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Abstract. The crack initiation and propagation in an aluminium alloy in a corrosive environment are
complex because of the loading parameters and material properties, which may result in a sudden
failure in real-time applications. This paper investigates the fracture toughness of aluminium alloy
under varying environmental and corrosion conditions. The main objective of the work is to link the
interdependencies of humidity and temperature for an AL6082-T651 alloy in a corrosive
environment. This study investigates AL6082-T651alloy's fracture behaviour and mechanism
through microstructure and fractographic studies. The results show that a non-corroded sample, at
room conditions, provided more load-carrying capacity than a corroded sample. Additionally, an
increase in temperature improves fracture toughness, while an increase in humidity results in a
decrease in fracture toughness.

Introduction

Fracture toughness is a vital parameter that characterizes a material's ability to resist crack
propagation. It can be quantified and standardized through experimental fracture mechanics
techniques like structural integrity assessment, residual strength analysis, life service evaluation, and
damage tolerance design for diverse engineering components and structures. Consequently,
evaluating and testing fracture toughness has emerged as a crucial aspect in advancing the fracture
mechanics approach and its engineering implementations. Standard terminology for fracture
toughness testing and evaluation is specified by the American Society for Testing and Materials
(ASTM) in E1823 and E399 [1-3]. A material's fracture toughness can also be affected by
environmental factors such as humidity, temperature, and corrosion [4]. An environmental stress
fracture is the general term in materials science used to refer to the premature failure of materials like
metals, alloys [5], and composites due to tensile loads and environmental conditions. These fractures
are induced by factors such as humid air, saltwater, and corrosive chemicals [6,7]. Many of these
processes are also capable of affecting aluminium alloy and its composites [9, 8].

Al6082-T651 alloy is frequently employed as a structural material in numerous applications
[7,10] due to its high specific strength among the 6xxx aluminium alloys [11]. Fracture toughness
values can be used as a basis for material characterization, performance assessment, and quality
assurance in common engineering structures like cars, ships, and aircraft. To store hydrogen in
automobiles, high-pressure tanks made of an aluminium alloy and a layer wrapped in carbon fibre are
now the most common option [12, 13]. However, high-pressure hydrogen can quickly impact the
aluminium alloy, which causes its embrittlement to develop. When Aluminium alloys were subjected
to a corrosive environment, 3.5% NaCl solution for 24 hours [14,15] and more, aluminium reacted
with the water, causing hydrogen embrittlement (HE) [16]. In these samples, HE increases if
subjected to high temperature, and when subjected to high humidity conditions causes its severity
[18, 17]. High temperature, humidity, and applied load on the samples lead the hydrogen
embrittlement and contribute to stress corrosion cracking (SCC). However, forming secondary phase
particles in Al-Mg-Si alloys at high temperatures reduces the risk of hydrogen embrittlement and
SCC in the 6xxx series compared with 7xxx aluminium alloys [19]. Hydrogen induced cracks will
form in a material at critical temperatures and humidities because of the enriched hydrogen atoms
near the crack tip [20].
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Saudi Arabia is characterized by a desert climate with an extensive coastal area. The central region
experiences sweltering and dry summers [21]. The humidity in the coastal area is high and oppressive.
Its average monthly relative humidity in the Jeddah location, Riyadh, and Dhahran varies from 37%
to 100. [21,22]. The surroundings in the coastal areas, such as temperature, humidity, and corrosive
environment, affect aircraft components' conditions. Al-Mg-Si alloys were used in a helicopter rotor
blade application [23-25]. The operation conditions of the rotor blade were affected by the
surrounding environment, which encouraged corrosion. According to the failure analysis, corrosion
of the threaded portion caused the failure to occur around the bolt hole [26-28].

