intragranular zones in the CGZ, Fig. 6. Fe-rich precipitates 
are also observed at the grain limits in the FGZ and at intragranular 
positions in the CGZ. A third group comprises Fe- and Mn-rich pre
cipitates. Finally, the presence of Fe-, Mg-, Si- and O-containing particles 
should be noted, which also show no signs of change when the samples 
are treated at 150 ºC. 

To emphasise the presence of Mg in the intergranular precipitates 
formed by treating the samples at 150 ◦C, linear EDX profiles of Mg and 

Al concentration were recorded in the transverse direction of some of 
these precipitates. Fig. 7 includes one of these profiles. It can be clearly 
observed how the intensity of the Mg signal increases as it crosses the 
intermetallic, while the Al signal decreases slightly as a consequence of 
the Al content in the precipitate being lower than the Al content in the 
matrix. 

Numerous studies of wrought alloys have revealed that the β-phase, 
Al3Mg2, is formed by heterogeneous precipitation at grain boundaries 
and on manganese-rich phases because the activation energy for het
erogeneous nucleation is lower than that for homogeneous nucleation in 
the matrix [33,45]. It is also generally accepted that the nucleation 
process and growth of the β-phase is controlled by pipe diffusion via 
dislocations [36,45–47]. 

In [25,48,49], it is proposed that it is possible to reveal the presence 
of β-phase particles, Al3Mg2, in wrought Al-Mg alloys by selective 
etching of this phase with an ammonium persulphate solution. Using 
this procedure, HT, HT1W and HT3W samples were attacked in order to 
determine the distribution of the β-phase over larger areas than those 
studied by STEM-EDX. Fig. 8 contains BSE-SEM images showing XZ 
planes of the three samples studied after being attacked for 40 min with 
0.4 M (NH₄)₂S₂O₈ solution at pH 1.2. Thus, in Fig. 8(a) and (b), corre
sponding to the HT sample, the occurrence of isolated β-phase particles 
is revealed by corresponding isolated holes, especially in FGZ. In the 
images of the HT1W sample, Fig. 8(c) and (d), there is an increase in the 
concentration of β-phase particles compared to the HT sample, which 
seem to accumulate at the grain boundaries. Finally, in the images 
belonging to the HT3W sample, Fig. 8(e) and (f), a slight increase in the 
degree of attack is observed with respect to the HT1W sample, so that 
the HT3W sample is clearly characterised by numerous continuous lines 
along the grain boundaries produced by the dissolution of β-phase par
ticles, both in FGZ and CGZ. According to [27], the formation of 
continuous lines of β-phase particles and their extent determines the 
intergranular corrosion performance of conventional Al-Mg alloys. 

The level of continuity observed in the network of β-phase particles 
in the samples studied in this work appears to be lower than that 
described by other authors for samples of alloy 5083, with a similar Mg 
content to Scalmalloy®, and thermally aged under similar conditions. 
Thus, Searles et al. [31] determined by TEM the formation of a contin
uous β-phase film on samples treated at 150 ⁰C for 189 h. On the other 
hand, Ress et al. [27] found the complete dissolution of grain boundaries 
when 5083 samples treated at 150 ◦C for more than 7 days were 
attacked with ammonium persulphate. In [27], it is reported that grain 
boundaries become β-phase saturated after around 7 days of ageing. For 
this reason, samples treated for periods from 7 of up to 30 days are 
characterised by intragranular β-phase particles. 

Therefore, the results shown in Fig. 8 indicate that Scalmalloy® 
exhibits a higher resistance than 5083 aluminium alloy to form a 
continuous β-phase network when heat treated at temperatures close to 
150 ◦C. 

3.2. Mechanical properties 

The mechanical properties of the three types of samples prepared 
were evaluated by tensile tests according to ASTM E8/E8M [37]. The 
comparison of the results obtained allows determining the effect of the 
treatment at 150 ºC on these properties. Fig. 9 displays the stress-strain 
response of the samples tested. Fig. 9(a) uses the strain data obtained 
with the crosshead and Fig. 9(b) the acquired with the extensometer. 
The tests were carried out in triplicate. All samples show a typical 
ductile behaviour with a near horizontal section of the stress-strain 
curve after the yield strength is surpassed and fracture strain higher 
than 9%. The fluctuations of the signals observed in the plastic zone of 
the curves in Fig. 9(a) are generated by the data logging software 
automatically when the test is paused to remove the extensometer. 
These fluctuations do not affect the precision of the results. Table 2 in
cludes Young’s modulus (E) and yield strength (RP) calculated from 

Fig. 4. Shape factor distribution of grains in CGZ.  

L. Cabrera-Correa et al.                                                                                                                                                                                                                       



Corrosion Science 218 (2023) 111166

6

curves in Fig. 9(b), tensile strength (RT) from Fig. 9(a), and percentage 
of elongation and percentage of the reduction of area measured in each 
specimen after fracture. In this table, Vickers hardness data obtained 
using ASTM E384 standard [38] are included as well. 

On one hand, Young modulus, elongation, reduction of area and 
hardness do not suffer significant changes after the thermal treatment. 
On the other hand, yield strength and tensile strength exhibit small 
differences. RP values are 454 ± 3 MPa, 468 ± 3 MPa and 459 ± 3 MPa 
for the HT, HT1W and HT3W samples, respectively. While the RT values 

move from 509 ± 6 MPa for the HT sample, up to 527 ± 2 MPa and 528 
± 1 MPa for the HT+ 1 W and HT+ 3 W samples, respectively. The 
slight variations of RP and RT of around 1–3% could be due to a minor 
inter-sample variability and/or a slight increase in hardening by pre
cipitation of new Al3(Sc1− x,Zrx) phases. Although the latter possibility is 
not reflected in the hardness results, which are 165 ± 3 HV, 162 ± 4 HV 
and 166 ± 4 HV for the HT, HT1W and HT3W samples. Moreover, only 
coherent Al3(Sc1− x,Zrx) phases improve the hardness and coherency loss 
is reported to take place at sizes higher than ≃ 21.5 nm [12]. Many of 

