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Abstract: Aluminium alloys are commonly utilised to reduce the weight of vehicles as structural components due
to their good mechanical properties, lightweight characteristics, ease of fabrication, and high specific strength.
During an accident, aluminium alloys are subjected to high velocity and varying loads. As a result, it is crucial to
understand the impact properties of aluminium alloys. The side groove influence on the shear lip development of the
aluminium alloy AI6061 was investigated in this study. The Charpy impact test under different side groove depth
ratio was conducted through simulation using Abaqus. It was found that the shear lips ratio decreased when the side
groove depth ratio increased. The energy absorption and force required to fracture the specimen decreased when the
side groove depth ratio increased. As a result of the lower shear lips ratio, less absorb energy, and less force of
impact, increasing the side groove depth ratio will tend to lower Al6061 ductility.
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1. Introduction

Aluminium alloy can be classified as non-ferrous metal, which is the composition of other materials with Aluminium
as the dominant material. Aluminium alloy is widely used in engineering, such as building structures and other
engineering designs, because it is easy to combine with other alloying metals to obtain desired characteristics and can be
made in a variety of ways [1]. Aluminium alloy 6061 or Al6061 are widely used in the construction industry and also
used commonly in automotive components such as body components, power-train casting, and suspension parts [2]. All
materials that undergo the process of fracture have their fracture behavior. Fracture behavior is frequently linked to micro-
mechanic fractures and the fracture process in terms of stabilization. The material's fracture behavior is classified as
ductile or brittle [3]. Because of its properties, pure Aluminium frequently fractures in a ductile manner [4].

A side groove is one type of groove that can be defined as a deep line cut on the surface of a specimen. According
to Hess et al. [5], side groove can stimulate plane strain fracture in a thin section of a specimen that usually has ductile
behavior. Thus, the use of a side groove is important, especially to the small specimen, and it can increase the percentage
of the notch or crack front when the experiment was conducted [6]. The shear lip is an important characteristic in fracture
mechanics, especially to show the ductile fracture on the specimen. Before the fracturing hits the surface, the order from
the transverse to around 45° inclined can unexpectedly be shifted where it is most common. This surface of fracture is
called a slant fracture or shear lip where it forms the cup and cone shape for essential tensile fracture of ductile metal.
Furthermore, this shear lip formation at the surface of a material can be in single or double where the plane stress state
exists [7]. The small area of the shear lip with less than 10 percent is the same as the brittle fracture and rapid crack
growth, based on previous study [8].

The Charpy impact test also can be done using finite element method (FEM) simulation through any related software
such as Abaqus. The model of this test can be divided into three major parts which is the striker, the anvils and the
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specimen [9]. Besides that, the rigid bodies or elastic bodies were used for the model of striker and anvils while for the
specimen considered as deformable. The type of mesh can be divided into finer mesh at the notch region and the coarse
mesh at the remaining part of the specimen [9]. Apart from that, Abaqus software may be used to estimate shear lip
development during a fracture, where certain studies have shown that shear damage is greatest along a slant plane,
resulting in shear lip formation. The fracture energy, as well as the maximum Von misses stress, maximum displacement,
and absorbed energy by impact, can be calculated using Abaqus software [10].

Many studies have reported the effect of side grooves on fracture behavior, crack initiation, stress, and strain, as well
as deformation conditions in side grooved samples [11]-[13]. However, published studies in this field devoted little
attention to the influence of varying depths of side-grooves. As a result, the side-groove specimen test technique is a
major and suitable test method, particularly under high loading rate circumstances. As a result, it is critical to investigate
the impacts of aluminium alloy side grooves at various depths further. In this study, the fracture behavior of aluminium
alloy 6061 will be investigated through FEM of the Charpy impact test by using the Abaqus software.