There is still a need for a comprehensive approach to relate the interdependencies between couple
loads, such as humidity and temperature of A16082-T651 alloys in corrosive environments, which
affect their properties[4]. Most investigations focused on studying aluminium alloys and their
composites to determine their fracture toughness at room temperature and in the absence of humidity
and corrosive environments. Additionally, it has been very uncommon to compare the effects of
fracture toughness at various temperatures and humidity levels and their combined impact on the
performance of AL6082-T651alloy. The temperature values are 20 oC, 40 oC, 60 oC, and 1200C,
and the humidity levels are 40% to 90%, considered for experimentation.

In this paper, we investigated the effects of temperature and humidity on the fracture toughness of
Al6082-T651 alloys. Using scanning electron microscopy (SEM), the fractographic characteristics of
the Al6082-T651 alloy were studied to find the failure mechanism. Material selection and its
properties, experimental procedures followed to pre-crack the specimen, immersion in a corrosive
environment and thermal chamber, fracture toughness testing, and results and discussions are
explained in subsequent sections.

Experimental Methods

Material

The AL6082-T651 alloy (also known as Al-Mg-Si-Mn) is a popular choice for structural
applications due to its physical properties resembling Al6061 alloy [29]. Manganese is incorporated
into the extruded medium to high-strength A16082 alloy in T6 condition to enhance strain hardening,
toughness, and strength through solution strengthening, while preserving ductility and corrosion
resistance [30, 31]. The T651 state is achieved through solution treatment, stress relief by stretching,
and artificial aging at approximately 180°, which prevents elastic recovery after processing. Tables 1
and 2 show, respectively, the chemical compositions and properties of AL6082-T651 alloy in the
T651 condition. [29 - 32].

Table 1. Chemical composition of AL6082-T651 alloy (wt. %)
Element  Copper Chromium Manganese Magnesium Zinc Titanium _ Silicon  Iron Aluminum
Wt.% 0.1 0.08 1.0 1.2 0.2 0.2 1.3 0.5 Balance

Table 2. Properties of AL6082-T651 alloy (wt. %)
Tensile Yield Elastic Rigidity

Izejls(l:‘;}’ Strength  Strength  Modulus  Modulus H\E/lirglzjrsss’ Elo?(ga)tlon
& (MPa)  (MPa)  (GPa) (GPa) °
2.71 348 320 70 26.4 92 17.5

The AL6082-T651 alloy is designed to improve strength, toughness, elastic modulus, damage
tolerance, and fatigue crack growth resistance. AL6082-T651 alloy is recommended for parts that
need high strength and high toughness levels.

Specimen Preparation

The specimen utilized in this experiment to determine fracture toughness (KlIc) is the compact
tension (CT) specimen. Each AL6082-T651 alloy sample is machined as per the dimensions
mentioned in the geometry given in Fig. 1. The notch in the centre of the specimen has been cut using
the Wire cut EDM. The introduction of a fatigue crack was done using the INSTRON servo-hydraulic
fracture toughness testing apparatus Moreover, in all CT specimens, a fatigue crack is introduced at
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the notch's end while ensuring that the crack length to width (a/W) ratio remains at 0.54. Fracture
toughness experimentation is carried out with a constant frequency of 3 Hz and by applying a cyclic
load equivalent to 0.1 times the material's yield load. Fig. 2 shows the prepared sample, and Fig. 3
shows the experimental setup.
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Fig. 1. The geometry of the CT specimen. Fig. 2. Prepared CT specimens for

fracture toughness test

Localized Corrosion

The AL6082-T651 alloy samples were suspended in a still solution of 3.5 wt.% NaCl aqueous
solution for the localised corrosion tests. By taking into account the literature [33] and the ASTM
G31 standard, the test duration—which is roughly 168 hours—has been calculated. Testing for static
immersion corrosion was done in a room setting. Each of the pre-craked CT specimens shown in Fig.
3(b) was submerged in a 3.5 wt.% NaCl solution for 168 hours before being removed and allowed to
dry in the air.

Fracture Toughness Test

The fracture toughness test was carried out for four different cases by considering the different
testing environments as mentioned below:

Case i: Non-corroded and corroded specimens at temperature 200C and humidity 40%.

