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OZET

Alliminyum alasimlar1 hafif, korozyon direnci ve mekanik 6zelliklerinin iyi olmasindan
dolay1 farkli sektorlerde kullanilmaktadir. Havacilik sektdriinde mukavemet istenen yerlerde
2000 serisi ve yapisal uygulamalarda 6000 serisi tercih edilmektedir. 2000 serisi i¢inde baslica
Cu elementi, 6000 serisinde ise Si ve Mg elementleri mevcuttur. Bu alagimlar 1s1l igleme yatkin
alasimlardir; 2000 serisine uygulanan 1sil islem sonunda mukavemette artis kazanilirken
korozyon ozelliklerinde diisiis, 6000 serisinde ise korozyon oOzelliklerinde ve sekil alma
kabiliyetinde artis saglar. Son yillarda, aliminyum alasimlarinin mekanik ve korozyon
ozelliklerini iyilestirmek i¢in -196 °C'de farkl: siirelerde kriyojenik 1s1l islemi uygulanmaktadir.
Bu islem sonunda mikroyapida tanelerin incelmesi ve ikincil fazlarin (intermetallik fazlarin)
homojen dagildig gozlemlenmistir. Bu degisim mekanik ve korozyon 6zelliklerinde iyilesme
saglamistir. Yapilan ¢alismada, havacilikta kullanilan 2024-T0, 2024-T3, 6061-T0 ve 6061-T6
alliminyum alagimlarina 8 h, 16 h ve 24 h siirelerde kriyojenik 1s1l islemi uygulanarak mekanik
ve korozyon 6zellikleri incelenmistir. Elde edilen sonuglara gore, kriyojenik 1s1l islem gormiis
2024-T3 ve 6061-T6 numunelerde % 14 sertlik artig1 gézlemlenmistir. Sertlik degeri 2024-T3
icin 24h kriyojenik 1s1l islem sonunda 155 HV degerine ulasti. Ayrica, 6061-T6 alasim ic¢in 24
h kriyojenik islem sonunda 129 HV degerine ulagsmistir. Cekme deneyi sonucunda 2024-T3-8h
numune ¢ekme mukavemeti ve % uzama degerleri diger 2024-T3 numunelere gore yiiksek
bulunmustur. Diger taraftan, 6061-T0 i¢in akma mukavemetinde 6061-T0-16h ve 6061-T0-24h
numunelerde % 2 artis saglanmistir. Ayrica 6061-T6 i¢in en yiiksek akma mukavemeti degeri
16 h kriyojenik 1s1l islem sonras1 gézlemlenmistir. Korozyon deneyleri sonuglari incelendiginde,
passivasyon bdlgesi tiim numunelerde gozlemlenmistir. Serbest korozyon potansiyeli 6l¢iimii
deneyinde 6061-T6-8h diger 6061-T6 numunelere gore korozyon potansiyeli daha anodik
bulunmustur. Diger taraftan EIS sonuglar1 incelendiginde 6061-T6 1s1l islem gormiis

numunelerin koroyzon direnci daha yiiksek tespit edilmistir.

Anahtar Kelimeler: Aliiminyum alasimlari, 2024 alasimi, 6061 alasimi, 1s1l islem, mekanik

ozellikler, korozyon.
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SUMMARY

Aluminum alloys are used in different sectors for their lightweight, corrosion resistant
and have good mechanical properties. In the aviation industry and in structural applications
where strength is required 2000 series and 6000 series is preferred. In the 2000 series, Cu and
in the 6000 series Siand Mg are major elements available. These alloys are heat treatable alloys;
At the end of the heat treatment applied to the 2000 series, an increase in strength is gained in
adverse corrosion decrease while in the 6000 series an increase in corrosion properties and
shaping ability. In recent years, to improve the mechanical and corrosion properties of the
aluminum alloys cryogenic heat treatment is applied in different times at -196 oC. At the end of
this process, it was observed in the microstructure a secondary phases (intermetallic phases)
were homogeneously dispersed and the grains is thinned. This change in microstructure
improved the mechanical and the corrosion properties. In this study, the mechanical and
corrosion properties of 2024-T0, 2024-T3, 6061-T0O and 6061-T6 aluminum alloys used in
aviation were investigated by applying cryogenic heat treatment for 8 h, 16 h and 24 h.
According to the results obtained, the hardness increased about 14 % after cryogenic heat
treatment fort he alloy 2024-T3 and 6061-T6 samples. The hardness value reached 155 HV after
24h of cryogenic heat treatment for 2024-T3. In addition, it reached 129 HV for 6061-T6 alloy
after 24 h cryogenic treatment. On the other hand, , an 2% increase was achieved in yield
strength for 6061-T0-16h and 6061-T0-24h samples compared to 6061-T0O. In addition, the
highest yield strength value for 6061-T6 was observed after 16 h cryogenic heat treatment.
When the corrosion test results were examined, the passivation zone was observed in all
samples. In the free corrosion potential measurement test, the corrosion potential of 6061-T6-
8h was found to be more anodic than the other 6061-T6 samples. Moreover, the corrosion
resistance of the 6061-T6 heat-treated samples was found to be higher regarding the EIS
findings.

Keywords: Aluminum alloys, 2024 alloy, 6061 alloy, heat treatment, mechanic properties,

corrosion.
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1. INTRODUCTION

Aluminum (2.7 g/cm?) is used in the automotive and aerospace industries because it is
1/3 lighter than steels and because it reaches the strength values of common steels with heat
treatments (Committee 1990; Jovicevi¢-Klug and Podgornik 2020; Ma et al., 2004; Macario et
al., 2019). The tensile strength of pure Al metal is 90 MPa. The addition of the alloying elements
and the applied heat treatment to the pure metal, this value goes up to 455 MPa (2000 series).
When the corrosion properties are examined, it provides protection by forming a metal oxide
film in the air environment (Fahimpour et al., 2012; Mascagni et al., 2014). Although the oxide
film is resistant in humid, industrial, and acidic environments, it is not resistant to alkaline
environments (Kaseem et al., 2015; Macario et al., 2019; Reboul and Baroux 2011). Aluminum
alloys are easy to cast and produce as sheet metal. Forged alloys with a 4-digit coding system
are classified; the most commonly used alloy series in aviation are the 2xxx, 5xxx, 6xxx, and
7xxx series. Aluminum alloys have an important place in the aviation industry. The reason is
that they are light and with applied heat treatments, their strength is close to medium carbon
steel. The most preferred aluminum alloy series are the 2xxx, ,6xxx and 7xxx series. On the

other hand, aluminum parts used in aviation should be replaced after a certain period.

