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Abstract
In this work, the corrosion behavior of the 6061 Al-alloy in different temper conditions was studied in different soil extracts 
using electrochemical and surface monitoring techniques. The results showed that the corrosion behavior of the 6061 alloy 
depends on the soil extract composition, with the highest electrochemical activities related to the soil extracts with the lowest 
nitrate and sulfate concentrations. The 6061-T6 condition was more susceptible to corrosion than the 6061-HCR one. The 
results were related to the higher amounts of MgSi particles in the 6061-T6 alloy compared to the 6061-HCR. Sulfate and 
nitrate ions acted as corrosion inhibitor reducing the corrosion kinetics of the 6061 alloy in solutions with high concentration 
of chloride ions.
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Introduction

The 6061 Al–Mg–S Al-alloy i is a versatile alloy which can 
be applied in trucks, towers, canoes, railroads cars, furni-
ture, pipelines, nuclear reactor structures, and other applica-
tions where strength, weldability, and corrosion resistance 
are essential properties [1]. This alloy is applied as buried 
structural components and cladding due to its corrosion 
resistance compared with alloys from the other Al series. 
For structural applications, the 6061 is generally used in the 
T6 temper condition. This is the peak age condition in which 
the alloy presents improved mechanical properties due to 
precipitation of the β″ phase [2–4]. On the other hand, the 
cladding produced by a sequence of heating, hot and cold 
rolling (HCR) steps [5, 6] and this process has been reported 

to change the microstructural feature and corrosion behavior 
of the 6061 alloy [7, 8].

Since the buried 6061 alloy can be exposed to different 
environments depending on its application, it is important 
to understand the impact of the environment on the corro-
sion of the 6061 alloy, for instance, the corrosiveness of 
the soil nature. The soil composition is highly complex, 
and therefore the causes of its corrosiveness are difficult to 
be established. In general, the soil properties which affect 
the corrosion resistance of buried structures are its redox 
potential, pH, chemical composition, sulfate and chloride 
contents, presence of sulfide reducing bacteria, and resistiv-
ity. Soil resistivity, for instance, regulates the electric current 
between anodic and cathodic sites that promote corrosion. 
For Al-alloys, a soil resistivity of 1500 Ω cm has been sug-
gested as the value below which the alloys are susceptible 
to corrosion. Similarly, according to the soil pH, the buried 
structure can be immune to corrosion. According to the lit-
erature [9, 10], Al alloys are passive in pH range of 4–9.

The corrosion behavior of buried Al alloys is also deter-
mined by the soil texture [11]. Severe corrosion has been 
associated with heterogeneous soil, either alkaline or acid, 
whereas slight corrosion is reported in neutral or acid clay 
homogeneous soil [11]. Yan et al. [12] studied the corrosion 
behavior of an Al alloy immersed in alkaline soil extracts. 
According to the authors, the alloy was susceptible to pitting 
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and exfoliation corrosion, as well as the corrosion products, 
were mainly aluminum oxides and sulfides. In another work, 
the authors reported that Al alloys for use as grounding 
material, when in contact with alkaline soil of high chloride 
content, are susceptible to pitting and intergranular corrosion 
due to the aggressiveness of chloride ions [13].

In this work, the corrosion behavior of the 6061 alloy in 
two temper conditions, T6 and HCR, was studied in different 
soil extracts. The corrosion behavior was monitored by 
optical and scanning electron microscopy and the corrosion 
resistance was evaluated by electrochemical techniques. 
Different behaviors were observed for both alloys depending 
on the soil extract characteristics.

Experimental

Material

The material used in this study was the 6061 alloy (Al 
89.9 wt.%, Cr 0.10 wt.%, Cu 0.22%, Fe 0.20 wt.%, Mg 
0.90 wt.%, Mn 0.05 wt.%, Si 0.13 wt.%, and Zn 0.02 wt.%) 
in two thermomechanical conditions. The first was the T6 
one which comprises stages of solution heat treatment and 
artificial aging. The second condition was named HCR. 
The HCR condition corresponds to a sequence of heating 
at 440 °C for 15 min, 2–3 hot passes of rolling, heating 
at 440 °C for 15 min, 7–9 passes of hot rolling, heating at 
440 °C for 60 min and, finally, 1–2 passes of cold rolling.