Fig. 5. HAADF-STEM images of FGZ of HT, HT1W and HT3W samples. EDX mapping for Al, Mg, Mn, Fe, O, Si. Sc, and Zr.  
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the Sc-rich particles in Fig. 5 are coarser than 21.5 nm and, therefore, 
they do not give rise to precipitation hardening. In any case, the varia
tions in mechanical properties are, if any, very small. Gao and Quesnel 
[30] also found no variations in the mechanical properties of the 
AA5083 after treatments at 175 ⁰C for different times up to 360 h. 
Similarly, Searles et al. [31] report no variations of mechanical prop
erties of AA5083 sensitised at 150 ⁰C up to 333 h. Therefore, based on 
the microstructure study carried out in this research together with the 
results obtained by other authors on Al-Mg alloys, it can be concluded 
that neither the formation of β-phase nor the reduction of Mg 

concentration in the matrix caused by this precipitation affect the me
chanical properties of Scalmalloy® significantly. 

Fig. 10 shows various SE-SEM images of the fracture surface of the 
three types of samples studied. Fig. 10 (a), (d) and (g) show a reduction 
in the diameter of the specimen in the fracture zone, characteristic of 
ductile behaviour and in line with the stress-strain curves represented in 
Fig. 9 and the values in Table 2. At higher magnification, Fig. 10 (b), (e) 
and (h), the presence of dimples characteristic of ductile fracture of the 
material can be seen in all the samples. However, there are also small 
areas of cleavage showing brittle separation between grains. Some of 

Fig. 6. HAADF-STEM images of CGZ of HT, HT1W and HT3W samples. EDX mapping for Al, Mg, Mn, Fe, O, Si. Sc, and Zr.  
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these latter zones are indicated by arrows in Fig. 10 (c), (f) and (i). 
Hence, the results included in Fig. 10 state that the ageing at 150 ◦C does 
not produce changes in the fracture mode of Scalmalloy® samples 
assessed by tensile tests. 

3.3. Cyclic polarization 

Fig. 11 shows one representative OCP record and one polarization 
curve per condition. The average values of the electrochemical param
eters along with their corresponding standard deviations obtained from 
all the polarisation curves are summarised in Table 3. 

The OCP curves recorded during 1 h have the same behaviour for the 

Fig. 7. (a) HAADF-STEM image of a grain boundary in HT3W sample. (b) EDS profile of Mg and Al signals along the yellow line marked in (a).  

Fig. 8. BSE-SEM images of the samples after etching in (NH₄)₂S₂O₈ solution. (a-b) HT sample. (c-d) HT1W sample. (e-f) HT3W sample.  
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Fig. 9. Stress-strain curves for samples: HT (orange), HT1W (green) and HT3W (blue). a) Strain measured with the crosshead, b) strain measured with the 
extensometer. 

Table 2 
Mechanical properties measured for samples HT, HT1W and HT3W.   

Young Modulus, E 
(GPa) 

Yield Strength, RP 
(MPa) 

Tensile Strength, 
RT 
(MPa) 

Elongation 
(%) 

Reduction 
of area 
(%) 

Hardness (HV) 

HT 64 ± 3 454 ± 3 509 ± 6 11 ± 2 16 ± 6 165 ± 3 
HT1W 67 ± 4 468 ± 3 527 ± 2 12 ± 2 18 ± 3 162 ± 4 
HT3W 67 ± 3 459 ± 3 528 ± 1 12 ± 1 17 ± 3 166 ± 4  

Fig. 10. SE-SEM-fractography of samples HT (a-c), HT1W (d-e), and HT3W (g-i).  
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three types of samples, Fig. 11 (a). The potential takes initial values in 
the range between − 0.9 VSCE and − 1.0 VSCE and then decreases until 
reaching a stable OCP value of, approximately, − 1.1 VSCE. This drop in 
potential is related to a slight degradation of the passive layer of the 
alloy, as discussed in previous investigations [25]. It should be high
lighted the absence of transits that could be associated with pitting 
corrosion processes in all the samples analysed. 

Regarding the polarization curves, Fig. 11 (b), all three conditions 
show curves with a passivity zone in the forward scan. The corrosion 
potentials (Ecorr) and current density in the passivity zone (Ipas) are 
similar in the three samples, with values in the vicinity of − 1100 mVSCE 
and 1.61 μA⋅cm− 2, respectively. The pitting potential (Epit) values are 
very similar, − 733 ± 1 mVSCE for the HT sample, − 742 ± 7 mVSCE for 
the HT1W sample, and − 741 ± 2 mVSCE for the HT3W sample. 

In our previous work [25], the pitting corrosion behaviour of 
HT-type samples in 3.5 wt% NaCl solution was studied. The analyses of 
the immersion tests reported in that work attributed the pitting that 
appears in the vicinity of Ecorr to galvanic corrosion caused by Mg-Si and 
Al(Fe,Mn) precipitates. Here, in the results included in Section 3.1 of the 
current work, the samples treated at 150 ºC show the formation of 
Al3(Sc1− x,Zrx) precipitates and also intergranular β-phase precipitates 
(Al3Mg2). On one hand, according to the literature, the Al3(Sc1− x,Zrx) 
phases have only a weak cathodic behaviour against Aluminium and 
feature poor behaviour to sustain the reduction of oxygen [50,51]. 
Consequently, the formation of new Al3(Sc1− x,Zrx) phases shown in the 
STEM-EDS study would have little influence on Ecorr and Epit, as reported 
by other authors [25,50,52,53]. On the other hand, with respect to the 
β-phase, Searles et al. [31] report an Ecorr around − 1300 mVSCE for this 
phase and a passivity zone until Epit = − 920 mVSCE in 3.5 wt% NaCl 
solution. Similar figures are reported by Lyndon et al. [54] for the 
β-phase in 0.01 M NaCl solution at pH 6 and 8, with Ecorr = − 1313 
± 59 mVSCE at pH 6, Ecorr = − 1310 ± 50 mVSCE at pH 8, and Epit 
≈ − 900 mVSCE in both pH cases. While Birbilis and Buchheit [55] ob
tained slightly different values, with Ecorr = − 1162 mVSCE and Epit 

