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Impact strain signal is used to examine strain signal patterns under various parameters.
Impact is a complicated phenomenon that occurs within a millisecond timeframe.
Material toughness is measured by the energy absorption recorded by the Charpy
machine and closely related to the specimen fracture deformation. By utilizing the
strain gauge and data acquisition, the impact strain signal provides additional data
regarding impact duration, maximum strain value and the area under curve for a
deeper understanding of the impact problem. A material with high toughness has great
energy absorption and the capability to withstand high impact load. Although
magnesium is lighter in weight compared to aluminium, aluminium is a better
corrosion-resistant material and is stronger, which makes it more suitable to be
fabricated as automotive structural components. Tensile test is typically used for
investigating a material’s mechanical properties. In the automotive industry, materials
are required to have good crashworthiness. This study investigates the relationship
between the energy absorbed with the power spectral density and the area under
strain—time graph for different materials, impact speeds, and material thicknesses.
Furthermore, the relationship between the stress—strain curve and impact strain signal
were examined. In this study, the behaviour of two materials, namely Aluminium 6061-
T6 and Magnesium AMG60, was investigated using instrumented Charpy test, by
referring to the impact strain signal pattern result. For the experiment, strain gauge
attached to the Charpy machine striker was employed and linked to the data
acquisition system. Charpy impact specimen has three different thicknesses; 10 mm,
7.5 mmand 5 mm. Impact speed is at 3.35 m/s and 5.18 m/s. Results show a correlation
between energy absorbed with strain energy. Strain energy obtained is directly
proportional to the energy absorbed. Aluminium 6061-T6 has the highest energy
absorption, maximum strain, and strain energy under power spectral density graph
compared to Magnesium AM60. Relation of strain signal from Charpy test and stress—
strain curve from tensile test shows a significant finding where the material deforms
and fracture points are identified through the signal pattern and curve. Thus, the strain
signal pattern can be used to predict material behaviour.
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1. Introduction

Manufacturers in the automotive industry strive to serve the best quality to the consumer,
especially with respect to the overall vehicle performance and safety. Main segments of an
automobiles are the chassis and body, the engine and transmission system, as well as the interior
part. In both moving and stationary states, each part shares and experiences various types of loading.
Wheel is one of the crucial components of the vehicle transmission system, and alloy materials find
extensive applications in wheel manufacturing because of their durability, lightweight, and balance
with stylish aesthetic value. To ensure no negligence in the safety requirements, rotating bending
test, radial fatigue test, and impact test are compulsory for wheel designing and producing prior to
the mass production [1]. The safety performance evaluation primarily relies on two factors: the
maximum impact force and the maximum energy absorption capacity [2]. The designed energy
absorbing structure must be capable to absorb energy under dynamic impact or blast [3-5]. Impact
testing is concerned with the evaluation of the material toughness under sudden force, which is
determined by the value of energy absorbed. An excellent structure of energy absorber must be
capable of dissipating the impact energy irreversibly through plastic deformation. Energy-absorbing
structures have in some instances been made up of metallic thin-walled components because of their
ability to deform plastically in the elastic—plastic behaviour [6-9]. Energy absorption during an impact
test is influenced by a number of factors such as the impact condition, thickness, rib, material, and
shape [11,12] Impact response of expanded metal tubes was performed by Graciano et al., [13] and
Borges et al., [14], where the outcomes of the investigations revealed that the energy absorption
response is influenced by expended tube size and cell orientation, as well as the impact velocity.
Another study on instrumented Charpy impact employed a signal acquisition architecture, where the
researchers compared the toughness measured by the Charpy machine dial gauge with the
toughness calculated from the estimated load—displacement curve [15]. Strain gauges were also
employed by previous researchers for the wheel impact test by attaching the strain gauges to the
wheel disc [16,17]. Ali et al., [18] analysed the correlation of impact energy with strain energy, and
their results show that the energy absorbed capability, strain energy, and the power spectral density
(PSD) peak are affected by the type of material, specimen thickness, and the impact speed.
Furthermore, the higher value of energy absorbed produces a greater PSD peak as well as greater
strain energy. Murali et al., [19] performed the drop weight impact test on fibre-reinforced concrete
to investigate the relationship between the impact energy and the compressive strength. Regression
analysis was made and they developed an accurate and reliable empirical relationship to estimate
the impact energy for the fibre-reinforced concrete. For a thin-walled structure experimented under
quasi-static and dynamic axial loading, it was shown that the energy absorption capacity increase
with the yield strength, wall thickness, and impact velocity [20]. Stiffer impact surface generally
decreases the energy absorbed [21].

