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EXPERIMENTAL AND NUMERICAL DYNAMIC ANALYSIS OF
PLEXIGLASS ACRYLIC FOR IMPACT ENERGY USING
INDIGENOUSLY DEVELOPED TESTING EQUIPMENT

Tariq JAMIL'", Kashif AZHER!, Muhammad Ali TAHIR!, Zaheer ALI',
Wassam HAMEED', Hafiz Huzefa JAVED!

Toughness, also known as impact energy, should be determined for any material
that is under the action of impact loading. The fabrication of impact tester and
dynamic analysis of fracture will be very helpful for various materials. In this study,
an Izod impact testing equipment is designed and fabricated from scratch and
demonstrated. It is utilized for determining the impact energy of Plexiglass Acrylic
following ASTM D-256 standard. The designed equipment was well calibrated before
performing experiments. The frictional and windage losses were also calculated
without placing the sample to compensate for any error. The angles observed before
and after the impact were utilized to calculate the impact energy of specimens. On
ANSYS, the Finite Element Analysis and explicit dynamic analysis of the specimen
were also investigated. The real-time deformation of the specimen after impact was
observed. The stress and strain along the length of the specimen were investigated till
the notch area. The analysis revealed that the maximum stress and strain at the notch
due to the fracture point of the specimen. Hence, dynamic analysis validates the
accuracy of the designed impact testing procedure.
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1. Introduction

There are various types of techniques widely utilized for materials testing

such as tensile, compressive, impact, hardness, etc. It is mainly divided into two
main types that are destructive and non-destructive testing. The selection of the
material testing method depends upon the application of the material. The purpose
of impact testing is to determine the ability of the material to absorb energy during
a collision. The impact energy can be used to determine the toughness, impact
strength, impact fracture resistance of the material [1]. The material characteristics
can also be determined using impact testing. The determination of impact energy is
also important for the selection of materials that are under the influence of sudden
changes in loading conditions [2], [3].
For a single impact test, the three most popular types of tests are the Charpy V-
notch test [4], [5], the Izod test [6] and the Tensile Impact test [7]. These three tests
all essentially determine the same characteristics of the material but differ in the
orientation of the test sample. All of these tests are useful in determining the impact
mechanics of the test specimen.

1 Asssistent Prof., NED University of Engineering and Technology, Pakistan, e-mail:
tarigjamil@neduet.edu.pk


mailto:tariqjamil@neduet.edu.pk

192 Tariq Jamil, Kashif Azher, Muhammad Ali Tahir, Zaheer Ali, Wassam Hameed, Hafiz Huzefa Javed

Various materials can be tested from impact loading, but the most common

types used are metals [5], plastics [6], [8] and its composites [2], [9], and polymers
[10]. All these tests have prescribed dimensions of specimens that can evaluate.
Some composite or other specific materials could experience either ductile or brittle
failure depending on the type of test, rate of loading, and temperature of the sample.
The combined effect of ductile and brittle fracture was observed in the chemical
mechanical planarization of silicon wafers [11]. Brittle material can fracture at low
impact velocity and the amount of energy to cause a fracture is also small. On the
other hand, ductile materials can fracture at relatively high impact velocities and at
a much higher load to initiate and propagate the crack to fracture [12].
Among the above-mentioned impact testing, Izod impact testing is utilized for
various materials [13], [14], [15]. The Izod impact testing was successfully utilized
to examine the impact strength of acrylic denture base resin reinforced with woven
glass fiber. The impact testing was utilized to observe the effect of the orientation
of reinforced woven glass fibers [16]. The Izod testing was also utilized to examine
the impact toughness of carbon fiber reinforced plastics for variable notch
dimensions. It was also observed that the impact toughness rises with the fiber
proportions [6]. Izod testing was found effective for the specimens that were
prepared using 3D printing [17]. Different types of composites, polymers impact
strength were also successfully observed using 1zod testing technique [18].

An impact testing equipment was utilized to calculate the amount of impact
energy or toughness of a material. Generally, the hammer and pendulum setup was
utilized to calculate the amount of energy. The specimen was prepared as per the
standard of the material. The impact testing machine was fabricated and utilized for
various materials [13], [19].