Case ii: Corroded specimens at temperatures 400C and 600C, and humidity 40%.

Case iii: Corroded specimens at temperature and humidity (600C & 80% and 1200C & 40%).

Case iv: Corroded specimens at temperature 200C and humidity 70% and 90%.

In order to test the fracture toughness, a 0.1 mm/min displacement rate was maintained. The CT
specimen's relative displacement of two knife edges was monitored during the fracture toughness test
using a crack opening displacement (COD) gauge. To determine the fracture toughness of the
AL6082-T651alloy, the load and displacement data are collected and subsequently analysed in
accordance with standards [34]. Three specimens were tested for each condition, and the average
fracture toughness value was taken into account.



6 Engineering Innovations Vol. 10

NOHLSNI
\AJ
e\

Veriserv
[Ev ety )
LT BT
6002239080

(c) (d
Fig. 3. Experimental setup: (a) Fatigue crack introduction to the CT specimen; (b) Immersion in 3.5% NaCl
Solution; (¢) Fracture toughness testing of the fatigue pre-cracked specimen with clip strain gauge; (d)
Thermal Chamber used to maintain the required temperature and humidity

Results and Discussion

Microstructures and compositions

The microstructures of the SEM images of the AL6082-T651 alloy under various temperature and
humidity conditions are shown in Fig. 4. The major influencing elements like Mg, Mn, and Si during
exposure to different temperature and humidity conditions are shown in Fig. 4 (a-f). However, once
the AL6082-T651 alloy is subjected to various temperature and humidity levels, oxide surfaces [35]
start forming on their fractured surfaces, as seen in Fig. 4 (c-f). The presence of contents Mn and Mg
show the alloying elements in the AL6082-T651alloy. In the compositions of the AL6082-T651 alloy
at temperature 200C, there is no oxide content in both uncorroded and corroded situations. However,
the oxygen (O) content has been attained at higher temperatures and humidity levels. The content of
O is due to the formation of oxides on the top surface of the fractured alloy.
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Fig. 4. EDS composition of specimen at different temperature and humidity levels

Fig. 5 from Energy Dispersive Spectroscopy (EDS) micrographs illustrates the mapping of Mg,
Si, Mn, and other elements found in aluminium alloys. The EDS micrograph shows the mapping
distribution of the elements of AL6082-T651 alloy for different temperature and humidity conditions.
Along with Mg, Si and Mn, the presence of small O has also been identified for corroded samples.
Exposure to a corrosive environment (168 hrs), different temperatures and humidity levels (72 hrs)
form the oxide layer on the fractured surface of the AL6082-T651alloy. Since the exposure time is
much less, the oxide layer formed is very thin, nearly 1%.

Load vs. COD

Fig. 6 displays the load variation versus crack opening displacement (COD) of the AL6082-T651
alloy under various temperature and humidity conditions. The alloy mentioned has a load-carrying
capacity that decreases with rising humidity levels and rises with rising temperatures. The critical
load (PQ) value can be calculated by drawing the 5% secant line to the maximum load (Pmax) on
experimental data using the curve fitting phenomenon, as shown in Fig. 6. The plot shows that all
cases' load vs COD curves follow the type Il curve [34,36].
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Fig. 5. EDS element mapping of AL6082-T651alloy: corroded samples at 120°C temperature and humidity
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Fig. 6. Load vs COD graph of AL6082-T651alloy; (a-h) for various temperature and humidity conditions; (i)
All conditions in one graph.

In the Type III condition, Pq = Pmax applies where a specimen fails before exceeding 5% non-
linearity. Conditional fracture toughness Kq is computed from the Pq value and the measured crack
length for each test using the equation (1 and 2) [37].

Ko = ot f () (1)
Where for CT Specimens,
f (%) = ff?/z l0.886 +4.64 (=) - 13.32 (%)2 +14.72 (%)3 ~56 (%)4J )
w.