Soil Extracts

Three different soil samples collected from different regions 
were used in this study. They were dried at 100 °C, in an 
oven, for 2 days. Subsequently, the samples were sieved 
through a 70 mesh sieve. The soils extract solutions were 
made using 200 g of the fine portion of the soil and then 
adding water until a volume of 1 L. The solutions were left 
in agitation for 1 day and, then, filtered. The composition of 
the soil extracts was analyzed by ICP-OES, Table 1.

Samples Preparation and Characterization

The surface of the samples for exposure to the test solu-
tion was prepared by sequentially grinding with SiC emery 
papers (#500, #800, #1200, #2500, #4000). Subsequently, 
the samples were immersed in 10 wt.% NaOH at 60 °C for 
1 min, and then, exposed to 30 vol.%  HNO3 solution for 
1 min. Finally, the surface-treated samples were rinsed in 
deionized water and dried. The surface for exposure to cor-
rosion tests was examined, before and after tests, by optical 
microscopy and analyzed by scanning electron microscopy 
using a Hitachi TM 3000 with an incident beam of 15 keV 

coupled with Energy Dispersive X-ray Spectroscopy (EDX). 
The corroded surface was characterized using an ZYGO's 
ZeGage™ 3D optical profilometry and also Neutron Tomog-
raphy facility installed at IEA—R1 Nuclear Research Reac-
tor, located at the Instituto de Pesquisas Energéticas e Nucle-
ares (IPEN), in the city of São Paulo. References [14–16] 
describe in detail, the equipment, and the procedures used 
for tomography.

Chemical Surface Characterization

The chemical composition at the surface of the 
samples was analyzed before corrosion tests by X-ray 
photoelectron spectroscopy (XPS) using a ThermoFisher 
Scientific spectrometer, model K-alpha+, operating with 
a monochromatic Al K-α X-ray source. The spot size was 
400 µm and the analysis chamber pressure was  10−7 Pa.

Immersion Test

Samples of the 6061 alloy with the two thermomechanical 
treatments investigated were immersed in the three soil 
extracts used in this study for 30 days. The exposed area 
was 1  cm2 and the test was performed at room temperature 
(± 22 °C). During the period of immersion, the exposed 
surfaces were monitored at 5-day intervals. After each period 
of immersion, the samples were removed from solution and 
the solution pH was monitored with time of test.

Electrochemical Techniques

The electrochemical tests were carried out using a three-
electrode cell configuration. Samples of the 6061 alloy with 
the two temper conditions were used as working electrodes. 
The area of the samples exposed to electrolyte (0.05 mol  L−1 
of NaCl) corresponded to 1  cm2. A platinum wire was used 
as counter electrode and an Ag/AgCl/KCl(sat) electrode 
as the reference one. The experiments were performed at 
room temperature (23 ± 2) °C. Open Circuit Potential (OCP) 
measurements were obtained during 30 min of immersion in 

Table 1  Properties of the soil extracts used in this study (chemical 
composition, conductivity and pH)

Íon, mg  L−1 Soil 1 Soil 2 Soil 3

F− 0.11 ± 0.001 < 0.10 0.343 ± 0.003
Br− < 0.5 < 0.5 < 0.5
NO3

− 25.66 ± 0.03 3.57 ± 0.002 0.53 ± 0.008
Cl− 65.91 ± 0.02 10.78 ± 0.008 2.40 ± 0.001
SO4

2− 20.81 ± 0.02 2.68 ± 0.002 6.94 ± 0.002
Conductivity, µS  cm−1 147 28.1 84.5
pH 7.4 6.8 5.9



329Metallography, Microstructure, and Analysis (2022) 11:327–340 

1 3

the different soil extracts. Anodic and cathodic polarization 
curves were obtained at a scan rate of 0.001  V   s−1, 
respectively, between OCP and 1.0 V, and between OCP 
and − 1.0 V versus Ag/AgCl,KCl3.5M. In order to compare 
the effect of extract composition on the samples anodic 
behavior, electrochemical tests were also performed in the 
various soil extracts of this study.