2. Materials and Methods

2.1 Size and Material of Specimens

For this study, the specimen model was made of aluminium alloy (Al6061), whereas the striker model was made of
stainless steel. Stainless steel was chosen under the ASTM E23 requirement [14]. Table 1 shows the material properties
of AlI6061 and stainless steel. The Charpy impact test was simulated using the Abaqus 6.14 software where the striker
model was set with the initial velocity of 2500 mm/s. Fig. 1 shows the model that had been constructed for the Charpy
impact test. The geometry of the specimen for this test was set at 10, 1.66 and 50 mm in width, length of the notch, and
total length of the specimen model, respectively. Next, for the striker model, the radius was set at 0.8 mm at the end of
the model and 20 mm at the length, while it has a little gap of 1.5 mm. The side groove was created in the middle of the
model, where it was located above the notch. The shape of the side groove was modeled as a rectangular shape on the
specimen model. Besides that, a double side groove was presented at the front and the back of the model. Different side
groove depth ratios set at 0, 0.1, 0.2 and 0.25 for investigating the shear lip formation, energy absorption and force
required towards different side groove depth ratios.

Table 1 - The properties of material of AI6061 and stainless steel

Parameter Specimen Model Striker Model Unit or Dimension
Young’s Modulus 70.0 193 GPa
Poisson’s Ratio, v 0.33 0.31 -
Density, p 2600 7750 kg/m3

1.5 mm

10mm |

1.66mm| |

Fig. 1 - The assembly striker part with the specimen of the Charpy impact test

26.67 mm

2.2 Finite Element Modeling

The process flow must be properly understood when conducting a simulation experiment. The process flow that was
used in this study is represented in Fig. 2. All steps must be carried out with caution. Otherwise, it will have an impact
on the final results. Because of its capability to forecast failures in many engineering materials, the Johnson-Cook Model
was used for this study to simulate fracture for aluminium alloy 6061 [15]. According to the parameter for Al6061
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acquired from the other research experiment, the Johnson-Cook material model was used to the specimen model, as stated
in Tables 2 and 3 [16].

[ Parts ]‘[ Property ]‘ ) Step
\.

Fig. 2 - The process flow of simulation using Abaqus

N\

Table 2 - The Johnson-Cook material model for Al6061 [16]

Parameter Specimen Model Unit or Dimension
A 324 MPa

B 114 MPa

C 0.002 -

n 0.42 -

m 1.34 -

Table 3 - The Johnson-Cook damage model for Al6061 [16]

Parameter Specimen Model
di -0.77
d2 1.45
d3 0.47
d4 0
d5 1.6

The surface-to-surface contact interaction that has been set between the specimen and striker model is depicted in
Fig. 3. It has two major surfaces for obtaining data for absorbing energy and force, as well as for analyzing fracture
behavior. The Charpy impact test meshing is shown in Figure 4. Meshing was significant since it represented an element,
and the time to solve was influenced by the meshing criterion. In one study, a hexagonal shape was created using the
sweep technique and applied to the middle of a specimen model with a notch, while others used a structured technique

to create a hexagonal mesh shape.

Fig. 3 - The interaction between Fig. 4 - The meshing of Charpy impact
specimen and striker model test
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3. Results and Discussion

According to some study, the plastic strain contours were required to calculate and assess the shear lip ratio using
simulation techniques [17]. Plastic strain contours, abbreviated as PEEQ in Abaqus, were plotted on the crack face for
each example. Some experts suggest that, if the shear lips ratio is less than 10%, the material will exhibit brittle behavior
and crack growth will be more rapid [18]. Aside from that, Fig. 5 depicts the fracture surface with shear lips based on the
side groove depth ratio. The shear lips ratio was determined using the table published by ASTM E23, and the value of
the shear lips ratio in this investigation was represented by the graph in Figure 6. Shear lip development is a facial crack
with a green tint on both sides. The shear lips ratio for all side groove depth ratios was found to be greater than 10%. This
shows that all the specimens were ductile fractured rather than brittle fractured. The shear lips ratio decreases when the
side groove depth ratio increases, as seen in Fig. 6. As the depth increases, the shear lips ratio decreases, and the ductile
fracture becomes brittle. This is because the smaller the shear lips ratio, the tendency to reach brittle fracture was high.