Cryogenic heat treatment is a heat treatment applied to materials in a liquid nitrogen
environment at -196 °C. This change in physical properties is a result of changes in
microstructure at the end of the process. While this process gives good results in steel, however
,the effect on light metals is under investigation. Overwork on aluminum alloys, it is observed
that the microstructure becomes more homogenous and the secondary phases are resolved in the
matrix. Specified after cryogenic heat treatment. In addition, it has been determined that there

is an increase in strength and hardness for some alloys.

The effect of cryogenic heat treatment on light metals in recent times is being
investigated. At the end of this process, it has been observed an increase in the mechanical
properties and corrosion resistance. In this context, this study investigates the cryogenic heat
treatment effect on the mechanical and corrosion behavior of 2024-T0, 2024-T3, 6061-TO0, and

6061-T6 aluminum alloys.



2. LITERATURE REVIEW

2.1 Aluminum alloys and aviation application

Aluminum alloys are widely used in different industries such as automotive, aviation
(Figure 2.1), etc.(Cole and Sherman 1995; Committee 1990; Dursun and Soutis 2014;
Jovicevi¢-Klug and Podgornik 2020; Salguero et al., 2020; Zheng et al., 2018); because of

lightweight (2.74 g/cm?), good mechanical properties (Figure 2.2) and corrosion resistance

compared to other materials. In the automotive industry the aluminum alloys were used in

powertrain (casting), chassis (casting and wrought) and body (wrought) structure. For example,
the Audi A8 has used 348 kg of aluminum alloys which reduced the car weight from 1348 kg
to 1121 kg (Cole and Sherman 1995).
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Figure 2.1.Aluminum use in automotive and aviation a) Audi TT coupé and b) A380 (Zheng et
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Figure 2.2.Comparisons of specific tensile strength of aluminum alloys versus different alloys
(Committee 1990).



On the other hand, the aviation also followed in parallel the performance of automotive
to reduce the weight of the airplane (Figure 2.3). The weight reduction involves fuel reduction,
increasing the range and the payload. Moreover, optimization of materials can also reduce the
maintenance time and repair cost (Dursun and Soutis 2014). It is especially used in 2xxx, 6xxx
and 7xxx (Table 2.7) series aircraft fuselage and wings (Salguero et al., 2020). Various methods
are used to increase the mechanical properties and corrosion resistance of these alloys. These
are mainly heat treatment, addition of new alloying elements or their ratios modification and

production methods.

Leading edges Rear bulkhesd

Landing gear panels Belly fairing Fan cowls Stringers and ribs

Figure 2.3. A319 aircraft structural parts (Salguero et al., 2020).



Table 2.1. Some aluminum alloys used in aeronautical; properties, composition and alloy
designation (Salguero et al., 2020).

ification Alumi AA2024 AAT4TS AATO50 AATOTS
Association
UNS A92024 A97475 A97050 A97075
150 AlCuMgl AIZn55MgCu(A) AZn6CuMgpZr AlZn55MgCu
Composition Si =05 =01 =0.12 0.4
=05 =0.12 =0.15 =05
Cu 3849 12-19 18-25 12-20
Mn 0309 =0.06 =01 =03
Mg 12-18 19-26 20-27 21-29
Cr 0.1 018-0.25 =0.04 0.18-0.28
Zn 025 52-62 59-69 51-61
Ti s0.15 =0.05 <0.06 502
Al Rem. Rem. Rem. Rem.
Propertics Density 278 28 283 8
(kg/m")
Melting S00-638 477-635 490-630 475-635
point (*C)
Thermal 121-151 163 157 130
conductivity
(W/m*C)
Thermal 232 32 41 236
expansion
(um/m*C)
Young’s 73 n n n
Modulus
(GPa)
Percent 6-20 12 10 n
clongation
(%)
Ultimate 440495 s31 495-550 525-570
tensile
strength-UTS
(MPa)
Heat T3, T4, T51 TH T6, T651,T73
treatment T361,T6,
TS1T861

Among them, the 2xxx series is the most preferred. The strength value after applied cold
forming and heat treatment is equivalent to medium carbon steel. Airframe and wing It is used
in parts of [9]. The 6xxx series, on the other hand, is preferred like the 2xxx series in aircraft

fuselage and wing parts due to its easy welding ability and heat treatment (Fahimpour et al.,

2012; Kaseem et al., 2015; Reboul and Baroux 2011).

Different alloy ratios, production methods and heat treatments are applied to aluminum

alloys to improve strength and corrosion properties [12]. Recently, researches to improve these



properties with cryogenic heat treatment have gained momentum. This process was first applied

to cutting steel tools in 1940 and an increase in mechanical properties was observed.

In the literature, cryogenic heat treatment has been applied to aluminum alloys at
different times (Padmini et al., 2019a; Park et al., 2015). For example, 2024-T351 alloy was
cryogenic heat treated for 2, 6, 8, 12 and 24 hours. At the end of this process, the defects in the
microstructure and the precipitated secondary phases affect the distribution. they have observed.
In addition, an increase in strength values and 24-hour cryogenic heat treatment The highest
value after 480.6 MPa was obtained (Figure 2.4). In this study, the hardness and corrosion
properties have not been investigated (Zhou et al., 2016).
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Figure 2.4. 2024-T351 aluminum alloy tensile curves; a) N1-0-N1-5 b) N2-0-N2-3(Zhou et al.,
2016) .

