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Abstract: The aluminium alloy 5754 H-111 is a high-strength alloy with a remarkable corrosion
resistance, particularly to seawater. It is widely used in the aerospace, marine, and automotive
industries. In this work, the influence of fracture toughness methods applied to two thin aluminium
sheets with different thicknesses (1.8 mm and 5 mm) was analysed. The first method was the
essential work of fracture (EWF) method. It was applied at room temperature at a deformation rate
of 1 mm/min with a double-edge notched tensile specimen (DENT) to measure the fracture
toughness (w,) of a material with ductile damage based on the stored energy of the body. The second
method was a compact tensile test (CT) to determine the linear elastic fracture toughness. For
the EWF, DENTSs of 4, 6, 10, 12, and 14 mm were used in the centre section. The EWF values were
273 kJ/m? and 63 kJ/m? for the aluminium sheets with thicknesses of 5 mm and 1.8 mm, respectively.
The surface energies Jic determined using CT were 34.5 kJ/m? and 10.6 kJ/m?, respectively, for these
sheets. These values are highly similar. Furthermore, the percentage errors of the elastic EWF
were 5.8% and 8.4%, respectively, for the two thicknesses. The fractures were of the stress types in
which the pits and voids grow in conjunction. In addition, both deep and isolated large dimples were
well distributed in the aluminium, which is the main ductile deformation concept.
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Abbreviations: W;: Total strain energy attributed to fracture; G,.: Surface release energy or critical
mode | fracture toughness; J,.: Critical mode I fracture toughness; K,.: Fracture toughness; Py:
Applied load; w,: Essential work of fracture in the elastic zone; f,,: Geometric shape factors related
to the plastic zone during tearing after necking; g,: Geometric shape factors related to the plastic
zone during ligament yielding; a,: Pre-crack length; L: Ligament length; t: Thickness of the
specimen; w: Sample width; w,: Non-essential work of the fracture; W,: Work of the tearing and
necking of the plastic zone; W, : Relative plastic energy in tearing and necking; Wpy: Relative
energy in plastic and yielding of ligament length; W, : Elastic energy of the elastic and yielding
ligament length; w,,: Essential work of fracture in the elastic zone; : Plasticity shape factor; Bwp:

Slope of linear fitting regression; ¢, : 0.2% offset displacement; f ( ): Correction factor

a
w
1. Introduction

In recent years, aluminium alloys have been sought in the ground vehicle industry because of
their special properties, namely, a combination of strength, fatigue resistance, formability, and
corrosion resistance. This helped classify these as special metals. Magnesium yields 5754 H-111
aluminium alloys. Their strength originates from the solid-solution strengthening. Chromium,
manganese, and zirconium are added to control the grain and subgrain structures and increase the
strength of the alloys. The H111 designation for the condition differs from the O condition in that
semi-finished products supplied in this condition are rolled after annealing to improve their
dimensional properties such as flatness [1,2].

It is important to understand the fracture mechanisms to prevent in-service failures owing to
design and usage problems. Fracture mechanics are dependent on crack-like material defects
regardless of their origin. It is a gradual as well as temporally and spatially inhomogeneous process
that begins with the initiation of a crack, propagates, and eventually causes the fracture or
coalescence of cracks. This occurs when stresses do not exceed the yield stress. The critical stress
concentration for fracture is still in the range of linear elastic fracture mechanics and is an inherent
material property, K;¢ [3]. Toughness is an important parameter for measuring the capability of a
material to absorb energy before failure. This energy is considered to represent a large plastic
deformation before separation, which is the main difference between brittle and ductile fractures.

The essential work of fracture (EWF) approach [4] is effective for dividing the total energy
expended in the FPZ into two components: the EWF w, and non-EWF w,,. The crack propagation
resistance is represented by the EWF, w,. The critical fracture energy (G,c) differs from the J-
integral and represents the actual crack-propagation resistance after the initiation of a fracture.

Shinde et al. [5] used a modified one-sided notched specimen design to measure thin 6061-T6
alloy aluminium plates. The modified design reduced buckling of the specimen. It was observed that
the fracture toughness of the thin 6061-T6 aluminium alloy plates was higher than the plane load
toughness. However, a linear finite element model was used to calculate the stress field distribution.

Tippeswamy [6] conducted an experiment using aluminium 6082-T6 in accordance with ASTM
standards. The specimens were tested by varying the notch length within a specified constraint. The
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experimental results showed that the notch length significantly affected the size of the plastic zone at
the end of the cut. Furthermore, the rates of fracture formation and propagation varied depending on
the notch length of each specimen.