Fracture Toughness

The fracture toughness is significantly influenced by the specimen thickness (B). The fracture
toughness decreases as the specimen thickness increases. When the specimen thickness gets close to
the critical limit, the fracture toughness value seems stable. Plane-strain fracture toughness [38],
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denoted by K, is the name given to the estimated fracture toughness at this point. Equations (3 and
4) provide the conditions for the plane-strain fracture toughness [37]:

2
a,B =25 (K—Q)

Oy

2
W > 5.0 (K—Q)

Oy

3)

“
Plain strain fracture toughness requirements are met by the dimensions taken into consideration
here [34]. Using Eq. (1), the fracture toughness of the AL6082-T651 alloy is calculated for a range
of temperature and humidity conditions. Fig. 7 depicts how temperature and humidity affect the

AL6082-T651alloy's fracture toughness. The graph demonstrates that while the material's fracture
toughness decreases with an increase in humidity, it increases as the temperature rises.
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Fig. 7. Fracture toughness vs. temperature and humidity graph of AL6082-T651 alloy for various conditions
Fracture Surface Morphology

Fracture micrographs of the various CT specimens are obtained and are shown in Figs. 8 (a-f). Fig.
8 compares SEM micrographs of the fracture surfaces of smooth and notched specimens subjected to
quasi-static strain rates. It was discovered that the core zone of the fracture surface featured dimples
of varying heights and diameters. The high stress applied causes voids to form quickly during the
nucleation stage. Large dimples are most likely produced by high uniaxial stress, which could
accelerate the dimple fracture. The fracture surface's center zone exhibits ductile fracture filled with
lumps and hollows. A typical nucleation-growth-coalescence phase of ductile fracture is depicted in
Fig. 8 (a-f), where several voids and dimples may be seen. When a ductile material is subjected to
uniaxial stress, micro-voids are formed in the core zone, prioritizing impurities like Mg, Si. As
deformation progresses, the micro-voids continue to increase, eventually coalescing to produce

numerous microcracks. The shear fracture occurs when the microcracks connect and grow to the
vicinity of the specimen surface.

| 500 ym 50 um T

Fig. 8(a). SEM of fractured surface of non-corroded specimen
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Discussion

The experiments were conducted on four different cases, and the outcomes were presented in the
following section.

Case i: Non-corroded and corroded specimens at temperature 20°C and humidity 40%.

The load-carrying capacity for the non-corroded sample is higher than all other samples (Fig. 6.
Since all other samples are tested under corroded conditions, the material's load-carrying capacity
decreases. The peak load is about 8.12 kN for room conditions, which is 2.2% higher than the peak
load of the corroded sample. The reduction in the 2.2% load-carrying capacity is small; however, it
is obtained for the short period (168 hours) of sample immersion in the corrosive environment. This
change in peak value is small due to the short-period corrosion effect on the sample. The corrosion
environment has crucially affected the mechanical properties of the material. Due to corrosion, the
material's surface reacts with the surrounding environment (oxygen and room humidity) and forms
the oxide layers. The formation of oxide layers increases the crack nucleation and thus reduces the
fracture toughness.

Large dimples on the rough fracture surfaces indicate a ductile fracture, which suggests the fracture
process in each case was caused by void coalescence. Under various testing settings, void
development and coalescences cause the dimples to form. In all the cases, the transition zone is
evident as depicted. These locations correspond to the matrix's local embitterment or restricted plastic
deformation in Figs. 8 (a) and 8 (b), there is no sign of quasi-cleavage fracture that may be observed
[39]. The non-corroded specimen fails to be completely ductile in nature under room conditions and
is characterized by voids and dimples shown in Fig. 8 (a). The fracture surface of the corroded sample,
shown in Fig. 8 (b), shows the formation of single-mode fracture, i.e., voids and dimples, and there
is no sign of brittle failure. However, the little oxide layer can be observed.

Case ii: Corroded specimens at temperatures 400C and 600C, and humidity 40%.