(b)

(c) (d)
Fig. 5 - The fracture surface contained shear lip formation on various side groove depth ratios, (a) 0.0; (b) 0.1;
(c) 0.2; (d) 0.25

Shear lips ratio vs Side groove depth ratio
45
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Shear lips ratio %
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Side groove depth ratio

Fig. 6 - The relationship of shear lips ratio with various side groove depth ratios
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Table 4 illustrates the results of the study's shear lips ratio, maximum absorption energy, maximum displacement,
and maximum force calculations for various side groove depth ratios. The data was acquired using Abaqus features via
ODB history output for maximal absorption energy. When doing the Charpy impact test, absorption energy was a crucial
factor. The data have been collected after completing the time increment until 0.003s. The maximum absorption energy
has reduced as the side groove depth ratio has increased, according to the graph in Fig. 7. The pattern of the data is
consistent with previous research findings [10], which demonstrate that as absorption energy decreases, the specimen
will exhibit brittle fracture behavior. For each scenario, Fig. 8 shows the total absorption energy corresponding to the
time increment. When compared to certain experimental study, the finding indicates that the deeper side groove will
exhibit brittle behavior [19]. When the Charpy impact test was conducted, increasing the side groove depths resulted in
a low absorption energy result. As a result, it can also be concluded that the reduced absorption energy during fracture
will results in fast crack propagation or brittle fracture.

Table 4 - The fracture properties of Al6061 at different side groove depths

Side Groove Shear Lips Maximum Absorb D|i\s/lal):cr:rlrj1r:nt '\élc?;(;;n(lf\lr;]
Depths Ratio ratio (%0) Energy (J) p(mm)
0.0 42 1987.02 5.99548 5736.18
0.1 39 1115.45 6.42021 5231.43
0.2 30 1020.5 6.67169 4975.21
0.25 25 824.587 6.91315 4110.76
Maximum absorb energy vs Side groove depth ratio
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Fig. 7 - Graph of maximum absorb energy versus side groove depths ratio
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Fig. 8 - The absorb energy versus time plot of Al6061 for various side groove depth ratios
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The data for the specimen model's fracture displacement for various side groove depth ratios is then shown in Fig.
9. After a completion time of 0.003 seconds, the result emphasized on how much damage the crack or fracture did to the
specimen model. Aside from that, the first half of the graph in Fig. 9 can be viewed as a parallel line to the time axis, and
it changes the displacement axis multiple times to achieve the maximum value. The incubation time is represented by
this parallel line. This means that the AI6061 does not fracture during this time, but after the incubation period is over, it
begins to crack [10]. The displacement versus time curves move toward greater displacement at higher side groove depth
ratios. It was also discovered that raising the side groove depth ratio increases the likelihood of early Al6061 failure when
the maximum displacement is high [10].

Displacement vs Time

Side groove
depth ratio

— )

Displacement(mm)

1 0.25

Time 0.000650015  0.00135001 0.00205002 0.00275
Time(sec)

Fig. 9 - The graph of displacement against time for various side groove depth ratios

Furthermore, force is critical when conducting any experiment testing, particularly when addressing how much force
was required to establish the fracture when a side groove was present. The interaction between the striker model and the
specimen model yielded the data for this force. The graph of all data shows the same pattern, but the most essential thing
is to know the maximum force required required to completely fracture the specimen model into two parts. The graph in
Fig. 10 demonstrates that as the specimen model is shattered, the force diminishes once it achieves a higher force at a
given displacement. The maximum force in Fig. 10 can be considered as the nominal start of fracture initiation, according
to Fang et al. [20]. The graph's trend agrees well with Fang et al. [20], showing that force-displacement behavior stops
once shear lips form. Aside from that, Fig. 10 also depicts the area beneath the graph, which reflects the overall effort
done during the impaction. When the side groove depth ratio is increased, the area beneath the graph shrinks. It's
reasonable to determine that, by increasing the side groove depth ratio, the specimen model required less force and energy
to fracture.
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Fig. 10 - The graph of force against displacement for various side groove depth ratios

4. Conclusion

A Charpy impact test was carried out under varied side groove depths using the finite element method (FEM)
software for Al6061 alloy applications. Plastic strain contours revealed a decrease in shear lips as side groove depth
increased. It can be seen that when the side groove depth ratio increases, the shear lips ratio drops, but does not reach
10% instead of merely 25%. This can be assumed as the Al6061 still on ductile fracture behaviour and undergo plastic
deformation before it is fully fractured. When the deeper side groove is used on the specimen model, less absorb energy
is required, since less absorb energy contributes to brittle fracture. Furthermore, by increasing the side groove depth ratio,
the outcome result of the force required to fracture the specimen was decreased. Less force is needed to break the
specimen model until fracture when a higher side groove depth ratio applies for it.
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