The microstructure of the cryogenic treated sample 2024-T351 were presented at Figure
2.5. It was observed lower defects for the sample cryogenic treated for 6h (Figure 2.5¢).
Moreover, the precipitates were more uniform dispersed in the microstructure compared to

untreated sample (Zhou et al., 2016).
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Imperfect
Crystal Grain

Fissiled Grain

Figure 2.5. 2024-T351 aluminum alloy; microstructure images a) untreated, b) CT-2h, ¢) CT-
6h and d) CT- 12h (Zhou et al., 2016).

A similar study was performed by Padmini et al. (Padmini et al., 2019a); 2, 9 and 64
hours of cryogenic treatment was applied to 2024, 7075 and 602 aluminum alloys and a 24%
improvement was found for the wear amount of the 2024 alloy. Lulay et al. (Lulay et al., 2002)
used 7075 alloy and applied cryogenic heat treatment at -196 °C at two different retention times;
2h and 48h. Because of the analysis, the shrinkage compared to the original sample increased

the strength of 1.5% and the impact of 11.5% after 48 h of cryogenic heat treatment.

In another study, cryogenic heat treatment was applied to the welded aerospace Al alloys
for 48 h. In the analyzes of the parts, the stress corrosion cracking was improved (Figure 2. 6).
Residual stress in the welded area from 23.9 ksi has fallen to to 12.2 ksi (Table 2.2) . On the

other hand, a slight increase in strength and hardness was observed (Chen et al., 2001).
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Figure 2. 6.Longitudinal residual stress profiles of aluminum alloy (Chen et al., 2001).

Table 2.2. Aluminum alloys welds stress corrosion (Chen et al., 2001).

- Specimen . |- StressLeyel | Failure | | Highest Residual ||~ Daysto~ -
" Condition .| i(okyS): (| ‘Ratio | ‘Stressin HAZ . |' ' Failure .
As-welded 50 13 239ksi 65
75 w3 3,6
Cryogenically treated 50 o3 122 ksi =
75 23 : 22,84

On the other hand, the effect of short-term instead of long-term cryogenic treatment on
LC4 (Al-Zn-Mg-Cu) aluminum alloy was investigated by Zhang et al. (Zhang et al., 2013).
Cryogenic heat treatment was applied at -196 °C for 40 minutes. After this process, mechanical
properties and corrosion resistance in 3.5 wt% NaCl solution were measured. It was observed
that the precipitates in the microstructure after the cryogenic treatment dissolved in the matrix
and the secondary phases were located in the form of chains at the grain boundary. In addition,
the samples treated with cryogenic heat treatment and cryogenic heat treatment followed by 24
h aging at 120 °C were subjected to compression test; the cryogenic treatment improved 25.69
% and 59.72 % compared to the original sample. In the same study, the corrosion potential of
the original sample which was -834 mV increased up to -805 mV after cryogenic treatment and
aging. They found that this improvement resulted in the reduction of secondary phases in the

microstructure and, as a result, a decrease in galvanic interaction (Figure 2.7and Figure 2.8).
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Figure 2.7. Untreated and treated LC4 (Al-Zn-Mg-Cu) alloy compression test results.
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Figure 2.8. Potentiodynamic test of untreated and treated LC4 (Al-Zn-Mg-Cu).

A decrease in wear rate was observed after 12 hours of cryogenic heat treatment applied
to 6101 aluminum alloy. The reason for this is related to that the GP regions (Guinier-Preston)
dissolved in the matrix at the end of this heat treatment and therefore the wear performance is

improved (Franco Steier et al., 2016).



Cryogenic heat treatment was applied to 6061 metal matrix composite materials. Varun
Chandra et al. (Varun Chandra et al., 2018) applied cryogenic heat treatment by adding B4C+Gr
to 6061 alloy at different level. At the end of this study, it was stated that there was an increase
in strength and hardness in heat treated composites, and B4C+Gr (12 %) aluminum composite.
In another study, an increase in mechanical properties was observed after cryogenic heat

treatment applied to LC25 aluminum composite with SiC additives (Elango et al., 2014).

2.2 Corrosion of aluminum alloys

2.2.1 Corrosion behavior of 2000 aluminum alloy

The corrosion of 2024 aluminum alloys was due mainly of intermetallic phase formation
due to addition of Cu and Mg (Siskou et al., 2018). Different studies were performed on the
corrosion of 2024 aluminum alloys. Localised corrosion was observed on the surface of
aluminum alloy such as pitting, intergranular and stress corrosion cracking (Pantelakis et al.,
2016; Pantelakis et al., 2012; Valerie and Georges 1999) and galvanic corrosion (Figure 2.9)
(Snihirova et al., 2019).

10" 4 AA2024

1A m™®)
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Figure 2.9. AA2024-Ti galvanic couple A) after 25 h of immersion and B) potentiodyanmic
curves in 0.05 M NaCl (Snihirova et al., 2019).

For this reason, some coating was applied to reduce the corrosion rate. For example,
Macario et al. applied diamond -like carbon (DLC) films on Al2024 -T3, A15052 -H32, and
Al6061 -T6 aluminum alloys (Macério et al., 2019). Different application was also applied on
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the surface of aluminum alloy such as anodization of the surface to protect the aluminum alloys
against corrosion (Dasquet et al., 2000; Shi et al., 2013; Xiangfeng et al., 2013), plasma coating
(Mascagni et al., 2014).