There are various polymer materials and they possess various benefits in the
field of medicines, composite materials, etc. [20] The polymers were also utilized
for the drug delivery system which revolutionized the biomedicine world [21].
When the World Health Organization declared COVID-19 a pandemic, CDC and
OSHA recommended the use of barriers such as Plexiglass, strip curtains, or similar
impermeable dividers to separate manufacturing workers or meat and poultry
processing workers [22]-[25]. Polymer impact testing was also widely studied.
Rafique [26] fabricated equipment for the impact testing of polymer thin films by
the free-falling dart method. Various studies have investigated the fracture
toughness of plexiglass acrylic [27], [28]. These studies have thoroughly
investigated the fracture toughness of different modes of testing based on Plexiglass
structures.

In this study, we have performed an Izod type Impact testing on the plastic
specimen that is Plexiglass Acrylic, experimentally as per the standard of ASTM
D256 [29]. Along with the experiment, we have fabricated the Izod impact testing
equipment. The complete 3D model of the impact testing equipment was designed
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using computer-aided designing software. The specimens of Plexiglass were also
fabricated as per the standard. Moreover, FEA-based dynamic analysis was also
performed to elaborate on the results. Both the FEA and dynamic analysis was
performed using the same specification as that of specimens on ANSYS software.
The novelty and value addition of this article has two aspects. The first is the cost-
effective in-house fabrication of laboratory equipment, which can save huge capital.
The second aspect of this article as this study validates the experimental results with
numerical analysis. So similar accurate approach can also be applied to various
other materials in future studies.

2. Materials and Methods
2.1 Design of Impact Testing Equipment

In our design of the impact testing equipment, a specimen was fixed in a
vise which is placed on top of a stainless steel base. A pendulum striker was
elevated and then released from a certain height above the specimen. The striker
hits the specimen with an impact speed that depends on the height from where it is
dropped. The kinetic energy of the striker was then absorbed by the specimen,
which reduced the kinetic energy of the pendulum.

The design of impact testing equipment as per the standards of ASTM D256
started with the 2D sketch of the base and columns. The dimensions of the base and
columns that are 40 x 60 cm and 20 x 0.6 cm respectively, were designed in
accordance with ASTM D256. The columns were fastened to the base, and the
geometry of a vise was assembled at the centre of two columns. After that, the
geometry of specimen materials was designed whose dimensions could not be
violated by the standards. The specimen of cross-section 1.27 x 1.27 cm and a
length of 6 cm along with a notch of 0.25 cm at the center was created and held
inside the vise. The material of the specimen and impact testing equipment are made
up of Plexiglass Acrylic and stainless steel, respectively. Fig. 1a depicts the final
3D design of the project after assembly, which shows the isometric views of an
impact testing machine designed using CAD 3D modeling software in accordance
with the ASTM D-256 standard. The final model of the project after the assembly
is as shown in Fig. 1b.
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and b shows the impact testing apparatus after fabrication. It is made using stainless steel of grade
HS-304 Taiwan

2.2 Fabrication and Assembly

The whole fabrication process consists of four steps, fabrication of the base
and columns, fabrication of the pendulum and hammer, fabrication of the dial and
pointer, and final assembly. The mainframe of equipment consists of two vertical
columns mounted on a single base. The columns are fastened to the base using nuts
and bolts. 4 holes were drilled on top of the base to mount it on a wooden table. The
cross-sectional area of the base is 60 X 40 cm and the thickness is 0.6 cm, whereas,
the column has the same thickness but with a length of 50 cm. The pendulum and
hammer are utilized to observe any material's impact energy by striking it with the
specimen. In Izod type impact testing of plastics and polymers, the hammer strikes
the specimen with the velocity of 3.46 m-s-1. In accordance with the standards, the
length of the pendulum used is 0.33 m and the weight is 260 gm. A dial was made
up of a 6 mm thick circular stainless steel disk and calibrated with reference of
angles in degrees using the etching process. The pointer attached indicates the value
of the angle at which the specimen breaks. Impact energy can be calculated using
the impact angle observed.