Results and Discussion

Surface Characterization

Figure 1 shows the surface of the 6061-HCR (Fig. 1a) and 
6061-T6 (Fig. 1b) after pickling and neutralization in NaOH 
and  HNO3 solutions. Surface observation showed the matrix 
attacked and Si–Fe enriched particles, besides some dis-
solved particles (yellow arrows). Aluminum is attacked in 
alkaline solutions, whereas dissolution of Mg enriched par-
ticles occurs in both, neutral and acid electrolytes. The grain 
boundaries of the 6061 alloy in the T6 temper condition 
were attacked by the pre-treatment solutions. Despite the 

pickling pre-treatment, EDS analysis showed evenly distrib-
uted intermetallic phases in the 6061-T6 alloy. Additionally, 
the HCR temper condition showed a more homogeneous 
distribution of intermetallic phases of smaller size compared 
to the 6061-T6.

The surface chemical composition of the tested samples 
was characterized by XPS analysis, Fig. 2. The binding 
energy spectra for the etched surfaces indicated a thicker 
oxide layer related to the HCR surface than on the T6 one. 
Higher Cu, Si, Fe, and Mn signals were related to the HCR 
condition, compared to the T6 one whose surface was 
enriched in Mg. The Si and Fe signals are mainly related 
to the intermetallic phases. These results corroborate SEM 
surface observations. XPS analysis depth is about 8–10 nm. 
Once Al oxide is naturally air-formed on the Al-alloys, 
the high Al2p signal in the spectra for the HCR condi-
tion corresponding to metallic Al peak (71.2 eV) indicates 
that the thickness of the air-formed oxide on the alloy is 
very thin [17]. The contribution of oxides and hydroxides 
in the Al2p and O1s peaks has been reported [18–22]. A 
more pronounced signal of Mg was associated with the 
T6 (1305.38 eV) sample spectrum compared to the HCR 

Fig. 1.  Surface and EDS image 
maps of the (a, b) 6061-HCR 
and (c, d) 6061-T6 after pick-
ling and neutralization surface 
treatments
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(1305.28 eV) [23]. The lack of a pronounced Mg peak in the 
HCR alloy could be related to the better Al oxide film. Since 
in the T6 temper the density of the Mg enriched second 
phases is higher than in the HCR condition [9], the more dis-
tinct Mg peak for the T6 alloy is observed as these particle 
acts as defects in the oxide film.

Corrosion Characterization

Figure 3 shows the surface of the 6061-T6 (Fig. 3a) and HCR 
(Fig. 3b) samples after increasing periods of immersion in 
the different soil extracts used until a period of 30 days. For 
both alloys, the oxide growth was suggested from the first 

days of immersion. Monitoring of the surface with time 
of test showed that corrosion did not result in significant 
changes during all period of the test. Despite no signifi-
cant changes being observed at the surface until 30 days of 
immersion, there was indication of chemical activity during 
the whole period of test, as it can be observed by variation 
in the pH of the solutions, Fig. 4. The highest variations in 
pH were related to the alloys immersed in the Soil 3 extract. 
After 30 days of test, the exposed surfaces were observed 
by scanning electron microscopy (SEM) and analyzed by 
energy dispersion spectroscopy (EDS), as shown in Figs. 5 
and 6. Surrounding the pits, signal of elements such as Fe 
and SI related to intermetallic phases and oxygen related to 

Fig. 2.  Surface composition of the 6061-T6 and 6061-HCR alloy after etching obtained by XPS. High-resolution spectra deconvolution was 
obtained using Al Kα radiation for: (a) Al2p; (b) O2p; (c) Mg1s, (d) Si2p; (e) Fe2p; (f) Cu2p 
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oxides are observed, Fig. 5. The Fe–Si intermetallic phases 
present in both conditions, T6 and HCR, are cathodic to 
the matrix and were not attacked during immersion, Fig. 6. 
However, Mg signals are observed surrounding the pits, 
Fig. 5, and near the cathodic intermetallic phases, Fig. 6. 
This behavior was observed for both conditions, T6 and 
HCR.

In previous works, it was observed that samples of the 
6061 alloy with the two tempers, T6 and HCR, are suscepti-
ble to corrosion propagation in the 0.05 mol  L−1 NaCl solu-
tion [8]. However, in this work, despite the high concentra-
tion of chloride in the soil extracts, no intergranular attack 
was observed in the 6061-T6 alloy, Fig. 7a. This is due to 
the etching step that previously attack the grain boundaries, 
leading to preferential attack inside the grains during the 
corrosion tests. Surface profile analysis, Fig. 7b, showed that 

after 30 days of immersion, deep pits were observed in both 
alloys.