2.2.2  Corrosion behavior of 6000 aluminum alloy

The corrosion performance of the 6063 alloy was studied by Prabhu and Rao (Deepa and
Padmalatha 2017) in sodium hydroxide medium and phosphoric acid medium. The tafel
polarisation of the alloy in H3PO4 was presented at Figure 2.10. It can be seen that decreasing
the amount of H3PO4 make more anodic the corrosion potential. Moreover, the corrosion
behavior of 6063 alloy was evaluated using EIS (Figure 2.11). The results show that the

corrosion was principally charge transfer controlled in H3POs.
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Figure 2.10. Anodic curve of 6063 alloy in different concentration of H3;PO4 at 30 °C (Deepa
and Padmalatha 2017) .
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Figure 2.11. The Nyquist curves of 6063 alloy in different concentration of H3PO4 at 30 °C
(Deepa and Padmalatha 2017).

Fahimpour et al. examined the corrosion performance of 6061 alloy joined by friction
stir welding (Fahimpour et al., 2012). The corrosion resistance was found lower in the weld
region. Moreover, the T6 treatment increased the corrosion potential of 6061 alloy. In another
work, Huang et al. (Huang et al., 2008) investigated by EIS the corrosion performance of
anodized 6061 alloy. The results showed that the porous film formed using hard anodizing on

the surface of 6061 alloy exhibited better corrosion resistance.

2.3 Mechanical performance of aluminum alloys

2.3.1 Mechanical performance of 2000 aluminum alloys

The mechanical properties such as tensile strength, hardness, wear performance, etc.
should be determined before to use in the industry. Bekheet et al. examined the wear and
hardness of the composite 2024-SiC material (Bekheet et al., 2002). The hardness behaviour of
2024-SiC was presented at the Figure 2.12. It can be seen that after 150 h of ageing, the base
material reached to 112 HV. However, the composite reached 120 Hv which was 8 Hv higher

than untreated sample. The benefic on the hardness of cryogenic heat treated 2024 was also
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confirmed by the study of Padmini et al.(Padmini et al., 2019b). The hardness of 2024 reached
to from 135 to 140 Hv.
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Figure 2.12. The hardness behaviour of composites (Bekheet et al., 2002).

On the other hand, 2026 aluminum alloy was subjected to tensile deformation and strain
value was determined. An increase in the width of the sample, increased the strain concentration
(Lam et al., 2010). Wang et al. examined the aged and deep cryogenic treated FSW joints of
2024-T351 aluminum alloy (Wang et al., 2014). They found that the yield stress, ultimate
strength and elongation decreased after ageing and deep cryogenic heat treatment (Figure 2.13).
Similar method was applied without cryogenic treatment to join 2024-T351 and 6056-T4 alloy
(Amancio-Filho et al., 2008).
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Figure 2.13. Tensile properties of 2024 with different heat treatment (Wang et al., 2014).

Moreover, the sample 2024 and 7075 subjected to the cryogenic heat treatment at -196
°C for 4h increased the yield strength 32 and 20 MPa and the tensile strength to 26 and 21 MPa
(Faraji et al., 2018).

2.3.2  Mechanical performance of 6000 aluminum alloys

It is well documented that 6061 aluminum alloy had mild strength, heat treatable and
good corrosion characteristic. The 6061 aluminum alloy is used in automotive and aviation
industry to gain weight. The effect of ageing on the hardness was studied and they found that
ageing at 180 °C for 24 h decreased the hardness from 105 Hv (180 °C for 11 h) to 95 Hv (Demir
and Giindiiz 2009).

Ozturk et al. also worked on the mechanical properties of 6061 alloys. They found that
after 120 min of ageing at the temperature of 200 °C, a decrease of hardness value was observed

as seen at Figure 2.14 (Ozturk et al., 2010).
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Figure 2.14.The hardness behavior with ageing time of the 6061 aluminum alloy (Ozturk et
al., 2010).

According to the works realized, the T6 treatment lead " needle-shaped precipitates and
the sequence of precipitation of Al-Mg-Si were given in the Hata! Basvuru kaynagi
bulunamadi. (Maisonnette et al., 2011). Mariora et al. studied the effect of B” phase on the
hardness of 6xxx series of aluminum alloys (Marioara et al., 2006). In another study, the residual
stress formed after cryogenic heat treatment to 6061 aluminum alloy was examined by Ko et al.

(Ko et al., 2013).

Table 2.3. Al-Mg-Si composition of precipitate (Maisonnette et al., 2011).

Phase Composition
GP zone Mg Siy
B" MgsSis
B’ MgaSis

B Mg, Si
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3. MATERIALS AND METHODS
3.1 Materials preparation
The aluminum untreated and treated 2024 and 6061 alloys in form of sheet were obtained
by supplier and presented at the 7able 3.1. Then the sheet metals were cut by using laser cutting

machine to obtain tensile sample (ASTM 646-98) as given in the Figure 3.1 and Table 3.2.

Table 3.1. The treatment applied to the 2024 and 6061 aluminum alloy.

Aluminum Alloys Treatment
2024-TO Untreated
2024-T3 T3 heat treatment applied
6061-TO Untreated
6061-T6 T6 heat treatment applied

Figure 3.1. Tensil test specimen according ASTM 646-98.

Table 3.2. Dimension of tensile sample given at Hata! Basvuru kaynagi bulunamadi.
a b Y X R Ly L
3mm | 20 mm 35mm 30mm | 35mm | 83.76 mm | 173.76 mm
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3.2 Deep cryogenic heat treatment

Deep cryogenic heat treatment was performed at -196 °C with different period of time.
Briefly, the prepared tensile samples were placed in the cryogenic furnace and then the furnace
was heated at the rate of 5 °C/ min to -196 °C. Three soak time were set for cryogenic treatment
8 h, 16 h and 24 h. After desired waited time, the furnace was cool down to room temperature

at the velocity of 5 °C/ min.

33 Mechanical test

The tensile test was carried out using Shimadzu AG-IS 250 kN (Figure 3.2) at the
velocity of 2 mm/min according to ASTMD790. The results were presented as stress-strain
curves. On the other hand, hardness measurement was realized by applying 5 gf on the surface

of the sample for 10 s (Figure 3.3).