Pardoen et al. [7] investigated the influence of sheet thickness on the fracture strength of a thin
sheet of the aluminium alloy 6082-0 with a thickness of 1-6 mm for the final separation using the
EWF and J-integral methods in a tensile test (double-edge notched tensile specimen (DENT)). Their
study aimed to determine the relationship between these two strategies. The EWF is a measure of the
fracture initiation resistance. Go when there are few variations in GC.

Using numerical simulations, Moiseenko et al. [8] analysed hybrid discrete-continuous cellular
automata that enable the calculation of the local moments of force and the simulation of the
dissipation of torsional energy. This resulted in the development of new defect structures. The
simulations included the calculation of thermal expansion with the simultaneous build-up of thermal
stresses and initiation of microrotation. This allowed for the assessment of local entropy and tracking
of crystal defect evolution from the onset to storage. The mechanical behaviours of materials
subjected to thermally-induced twinning or phase transitions were simulated, and the algorithms
were explained.

Balokhonov et al. [9] presented a numerical analysis of the microstructural influences on the
deformation and fracture of friction stir welds in aluminium alloys. The mechanical response of
individual grains was simulated using an elastic—plastic formulation of the problem that considers
isotropic strain hardening including the Hall-Petch effect, and a fracture model that permits crack
initiation and growth in the regions of the maximum equivalent plastic strain. The strength of welded
materials has been shown to influence the plastic strain and fracture localisation.

Balokhonov et al. [10] investigated the localisation of plastic deformation and fractures in a
porous coated material. The numerical simulations were performed using the finite-difference
method. The presence of localised tensile zones around the pores and at the interface between the
coating and substrate (both in tension and compression of the coated material) was demonstrated to
be the cause of the unique deformation and fracture characteristics of the composite studied. The
relationship between the crack propagation in the coating and the inhomogeneous plastic flow in the
steel substrate was investigated.

A thin aluminium strip was measured by Abdellah [11] using the EWF. A simple finite-element
numerical model was constructed to predict the EWF parameters. Although the sample was
measured in millimetres, the experimental results and proposed model agreed considerably. The
concept of different energy zones around the fracture tip was first introduced by Broberg [12]. The
fracture process zone (FPZ) and outer plastic zone are two subdivisions of the crack tip generated by
Broberg. Two new surfaces were generated using energy from the FPZ. The FPZ is not affected by
the loading conditions or stress at the fracture tip. The fracture length, load, shape, and stress state
affect the outer plastic zone. Cotterell and Reddel first proposed the central thesis on the fracture
concept in 1976 [4]. Cotterell and Reddel used the Broberg notion of energy expended in an
independent autonomous end zone (sheet). In linear elastic fracture mechanics, the plastic zone
around the crack tip is assumed to be marginal.

Korsunsky and Kyungmok [13] investigated the feasibility of quantifying the crucial work in
ductile cracking using single tensile tests on dog-bone specimens without notches. They used
different types of heat-treatable aluminium alloys. The obtained results were compared with those of
a typical DENT. The authors concluded that a laser scanner could be used.
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Most conventional methods [14-17] for determining fracture parameters such as Gic or the
stress intensity factor (SIF), K;-, were developed considering isotropic materials when linear elastic
fracture mechanics (LEFM) was originally developed.

Masuda et al. [17] used A7075-T6 compact tensile (CT) specimens of various thicknesses
(1-21 mm) in fatigue crack growth studies. As the thickness decreases, the radius of curvature of the
leading edge of the fatigue crack increases. The extent of the lateral plastic contraction (indentation
depth d) at the crack tip during fatigue loading was estimated quantitatively using the three-
dimensional elastoplastic finite element method. The results of the experiment are as follows. The
rate of fatigue crack growth da/dN at a constant K increased with an increase int from 1 to 11 mm in
the range where K > 5 MPav/m. Between t = 11 and 21 mm, da/dN remained constant. Meanwhile, in
the range where K is less than 5 MPav/m. A J-R curve (or D-R curve) is a plot of the resistance to
stable crack extension measured as J (or R-d) plotted against ductile crack extension (generally
considered as Dap, the measured physical crack extension). However, in many cases, only estimates
of this crack extension are available. ASTM E1820 [18] was developed for measuring the elastic—
plastic initiation toughness, Jic, and J-R curves or the corresponding dic and d-R curves under plane-
strain conditions. However, in [19], it was developed for evaluating the CTOD at the onset of
cleavage, dc. In thin-walled materials with low constraints, the CTOA parameter is used to describe
stable crack extension.