= − 969 mVSCE in 0.6 M NaCl (≈ 3.5 wt% NaCl). 
According to Table 3, Scalmalloy® present Ecorr ≈ − 1100 mVSCE in 

3.5% NaCl. If any of the Ecorr values proposed in the literature for the 
β-phase are taken into account, it is concluded that this phase would 
have an anodic behaviour towards the Scalmalloy® matrix at 
− 1100 mVSCE. For this reason, the β-phase particles present in the 
samples should dissolve in a similar way to other Mg-rich phases 
[55–57]. However, the passive state of the β-phase at − 1100 mVSCE 
makes its dissolution severely hampered, if not prevented, during the 
recording of the OCP curves shown in Fig. 11(a). This would explain 
why the OCP records of the three samples studied are similar so that the 
presence of β-phases in the samples treated at 150 ◦C does not show up 
in these curves. 

As previously mentioned, the values of Epit in Fig. 11 (b) and Table 3 
are quite similar. In principle, the appearance of the β-phase in the 
microstructure of the aged samples would produce a shift of Epit from 
− 733 ± 1 mVSCE in the HT sample to values closer to the Epit of the 
β-phase, around ≈ − 950 mVSCE, in the aged samples. However, exper
imentally, the magnitude of this shift is found to be very small, Epit 
= − 742 ± 7 mVSCE for the HT1W sample, and − 741 ± 2 mVSCE for 
HT3W. Jain et al. [58] found similar negligible shifts for the Epit of 
unsensitised AA5083 and sensitised for various times at 100 ⁰C, which 
decreases from around – 0.64 mVSCE down to – 0.65 mVSCE when the 
material was sensitised for 14 days, and to – 0.66 mVSCE when sensitised 
for 30 days. Jain et al. also reported a displacement of the anodic 
branches to higher current densities of around 1 or 2 orders of magni
tude upon sensitisation time increased. This last phenomenon is not 
suffered by Scalmalloy® in Fig. 11 (b). 

Continuing with the description of the polarisation plots in Fig. 11 
(b), according to [59], the diminution in current density at the begin
ning of the reverse curve corresponds to the beginning of the passivation 
of the pits previously formed. Then, the curves have an inflection point 
where the pitting transition potential (Eptp) is defined. At this point, all 
the pits of a first group, which we will name group A, have been 

Fig. 11. Representative (a) OCP recorded during 60 min and (b) cyclic polarization curves.  

Table 3 
Electrochemical data from cyclic polarisation curves. Errors in brackets expressed as standard deviation.   

Ecorr 

(mVSCE) 
Ipas 

(μA/cm2) 
Epit 

((mVSCE) 
Eptp 

(mVSCE) 
Irep 

(μA/cm2) 
Erep 

(mVSCE) 
|Epit - Eptp| 
(mVSCE) 

|Eptp - Erep| (mVSCE) |Epit - Erep| (mVSCE) |Irep – Ipas| 
(μA/cm2) 

HT -1081 
( ± 10) 

1.60 
( ± 0.19) 

-733 
( ± 1) 

-776 
( ± 2) 

12.14 
( ± 2.84) 

-915 
( ± 2) 

43 
( ± 3) 

139 
( ± 4) 

182 
( ± 3) 

10.54 
( ± 3.03) 

HT1W -1108 
( ± 49) 

1.64 
( ± 0.26) 

-742 
( ± 7) 

-757 
( ± 2) 

12.55 
( ± 2.91) 

-888 
( ± 3) 

15 
( ± 9) 

131 
( ± 5) 

146 ( ± 10) 10.91 
( ± 3.17) 

HT3W -1057 
( ± 62) 

1.62 
( ± 0.13) 

-741 
( ± 2) 

-758 
( ± 2) 

17.32 
( ± 0.47) 

-897 
( ± 8) 

21 
( ± 4) 

139 ( ± 10) 156 ( ± 10) 15.62 
( ± 0.60)  
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passivated [25]. At potentials below Eptp, the decrease in current density 
corresponds to the repassivation process that continues, in this case only 
with a second type of pits that are more difficult to repassivate and that 
we will name group B. The current density continues to decrease until 
the repassivation potential (Erep) is reached, when all the pits in group B 
attain passivity because of Erep > Ecorr. Based on the literature [25,27], 
the distance between Epit and Eptp, and between Epit and Erep, are related 
to the difficulty of repassivating pits in groups A and B, respectively. 
Hence, the largest |Epit − Eptp| and |Epit − Erep|, the more difficult it is to 
repassivate each associated group of pits. 

As can be seen in Table 3, |Epit − Eptp| slightly decreases when the 
alloy undergoes the ageing step from a value of 43 ± 3 mVSCE for the HT 
sample down to 15 ± 9 mVSCE for the HT1W, and 21 ± 7 mVSCE for 
HT3W. Although this reduction should be taken with caution because 
the difference is only about 20 mV, these results would indicate that pits 
in group A are easier to repassivate in the aged samples. Likewise, |Epit 
− Erep| slightly decreases from 182 ± 3 mVSCE in the HT condition down 
to 146 ± 10 mVSCE for sample HT1W and 156 ± 10 mVSCE for HT3W. 
Therefore, pits in group B would be also easier to repassivate in the aged 
samples. However, the shift is small again, around 20–40 mV. Consid
ering the scattering often observed in Epit of aluminium alloys, further 
studies are required to confirm or reject the small shifts observed in |Epit 
− Eptp| and |Epit − Erep|. Furthermore, a small shift of the section of the 
curve between Eptp and Erep towards higher current densities has been 
observed. For example, the repassivation current density (irep) value at 
− 825 mVSCE is 12.14 ± 2.84 µA⋅cm− 2 for the HT sample, 12.55 
± 2.91 µA⋅cm− 2 for the HT1W and 17.32 ± 0.47 µA⋅cm− 2 for HT3W. 
Therefore, there is a minor increase in irep when the sample is aged for 3 
weeks, suggesting that this sample could contain a higher density of pits 
in group B. 