Figure 3.2. Tensile test apparatus.
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Figure 3.3. Hardness measurement apparatus (2021).

34 Corrosion test

The corrosion tests were performed in the 3.5 wt.% NaCl solution at room temperature.
For this purpose, a three electrode system was employed to test the samples. First electrode was
assigned as working electrode, the second electrode which was Ag/AgCl reference electrode
and the last electrode which is made of carbon was employed as counter electrode. For all
experiment, the test begins after 15 min of immersion of the samples in the marine solution. The
open circuit potential, potentiodynamic and electrochemical impedance spectroscopy (EIS)

experiments were executed to study the corrosion performance of the samples




Figure 3.4. Corrosion apparatus.
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4. RESULTS AND DISCUSSIONS

4.1 Mechanical results

4.1.1 Hardness Behavior

The hardness of the samples were measured and presented at the Figure 4.1, Figure 4.2,
Figure 4.3 and Figure 4.4. For the sample 2024-T0, the hardness was decreased after performed
cryogenic treatment. The value decreased from 58 HV (0Oh) to 55 HV (8h). Increasing the time
of treatment decreased the hardness to 53 HV after 16 h. A slight increase was observed after

24h of treatment which was 54 HV (Figure 4.1).
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Figure 4.1. The hardness behaviour of untreated and treated 2024-TO.

On the other hand, the treatment of cryogenic treatment was benefic for the alloy 2024-
T3. The hardness increased from 142 HV to 155 HV after 24 h of treatment (Figure 4.2).
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Figure 4.2. The hardness behaviour of untreated and treated 2024-T3.

The cryogenic treatment decreased the hardness of 6061-TO after 8h of treatment from
42 HV to 41 HV. However, the treatment 16h and 24 lead a slight increase which reached
maximum of 43 HV (Figure 4.3). While, the hardness increased from 115 HV to 127 HV after

cryogenic treatment (Figure 4.4).
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Figure 4.3. The hardness behaviour of untreated and treated 6061-TO.
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Figure 4.4. The hardness behaviour of untreated and treated 6061-T6.

4.1.2 Strain-Stress Behavior

Figure 4.5 shows the tensile behaviour and the Figure 4.6 presents the extracted data
from the tensile test of untreated and treated 2024-TO aluminum alloy. As expected, all the
samples conducted similar tensile curves. The UTS of untreated was 165 MPa which was higher
than 2024-T0-16h (164 MPa) and lower than 2024-T0-8h (168 MPa) and 2024-T0-24h (166
MPa). Meanwhile, the elongation was lower for 2024-T0 with 23 % compared to other samples.
Higher ductility behaviour was obtained when using short cryogenic treatment time with the
sample 2024-T0-8h (25 %). On the other hand, the yield strength was higher for the sample
2024-T0-16h followed by 2024-T0, 2024-T0-8h and 2024-T0-24h. The energy absorption of
the samples was also calculated which is defined as the total amount of energy absorbed before
fracture. The lower and higher resistance against failure was recorded for 2024-T0 (33 J/cm3)
and 2024-T0-8h (39 J/cm3), respectively. In general, it can be state here that the cryogenic

treatment slightly improved the mechanical properties of 2024-T0 aluminum alloys.
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Figure 4.5. Tensile test results of untreated and treated 2024-T0 aluminum alloys.
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Figure 4.6. Data extracted from the Figure 4.5.

The alloy 2024-T3 which has better mechanical properties compared to 2024-T0 was
subjected to deep cryogenic heat treatment to evolve the mechanical properties. The findings on
the tensile behaviour was exhibited at the Figure 4.7and Figure 4.8. When regarding closely to
the tensile behaviour of the untreated and treated sample 2024-T3, it can be concluding that they

had similar trends. The highest ultimate tensile strength was acquired when applying low period
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of cryogenic treatment, it reached to 469 MPa. Increasing the cryogenic heat treatment time
decreased slowly the UTS compared to untreated 2024-T3. On the other hand, the yield strength
was better for all cryogenic treatment time and it attained maximum 364 MPa when applying
24 h. Regarding to elongation, it was noticed that the samples 2024-T3 had lower ductility
compared to 2024-TO. Meanwhile, the resistance against failure was enhanced with the

treatment of 8 h and it increased from 93 J/cm3 to 98 J/cm3.
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Figure 4.7. Tensile test results of untreated and treated 2024-T3 aluminum alloys.
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Figure 4.8. Data extracted from Figure 4.7.

The results of untreated and treated 6061-T0 and 6061-T6 was presented at Figure 4.9, Figure
4.10, Figure 4.11and Figure 4. 12.
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Figure 4.9. Tensile test results of untreated and treated 6061-T0 aluminum alloys.
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Figure 4.10. Data extracted from Figure 4.9.
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Figure 4.11. Tensile test results of untreated and treated 6061-T6 aluminum alloys.
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Figure 4. 12. Data extracted from Figure 4.11.
4.2 Electrochemical results

4.2.1 Ecorr vs time

The free corrosion potential behavior of untreated and treated 2024-TO alloy in the 3.5
wt. % NaCl was presented in the Hata! Bagvuru kaynagi bulunamadi. At first glance, it can
be seen that all samples finished around -720 mV after 1 h of immersion. However, the sample
2024-T0-8h was behaved cathodic compared to other alloys during the test. In opposition, the
treated alloy 2024-T0-16h and 2024-T0-24h had similar OCP trend as 2024-T0-0h.
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Figure 4.13. The open circuit potential behaviour of untreated and treated 2024-TO alloy.