Along the lines of the above-mentioned studies, fewer studies have been conducted to correlate
the energy absorbed with the strain energy attained from the impact strain signal. Nevertheless,
these correlations are important in gaining deeper understanding of the complicated impact
phenomenon, not only relying on the energy absorption value and fracture deformation. This study
was conducted with the objective to attain the characterisation and classification of strain signal from
the instrumented Charpy test and validated its effectiveness as an alternative method to predict the
material properties. To investigate the relationship between the impact strain signal with the stress—
strain curve, tensile test was conducted, which yielded this curve. The instrumented Charpy impact
test data were used to get the energy absorption, impact strain signal, maximum strain behaviour,
and impact duration. Lastly, the effect of material thickness was also studied.
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2. Literature Review

The most commonly employed impact tests for determining a material’s energy-absorbing ability
are the Charpy test, Izod test, and drop test. Among these, Charpy test is the most popular choice
because of its reliability and ease in conduction with low cost of execution. In the Charpy impact test,
the impact energy absorbed recorded represents the energy required to fracture the test specimen.
This method is as well an economical quality control method to determine impact material toughness
and the notch sensitivity, where the notched area is a stress concentrated region and certain
materials are more sensitive to notches compared to other [22]. The energy absorption performance
can be calculated from the integration of the load—displacement curve, expressed by Eq. (1) [5].

b
EA:jP.d&:Pm(ab—a'z) (1)
0

P,, = mean crushing load
6b = length of the crushing specimen
6l = initial length of the crushing specimen

In extent to the Charpy impact test, researchers had performed an instrumented Charpy impact
test where strain gauges were connected to the impact striker to capture the dynamic impact strain
response [1,18,23]. The recorded signal in the time domain was converted to the frequency domain
that is presented in Power Spectral Density (PSD). The area under the PSD curve was used to calculate
strain energy. There are good correlation between the energy absorbed and the strain energy [1,18].
These results match with the earlier study made by Shterenlikht et al., [23]. They found that the strain
energy calculated agrees well with the energy collected from the machine. All this correlation notes
that PSD is a reliable alternative method for the Charpy impact test data measurement.

Even though the tensile test and impact test are dissimilar due to their different parameters to
define a material strength, somewhat researchers show great interest in relating the two methods
to save time and cost. Driven by the idea of discovering another way to acquire mechanical properties
that are usually obtained by using the tensile test, Alar et al., [24] executed the instrumented Charpy
impact test that allowed them to gather the result in term of the force-displacement curve and later
compared the result with the tensile test. The yield force and maximum force from both tests
indicated a good correlation between each other. Further study by Alar & Mandié [25] has explored
other mechanical properties from the instrumented Charpy impact, which is the yield strength and
tensile strength. Comparing them with the tensile test outcome, the percentage of differences were
found to be 4% and 5% only.

Another approach to determining the mechanical properties of material was discovered by Ramli
et al., [26]. During the steel ball impact test, the vibration signal produced by the ball was captured
by using 4 accelerometer sensors placed on the specimens. The work is initiated to develop an
alternative method based on signal analysis using accelerometer sensors known as I-Kaz 4 channels
to characterize several mechanical properties such as Poisson Ratio, Vickers Hardness, Yield Strength,
Tensile Strength, Compression Strength, and Fatigue Strength. There is a correlation between the I-
Kaz linear coefficient and material mechanical properties, with an R square value of 0.969 to 0.997.

In this study, material selection was based on the commonly used material in the automotive
industry, especially on components involving in the impact application. The aluminium alloy and
magnesium alloy are some of the common materials used due to their lightweight characteristic,
together with the exceptional energy absorption capacity. Magnesium alloy has high specific strength
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with high specific energy, and is able to resist high deformation and tolerate high loads [27].
Magnesium AMG60 has been used to fabricated as the casting part [28], chassis component [29] and
wheel [30]. Meanwhile, aluminium is a popular material for many automotive applications since it is
corrosion resistant and has a good formability [31], with high strength to weight ratio [32]. Some of
the common automotive parts made of Aluminium 6061-T6 are wheel [33] and vehicle crash box
[34].