In summary, two conclusions are obtained. Firstly, the results 

indicate that none of the three samples studied undergoes pitting 
corrosion processes during immersion at open circuit in 3.5 wt% NaCl 
for 1 h. Secondly, polarization curves have made it possible to establish 
that under aggressive conditions, two different groups of pits are formed 
on the samples according to their ease of repassivation. 

The study of pitting during the recording of the cyclic polarization 
curves and the possible differences caused by the thermal ageing of 
Scalmalloy® samples is beyond the scope of this paper and deserves 
further and detailed analysis in future works. 

3.4. Electrochemical impedance spectroscopy 

One representative EIS spectra for each type of sample, HT, HT1W 
and HT3W, is displayed in Fig. 12. The modulus and impedance phase 
diagrams are plotted in Fig. 12 (a) and (b), while Fig. 12 (c) shows the 
Nyquist diagram. In addition, Fig. 12 (a), (b) and (c) include the fit of the 
experimental data to the equivalent electric circuit drawn in Fig. 12 (d). 
This circuit contains the electrical elements to model the three basic 
elements of the real system: the electrolyte, the passive layer, and the 
aluminium alloy. Thus, Rel is the electrolyte resistance. Rlayer and CPE
layer are the resistance and a constant phase element describing the 
behaviour of the passive layer. Rct and CPEct are related to the corrosion 
process of the base metal and are the charge transfer resistance and the 
constant phase element associated with the capacitance of the electrical 
double layer. Since there are heterogeneities in the structure and 
capacitive behaviour of the passive layer and the electrical double layer, 
CPEs are employed as a substitute of pure capacitors. More complex 
equivalent electric circuits are found in the literature to study bare 
aluminium alloys immersed in NaCl aqueous solutions when there are 
active processes associated with precipitates [60–62]. However, the 
electrochemical studies described in Fig. 11 and reported in our previous 

Fig. 12. EIS results of HT, HT1W and HT3W. (a) Modulus Bode plot; (b) phase angle Bode plot; (c) Nyquist plot; (d) equivalent electric circuit.  
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work [25] lead us to think that the activity of the precipitates during the 
EIS experiments is not significant. There are no transients in OCP in 
Fig. 11 (a), indicating there are no active pitting corrosion processes. 
Fig. 11 (b) shows that the alloy is in a passive state after immersion in the 
3.5% NaCl solution at OCP for 1 h. Moreover, as described previously 
[25], we had to extend full immersion tests of bare Scalmalloy® speci
mens in 3.5 wt% NaCl for up to 15 days to find only small pits between 
10 and 800 nm. In addition, no other features in the experimental data 
indicate the need for other elements to be included in the equivalent 
electric circuit, like warburg diffusion impedance. A comparison of the 
experimental and fitted values in Fig. 12 (a-c) reveals a high degree of 
match between them, which highlights the validity of the model pro
posed in Fig. 12 (d) to represent the behaviour of the system under 
study. Table 4 includes the EIS fitted data to the equivalent circuit 
together with their respective standard deviations. 

The first aspect to comment regarding the curves in Fig. 12 is that 
they do not present inductive loops in the low-frequency region. Ac
cording to [63], the presence of such loops is associated with pitting 
corrosion processes. Therefore, like the OCP curves, the impedance data 
indicate that none of the three samples undergoes pitting corrosion 
processes at the free corrosion potential. Moreover, when analysing the 
curves in Fig. 12 and the data in Table 4, there are no significant dif
ferences between the three sample types. They all exhibit capacitive 
behaviour associated with the passive layer, which presents a resistance 
of around 18–50 kΩ and a significant homogeneity since the n factor is 
around 0.92. In other words, based on the EIS characterisation carried 
out, the ageing treatment at 150 ⁰C for 3 weeks does not produce 
changes in the behaviour of the Scalmalloy® passive layer. 

The behaviour of the passive layer in EIS is similar to a capacitor and 
Eq. 1 can be employed. 

D = (e⋅e0⋅S)
/

Clayer (1) 

Being D the passive layer thickness, e= 10 the aluminium oxide 
dielectric constant, e0 = 8.854 × 10− 14 F⋅cm− 1 the dielectric constant in 
vacuum, and S= 1 cm2 the area of the sample. Provided that the n factor 
in CPElayer is approximately 1, CPElayer results in Table 4 can be 
employed in Eq. 1 to obtain estimations for D. Thus the passive layers of 
the three samples are 0.7–0.8 nm thick. 

The impedance plots shown in Fig. 12, the values obtained in 
Table 4, and the passive layer thickness are similar to those reported by 
other authors when applying the equivalent electric circuit of Fig. 12 (d) 
to various Al-Mg alloys immersed in 3.5 wt% NaCl. Bethencourt et al. 
[62] performed EIS measurements on conventional AA5083 
(Al-4.9Mg-0.5Mn-0.13Si-0.13Cr-0.3Fe) after being immersed in 3.5 wt 
% NaCl for 30 min and obtained Rlayer = 23.26 kΩ, CPElayer 
= 8.75 × 10− 6 F⋅S(n− 1)⋅cm− 2 and n1 = 0.934. Since they tested 1 cm2 of 
surface, applying Eq. 1 and the values e= 10 and e0 = 8.854 × 10− 14 

F⋅cm− 1, the thickness of the passive layer is ≈ 1 nm. Mehrian et al. [64] 
studied AA5052 (Al-2.23Mg-0.292Fe-0.163Cr-0.147Si-0.114Mn, in wt 
%) after 24 h of immersion in the same corrosive medium. In this case, 
they obtained Rlayer = 12.79 kΩ, CPElayer = 3.45 × 10− 6 F⋅S(n− 1)⋅cm− 2 

and n1 = 0.87483. Applying Eq. 1 and the same values for e and e0 as 
above, the thickness of the passive layer is 2.5 nm. Zhang et al. [65] built 
samples of Al-4.2Mg-0.4Sc-0.2Zr alloy (all in wt%), similar to 

Scalmalloy®, by LPBF and studied them by EIS in 3.5 wt% NaCl. The 
samples equivalent to those labelled here HT, subjected to a heat 
treatment of 325 ◦C for 4 h after being built, were fitted with the 
equivalent electric circuit in Fig. 12 (d) and they obtained values of 
Rlayer = 47. 53 ± 5.65 kΩ, CPElayer = 1.237 × 10− 5 F⋅S(n− 1)⋅cm− 2 and n1 
= 0.81 ± 0.02. Inasmuch the studied area was 1 cm2, their results also 
indicate a passive layer thickness around 0.7–0.8 nm after applying 
Eq.1. 