2.3 Specimen Preparation and Conditioning

The specimens were cut from the material sheet as per prescribed
dimensions. The width of the as prepared specimen is the same as the thickness of
the sheet that is 12.7 mm [0.500 in]. Sheet material thicker than 12.7 mm should be
machined to standard dimensions. Specimens with a 12.7 mm square cross section
were used for testing. The test specimen shall be a composite of individual thin
specimens ranging in width from 6.35 to 12.7 mm [0.250 to 0.500 in]. The length
of the specimen under the notch was 10.16 + 0.05 mm [0.400 + 0.002 in.]. This
dimension was measured with a Vernier caliper. The labelled 2D sketch of the
specimen is shown in Fig. 2a. The notch on the specimen was made using a milling
machine and a single-tooth cutter was preferred due to ease of operation. A work
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relief angle of 15 to 20° is suitable. The included angle of the notch is 45° and the
radius of curvature at the apex is 0.25 mm while the depth of the notch should be
maintained to 3 mm. A dummy bar was placed behind the specimen in the vise to
prevent distortion and chipping by the cutter. Cutter’s speed and feed rate should
be set precisely because they could affect the quality of the notch due to thermal
deformations and stresses. The 3D CAD model of the specimen is presented in Fig.
2b.

Fig. 2 a Shows the 2D view of the Plexiglass specimen made using AUTOCAD software with
labelled dimensions of the specimen and b represents the 3D model of the notched specimen
The most suitable testing temperature of the specimen is 25°C. The shorter
conditioning time would be beneficial in order to achieve impact resistance
equilibrium. The relative humidity tolerance should be from 45% to 55%. At the
maximum surrounding temperature of 25°C, the maximum humidity would be
55%. In case of deviation, temperature tolerance should be less than or equal to 1°C
and relative humidity should be more or less 2%.

2.4 Center of percussion

The point (line) of contact of the cylindrical striker must be located at the
center of percussion of the pendulum within +2.54 mm [£0.100 in] in order to
minimize the vibrations produced when the striker hits the specimen. The distance
from the center of percussion to the axis of support was determined experimentally
from the period of small amplitude oscillations of the pendulum by means of the

following equation:
L= (g/ 4-7'[2) p*

The angle of each swing should be less than 5° on each side of the center as
mentioned in standard. Where, g is local gravitational acceleration m-s or [ft-s?],
L is distance from the center of percussion to the axis of support, m or [ft.], and p
is period (sec) of a single complete swing (to and fro) determined by taking mean
at least 20 successive and continuous swings.

From Table 1, the center of percussion for pendulum in this study is found to be
0.3244 m [1.02 ft.]. Therefore, the length of the percussion centre subtracted from
the pendulum's total length gives 0.005 m [0.016 ft.] which is under the prescribed
limit. This resulted in the least amount of vibrational energy loss when the striker
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hit the specimen from this point of percussion. Thus, our pendulum has the same
center of percussion and center of gravity: the length of the pendulum or distance
from the center of percussion to the axis of support =0.33 m.

Table 1
Shows the values obtained to calculate the center of percussion of the pendulum striker
Serial. No | Py (s) | Pi(s) L= (g /4112) p? (m)
1 232 | 1.16
2 22.8 | 1.14 0.3244
3 226 | 1.13

2.5 Experimental Testing Procedure

The test was performed five times on 10 specimens. The average of the
results of the test was evaluated as final impact toughness. The pendulum was raised
at an angle 60° above the horizontal, making the total angle of 150° and the height
of release is 0.61m. This height and pendulum mass of 260 gm produce an impact
speed of 3.46 m-s-1 First, the pendulum was released at 150° without holding the
specimen in vise to calculate the windage and friction factor of the testing apparatus.
Then specimens were clamped in the vise one by one, the upper half till the notch
was above the jaws of the vise and the pendulum was released at 150°. The angles
obtained after the specimen were observed and used to calculate the impact energy.