There are several work emphases on the correlation between the tensile test and impact test.
Previously, researchers used strain signal to captured the vibration signal. It is possible that the
instrumented Charpy impact able to predict the material behaviour instead of executing tensile test
as the primary method to obtain the mechanical properties. On that note, it gives an idea to explore
the research gap in this field to develop an alternative method to predict the material behaviour by
utilizing the impact strain signal, its characteristics and patterns.

3. Methodology
3.1 Material Preparation

In addition to being lightweight and having great strength, a wheel should have good durability
and resistance to corrosion. Alloy materials are widely used in automotive wheels, and because of
this, Aluminium 6061-T6 and Magnesium AM60 were selected in this study. The material properties
of the materials are summarised in Table 1. Carbon Steel 1050 material properties are presented as
well. Magnesium AMG60 is brittle and has low value of Young’s modulus, whereas Aluminium 6061-
T6 is ductile and has a high value of Young’s modulus.

Table 1

Material Properties

Material properties Aluminium 6061-T6 Magnesium AM60 Carbon Steel 1050 [35]
Young’s modulus (GPa) 67.60 6.60 200

Poisson’s ratio 0.30 0.35 0.30

Density (kg/m3) 2700 1800 7860

Charpy impact test specimen was designed in accordance with the American Standard for Testing
and Material (ASTM) E23. It has length, height, and width of 55 mm, 10 mm, 10 mm, respectively.
The specimen type is the v-notch type, v-notch of 452 with root radius 0.25 mm and depth 2 mm.
Specimens with thicknesses 5 mm and 7.5 mm were also prepared. In each parametric study, five
specimens were prepared. Meanwhile, the tensile test specimen was designed in dog-bone shape by
referring to the ASTM E8 and three samples were tested for each material.

3.2 Experimental Work

The Charpy impact test was conducted following the ASTM E23 and executed at room
temperature of 232C + 52C. The experimental setup in this study is similar as previous researchers
[18]. Two different impact speeds were set and the speed was determined by the latch position: 3.35
m/s at low latch position and 5.18 m/s at high latch position. Figure 1 shows the apparatus and
instrument used in the experimental work: The Charpy machine, model SI-1C3 with capacity of 406.7
J, strain gauge, data acquisition system (SOMAT eDAQ), and a computer.
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Fig. 1. Apparatus and instrument used in Charpy test: (a) Charpy machine 406 J, (b) Strain gauge,
(c) Data acquisition system (eDAQ), (d) Computer as result display, (e) Strain gauge glued on the
impactor

The tensile test was carried out using the universal testing machine (UTM) model Instron 8872
with capacity of 25 kN. The test was performed in accordance with ASTM E8, at room temperature
with crosshead speed of 2 mm/min. The data were displayed as the stress—strain curve in order to
extract the material properties such as the Young’s modulus, Poisson’s ratio, yield strength, and
ultimate strength. the stages and formulas that are used in data analysis, arranged sequentially step
by step

3.3 Data Analysis

The tensile test provides important mechanical properties such as the ultimate tensile strength,
yield strength, Young’s modulus and Poisson’s ratio. These properties were extracted from the stress-
strain curve plotted upon the completion of tensile test. Aside, the deformation of the specimen was
observed for better understanding of necking point and fracture point during the experiment.

Energy absorbed from the Charpy test was directly measured by the scale of the machine.
Relatively, for strain signal analysis, the strain signal was analysed in the time domain and frequency
domain. The frequency domain was presented in the PSD. Initially, results of impact strain signal in
‘SIE’ format were imported into InField software for result optimisation. During the Charpy test, the
impact took place in millisecond, and the strain signal deformation captured was too small. Hence,
the data were optimised and enlarged to the particular deformed area, limiting to a duration of 0 to
3.5 milliseconds. For further analysis, strain—time graphs and power spectral density were plotted to
identify the strain signal parameters, namely the maximum strain, impact duration, and area under
graph.

Subsequently, the analysis includes the relation of strain signal patter with the stress-strain curve.
For the purpose of finding the relation between impact test and tensile test, the impact strain signal
pattern was correlated with the stress—strain curve. The graph pattern was then compared at the
deformation and fracture point of the specimen. The chosen impact strain signal was the 10 mm
thickness at 5.18 m/s result, and it was compared with the tensile test stress—strain graph for the
Aluminium 6061-T6 and Magnesium AMG60, as well as Carbon Steel 1050.