Neutron tomography images (NTI) showed regions of 
high attenuation coefficients (red regions), Fig. 8. The results 
corroborate those obtained by 3D profilometry, despite no 
evidence of corrosion sites by surface observation at low 
magnification (Fig. 1). Regions with high attenuation coef-
ficients are associated with high hydrogen content. Once 
Al presents great transparency to neutrons beam, the pres-
ence of hydrogen at the corroded regions allows analysis of 
Al alloys corrosion susceptibility. The arrows, for instance, 
indicate the highest attenuation values obtained and the 
thickness of the affected area in each condition. The NTI 
results support the observations of the effect of soil compo-
sition on the corrosion of the 6061 alloy for both tempers, 
T6 and HCR.

Fig. 3.  Surface macrographs of the tested alloys after increasing periods of exposure to the three soil extracts used as corrosion test environment. 
(a) 6061-HCR and (b) 6061-T6 alloys
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The kinetics of the corrosion process was evaluated in 
the various soil extracts by polarization curves, Fig. 9. The 
results show significant differences in the electrochemical 
behavior of the 6061 alloy in the two tempers in the three 
soil extracts. Polarization curves obtained in 0.05 mol  L−1 
NaCl were also obtained and are presented for compari-
son reasons. The potential for breakdown of the passive 
film (Ebreak) was dependent on the temper condition for 
all soil extracts. As shown in Fig. 9a and Table 2, the 
kinetics of the anodic reactions increase in the following 
sequence: Soil 1 < Soil 2 < Soil 3. The differences between 
the OCP and Ebreak values for the HCR and T6 tempers 
are shown in Fig. 9b. The greater the difference between 

OCP and Ebreak, the higher the resistance to localized oxide 
film breakdown. The results indicated lower susceptibility 
to passive film breakdown related to HCR temper com-
pared to the T6 alloy condition. The polarization curves 
in 0.05 mol  L−1 of NaCl solution did not indicate a pas-
sive behavior of the 6061 alloy, only a “pseudo passive” 
behavior in chloride environment showing that the alloy in 
the two tempers is highly electrochemically active in the 
presence of chloride but nitrate and sulphate ions act as 
corrosion inhibitors for this alloy.

Figures 10 and 11 show the alloys surface after anodic 
polarization test. Pits are observed over all exposed surfaces. 
Despite the fact that a breakdown potential was not easily 

Fig. 4.  pH variation of the soil 
extract exposed to 6061-HCR 
and 6061-T6 during 30 days of 
immersion test

Fig. 5.  EDS maps of the 6061-HCR pits after immersion in different soil extracts for 30 days
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Fig. 6  EDS maps of the 6061-T6 micrometric particles after immersion in different soil extracts for 30 days

Fig. 7.  (a) 3D profilometry 
images of the 6061-HCR and 
6061-T6 alloy after 30 days 
of immersion in the three soil 
extracts used in this study; (b) 
depth profile at the dashed lines 
indicated in (a) indicating the 
depth of penetration at the areas 
of localized attack
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identified in the polarization curve corresponding to the T6 
condition in Soil 1 extract, Fig. 9, surface observation of the 
sample after anodic polarization showed pits, Fig. 11a and 
b. This can be explained by limitation of the polarization 
technique considering that the current density measured cor-
responds to a mean of the current produced over the whole 
exposed surface. Moreover, it was also observed that T6 
condition presented susceptibility to intergranular attack 
when anodically polarized, although this type of attack 
was not seen in the samples immersed in the soil extracts 
at the OCP, Fig. 7. The absence of intergranular corrosion 
in the T6 condition when freely corroding (OCP) is due to 
the much lower kinetics of corrosion at OCP comparatively 
to corrosion under anodic polarization. Pickling treatment 
revealed a preferential attack of the grain boundaries in the 
T6 alloy showing the susceptibility of the alloy in this condi-
tion to intergranular attack.

The cathodic curves were obtained for each alloy in differ-
ent soil extracts, Fig. 12. According to the results, the kinet-
ics of the cathodic reaction increase as follows Soil 1 < Soil 

2 < Soil 3. The highest cathodic currents were related to the 
T6 condition. Surface observation after cathodic polarization 
showed precipitation products over the intermetallic phases 
for both tempers tested, HCR and T6.