The OCP performance of the 2024-T3 was screened at the Figure 4./4. In general, the
untreated sample was more anodic compared to treated sample. In adverse, the OCP of the
sample 2024-T3-8h performed more cathodic after 0.3 h of the test. On the other hand, the OCP

of the samples ended around -615 mV after immersion of 1 h.
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Figure 4.14. The open circuit potential behaviour of untreated and treated 2024-T3 alloy.
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The free corrosion potential of untreated and treated 6061-TO was measured and
presented at Figure 4.7/5. At first glance, it was observed that the OCP value of the original
sample begin at -780 mV which was more cathodic and stayed constant after half hour compared
to treated samples. In opposite, the treated sample started more anodic compared to untreated

sample and the free corrosion potential finished around -720 mV for all treated samples.
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Figure 4.15. The open circuit potential behaviour of untreated and treated 6061-TO alloy.

On the other hand, the free corrosion potential tendency of 6061-T6 was also
investigated in the 3.5 wt.% NaCl. The findings show that the cryogenic heat treated 6061-T6-
8h had slightly higher anodic potential compared to other samples Figure 4./6. Although, the
corrosion potential of 6061-T6-24h started more anodic approximately -715 mV, it finished

more anodic with -730 mV.
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Figure 4.16. The open circuit potential behaviour of untreated and treated 6061-T6 alloy.

4.2.2 Passivation behavior analysis

The polarisation curves of untreated and treated alloy 2024-T0 was presented at Figure
4.17. At first glance, it can be seen a passivation zone for all sample in the branch of anodic
curves indicating of formation of oxide film. This passivation area was bigger for 2024-T0-0Oh
followed by 2024-T0-16h, 2024-T0-8h and 2024-T0-24h, respectively. The corrosion potential,
corrosion current and corrosion rate of samples were obtained from Tafel curves and presented
at the Table 4./. Although, the corrosion potential of untreated sample was found -982 mV
which was higher than 2024-T0-8h and 2024-T0-24h, the corrosion current as well as corrosion

rate was lower than rivals.
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Figure 4.17. Potentiodynamic curves of untreated and treated 2024-T0.

Table 4.1. Data extracted from Figure 4.17.

Beta A Beta C Icorr Ecorr Corrosion rate
(V/decade) (V/decade) (uAd) (mV) (mpy)
2024-T0-0h 53,80e-3 33,70e-3 3,270 -982.0 4,151
2024-T0-8h 31,06e3 121,0e-3 13,80 -975.,0 17,45
2024-T0-16h 10,50e3 118,6e-3 19,10 -987.,0 24,26
2024-T0-24h 659,8e-3 87,30e-3 5,690 -978.,0 7,213
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Otherwise, the polarisation curves of untreated and treated alloy 2024-T3 had similar

behaviour as 2024-T0 (Figure 4.18 and Figure 4.19). The passivation area was higher for 2024-
T3-24h (-920 mV to — 600 mV) followed by 2024-T3-8h (from -885 mV to -625 mV), 2024-
T3-16h (from -910 mV to -606 mV) and 2024-T3-0h (from -866mV to -664 mV) (Table 4.2).

It can be state here that the cryogenic treated samples had better resistance of oxide film

compared to untreated sample. Moreover, the corrosion potential measured was for 2024-T3-

Oh, 2024-T3-8h and 2024-T3-24h was -1000 mV while it was -997 mV slightly more anodic for

2024-T3-16h. Furthermore, the corrosion rate was higher for the untreated sample with 16.54

mpy which was 3.5 times higher than 2024-T3-16h.
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Figure 4.18. Potentiodynamic curves of untreated and treated 2024-T3.

Table 4.2. Data extracted from Figure 4.18.

Beta A Beta C Icorr Ecorr Corrosion Rate
(V/decade) (V/decade) (uAd) (mV) (mpy)
2024-T3-0 392.9¢-3 72,40e-3 13,00 -1000 16,45
2024-T3-8 105,0e-3 43,80e-3 4,220 -1000 5,354
2024-T3-16 102,0e-3 54,20e-3 3,660 -997 4,638
2024-T3-24 1,000e15 85,80e-3 10,70 -1000 13,61
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Figure 4.19. Potentiodynamic curves of untreated and treated 6061-TO.
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The anodic polarisation curves of untreated and treated 6061-T0 exhibited passivation

in the 3.5 wt. % NaCl solution (Figure 4.19). The corrosion potential was found lower for the
sample 6061-T0-24h which was -1020 mV (Table 4.3). However, the corrosion potential of 601-
T0-Oh and 6061-T0-16h were equal. Although, the corrosion potential was higher for 6061-T0-

16h, the Icorr as well as the corrosion rate was found 1.88 uA and 2.39 mpy lower than original

sample.

Table 4.3. Data extracted from Figure 4.19.

Beta A Beta C Leorr Ecorr Corrosion Rate
(V/decade) (V/decade) (uA) (mV) (mpy)
6061-T0-0h 622,8¢e-3 131,0e-3 15,60 -1050 19,84
6061-T0-8h 276,2e-3 96,60e-3 8,82 -1030 11,18
6061-T0-16h 153,6e-3 55,20e-3 1,88 -1050 2,391
6061-T0-24h 8414 179,9¢-3 3,58 -1020 4,542




Figure 4.20. Potentiodynamic curves of untreated and treated 6061-T6.
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The T6 treated 6061 was also investigated to find the effect of the cryogenic treatment.

At first look, it can be state here that a passivation zone was observed for all sample as observed

for 6061-TO (Figure 4.20). Besides, it appears that the treated sample had more cathodic

corrosion potential than untreated sample; it was found for -1010 mV for untreated sample.

However, the corrosion rate and the corrosion current was found lower for the sample 6061-T6-

8h and higher for the sample 6061-T6-24h (Table 4. 4)

Table 4. 4. Data extracted from Figure 4.20.