3. Result and discussion.

3.1 Observation and Calculation

The pendulum was released at an angle of 150° (60° above the horizontal)
and the angle obtained after the striker of the pendulum hit the specimen was
observed 105° (15° above horizontal axis) which resulted in the breakage of the
specimen. 10 specimens were tested at 150° and various angles between 105° to
110° were observed. Table 2, depicts the impact energy observed for all the samples
along with the difference between the heights.

Table 2
Following is the observation and calculation table for all the specimens
S.No. Observation hy=L—LX |h=h,—h, | Eg=mXgXh

(Scale reading) (°) cos 6 (m) (m) J)
1 105 0.4154 0.1946 0.49
2 108 0.4319 0.1781 0.45
3 109 0.4374 0.1726 0.43
4 107 0.4264 0.1836 0.46
5 105 0.4154 0.1946 0.49
6 107 0.4264 0.1836 0.46
7 108 0.4319 0.1781 0.45
8 106 0.4209 0.1831 0.46
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9 107 0.4264 0.1836 0.46
10 110 0.4428 0.1672 0.42
So, Angle = 60 = 105°
Since the height of the pendulum when it is raised to 150° is:
h; =0.61m (1)

Also, the height of the pendulum after striking the specimen can be obtained by

taking the cosine component of the effective length of the pendulum that is 0.33 m.
h,=L—LXcos8 =0.33—(0.33 X cos(105°)) = 0.4154m (2)

Where, L= length of a pendulum

Now, the difference between the heights of the pendulum can be obtained by simply

subtracting ho (height achieved after breaking the specimen) from h; (releasing

height of pendulum). So,

h=hy—h, =0.61—-0.4154=0.1948m 3)

Now, the total impact energy in joules can be obtained by using the formula:
Es=mxXxgxh=0.260x 9.8 x 0.1948 4)
E, = 0.4963 ] (5)

Where, m= mass of pendulum, which is 260 g

g = Gravitational acceleration constant =9.8 m-s™

Es = Uncorrected breaking Energy / dial reading breaking Energy for the specimen
Q)

L = length of pendulum (distance from fulcrum to center of gravity of pendulum)

The testing equipment used a dial and pointer mechanism. Therefore, it is
necessary to calculate the windage and friction correction factor for our result in
order to facilitate the losses in our result. The friction and windage factor was
calculated using the method mentioned in section 10 and with Annexure A2 and
Appendix X3 of ASTM D-256 [29].

Table 3, shows the calculated results for losses and standard deviation of
our performed experiment. Measure and record the energy correction (E4) for
windage of the pendulum plus friction in the dial, as determined with the first swing
of the pendulum with no specimen in the testing device. This correction must be
read on the energy scale appropriate for the pendulum used. Without resetting the
position of the indicator, repeat the process until the swing causes no additional
movement, measure the energy correction (Eg) or pendulum windage. The
following results were obtained
The angles obtained were 84, = 138° and 65 = 142°
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Table 3
Shows the final result after calculating friction and windage losses, mean 10 specimens
result, and standard population deviation that could occur in the result

Sr. Ec=mXgXxh B (®) Erc (D) I Mean of 10 Standard
No J) (J/m) Specimens Deviation|
(J/m) S.D]
1 0.49 105.18 0.0735 32.79
2 0.45 108.04 0.0748 29.54
3 0.43 109.49 0.0755 2791
4 0.46 107.32 0.0745 30.35
5 0.49 105.18 | 0.0735 32.79 30.107 1.707191
6 0.46 107.32 0.0745 30.35
7 0.45 108.04 0.0748 29.54
8 0.46 107.32 0.0745 30.35
9 0.46 107.32 0. 0745 30.35
10 0.42 110.22 0.0748 27.10

E, = 0.0885 J [Energy correction for windage of pendulum plus dial (J)]

Ep = 0.0508 J [Energy correction for pendulum windage only (J)]

Ey = 1.555 ] [Max Energy of the pendulum at start of the test (J) (at release point
of 60° above horizontal/0.61m release height)]