Table 1 shows that the soils are mainly composed of 
chloride, nitrate, and sulfate ions. Chloride ions are highly 
aggressive to aluminum alloys. Indeed, increase in corrosion 
rate of the 6061 alloy is related to increments in chloride 
concentration [25, 26]. Pitting corrosion in chloride envi-
ronments occurs by adsorption of these ions on the oxide 
film increasing the susceptibility to passive film breakdown, 
mainly at defects in the oxide film, and oxygen reduction 
reaction occurs on the cathodic intermetallic phases until 
the double layer is charged and the breakdown potential is 
reached leading to film breakdown [27]. As observed in this 
study, 3D images profilometry and 3D images tomography 
showed susceptibility to localized corrosion of the 6061 
alloy for the two tempers tested, T6 and HCR. Polariza-
tion curves showed significantly lower anodic currents for 
the 6061 alloy exposed to all soil extracts compared to the 

Fig. 8.  Neutron 3D tomography 
images of the 6061-HCR (a–c) 
and 6061-T6 (d–f) after 30 days 
of immersion in three differ-
ent soil extracts. The arrows 
indicate the region with the 
highest attenuation value and 
the thickness of the affected 
area for each condition
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0.05 mol  L−1 NaCl solution. The literature reported a delay 
in the uptake of chloride ions in the presence of sulfate ions, 
leading to reduced corrosion in the sulfate-containing solu-
tion [24, 28].

Badawy et al. [24] reported the mechanism of inhibition 
by sulfate ions due to its absorption on the naturally air-
formed oxide film promoting passivation. Foley and 
Nguyen [29] also related the reduced corrosion rate in 
solution containing sulfate to the precipitation of Al(OH)
SO4. According to the authors, low free energy was 
associated with the formation of this compound (Al(OH)

SO4), that acted as a partial barrier reducing the kinetics 
of the corrosion reactions. Oya et al. [30] reported that 
the pitting potential became nobler with increase in 
sulfate ions concentration. Klomjit and Buchheit [31] 
reported that pitting corrosion of 7075-T6 is suppressed 
in the presence of sulfate, although the inhibition effect 
presented a limited range of effectiveness. In general, 
electrolytes containing sulfate in low concentrations favor 
pitting, whereas those with high concentrations of sulfate 
ions, reduce the kinetics of aluminum dissolution. This is 
due to the low stability of  Al3+ ion in aqueous solutions 
resulting in more stable complexes, such as Al(OH)4

−. 
As the  SO4

2− ions concentration increase, other soluble 
complexes, as Al(OH)2+, Al(OH)2

2+ and  AlSO4
+ are 

formed and found at the electrolyte/electrode interface. 
Since the corrosion process is controlled by diffusion, 
in diluted solutions a great number of water molecules 
are available to combine with the  Al3+ transporting this 
ion to the bulk solution. On the other hand, in highly 
concentrated solutions, the amount of complex ions at the 
electrolyte/electrode interface increases and, consequently, 
the kinetics of corrosion is reduced [32].

Fig. 9.  (a) Anodic polarization curves obtained after 30  min of 
immersion in different soil extracts. Straight lines correspond to 
anodic curves obtained in 0.05 mol   L−1 NaCl solution for compari-

son; (b) relation between OCP, breakdown potential (Ebreak), and cur-
rent density (ibreak) for the 6061-HCR and 6061-T6 alloys in different 
soil extracts

Table 2  Corrosion parameters obtained from the anodic polarization 
test of the 6061-HCR and 6061-T6 immersed in different soil extracts

EOCP Ebreak ibreak

6061-HRC (Soil 1) − 0.641 0.436 7.50 ×  10−4

6061-T6 (Soil 1) − 0.344 … …
6061-HRC (Soil 2) − 0.550 0.405 2.22 ×  10−4

6061-T6 (Soil 2) − 0.449 0.278 3.21 ×  10−4

6061-HRC (Soil 3) − 0.565 0.108 7.56 ×  10−4

6061-T6 (Soil 3) − 0.478 − 0.420 1.45 ×  10−4
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Ions are reported to play a controversial role in the 
corrosion of Al alloys [33]. It might improve the perfor-
mance of passive film reducing the probability of pitting 
corrosion initiation [32, 34–38], but, might also promote 
localized corrosion, once stable pits are initiated [33, 39]. 
According to literature, these ions are not sufficiently 
aggressive to initiate oxide film breakdown being incor-
porated into the oxide surface film and increasing the 
corrosion potential at the surface [40–42]. Samuel et al. 
[43] reported that certain  Cl−/NO3

− ratios can accelerate 
corrosion of Al alloys. At high nitrate concentrations, the 
reduce corrosion susceptibility reduction has been related 
to inhibition by their incorporation into the film [41].