Complex crack configurations in finite plates pose a significant challenge for SIF calculations.
Byskov [20] proposed a thorough numerical FEM to solve the above problems by focusing on
specific cracked elements, Here, the stiffness matrix is connected to the crack elements. To
determine the K-R curves according to ASTM E1820, Lu and Wang [21] tested C(T) and M(T)
specimens over a range of thicknesses (plane stress and plane strain). A novel method was presented
for determining the CTOA using the K-R test data. Considering the effective performance of the
ASTM E1820 test, Di et al. [22] recommended the use of a modified C(T) specimen to evaluate the
CTOA of X80 pipeline steel. Finite element analysis (FEA) was used to predict the failure of the C(T)
and M(T) specimens based on the CTOA fracture criteria.

As mentioned in the previous paragraph, many researchers have studied the fracture toughness
of the aluminium alloy 5754-H111 (also known as Al-Mg) under ductile damage using linear elastic
fracture mechanics. Therefore, this study focuses on using other indirect methods with a simple
technique to complete the description of the plastic behaviour of materials. The objectives of this
work are as follows: (1) to establish that the EWF method is reasonable for measuring the fracture
toughness in ductile damage energi Jic, (2) to compare the results of standard compact tensile
specimens with EWF, and (3) to investigate the fracture topography and failure modes in ductile
damage.

The paper is structured as follows: In the first section, the EWF concepts are outlined. Then, the
material and method are explained. In the third section, the results of the EWF and CT are illustrated
and discussed. Finally, the comparison is limited to the applicability of the method.
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2. Essential work of fracture method
2.1. Analytical model

The EWF method can be used to evaluate the fracture toughness of thin layers of materials. It
has gained considerable popularity in recent years [5]. According to the EWF method, the total
energy (Wy) required to fracture a notched specimen is divided into two parts: the essential work (14,)
used to generate new surfaces in the so-called fracture process zone and the non-essential work (W},)
used to plastically deform the area around the process zone. Therefore the specific work, W, can be
expressed as the combination of the following two terms [11] (see Eqgs 1-3):

6
szfpd6 (1)
0
Wy =We + W, (2)
Wy =W, + W, (3)

Figure 1 shows the EWF technique used to break the surfaces of typical DENT specimens.
When the two plastic zones are formed at the crack touch, the ligament L yields completely under the
maximum force applied to the specimen [23]. The curve between the load and displacement when
the ligament fails completely owing to ductile cracks is shown in Figure 2 [11,24].
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Figure 1. Double-edge notched specimen with a plastic zone [24,25].
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Figure 2. EWF data (a) load—displacement curve and (b) EWF fitting [25].

Here, W, is the plastic deformation zone behind the fracture process zone, we is the instability of the
crack tip, and we is the surface release work in the crack process zone. Furthermore, the failure
displacement §. For a given specimen thickness, the surface release depends on the ligament length
L. The volume energy (L%) is proportional to the volume. It describes the plastic work (W,).

Equation 2 is divided by the ligament area, Lt, to obtain the following expression for energy:

Wf=%=we+ﬁWpL 4
where £ is the plastic work per unit volume of the plastic deformation zone in front of the crack tip
as wy,, the specific non-essential work of the fracture, and, the shape factor of the plastic deformation.
The surface release energy is also necessary for the formation of the cracked surface. The
relationship between wy and the ligament length L is shown in Eq 4. It is a linear regression. The
range of the ligament lengths for the effective EWF tests was the plastic work per unit volume of the
plastic deformation zone before the crack tip. In addition, w, considers the surface release energy
required to initiate the crack surface formation. The relationship of wy shown in Eq 4 is a linear
regression relating it to the ligament length L. According to the “rule of thumb” of Cotterell and
Reddel [4], the range of ligament lengths for the valid EWF tests is shown in Eq 5:

\"\%
Lmin = (3 - 5)t <L< Lmax = ? (5)

The positive intercept at L = 0 corresponds to a specific EWF. The slope of the regression line was
determined by linearly fitting the data with the non-EWF, wp (see Figure 2b). After a load is applied
and the ligament yields completely, Eq 2 for a DENT specimen could be rewritten as follows:

Wr =Wy + Wy (6)

where W, is the mechanical energy in the elastic zone and W,, is the plastic energy used for
constriction or subsequent tearing in the plastic zone (see Figure 2a). Using Eq 4, w, can be divided
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into two zones: the elastic zone of EWF Wey associated with crack initiation and plastic zone of
EWF Wepp associated with cracking prior to necking before the crack tip (see Eq 7):

w, = Wey+ Wepp @)
Eq 8 expresses the divisions of the slope:
BW, = By wyy + Bp wyp (8)

where By and fp are the geometric slope parameters associated with the plastic zone during
ligament yielding and tearing after necking, respectively.

3. Experimental work
3.1. Material description

The commercial aluminium 5754-H111 alloy specimens were obtained from Egypt Alum. Co.
The chemical composition of the A5754 -T alloy is presented in Table 1.

Table 1. Chemical composition of aluminium 5754-H111 [26].

Zn Cu Mn Si Fe Mg Cr Ti Al
0.2 0.1 0.5 0.4 0.4 2.6-3.6 0.3 0.15 Bal.

These substances significantly affect aluminium alloy 5754. These provide a remarkable
corrosion resistance, particularly in the presence of seawater and industrially polluted atmospheres. It
is a medium-strength alloy. In accordance with the symbol H111, the alloy was subjected to
formative work-hardening. The aluminium alloy 5754-H111 is characterised by a high fatigue
strength, good machinability, and good cold formability. The alloy belongs to the high-strength 5xxx
series. Therefore, 5754-H111 is highly suitable for use in flooring, shipbuilding, and structures
addressing chemicals and nuclear energy. It is also widely used in structural components and interior
trims of automobiles [27,28]. The chemical components were determined using XRD (see Figure 3).
It showed that the maximum dislocation density was achieved by the following factors:

Peak Angle: 78.24< FWHM: 0.3380< Scherrer Crystallite Size: 53.86 hm

Peak Angle: 65.1< FWHM: 0.2860< Scherrer Crystallite Size: 68.53 nm

Peak Angle: 44.74< FWHM: 0.2460< Scherrer Crystallite Size: 88.49 nm

Start: 5 End: 80< Step: 0.02< Speed: 2.59min, Time/Step: 7.999999E-03< Wavelength: 1.54056
(Cu).

It was observed that this aluminium alloy has a larger amount of Mg (2.6-3.6). This makes it
more brittle and vulnerable to environmental effects. Meanwhile, Mn and Si have relatively higher
values and can precipitate during cracking action.
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Figure 3. XRF for aluminium sheet A 5754.

3.2. Tension test (ductile damage)

A standard tensile test was performed according to ASTM E399-81 [29] to determine the
following mechanical properties: tensile strength, elongation strength, Young’s modulus, and
percentage elongation. A standard rectangular tensile specimen with dimensions 90 %< 15 <10 mm
was used (Figure 4). The tests were conducted using a computer-controlled electromechanical
universal testing machine (model WDW-100-Jinan Victory Instrument Co. Ltd., China) [30] with a
loading capacity of 100 kN and controlled speed of 2 mm/min. To understand the ductile damage,
the topography was investigated. The aim was to conduct these tests via SEM because the tensile test
is a basic and standard test for investigating failure and damage.

R 125

N % | [
30 i 15
v R g
90
« >
’ 255 ;-b t|*

Figure 4. Tensile test sample.
3.3. Compact tension method

The specimens were subjected to an ASTM Standard D 5045 compliant fracture toughness
test [31]. To obtain accurate results for the fracture toughness and plane strain fracture toughness K;
(which indicates the resistance of a material to fracture), the crack resistance measurement should be
stopped at the point of degradation. According to the measurements provided in ASTM D5045 [31],
two compact tensile specimens were fabricated using a milling machine (see Figure 5). The specimens
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were clamped between two sacrificial plates made of an identical material to prevent damage. Load
holes were drilled using carbide drills. The initial crack was generated using a diamond blade with a
thickness of 1 mm. The CT geometry is recommended because it enables planar loading with smaller
specimen sizes than the other designs. The widths (W), thicknesses (t), and crack lengths (a) of the
specimens are shown in Figure 4. The crack length a is 0.45-0.55 times W. The nominal value of the
W / B ratio is two.