Beta A Beta C Icorr Ecorr Corrosion Rate
(V/decade) (V/decade) (uA) (mV) (mpy)
6061-T6-0h 116,0e-3 51,30e-3 290,0 nA -1010 368,4¢-3
6061-T6-8h 1,000¢15 10,50e-3 13,50 nA -1030 19,40e-3
6061-T6-16h 80,90e-3 42,10e-3 1,350 uA -1130 1,710
6061-T6-24h 151,9¢e-3 60,30e-3 1,540 uA -1040 1,952
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4.2.3 Electrochemical Impedance Spectroscopy (EIS)

The Nyquist plots of untreated and treated 2024-TO were shown at Figure 4.27. At first
glance, it can be deducing that a semi-circle capacitive loop, inductive loop and a Warburg
impedance curves were located. At high frequency, the sample 2024-T0-8h had bigger semi-
circle diameter meaning better resistance of oxide film. The inductive loop at low frequency
which is attributed to adsorption of materials to the surface such as corrosion products was also
higher for 2024-T0-8h sample. Furthermore, the untreated sample exhibited poor corrosion
resistance compared to cryogenically treated sample. The Warburg resistance which is also
named diffusion of ions from the metal surface to the solution or contrary consume the electrons,
was observed on the 2024-T0-16h. This finding also fitting why high corrosion rate found after
anodic polarisation for 2024-T0-16h at the Table 4.5. The equivalent electric circuit was adapted
to the Nyquist curves and the results were given at the Table 4.5 and Figure 4.22.
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Figure 4.21. The Nyquist plot of untreated and treated sample 2024-TO0.
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Figure 4.22. The equivalent electric circuit of untreated and treated 2024-T0.

Table 4.5. Data extracted after fitting the Nyquist curves showing equivalent electric circuit.

L1 (H) R1(Ohm) QI (F.s"(a-1)) al R2 (Ohm) L3 (H) R3 (Ohm) C4(F) R4(Ohm)
2024-T0-0h  -2.56E-06 12,54 4.21E-05 0,926 3 3635 -169 -1 666 -1,49E-03 1.O4E+16
2024-T0-8h 2.85E-03 <5717 8,01E-03 03533 -4.86E-+06 -3,24E+06 4 B4E+06 -0,138 2e-6 4 87E+06
2024-T0-24h  -1.70E-03 23,71 1.01E-05 1 3 565 -405.7 -3252 1.98E-05 557.2

R1 (Ohm) Cl (F) R2(Ohm) Q2 (Fs*(a-1)} al R3 (Ohm) C3(F) R4 (Ohm) S84 ( Ohm.s "-1/2)
2024-T0-16h 101.2 3.74E-05 7028 -0,031 53 0,512 13 747 -4,86E-09 -13 750 23.16
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Figure 4.23. The Nyquist plot of untreated and treated sample 2024-T3.

The corrosion resistance of 2024-T3 was also evaluated and it was seen a semi-circle
capacitive loop and inductive loop for all sample (Figure 4.23 and Table 4.6). The impedance
resistance was higher for the sample 2024-T3-24h followed by 2024-T3-16h, 2024-T3-8h and
2024-T3-0h. From these findings, it can be deducing that the cryogenic treatment increased the
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corrosion resistance. The inductive loop at low frequency as observed for the sample 2024-TO,

it is due to the adsorption of the corrosion products on the surface. The equivalent electric circuit

of untreated and treated 2024-T3 was presented at Figure 4.24.
0,
>

Ls

Figure 4.24. The equivalent electric circuit of untreated and treated 2024-T3.

Table 4.6. Data extracted after fitting the Nyquist curves showing equivalent electric circuit.

L1 (H) R1(Ohm) QI (F.s"(a-1)) al  R2(Ohm) L3(H)  R3(Ohm) C4(F) R4(Ohm)
2024-T3-0h  -0,122 6e-3 15,73 7,12E-06 1 2664 -42,5 -1877  1,00E-05 9778
2024-T3-8h  -3,74E-06 39,09 1,92E-05 09584 17263 4889 2113 -834E-08 -1 l6d
2024-T3-16h  -0,476 8e-3 106.6 3,96E-03 09998 -112132  140E+06  -18821 -791E-18 130953
2024-T3-24h  1,79E-03 145.7 7.30E-06 1 27 408 -1 321 2300 0,113 2e-3 -6 683
25000 -
—— 6061-T0-0h
o -— 6061-T0-8h
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Figure 4.25. The Nyquist plot of untreated and treated sample 6061-TO.

On the other hand, the cryogenic treatment decreased the corrosion resistance of 6061 -

T0. However, at high frequency a semi-circle capacitive loop and a Warburg effect was observed
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for all samples (Figure 4.25). The Warburg effect as mentioned above, mass diffusion on the
surface of electrode such as products species or soluble reactant were the main reason. The
equivalent electrical circuit (Figure 4.26) and the data extracted from the fitting curves were

given at the Table 4.7.

Figure 4.26. The equivalent electric circuit of untreated and treated 6061-TO.

Table 4.7. Data extracted after fitting the Nyquist curves showing equivalent electric circuit.

= _LI(H) _ RI(Obm) CI(F) R2(Ohm) Q2(Fs"(a-1) al _ R3(Ohm) _ C3(F) R4 (Ohm) W4 (Ohms™-i/2)
6061-T0-0h -1, 41E-05 4481 [ 1.35E-05 =74 354 B, B9E-06 [ 0,081 22 291 E+06 6, 38E-06 656 598 -2095 394
G6061-T0-Bh  -0.497 3e-3 403.7 B 21E-05 17729 -0,023 25 05119 -7073 -1 .60E-06 7 066 32
6061-T0-16h  -9,02E-06 131,58 7.03E-05 5849 0,275 9e-3 0,338 2 361E+H06 -4, 86E-09 -3 58E+06 -4 B28

6061-T0-24h  -2.65E-05 86,05 0,277 Te-3 3424 -0,078 24 0,503 9 -1 283 -1,11E-05 1282 9,115
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Figure 4.27. The Nyquist plot of untreated and treated sample 6061-T6.