At 40°C and 60°C, the corroded sample has nearly the same load-carrying capacity. The
percentage of the alloy's elongation increases as temperature rises from room temperature to 600C
[40]. As a result, as the temperature rises, the material becomes more ductile, which in turn makes it
harder to fracture. The cracked surface of the AL6082-T651 alloy is subjected to plastic deformation
at 60°C temperature during crack propagation, which causes a thin layer of the oxide layer to form
[35]. The microstructure shown in Fig. 4 (¢) and Fig. 8 (c) also displays the formation of the oxide
layer.

Case iii: Corroded specimens at temperature and humidity (600C & 80% and 1200C & 40%).
Theload carrying capacity for the corroded sample at temperature 60°C and humidity 80% is 6.69kN,
shown in Fig. 6, whereas for temperature 1200C and humidity 40%, the load carrying capacity
decreases by 16 %. The corroded sample at a temperature of 1200C and room humidity has a higher
load carrying capacity than the combined temperature of 600C and humidity condition of 80%.

At a temperature of 1200C, a thin oxide layer has been observed acting as crack closure [41]. The
development of crack closure lessens the likelihood of crack propagation, increasing the material's
ability to support more weight. At the high temperature depicted in Fig. 7, the crack toughness of the
alloy increases because of the crack closure and increased ductility. The EDS analysis of the particles
in Fig. 4 and 5 revealed that those phases typically contain a significant amount of Fe, as shown in
Fig. 4 (b-f), in addition to Al, Si, Mg, and Mn. These particles might be therefore recognized as
AlMg(Fe3Mn2)Si phase [42] (EDS plot in Fig. 4). The mapping of these phase particles is also shown
in Fig 8(e). The amount of Mn and Mg elements present affects the morphology of the
AlMg(Fe3Mn2)Si phase. Higher hardness and less ductility are the results of these phase particles.
As aresult, the material's ability to support more weight is reduced, which lowers fracture toughness.

Case iv: Corroded specimens at temperature 200C and humidity 70% and 90%.

The load-carrying capacity for the corroded sample at room temperature and humidity at 70% is
6.09 kN, whereas it is reduced for 90% humidity. Fig. 6 (g) shows the load vs COD plot, which offers
some non-linearity due to the higher humidity. Fig. 6 shows that the corroded samples' load-carrying
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capacity and fracture toughness under high humidity conditions is 24.2% lower than that of the
corroded samples at room conditions. The formation of oxide layers, loss of ductility due to corrosion,
and increased crack initiation were the reasons for the decrement in fracture toughness. Fig. 8 (f)
illustrates the creation of brittle features such as voids, deeper dimples, and oxide layers on the
fracture surfaces at the notch area of the CT specimen in a high-humidity environment. Early crack
propagation brought on by the crack nucleation lowers the material's threshold fracture toughness. As
a result, as the corrosive environment, such as humidity, increases, the AL6082-T651 alloy's plain
strain fracture toughness decreases.

Conclusions

The paper explores the impact of localized corrosion on the fracture toughness of AL6082-T651
alloy at various temperatures and humidity levels. The investigation involves experiments and
fractographic studies. The following conclusions are made based on the examinations:

e The load-carrying capacity of the non-corroded sample, at room conditions, is 3% higher
than the corroded sample. The fractured surfaces show no sign of brittleness and a little
oxide layer formation.

e As the temperature increases, the percentage elongation of the aluminum alloy also
increases, from 20°C to 120°C, enhancing the material's ability to withstand fracture. At
high temperatures and humidity levels, the pre-cracked surface of AL6082-T651 alloy is
subjected to forming a very thin oxidized layer.

e The increment in humidity, from 40% to 90% at temperature 200C, forms an oxide layer,
loss of ductility due to corrosion, formation of hard AlMg(Fe3Mn2)Si phases, and
increased crack initiation and thus, reducing the fracture toughness by 12.5% than that of
the corroded samples at room conditions.

Furthermore, from the conclusions, it is recommended to investigate the fracture toughness of
AL6082-T651alloy, considering the implications in the coastal region.
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