0.45 < a/W < 0.55 9)

Two thicknesses (t) of 1.8 mm and 5 mm were used. Both the specimens had a width of 60 mm
and length of 65 mm, according to [32] (see Figure 5). These thicknesses were selected for porosities
to study the effect of the Mg reaction during the test when oxygen penetrated the crack surface, from
an available thin plate with a thickness of 1.8 mm and a larger thickness of 5 mm. It is also
established that the fracture toughness depends on the thickness according to LEFM. Therefore, it
would be effective to review this concept for the EWF technique [30]. The load corresponding to an
apparent increase in the crack extension of 2.5% was determined by a certain deviation from the
linear part of the record. K,c was calculated from this load using equations established based on
elastic stress analyses of specimens of the type described in the test methods. The generation of a
sharp crack at the crack tip in a specimen sufficiently large to exhibit linear elastic behaviour is
necessary to validate the evaluation of the K,c value determined using these test methods.

WD
Wbo
‘ @*26 mm
el £ 4 mm
Ef — ———
3 X
73
|14 | 16 mm 10mm
!
65 mm

Figure 5. CT test specimen geometry [33].
3.4. Essential work of fracture test

A DENT was tested using a universal testing machine at a transverse speed of 2 mm/min at
room temperature. The specimens had a length of five ligaments, as shown in Figure 1. The
ligaments had lengths of 4, 6, 10, 12, and 14 mm. The specimen was cut with a CNC milling
machine. The cracks were cut with a sharp blade of 1 mm thickness according to [34-37]. The load
was applied on both sides of the specimen to complement failure, and the load and displacement
were recorded. The number of specimens for each ligament was three. After complete failure

AIMS Materials Science Volume 10, Issue 2, 370-389.



379

attained the mechanical energies, W, and W, were calculated using Eqs 10 and 11 by integrating the
resulting load—displacement curves as follows:

8o
W, = fo p dé (10)

)
W,p = f p d§ (11)

8o
where §, and § are the displacements at 0.02% offset and failure, respectively. p is the applied load.
The obtained total energy W (measured using Eq 6) was plotted against the ligament length L. The

displacement at fracture (&) could be plotted against L according to [38].
4. Result and discussion
4.1. Tension test (ductile damage)

Figure 6 shows the stress—strain relationship obtained by the tensile test of the aluminium alloy
5754. It is observed that the stress was uniform, yield strength was 153.9, tensile strength was 265
MPa, and Young’s modulus was 68 GPa. The percent elongation was 1.2, and the ductile fracture
behaviour was characterised by a large plastic zone. The fracture investigation was performed by
SEM image analysis. It was observed that in the case of the aluminium alloy before fracture, the
alumina was distributed uniformly over the aluminium matrix, and no voids were observed (see
Figure 7a). Although the case occurred after the fracture and deformation, it was observed that the
deep pits were distributed over the matrix. This was owing to void coalescence. Moreover, MgO
formed during the test. As the oxygen insert induced by the microcrach, these hard particles of MgO
participated at the grain boundary of the lighter lines (see Figure 7b). The formation of these oxides
rendered the alloy brittle, thereby resulting in microcracks. It was also observed that the higher
strength was owing to the strong bonding between the alloying elements [39,40]. The results are
summarised in Table 2.

300

250 -
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Stress o, MPa
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T T T T
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Figure 6. Stress and strain relationship for aluminium alloy.
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Figure 7. SEM image of fracture surface in tension.

Table 2. Mechanical properties of Al 5754-H111 alloy.

Yield strength Ultimate tensile strength Young’s modulus % elongation
(MPa) (MPa) (GPa)
153.9 265 68 1.2