In the final analysis, the impact strain signal was characterised and classified according to the
results of the Charpy test strain signal pattern, at 10 mm thickness with impact speed 5.18 m/s. The
speed of 5.18 m/s was chosen because high speed in crash event gives more significant effect
compared to a speed of 3.35 m/s. The strain signal characteristics and classification were identified
based on the energy absorbed, maximum strain, impact duration, area under the graph, and the
shape of the signal plotted.
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4. Results and Discussion
4.1 Energy Absorption Behaviour

Different parameters exhibited different energy absorbing ability. The average energies absorbed
for the impact test for both materials are recorded in Table 2. At a low speed, 3.35 m/s with specimen
thickness of 10 mm, both materials experienced high impact energy absorbed, while at a high speed
and minimum thickness of 5 mm, the energy absorbed capacity was found to be low. Thin material
impacted under high velocity was easily damaged and fractured compared to thick material with
lower impact velocity [36]. This reveals that the energy absorption performance is influenced by the
specimen thickness and the impact speed, as demonstrated in Figure 2(a). Graph pattern in Figure
2(a) shows that the energy absorbed has a positive relationship with the specimen thickness but acts
inversely towards the impact speed. Decrease in Charpy specimen thickness reduces the area under
the notch and consequently the notch toughness [37]. Meanwhile, thicker composite layer produces
thicker specimen and thus increases the impact energy [38]. Previous researchers had noticed that
the increment in impact speed leads to a decrement in energy absorption capacity [13]. Besides,
higher impact speed caused early failures in the impacting event [39].

Table 2
Average energy absorbed of Aluminium 6061-T6 and Magnesium AM 60 at different parameters
Thickness Average absorbed energy (J) for Aluminium 6061- Average absorbed energy (J) for Magnesium
(mm) T6 AM60
Speed at 3.35 m/s Speed at 5.18 m/s Speed at 3.35 m/s Speed at 5.18 m/s
5.0 15.40+1.34 10.00 + 2.00 6.00+0.71 1.60+0.55
7.5 20.20 £ 0.45 13.20+1.10 8.20+0.84 2.80+0.84
10.0 24.80 £ 2.59 20.40+1.67 9.20+0.84 3.60 £ 0.55

Impact strain is the deformation of the specimen due to the impact loading. Maximum strain
(emax) is the highest peak of strain in the strain—time graph. For each material and condition of
variable thickness and impact speed, the average maximum strain was calculated (see Table 3). The
negative strain value implies that the specimen experienced compression during the Charpy test.

Table 3

Average maximum strain of Aluminium 6061-T6 and Magnesium AMG60 at different parameters
Thickness Average maximum strain, emax (J.€) Average maximum strain, emax (Je)
(mm) (Aluminium) (Magnesium)

Speed at 3.35 m/s Speed at 5.18 m/s Speed at 3.35 m/s Speed at 5.18 m/s

5.0 -103.62 + 4.54 -104.50 + 8.59 -42.36 £ 1.52 -45.94 +2.00
7.5 -164.96 £ 11.43 -167.92 £ 20.47 -56.20+2.41 -57.82 £0.97
10.0 -196.91 £ 6.51 -199.86 + 16.03 -59.01 £ 8.69 -60.02 £4.76

According to the data in Table 3, thicker specimen with high-speed impact has the greatest value
of maximum strain, which is =199.86 pe and -60.02 pe for Aluminium 6061-T6 and Magnesium AM60,
respectively. Hence, low impact speed has the lowest maximum strain value, which is -103.62 pe and
-42.36 pe for Aluminium 6061-T6 and Magnesium AMG60, respectively. Regardless of the speed
applied, 10 mm thickness contained the highest strain amplitude compared to 5 mm thickness for
both materials. Authors of a previous study have reported that the maximum displacement value
increases with the increase in impact velocity [39]. As the value of strain increase following the
material deformation, maximum deformation leads material to have maximum strain. The
deformation is associated with the strength of the bonds between atoms in the solid structure [49].
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Lattice structure of aluminium is in form of face-centred cubic (fcc), whereas magnesium is in
hexagonal close-packed (hcp) form, which explains their fundamental differences in forming
behaviour [40]. Metal with fcc has better plastic deformation together with its ductile behaviour
compared to hcp lattice metal [42]. Ivafiez et al., [43] concluded that the increase in impact speed
gives out greater value of maximum displacement. The effect of specimen thickness and impact
speed on the maximum strain value for different types of material is illustrated in Figure 2(b).
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Fig. 2. (a) Energy absorbed at different sample thickness, (b) Maximum strain at different sample
thickness