3.5. Intergranular corrosion 

The DoS to intergranular corrosion was measured according to the 
standard NAMLT procedure defined in ASTM G67–04 [26]. This stan
dard allows for establishing the IGC behaviour of Al-Mg and Al-Mg-Mn 
alloys. The test is based on the determination of the mass loss experi
enced by the samples as a result of the selective attack of the β-phase 
precipitates present in the alloy caused by the aggressive acidic medium 
used [49], since the β-phase dissolves two orders of magnitude faster 
than the aluminium matrix in the NAMLT [66]. 

The passive layer of Al-Mg alloys is formed by oxides and hydroxides 
of aluminium and magnesium. However, this mixed passive layer is 
unstable in the very acid media of the NAMLT, which is composed of 
70 vol% HNO3. Without the proper protection of the passive layer, the 
potential difference between the β-phase and the aluminium matrix 
provides the driving force for the anodic dissolution of the β-phase 
precipitates along the grain boundaries according to Eqs. 2 and 3 [66].  

Mg → Mg2+ + 2e− (2)  

Al → Al3+ + 3e− (3) 

The tests yielded DoSHT = 4.94 ± 0.33 mg⋅cm− 2, DoSHT1W = 55.15 

Table 4 
EIS fitting for HT, HT1W and HT3W to the equivalent electric circuit in Fig. 12 (d).  

Sample χ2 

x 10− 2 
Rs 

(Ω) 
CPElayer 

x 10− 5 

F⋅S(n− 1) cm− 2 

n1 Rlayer 

(kΩ) 
CPEct 

x 10− 5 F⋅S(n− 1) cm− 2 
n2 Rct 

(kΩ) 

HT 0.95 
( ± 0.06) 

18.45 
( ± 0.41) 

1.21 
( ± 0.11) 

0.92 
( ± 0.01) 

25.17 
( ± 15.52) 

2.36 
( ± 0.56) 

0.86 
( ± 0.06) 

98.27 
( ± 16.19) 

HT1W 0.73 
( ± 0.63) 

18.52 
( ± 0.85) 

1.23 
( ± 0.07) 

0.92 
( ± 0.01) 

33.37 
( ± 23.35) 

1.96 
( ± 0.70) 

0.88 
( ± 0.03) 

141.29 
( ± 10.93) 

HT3W 1.28 
( ± 0.62) 

18.54 
( ± 0.41) 

1.17 
( ± 0.07) 

0.92 
( ± 0.01) 

48.29 
( ± 20.46) 

2.01 
( ± 0.43) 

0.89 
( ± 0.02) 

111.40 
( ± 33.73)  

Fig. 13. Bar chart of DoS to IGC measured as the mass loss of HT, HT1W and 
HT3W samples after NAMLT defined in ASTM G67–04. 
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± 4.53 mg⋅cm− 2, and DoSHT3W = 76.09 ± 11.27 mg⋅cm− 2. These results 
state that the treatment at 150 ◦C for three weeks causes the mass loss of 
the sample due to the intergranular corrosion process to increase by a 
factor of more than 15 compared to the untreated sample. In order to be 
able to visualise the differences between the three samples, the values 
obtained are shown in the form of a bar chart in Fig. 13. ASTM G67–04 
classifies the samples into three categories on the basis of the mass loss 
suffered by the samples: (i) the material is considered resistant to IGC 
when the mass loss is less than 15 mg⋅cm− 2; (ii) the behaviour is 
considered doubtful if the values are between 15 mg⋅cm− 2 and 
25 mg⋅cm− 2, and metallographic examinations are then recommended 
to determine whether the mass loss has resulted from intergranular 
attack or not; and (iii) the material is IGC-sensitised if there are mass 
losses above 25 mg⋅cm− 2. Therefore, according to the criteria set out in 
ASTM G67–04 [26], Scalmalloy® manufactured under certified condi
tions is resistant to IGC, but artificial ageing at 150 ⁰C for 1 and 3 weeks 
produces sensitisation to IGC. 

It is worth mentioning that the reproducibility of NAMLT values 
tends to decrease with increasing sensitization, especially at values 
above 25 mg⋅cm− 2, and could produce DOS values with a large error 
[67]. 

The morphology of the attack experienced by the samples during the 
IGC tests is analysed by means of BSE-SEM images acquired in different 
orientations in Fig. 14, Fig. 15 and Fig. 16. In Fig. 14, XZ planes of the 
samples are imaged after direct exposition to the acid etching of NAMLT. 
Fig. 14 (a)-(c), corresponding to the HT sample, show irregular attack in 
CGZ, while a more intense and uniform attack is revealed in FGZ. When 

comparing these images with those of sample HT1W, Fig. 14 (d)-(f), 
much more severe damage is observed in HT1W, with the same intensity 
in FGZ and CGZ. The images of HT3W, Fig. 14 (g)-(i), are similar to those 
obtained for HT1W, and they do not show the difference in behaviour 
detected by the mass loss tests. 

Fig. 15 and Fig. 16 include cross-section BSE-SEM images of the 
samples after NAMLT in order to analyse the morphology and depth of 
the corrosion. Specifically, YZ-planes are imaged in Fig. 15 and XY- 
planes in Fig. 16. In both figures, the cross-sections of the HT sample 
before the test have been included as a reference. In the images corre
sponding to the tested HT samples, Fig. 15 (b) and Fig. 16 (b), pits be
tween 5 and 30 µm of depth can be observed, without signs of IGC. By 
contrast, the existence of intergranular attack is undoubtedly observed 
in the samples HT1W and HT3W, Fig. 15 (c-d) and Fig. 16 (c-d), with 
depths reaching, approximately, 25 µm in HT1W and 30 µm in HT3W. 