4.2. Essential work of fracture

Figure 8a,b shows the force—displacement curves obtained from the EWF measurement of
the 5 mm and 1.8 mm aluminium DENT specimens at room temperature. The curves show a linear
increase up to a certain point where an oscillation occurs indicating the flow range. These continue to
increase until these attain the peak value (full flow). Then, ductile cracking and eventual failure
occur. The load-displacement curves as a function of ligament length show similar geometries. The
total energy W; stored in the cracked specimen is represented by the area under the force-
displacement curve. This area is measured using Eq 1. The internal work increases with an increase
in the ligament length (middle part). This is owing to the increase in the amount of material to be
deformed. The crack then propagates through the material as the resistance increases (the length of
the fracture zone increases as the ligament length increases). A decrease in the ligament length
implies an increase in the crack initiation length ap. To obtain the elastic work of fracture W, the
area under the linear intercept of the force—displacement curve was plotted. The total work W under
the curve was then divided by the area of the ligament portion (Lt). Thereby, the relationship
between the total work W with each ligament was poled as shown in Figure 9. The linear regression
of the total work done per ligament area is shown in Figure 9a,b for the DENTs with thicknesses
of 5 mm and 1.8 mm, respectively. It was observed that the w, as the intersection point between the
extension of the linear regression data with the yaxis was separated. It was 273 kJ/m? and 63 kJ/m?
for the plates with thicknesses of 5 mm and 1.8 mm, respectively. This demonstrated that the EWF
sensitively tested the thickness. The higher value is owing to the MgO formation caused by oxygen
penetration into the crack during the crack propagation. The MgO particles were distributed over the
crack surfaces for the 5 mm-thick plates [41]. These solid microscopic particles bridge the crack
surfaces, thereby reducing the crack propagation or advancement. At a low thickness, the fracture
toughness was relatively low at 63 kJ/m?. This was owing to the thin crack surface having only a
marginal amount of bridging by the crack. In addition, the Si would crack and thereby contribute to
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the fracture [42]. The elastic EWF Wey was shown in Figure 10a,b. It was 36 kJ/m? and 11.5 kJ/m?
for the thicknesses of 5 mm and 1.8 mm, respectively. The value for 5 mm is near the standard range
of fracture toughness in the ASM standard [43], whereas the value for 1.8 mm is below the range.
This can be attributed to the fact that the fracture toughness is sensitive to the thickness. Even at a
small thickness, there was a larger amount of localised stress. The modes of failure were net tension
as shown in Figure 11a,b for all the specimen with thicknesses of 5 mm and 1.8 mm, respectively.

(a) (b)
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Figure 8. Load-displacement curve for DENT for (a) 5 mm thickness, (b) 1.8 mm thickness.
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Figure 10. EWF data of elastic energy Wy for DENT for (a) 5 mm thickness, (b) 1.8 mm thickness.

Figure 11. Modes of failure for DENT for (a) 5 mm thickness, (b) 1.8 mm thickness.
4.3. Compact tension test

Figure 12a,b shows the curve of loading and displacement of the crack mouth. It was observed
that for a 5 mm-thick slab (Figure 12a), the curve attains a mixing maximum and then, gradually
decreases as the crack propagates. Meanwhile, for a thin slab with a thickness of 1.8 mm, it yields a
flat plateau after attaining the maximum value. Figure 13a,b shows the crack propagation proceeding
in a straight line with an undulating pattern owing to the plastic deformation by the crack surfaces.

The fracture toughness values (K;) were calculated from the peak load values (MPavm) using
Eq 12. According to the ASTM E399 standard, the critical stress intensity factor for the breaking

load (py) is given by [44]

Kic = =1 (i) (12

where (t) is the specimen thickness, mm; (W) is the specimen width, mm; (a) is the crack length, mm;

(pg) is the load at 5% secant; and f (%)is the shape correction factor (see Eq 13):
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2+
Fla/w) = ﬁ [0.886 + 4.64(a/w) — 13.32(a/w)? + 14.72(a/w)? — 5.6(a/w)* (13)
—a/w
The critical strain energy release rate /;- can be measured using Eq 14:
KIC2
=— 14
Jie = (14)

where E is the elastic modulus. Value of the energy release rate, /;-, when the crack propagates
(referred to as unstable crack growth). For materials and loaded configurations with an increasing
resistance curve (or R-curve), /- is not unique. Examples of increasing and flat R curves are shown
in Figure 12. With an increasing R-curve, the J;- value is generally defined for crack initiation
(assuming that a marginal amount of stable cracking occurs before unstable crack growth). This is
analogous to the 0.2% proof stress derived from tensile tests on materials that do not have a distinct
yield point (see Table 3).

The shape of the R-curve was influenced significantly by the size and geometry of the
component. The R-curve resulting from a crack in a thin sheet is generally steeper than that resulting
from a crack in a thick sheet. This is because a thin sheet is generally loaded in the plane, whereas
the material at the crack tip of a thick sheet is under stress and is simultaneously loaded in the plane.
The J,. values were 34.5 ki/m? and 10.6 kJ/m? for the specimens with thickness of 5 mm and 1.8 mm,
respectively. The failure modes are illustrated in Figure 13. It was evidently a simple tension mode
for the 5 mm-thick plate as shown in Figure 13-a. Here, there was a small bending through the
specimen with the smaller thickness (1.8 mm) (see Figure 13-b).
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Figure 12. Load-displacement curve of CT specimens of (a) 5 mm thickness (b) 1.8 mm thickness.