Points connected on the graph in Figure 2(b) shows that for the respective impact tests indicate
that the maximum strain value increases with the increase in impact speed and material thickness.
Referring to data in Table 3, for both materials, it appears that there is a slight increment on the
maximum strain, which is around 1 pe to 3 pe when speed increases from 3.35 m/s to 5.18 m/s. It is
worth noting that the increase in the impact speed in Charpy test does not give a significant effect
on the maximum strain behaviour. Nevertheless, the increment in specimen thickness has caused
the value of maximum strain to increase greatly for Aluminium 6061-T6, which is 61 pe to 95 pe,
whereas Magnesium AMG6O is still showing small increment, which is only 12 pe to 17 pe, due to its
brittleness.

During a collision, longer impact duration is crucial to provide a considerable extended crush
space for plastic deformation, especially in the automotive industry, which comprises occupant
safety and protection. The average value of impact duration is shown in Table 4. For both materials,
thicker specimen, which is subjected to low impact speed, exposed the highest impact duration at
2.01 ms and 1.12 ms for Aluminium 6061-T6 and Magnesium AMG60, respectively.

Table 4
Average impact duration of Aluminium 6061-T6 and Magnesium AMG60 at different parameters
Thickness Average impact duration (ms) for Aluminium Average impact duration (ms) for Magnesium
(mm) 6061-T6 AMG60
Speed at 3.35 m/s Speed at 5.18 m/s Speed at 3.35 m/s Speed at 5.18 m/s
5.0 1.50+0.10 1.08 +£0.07 0.92 +0.07 0.62+0.05
7.5 1.78 +£0.05 1.45+0.12 1.02+0.04 0.76 £ 0.05
10.0 2.01+£0.06 1.74+0.06 1.12+0.03 0.86 + 0.08

Likewise, energy absorbed trends, the impact duration increases with material thickness, yet it
decreases as the impact speed increases. Logically, thin material needed shorter duration and is easy
to break. High impact speed produced high peak force and required less time to break a test piece
and therefore lowers the impact duration.
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4.2 Area Under Strain-Time Graph and PSD Graph

The area under strain—time graph represents the strain energy of a material while a PSD indicates
the power content of strain signal per unit frequency. Table 5 and Table 6 show the average area
under the strain-time graph and PSD graph respectively.

Table 5
Average area under e-t graph of Aluminium 6061-T6 and Magnesium AMG60 at different parameters
Thickness Average area under -t graph (pe.ms) for Average area under e-t graph (pe.ms) for
(mm) Aluminium 6061-T6 Magnesium AM60
Speed at 3.35 m/s Speed at 5.18 m/s Speed at 3.35 m/s Speed at 5.18 m/s
5.0 81.17 £5.22 56.14 + 4.37 21.34+£2.88 12.70+1.69
7.5 149.88 + 10.92 105.77 £10.70 29.20+3.90 19.36+1.43
10.0 165.05 + 27.00 133.01 +14.77 31.72+4.14 25.46 £ 4.04
Table 6
Average area under PSD graph of Aluminium 6061-T6 and Magnesium AMG60 at different parameters
Thickness Average area under PSD (pe2/Hz) for Average area under PSD (pe2/Hz) for Magnesium
(mm) Aluminium 6061-T6 AMG60
Speed at 3.35 m/s Speed at 5.18 m/s Speed at 3.35 m/s Speed at 5.18 m/s
5.0 1854.52 + 80.67 1314.88 + 203.53 239.07 £33.82 173.44 +39.78
7.5 5711.33 £ 638.07 3649.17 £ 899.67 379.28 £ 72.75 259.54 + 16.93
10.0 7292.59 + 1346.77 5840.61 £ 680.71 427.73 + 108.89 383.03 £ 100.05

Significantly, the thickest material tested with speed of 3.35 m/s has the largest area under graph,
Figure 3 illustrates the effect of thickness and speed for both graphs.
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Fig. 3. Effect of thickness and speed (a) area under strain-time graph, (b) PSD graph