The polarization response of the 6061 alloy is strongly 
influenced by the pH of electrolyte [25, 44]. According to 
Gupta et al. [44], the anodic reaction kinetics associated 
with the Mg enriched nano-sized phases is slowed down 
as the pH increases. For high pH solutions, Mg enriched 
particles are passive whereas, in neutral/acid environ-
ments, the passive behavior is not observed. Similarly, 
the cathodic reaction kinetics is faster under acidic/neutral 
conditions. Although the soil extracts used in this work 
present typically neutral pH, the differences found in cor-
rosion of the tested alloy in the three different soil extracts, 
are mainly related to the soil extract composition. In this 
work, a relation was observed between the increase in the 
 SO4

2− to  NO3
− ratio and the decreased susceptibility to 

Fig. 10.  Surface of the 6061-
HCR after anodic polarization 
in different soil extracts. (a, b) 
Soil 1; (c, d) Soil 2; (e, f) Soil 3
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corrosion. The samples exposed to the soil extract of low-
est sulfate and nitrate concentrations, Soil 3, presented the 
highest susceptibility to corrosion. This is in agreement 
with the results reported by Samuels et al. [43] showing 
that higher concentrations of  NO3

− for a same  Cl− con-
centration, leads to enhanced corrosion resistance. How-
ever, the passivating effect of nitrate can lead to increased 
corrosion attack propagation, once a stable pit is formed. 
Deep pits were seen in the present study by 3D profilom-
etry. This is explained by the high ratio between the large 
cathodic areas (passive regions promoted by  NO3

−) and 
the small anodic sites (pit).

Corrosion susceptibility was dependent on the alloy 
temper (thermomechanical process). As observed by 
the XPS results, after pickling treatment the signal 
corresponding to surface oxide was more intense for 
the HCR than for the T6. Additionally, the Mg signal 
was higher for T6 than HCR. A thicker oxide film on 
the HCR contributes to its higher corrosion resistance 
compared to the T6. The poor protection of the oxide film 
in T6 condition formed after pickling contributes to the 
corrosion process. 3D tomography images showed deeper 
corrosion penetration for the T6 relatively to HCR one, 
and this result is supported by previous work [7, 8].

Fig. 11.  Surface of the 6061–T6 
after anodic polarization in dif-
ferent soil extracts. (a, b) Soil 1; 
(c, d) Soil 2; (e, f) Soil 3
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It is proposed that the corrosion process of the 6061 
alloy is controlled by different processes depending on 
the thermomechanical treatment. Corrosion in the HCR 
alloy seems to be controlled by the characteristics of the 
surface oxide film, as indicated by XPS results. However, 
for the 6061-T6, its higher amount of Mg-enriched phases 
is seemingly the main factor controlling the corrosion 
process. As the pH of the soil extracts was not sufficiently 
high to maintain the passivity of these phases, preferential 
dissolution occurs. Although deposition of corrosion 
products slows down the kinetics of corrosion reaction, 
inside the pits, the high concentration of chloride and low 
pH decrease promote pit propagation. For the 6061-HCR 
alloy, the evenly distributed intermetallic phases favor 
a more homogenous and thicker oxide film with better 
corrosion resistance relative to the 6061-T6.

Conclusions

In this work, the corrosion behavior of the 6061 alloy in two 
different temper conditions, T6 and HCR, was studied in 
three different soil extracts. The HCR condition presented 
better corrosion properties compared to the T6. This was 
due to a thicker and less defective oxide film on the 6061-
HCR alloy in relation to the 6061-T6. The higher amount 
of Mg-enriched particles associated with the T6 condition 
compared to the HCR resulted in increased corrosion 
susceptibility for that condition. Increased concentrations 
of sulfate and nitrate ions in the extract solution resulted 
in reduced corrosion kinetics of the 6061 alloy in both 
thermomechanical conditions, T6 or HCR.
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