Table 3. Fracture toughness corresponding to thickness.

Thickness Crack length Po K¢ Jic

(t, mm) (a, mm) (N) (MPaym) (kI/m?)
5 34 3000 48.3 34.5
1.8 34 600 26.88 10.6
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Figure 13. Modes of failure of CT test for thin-plate aluminium specimens: (a) 5 mm
thickness (b) 1.8 mm thickness.

4.4. Comparison between methods

It was observed that the values of the elastic EWF wy were close to the release energy of the
surface CT (see Table 4). The percentage variation was 5.8% in the case of the specimens with a
thickness of 5 mm, whereas it was 8.4% for the 1.8 mm-thick slabs. This was because the CT
indicates the fracture toughness at the beginning of the failure or at the beginning of the peak load
based on a small plastic zone before the crack tip. This concept was developed using an elastic EWF.
The elastic blow behaviour is characterised by a larger plastic deformation in front of the crack tip.
Consequently, a linear fraction of elastic deformation exists in addition to the energy stored by the
plastic deformation. Kobayshi and Yamada [45] determined the fracture toughness of a ductile
damaged metal by correlating the average values of the initial and failure fracture toughness values
over the entire R-curve. Test methods with different thicknesses yield different values. This is a
generally debatable concept of fracture toughness measurement recommended by the ASTM
standards [46]. The ASTM provides many methods for testing the fracture toughness of metals.
Linear-elastic fracture mechanics refers to the fracture toughness of linear or elastic materials,
whereas elastic—plastic fracture toughness (EPFM) refers to non-linear materials or materials with
large plastic deformation (such as metals). The percentage error produced by the various methods
was within a reasonable range from an engineer's perspective. In addition, the EWF method, which is
based on the energy stored throughout the entire body, uses a different measurement criterion that
does not depend on the LEFM and J-integral concepts. It rather depends on the strip length and the
total work and energy stored in a cracked specimen [47,48] according to the EPFM [49]. It should be
acknowledged that the EWF (we) considers the crack initiation resistance (G;). If the variation in
(G;¢) is marginal [50], the relationship between the EWF (we) and J-integral (J;) is valid according
to the EPFM [51]. However, EWF is characterised by its simplicity of data reduction, sample
preparation, and evaluation. This makes it attractive for measuring the fracture toughness of ductile
thin films [52,54].

AIMS Materials Science Volume 10, Issue 2, 370-389.



385

Table 4. Comparison between EWF and CT.

Specimen Surface release energy J;c, ki/m? % of variation
EWF CT

5mm 36 34.5 5.8

1.8 mm 11.5 10.6 8.4

5. Conclusions

The mechanical and fracture properties of a structural material (the aluminium alloy 5754-H11)
were determined. It was observed that the concept of essential work of fracture (EWF) was
reasonable for measuring the surface energy in the case of elastic—plastic fracture mechanics J;.. The
EWF was affected by the sheet thickness. It was 273 kd/m? for the specimens with a thickness
of 5 mm, and 63 kJ/m? for the specimens with a thickness of 1.8 mm. These values represent the total
fracture toughness of the plastic flow of ductile fracture materials (essential (elastic) and non-
essential (plastic) fracture work). Therefore, the elastic work of fracture Wy could be determined as
the area under the elastic zone of the load-displacement curves. Thus, the elastic EWF wy was
36 ki/m=and 11.5 kJ/m? for the specimens with thicknesses of 5 mm and 1.8 mm, respectively.
These two values of elastic work of fracture are close to the values obtained with the conventional
standard specimen CT. Here, the surface release energies ;- were 34.5 kJ/m? and 10.6 kJ/m? for the
specimens with thicknesses of 5 mm and 1.8 mm, respectively. These values correspond to
percentage errors of 5.8% and 8.4%, respectively, compared with the elastic EWF data. The large
amount of Mg in the aluminium alloy 5754 was the main reason for the material embrittlement. It
reduced the fracture toughness in the lower thickness. Meanwhile, the elements with Si formed a
solid particle through the crack surfaces when these reacted with oxygen. It functioned as a bridge
and thereby, reduced the crack propagation or crack propagation and then reinforced the fracture.
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