Zhang et al. [68] measured the DoS of Al-Mg-Mn alloys prepared by 
casting with different proportions of Mg and Mn and sensitised with 
treatments at 150 ⁰C for 7 days. Among the alloys studied, 
Al-4.28Mg-0.76Mn, with Mg and Mn contents very similar to those 
present in Scalmalloy®, had DoS of around 45–50 mg⋅cm− 2. This result 
is very similar to 55.15 ± 4.53 mg⋅cm− 2 obtained here for the HT1W 
sample, which underwent the same sensitisation treatment. Li et al. [35] 
also published similar results, with mass losses ≈ 35 mg⋅cm− 2 when 
ageing alloys prepared by casting with stoichiometries Al-5.8Mg-0.4 
Mn-0.1Sc-0.04 Zr and Al-5.8Mg-0.4Mn-0.25Sc-0.1Zr for 168 h (1 
week) at 130 ⁰C. According to these authors, the observed mass loss is 
due to the formation of β-phase particles during the heat treatment and 

Fig. 14. BSE-SEM images of the XZ-surfaces of samples after NAMLT. (a-c) HT sample, (d-f) HT1W, and (g-i) HT3W.  
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the subsequent IGC-sensitisation of the Al-5.8Mg-0.4Mn alloys. 
In summary, both the mass loss and the morphology of the attack 

when the samples undergo the NAMLT indicate that the treatment of the 
Scalmalloy® samples at 150 ºC for 1 and 3 weeks causes sensitisation of 
the samples to IGC in a similar way to other similar Al-Mg alloys. Ac
cording to the literature and the standard, the precipitation of β-phase at 
the grain boundaries is the origin of this sensitisation. These results are 
consistent with the β-phase formation revealed by STEM-EDS and per
sulphate etching in the preceding sections. 

3.6. Stress corrosion cracking 

Non-sensitised and sensitised samples were tested according to 
ASTM G47–98 [39] in order to study their behaviour against SCC. As 
described in the experimental section, the test consists of subjecting the 
samples to a constant load, corresponding to 80% of the yield strength, 
and cycles of 10 min of immersion in a 3.5 wt% NaCl solution and 
50 min in air until fracture occurs or until 20 days of test without 
fracture. As discussed previously in Section 3.2, the differences in yield 
strength between HT, HT1W and HT3W are very small, approximately 
1–3%, and they are attributed to small variations between samples 

Fig. 15. BSE-SEM cross-section images of YZ-planes, close to the intersection between YZ- and XY-planes, of: (a) HT sample before NAMLT and (b) HT, (c) HT1W, 
and (d) HT3W samples after NAMLT. 

Fig. 16. BSE-SEM cross-section images of XY-planes, close to the intersection between XY- and XZ-planes, of: (a) HT sample before NAMLT and (b) HT, (c) HT1W, 
and (d) HT3W samples after NAMLT. 
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rather than to real differences in their mechanical properties. Therefore, 
it was decided to apply 363 MPa, 80% of the yield strength for HT, to all 
samples in the SCC tests. 

Table 5 includes the time until the facture of the samples. Firstly, it 
should be noted that HT samples reached the 20-day test limit without 
fracture. This means that HT samples withstood 480 test cycles. 
Contrariwise, the samples treated at 150 ºC for 1 and 3 weeks show 
radically different behaviour. Thus, HT1W samples exhibit a mean time 
to fracture of 4.2 h. Among these samples, the one with the best per
formance fractured during the ninth cycle, while the one with the worst 
behaviour fractured during the second cycle. Besides, HT3W samples 
showed a mean time to failure of 2.6 h. In that case, the best case 
fractured during the fourth cycle, while the worst sample fractured 
during the third cycle. In addition, the results included in Table 5 
indicate that samples treated at 150 ◦C for 3 weeks present a more ho
mogeneous behaviour than those treated for 1 week, as indicated by the 
lower variability of the results obtained. 

The SE-SEM images included in Fig. 17 were recorded at different 
magnifications to determine the fracture surface features of HT1W and 
HT3W samples after the SCC tests. In this figure, images in Fig. 17 (a-c) 
correspond to HT1W samples while images in Fig. 17 (d-f) correspond to 
HT3W. Images in Fig. 10 (d) and (g), described in the previous Section 
3.2 focusing on mechanical properties, display the fracture surface of 
HT1W and HT3W samples after being subjected to tensile tests and were 
acquired at the same magnification as images in Fig. 17 (a) and (d). The 
images after the tensile test in Fig. 10 (d) and (g) show stringencies 
characteristic of ductile fracture processes. Meanwhile, this striction is 
not observed in the images in Fig. 17 (a) and (d), indicating that HT1W 
and HT3W samples undergo a brittle fracture process during the SCC 
test. This conclusion is corroborated in the images included in Fig. 17 
(b), (c), (e) and (f), in which it is observed that the fracture surfaces of 
the two samples present the typical cleavage aspect produced in brittle 

fracture processes. 
SE-SEM image in Fig. 18 (a) shows an area in the fracture surface of 

an HT3W sample where there is a crack that initiates on the outer sur
face of the sample and propagates inwards perpendicularly to the 
applied load. Next, Fig. 18 (b) shows a BSE-SEM image of the same crack 
after mechanically polishing the sample. The crack is observed to 
propagate through both CGZ and FGZ of the sample. Finally, in the 
image in Fig. 18 (c), acquired at higher magnification, the intergranular 
character of the crack can be observed in deeper detail. It can therefore 
be stated that the images in Fig. 18 illustrate a process of intergranular 
stress corrosion cracking (IGSCC). According to [28,31], this type of 
intergranular fracture is characteristic of Al-Mg alloys sensitised to SCC 
processes. 