Based on Figure 3, the area under graph elevates when the material gets thicker, but the values
go down as the speeding rate increases. As thick material has a high impact duration, the shape of
strain signal is extended along the x-axis causing the area of signal pattern to become larger. A
previous study on impact signal pattern supported that the material with lower thickness is easily
damaged and fractured compared to those with greater thickness [44]. This clarifies that high
speeding rate leads to shorter impact time and thus results in a smaller shape of strain signal. In both
speed conditions—low and high—the smaller the strain signal, the smaller the area under the graph.
Magnesium AM60 has minor increment of area under graph, which is attributable to its brittle
properties in comparison with Aluminium 6061-T6, which is a ductile material. Value of strain energy
is dependent on the energy absorbed [44], whereas the energy absorbed depends to the material
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yield strength, tensile strength, and ductility properties [45]. Value of area under PSD graph in every
thickness reacted the same to the increment of impact speed, where it decreases along the way. PSD
value is dependent on the strain and impact duration value particularly, where higher PSD value was
due to higher strain value and impact duration [36].

4.3 Relation of Impact Strain Signal Pattern with Stress-Strain Curve

Material behaviour of a material was ascertained from stress—strain curve constructed. Yield
point, necking point, and fracture point were identified through the curve. Yield point indicates the
point where elastic deformation ends and plastic deformation begins. Necking point is the point
when the material gives indication before fracture, and fracture point is the point that the material
is totally failed. Figure 4 shows the stress-—strain curve for Aluminium 6061-T6 and Magnesium
AMG60, and their material behaviour is recognised as ductile and brittle, respectively.
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Fig. 4. Stress—strain curve for (a) Aluminium 6061-T6 and (b) Magnesium AM60

Aluminium 6061-T6 yields before strain reaches 0.008 (mm/mm) and necking point is before 0.31
(mm/mm). Unlike Aluminium 6061-T6, Magnesium AMG60 has no necking point and the fracture
occurs in a sudden manner, and thus, the tensile strength and fracture strength is the same for the
Magnesium AM60. The mechanical properties are summarised in Table 7.

Table 7

Tensile strength and load of the material

Mechanical properties Aluminium 6061-T6 Magnesium AM60
Ultimate tensile strength (MPa) 290.72 +4.59 147.95 + 14.43
Average ultimate tensile load (kN) 13.95 6.33

Yield strength (MPa) 251.66+4.71 67.83+£4.23
Average yield load (kN) 12.08 2.90

Fracture strength (MPa) 266.00 + 6.79 147.95 + 14.43
Average fracture load (kN) 12.64 6.33

Aluminium 6061-T6 has greater ultimate tensile strength compared to Magnesium AM60. With
respect to this condition, the former requires more stress or load to fracture than the latter. In terms
of energy absorption ability, Aluminium 6061-T6 can absorb more energy because it possesses
greater elastic—plastic region and tougher, compared to Magnesium AMG60. Furthermore, strain
energy in tensile test is the area under the stress—strain curve, and it is defined as the energy stored
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in the material under axial loading. The average energy absorbed and average strain energy from the
tensile test are listed in Table 8.

Table 8

Strain energy and energy absorbed under tensile test
Material Average energy absorbed (J) Average strain energy (MPa)
Aluminium 6061-T6 135.76 113.11
Magnesium AM60 10.89 10.12

This section discusses the relation of impact strain signal obtained from the Charpy test with the
stress—strain curve from the tensile test. This relationship was investigated to propose a new
approach for predicting material behaviour by using instrumented Charpy test. Among all the results,
the impact strain signal of 10 mm thickness at 5.18 m/s speed was chosen for the comparison study
because 10 mm is the standard Charpy size specimen and mostly used in previous researchers’ work.
The relationship between impact strain signal and stress—strain curve for Aluminium 6061-T6,
Magnesium AM60, and Carbon Steel 1050 is depicted in Figure 5, Figure 6 and Figure 7. Carbon Steel
1050 curves are taken from a previous study by Ali [35], and the study presented the graphs without
discussing any similarities between them.
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Fig. 5. Relation of impact strain signal with stress—strain curve for Aluminium 6061-T6
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Fig. 7. Relation of impact strain signal with stress—strain curve for Carbon Steel 1050 [35]

Carbon Steel 1050 has the highest maximum strain compared to other materials as its maximum
strain has a positive relationship with the Young’s modulus. Young’s modulus measures the stiffness
of a material to predict the elongation corresponding to the material deformation or strain. Carbon
Steel 1050 has Young’s modulus of 210 GPa, three times higher than Aluminium 6061-T6, and 30
times higher than Magnesium AM60. These discoveries conform to the findings from Beer et al., [46].
Thus, the higher the Young’s modulus, the higher the maximum strain. Carbon steel is seen to have
the lowest impact duration, which shows that its ductility is smaller than aluminium and magnesium.