When regarding to the sample 6061-T6, the cryogenic treated sample were more resistant
against the untreated sample (Figure 4.27). The 6061-T6-8h treated sample had better corrosion
resistance followed by 6061-T6-24h, 6061-T6-16h and 6061-T0-0h. Furthermore, semi-circle
capacitive loop and Warburg effect was observed for the sample 6061-T0-8h. This result was
not surprise because, it was found that the corrosion rate as well as corrosion current was lower
for the sample 6061-T0-8h compared to other samples (Figure 4. 28). Moreover, the Nyquist
curves were fitted to find the equivalent electric circuit of untreated and treated 6061-T6 (Hata!
Basvuru kaynagi bulunamadi.). The electrical circuit was consisted of L1 and L3 which
corresponding to the electrolyte, R1, R2 and R3 to the resistance of the electrode and C to the
capacitor for the sample 6061-T6-24h, 6061-T6-16h and 6061-T0-Oh. While the W in the
electrical circuit represent the Warburg effect for 6061-T6-8h sample. The data obtained from

the equivalent electrical circuit was given at the (Table 4.8).

Figure 4. 28. The equivalent electric circuit of untreated and treated 6061-T6.
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Table 4.8. Data extracted after fitting the Nyquist curves showing equivalent electric circuit.

L1 (H) R1(Ohm) Q1 (Fs*{a-1)) al R2 (Ohm) L3 (H) R3 (Ohm) C4(F) R4(Ohm)
6061-T6-0h 6,02E-06 4,361 1,33E-05 0,691 2 21723 -459.7 -15 692 1,58F-0a -767.2
6061-T6-16h  -6,12E-06 20,69 4,14E-06 1 15 691 -2 454 -14 788 8.91E-06 2501
6061-T6-24h 0,116 5e-3 3945 2,05E-05 08329 1,03E+06 2161 -2 589 -5,16E-11 -1,01E+06
L1 (H) R1 (Ohm) C1(F) R2 (Ohm) Q2 (F.s"(a-1)) al R3 (Ohm) C3(F) R4 (Ohm) W4 ( Ohm.s"-1/2)

6061-T6-8h -8,32E-06 8 85E+01 1.51E-06 5702 3, 17E-05 1,13E-01 2874 7.16E-06 432 882 -202 886
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5. CONCLUSIONS AND RECOMMENDATIONS

In this work, the aluminum alloy 2024-T0, 2024-T3, 6061-TO and 6061-T6 were
cryogenic treated to increase their mechanical and corrosion properties. The following findings

was found;

- The hardness decreased for the alloy 2024-TO after cryogenic treatment; the
lowest hardness was 53 HV with 16 h treatment compared to 58 HV with 0 h. In adverse, the
treatment increased the hardness for the alloy 2024-T3 from 142 HV to 155 HV after 24h.

- Although, the treatment decreased the hardness of 6061-TO after 8 h of
treatment, it was observed a slight increase after 16 h of treatment which reached maximum of
43 HV. On the other hand, the treatment leads an increment for the alloy 6061-T6 which attain
129 HV after 24 h compared to 115 HV for 0 h.

- The crypgenic treatment increased slightly the mechanical properties of the alloy
2024-TO0, especially the elongation and energy absorption. The higher elongation and energy
absorption was obtained with the sample 2024-T0-8h.

- Regarding to the sample 2024-T3, the yield strength and energy absorption was
slightly improved after cryogenic treatment. Furthermore, the UTS and elongation was higher

for the sample 2024-T3-8h.

- Although, the yield strength of the alloy 6061-T0 was improved after treatment.
On the other hand, the yield strength of the alloy 6061-T6 decreased after cryogenic treatment
except for the 16h of treatment. Moreover, the UTS decreased from 342 MPa to 339 MPa after
treatment for the 6061-T6.

- The energy absorption of the alloy was enhanced for the alloy 6061-T0 which
reached 34 J/cm? after 24 h of treatment.
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- The free corrosion potential of untreated and treatead 2024-T0 had around -720
mV after immersion in the 3.5 wt. %NaCl solution. While the untreated and treated sample

2024-T3 finished more anodic with -615 mV.

- When looking the sample 6061-T0, the treated sample was more anodic
compared to untreated sample during first 0.5 h but all the sample finished around -720 mV.
On the other hand, the alloy 6061-T6-8h was outperformed compared to other sample with -715
mV.

- The corrosion current and the corrosion rate was found lower for untreated 2024-
TO compared to treated sample after Tafel analysis. In addition, the passivation zone was larger
than for the sample 2024-TO compared to rivals. The alloy 2024-T3 treated with cryogenic
treatment had better corrosion resistance in term of the formation of protective oxide film when

comparing the passivation area, corrosion current and corrosion rate.

- The treated alloy 6061-T0-24 performed better corrosion rate with 4.54 mpy and
lower corrosion potential with -1020 mV. On the other hand, the corrosion current was lower

for the alloy 6061-T0-16h compared to other alloys.

- A passivation zone was observed for the alloy untreated and treated 6061-T0 and
6061-T6: it can be state that the alloy 6061-T6-8h had lower corrosion current and corrosion

rate compared to 6061-T6 alloys.

- The EIS findings showed that the alloy 2024-T0-8h had larger semi-circle than
other sample meaning better resistance of oxide film. Otherwise, 2024-T0-16h exhibited

Warburg resistance. Secondly, the alloy 2024-T3-24h performed higher resistance followed by
2024-T3-16h, 2024-T3-8h and 2024-T3-0h.

- All the sample of 6061-T0-0h displayed a semi-circle and Warburg resistance;
the alloy 6061-T0-0Oh performed better while the alloy 6061-T0-24h exhibited lower corrosion

resistance compared to other sample.
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- The EIS results presented for the alloy 6061-T6 showed that the sample 6061-
T6-8h performed better corrosion resistance followed by 6061-T6-24h, 6061-T6-16h and 6061-
TO-Oh.

- In general, it can be conclude that the cryogenic treatment was benefic for the

alloy 2024-T3 and 6061-T6 alloy.
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