In addition to cracks, the presence of pitting can be observed in the 
specimens subjected to the SCC tests. Thus, in the fracture surface of an 
HT3W sample displayed in Fig. 19 (a), a pit can be observed on the outer 
surface of the specimen, from where a crack initiated. This type of pits is 
also observed on the outer surface of HT specimens that did not crack 
during the 20-day SCC test. Fig. 19 (b) includes one of such pits. It can 
therefore be concluded that pitting is not a sufficient condition for 
sample fracture to occur during the SCC test. 

The results obtained from the SCC tests show, on the one hand, that 
Scalmalloy® manufactured under the certified conditions established by 
the manufacturer features excellent behaviour against the SCC pro
cesses. On the other hand, when Scalmalloy® is aged at 150 ºC for pe
riods of between 1 and 3 weeks, sensitisation occurs, leading to their 
premature failure due to brittle fracture when subjected to the SCC test 
defined in the ASTM G47–98 standard. 

In general, it is known that SCC initiates on the surface of the ma
terial, in pre-existing defects and sites where localised corrosion occurs 
due to pitting or intergranular corrosion. These local defects on the 
surface can then evolve into cracks that grow following a variety of 
mechanisms such as intergranular corrosion processes, stress concen
tration at the crack tip, or hydrogen-assisted cracking [69–71]. The SCC 
process of conventional Al-Mg alloys is described in the literature as an 
intergranular process, i.e. IGSCC. However, up to date, no data are 
describing this type of phenomenon in Scalmalloy® or other 
Al-Mg-Sc-Zr alloys manufactured by LPBF. For Al-Mg alloys, an SCC 
mechanism comprising two stages has been proposed: anodic dissolu
tion of the β-phase and hydrogen embrittlement [28,29,31,72,73]. 

Table 5 
Time to failure (minutes) during SCC test described in ASTM G47–98.  

HT HT1W HT3W 

28800 without fracture  193  202 
28800 without fracture  68  134 
28800 without fracture  501  134  

Fig. 17. SE-SEM images of fracture surfaces after SCC test according to ASTM G47–98. (a-c) HT1W, (d-f) HT3W.  
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Hence, intergranular fracture occurs when the grain boundaries are 
weakened by selective dissolution of the anodic β-phase at the grain 
boundaries and the hydrogen diffuses towards these grain boundaries. 

The anodic character of the β-phase with respect to Al-Mg matrices is 
based on the value of its electrochemical potential, which presents 
values between − 1100 and − 1300 mVSCE and a pitting potential of 
≈ − 950 mVSCE in 3.5 wt% NaCl [28,31,54,55]. Thus, as explained by 
Argade et al. [28] for an alloy such as 5083, which has a free corrosion 
potential of ≈ − 760 mVSCE, there is a large potential difference between 
the β-phase and the Al-Mg matrix, originating a strong galvanic couple 
that results in the consequent dissolution of the β-phase. For Scalmal
loy®, the free corrosion potential is ≈ − 1100 mVSCE [25]. Provided that 
β-phase forms in sensitised Scalmalloy® samples, it will also form a 
galvanic couple, although weaker than that formed in samples of alloy 
5083. In the section dedicated to the discussion of the cyclic polarization 
curves, we indicated that the β-phase is passivated at the Scalmalloy® 
free corrosion potential, thus justifying the fact that no pitting is evi
denced during the 1-hour OCP records. However, the immersion times 
are much longer than 1 h in the SCC tests and, in addition, the aggres
siveness of the test increases as a result of the wetting/drying cycles. 
Under these conditions, it seems reasonable to assume that the degra
dation of the β-phase passive layer and its dissolution are facilitated. 
Then, the anodic reactions of Al and Mg oxidation described in Eqs. 2 
and 3 will take place [73]: 

Possible cathodic reactions accompanying the anodic reactions are 
the hydrolysis of water, Eq. 4 [29,72] and proton reduction, Eq. 5 [29, 
73]:  

H2O + e− → OH− + H                                                                    (4)  

2 H+ + 2 e− → 2 H                                                                         (5) 

Moreover, Al3+ and Mg2+ cations are hydrolised, producing H+ ac
cording to Eqs. 6 and 7 [29,73]:  

Al3+ + H2O → AlOH2+ + H+ (6)  

Mg2+ + H2O → MgOH+ + H+ (7) 

The evolved hydrogen due to the described reactions in Eqs. 4 to 7 
may adsorb at the crack tip, followed by absorption. Once the hydrogen 
atoms have entered the aluminium structure, they can diffuse to and 
along the grain boundaries ahead of the crack tip aided by the presence 
of dislocations adjacent to the grain boundaries [74]. Then, hydrogen 
embrittlement is produced at the grain boundaries, favouring grain 
boundaries decohesion where there is a discontinuity between one 
β-phase particle and another. In addition, the local pH decrease pro
duced by the hydrolysis of Al3+ and Mg3+, Eqs. 6 and 7, promotes the 
migration of Cl− anions to the crack tip for charge neutralization. In 
turn, Cl− anions produce subsequent attacks to the passive layer and 
aluminium matrix oxidation, further fostering the crack tip 
acidification. 

The assistance of hydrogen in the SCC of Al-Mg alloys is further 
supported by several findings. The kinetics of IGSCC is not explained 
only with the anodic dissolution of the β-phase because IGSCC proceeds 
orders of magnitude faster than IGC [75–78] and models to predict 
fracture behaviour based on hydrogen-enhanced decohesion (HEDE) are 
successfully applied [29,79,80]. 

In addition to the locally formed hydrogen, there are other possible 
sources of hydrogen when testing SCC. Hirayama et al. [72] have ana
lysed in detail how both the hydrogen previously present in the alloy and 
the external hydrogen that can be introduced from the surrounding 
medium contribute to the stress corrosion cracking process, confirming 
previous results published by other authors [78,81–83]. Thus, for 
example, pre-existing hydrogen in the alloy can be found because the 
passive layer of Al-Mg alloys is more permeable to hydrogen diffusion 
than others and the solubility of hydrogen in Al-Mg alloys is higher than 
in aluminium. A second route of hydrogen incorporation is intentional 
addition. Hence, Oger et al. [69] charged with hydrogen specimens of 
AA7046 before the SCC tests by immersing the samples in aqueous 

Fig. 18. (a) Fracture surface of an HT3W sample after SCC test; (b) and (c) BSE-SEM images of the crack observed in image (a) after polishing the surface.  