Even though the basic mechanical process of tensile test and Charpy test are different; tension
condition in tensile and compression condition in Charpy, the result for both processes failure
mechanism is found to be very alike [47,48]. There is noticeable similarity between the stress—strain
curve and the strain signal graph. It is the deform point and fracture point as marked in Figure 5,
Figure 6 and Figure 7. Hence, the prediction on material behaviour using strain signal is achievable,
together with the signal characteristics and classification.

4.4 Impact Strain Characteristics and Classification

Impact strain signal characteristics and classification is originated and referred to the parameters
of the strain signal pattern in particular the energy absorbed, maximum strain, impact duration, and
the area under strain—time and PSD graphs. The characterisation and classification of strain signal
from Charpy test is proposed as an alternative approach to predict the material properties or
behaviour, instead of the tensile test as the commonly used method. Table 9 shows the
characterisation and classification of the impact strain signal at speed of 5.18 m/s with 10 mm
thickness for the Aluminium 6061-T6 and Magnesium AMG60, and also includes Carbon Steel 1050
from previous study by Ali et al., [44].

Table 9
Characterization and classification of impact strain signal
Strain signal characteristics Type of material
Aluminium 6061-T6 Magnesium AM60 Carbon Steel 1050 [35]
Energy absorbed (J) 20.40 3.60 29.60
Maximum strain (pLe) -199.86 -60.02 -1435.00
Impact duration (ms) 1.74 0.86 0.55
Area under PSD graph (ue2/Hz) 133.01 25.46 280.30
Area under e-time graph (ue.ms) 5840.61 383.03 -
Signal pattern/ shape U-shaped V-shaped U-shaped

In general, Carbon Steel 1050 has dominated most of the characteristics with the highest value
of energy absorbed, maximum strain, and strain energy, while the lowest value is shown by
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Magnesium AM60. Only for impact duration, Carbon Steel 1050 has the lowest value, and the highest
impact duration value is presented by Aluminium 6061-T6. In addition, the strain signal classification
also shows that the materials exhibit different failure modes, identified from the Charpy test strain
signal shape, which is ‘U’ for Aluminium 6061-T6 and Carbon Steel 1050 and ‘V’ for Magnesium AM60.
In correlating the stress—strain curve with strain—time curve, that ductile materials, Aluminium 6061-
T6 and Carbon Steel 1050 has ‘U’ shape of strain signal pattern, whereas brittle material, Magnesium
AMG60 has V-shaped strain signal pattern. With respect to this findings, further studies on the impact
strain signal characteristics are necessary as to justify and establish a reliable alternative method for
material behaviour prediction.

5. Conclusions

This experimental study reveals that for both materials, the energy absorption capacity is greater
at low impact speed with thick specimen thickness and vice versa for thin specimen. The material
thickness and impact speed applied have influenced the value of energy absorbed, impact duration,
maximum strain, PSD energy, and area under the strain—time graph. As a conclusion, excluding the
maximum strain, most of the results are directly proportional to the material thickness and yet
inversely proportional to impact speed. As a ductile material, aluminium possess better elastic and
plastic regions before the fracture occurs, and for this reason, Aluminium 6061-T6 excels in the
energy absorption ability compared to Magnesium AMG60. Based on the overall outcome, this study
has successfully demonstrated the correlation between the energy absorbed with the area under the
PSD graph and the area under the strain—time graph. The correlation provides an alternative method
to solve the inaccurate and estimation of the material toughness measurement. Increase in energy
absorbed caused larger amount of area under PSD graph and area under strain—time graph. The thick
material impacted produces great energy absorption and larger area under graphs, though the
energy absorb reduces when the loading speed goes up. This study has successfully linked the strain
signal pattern from Charpy test with the stress—strain curve from the tensile test. Results discovered
the specimen deformation point and fracture point from both graphs. Deformation point happens at
the state where elongation and impact start, so both materials pointed at similar strain zero value.
By observing the identified fracture points, both materials exhibit different strain at fracture point
and time, where the aluminium experienced larger strain and longer time when compared to the
magnesium. Consequently, the strain signal pattern from instrumented Charpy test can be used as
another approach, a possible alternative to predict the material behaviour instead of executing the
tensile test.
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