Fig. 19. (a) Pit and associated crack on the fracture surface of an HT3W specimen after SCC test. (b) Pit on the outer surface of an HT specimen after SCC test.  
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solutions for a certain time. Bhuiyan et al. [84] cathodically charged 
hydrogen in AA7150 when using electro discharge machining (EDM). A 
third source of hydrogen is the vapour of H2O present in the humid air 
during the SCC test. The passive oxide layer on the surface of the 
aluminium alloy can be damaged during the external loading and the 
reaction between atmospheric water and aluminium produces hydrogen 
which enters the aluminium alloy structure [72,85]. 

It is also worth mentioning that the presence of Mg as the major alloy 
element could also have a synergistic effect with hydrogen embrittle
ment. Hydrogen preferentially reacts with magnesium rather than with 
aluminium to form magnesium hydride. Hence, several authors suggest 
[86–88] that the segregation of magnesium along the grain boundaries 
enhances the amount of absorbed hydrogen, leading to hydrogen 
embrittlement. According to the characterization described previously, 
there is no evidence of β-phase nor Mg segregation at the grain bound
aries in the microstructure of the unsensitised alloy, only small and 
dispersed Mg-rich precipitates are observed at the grain boundaries in 
Fig. 5 and Fig. 6. Contrariwise, large Mg segregation is observed in the 
sensitised samples, Fig. 5 and Fig. 6, mainly attributed to β-phases. 

The described mechanisms of IGSCC in conventional Al-Mg alloys 
are plausible to also operate in Scalmalloy® but additional studies are 
required to understand the SCC behaviour of Scalmalloy® and similar 
aluminium alloys processed by LPBF. 

4. Conclusions 

The work described here provide for the first time information about 
the effect of temperature on the in-service behaviour of Scalmalloy® 
parts manufactured using LPBF. The corrosion performance and me
chanical properties of the certified material (HT) and after applying 150 
ºC for 1 (HT1W) and 3 weeks (HT3W) were studied. 

The most important conclusion drawn is that Scalmalloy® manu
factured under certified conditions is both IGC- and SCC-resistant, but 
the exposition to temperatures close to 150 ⁰C produces the formation of 
β-phase Al3Mg2 at the grain boundaries, which in turn originates the 
degradation of the materiaĺs properties when it is exposed to a corrosive 
environment. 

The main conclusions of the study are as follows:  

- No significant differences are observed by BSE-SEM between the 
three types of samples in the bimodal microstructure formed by FGZ 
and CGZ, and their corresponding grain sizes and factor shapes. 

- After the thermal sensitisation, the formation of new and/or coars
ening of pre-existing Sc-rich particles and the precipitation of 
intergranular Mg-rich phases are evidenced by STEM-EDS analyses. 
Sc-rich particles are attributed to Al3(Sc1− x,Zrx) phases and Mg-rich 
phases to β-phase Al3Mg2. The development of a β-phase network 
along the grain boundaries is also supported by etching in acidified 
0.4 M (NH₄)₂S₂O₈ solution. 

- Tensile tests according to ASTM E8/ E8M and hardness tests ac
cording to ASTM E384 indicate that the sensitisation treatment does 
not significantly affect the mechanical properties of the material. 
Ductile fractures are exhibited by the three types of specimens and 
the approximate values measured are: E ≈ 66 GPa, RP ≈ 460 MPa, 
RT ≈ 521 MPa, elongation ≈ 12%, reduction of area ≈ 17%, and 
Vickers hardness 164 HV.  

- Open circuit potential (OCP) and EIS measurements after 1 h of 
immersion in 3.5 wt% NaCl indicate the absence of pitting phe
nomena at the free corrosion potential during this exposure time.  

- From the cyclic polarization study performed in 3.5 wt% NaCl it is 
established that there are no drastic modifications in the pitting 
corrosion of Scalmalloy® when subjected to the thermal sensitisa
tion. All conditions show a passivity zone in the forward scan, a 
pitting potential (Epit) and the complete repassivation of pits in the 
reverse scan. Likewise, a pitting transition potential (Eptp) is defined 

in the reverse scan, indicating the existence of two sets of pits 
featuring different repassivation abilities.  

- According to EIS results, all three types of samples exhibit capacitive 
behaviour associated with a passive layer of 0.7–0.8 nm of thickness, 
and the ageing treatment at 150 ⁰C for 3 weeks does not produce 
changes in the behaviour of the Scalmalloy® passive layer.  

- Scalmalloy® manufactured under certified conditions is resistant to 
IGC according to the criteria set out in ASTM G67-04 and the mea
surements made by the Nitric acid mass loss test (NMALT), with 
DoSHT = 4.94 ± 0.33 mg⋅cm− 2. However, the exposure to 150 ⁰C for 
1 and 3 weeks produces sensitisation of HT1W and HT3W conditions 
to IGC caused by the aforementioned development of a β-phase 
network along the grain boundaries. Hence, DoSHT1W = 55.15 
± 4.53 mg⋅cm− 2, and DoSHT3W = 76.09 ± 11.27 mg⋅cm− 2.  

- HT condition is SCC-resistant when tested following ASTM G47-98, 
but the sensitization heat treatment produces SCC-sensitisation 
attributed to the formation of intergranular β-phase. Thus, HT1W 
and HT3W conditions show premature brittle and intergranular 
stress corrosion cracking (IGSCC) during the first hours of test that 
initiates in pits formed in the outer surface of the specimens tested. 

These results warn about the limitation of Scalamlloy® to be 
employed in service conditions involving exposure to temperatures close 
to 150 ºC. Furthermore, they encourage the scientific community to 
develop strategies to avoid or minimise the formation of the Al3Mg2 
precipitates, such as new chemical formulations, manufacturing pa
rameters or thermo-mechanical post-treatments. 
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