_ h E, 6
Bunax = cos™H{1 ~ [()(1 — = )]} = 138.00° ©
L Ey
Where,
h; = maximum height of the center of gravity of the pendulum (0.61 m)
Bmax= maximum angle pendulum will travel with one swing of the pendulum.
Now calculating B and Erc for each specimen using obtained Es (J)
— -1 hy Es (7)
B =cos™H1- (A -2 )]}
M
Ep B ) Ep (8)
Erc = |Efs —|—= —
re [ 4 (2)](ﬂmax )
Iy = (Es — Er¢)/t ©)

Where,
L = length of the pendulum (distance from the fulcrum to center of gravity of
pendulum,) = 0.33m,
B = angle pendulum travels for a given specimen,
E1c = total correction energy for the breaking energy, Es, of a specimen (J)
Is = impact resistance of specimen, J-m™! [ft.Ibf'/in"'] of width, and
t= width of specimen in m [in] = 0.0127m.
Range (lower limit) = [mean — 3 * S. D] =24.94
Range (Upper limit) = [mean + 3 * S.D]=35.22
According to the mean and standard deviation, we can say that the results
for this specific specimen will only deviate from 24.94 J'm™! to 35.22 J-m’'. Other
authors also report these variations in results [30], [31]. The specimen tested was
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isotropic and the complete splitting of the specimen occurred (ASTM D-256 Type
C break; in which the specimen completely breaks into two parts). The fracture
occurred at the notch and propagated along the line of impact. The specimen before
and after fracturing is presented in Fig. 3 a and b, respectively. The failure of the
specimen is similar to brittle fracture as no elongation was observed during the
fracture of the specimen [32].

Fig. 3 a Shows specimen’s sample before making a notch and b shows the fractured specimen
after being impacted using a pendulum striker. It is a type C fracture in which material completely
breaks off into two pieces.

3.2 FEA and Explicit Dynamic Analysis

First, to investigate the dynamic analysis of impact testing, we perform
finite element analysis (FEA). The numerical modeling of other polymers was
studied previously using different impact testing technique [33]. Considering the
dynamic analysis, splitting of the specimen results when the striker of the pendulum
applies dynamic impact load and velocity onto the specimen. Whereas, FEA
includes the meshing of both the specimen and the striker. The whole process of
dynamic analysis is done in the following steps.

The first step of dynamic analysis is the selection of material and its data.
The material selected for the specimen is Plexiglass and the striker is hardened steel.
We input the values of density (1180 kg.m™), Young’s modulus (3.1026E+009 Pa),
and Poisson ratio (0.35) for the specimen. We also input the values of density,
Young’s modulus and Poisson ratio for the striker. ANSYS provided us with the
values of bulk modulus and shear modulus while the temperature and other
experimental conditions were maintained as prescribed above.

The geometry of both the specimen and the striker is created as per the
dimensions of the specimen are (1.27 X 1.27 X 6) cm and of the striker are
(3.47 x 7.2 X 2) cm. Meshing was performed on both the specimen as well as the
striker. There was a total of 7649 nodes and 6176 elements (specimen: 2736 nodes
and 2080 elements, striker: 4913 nodes and 4096 elements). In this step, the
specimen is clamped below the notch, and the striker is provided with a velocity of
3.46 m's™! as per the standard. The maximum number of cycles is kept at 1E + 7,
and the end time was 0.01s. The deformation caused by the striker is shown in Fig.
4. In line with the experimental results, the specimen is broken from the center
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where the notch is present. No significant deformation is observed as the bottom
part is fixed with the base using a clamp, and the significant deformation is above
the notch.

o aoe
Fig. 4 Represents the results obtained after performing dynamic analysis using ANSY'S software,
all the conditions were kept similar to experimental conditions.

3.3 Total Deformation

Table 4, depicts the deformation values of the specimen obtained through
explicit dynamics analysis in relation to the impact of the testing experiment. The
pictorial view shown in Fig. 4, represents the maximum deformation produced at
the top of the specimen. The values in Table 4, are then plotted with time as shown
in Fig. 5a. The color scheme shown in Fig. 4 explains the deformation produced by
the striker. Fig.5b shows the deformation along with the specimen from top to the
notch which is being impacted. The maximum deformation was observed at the top
and decreases as we move along the length, but at the notch, there is a spike in the
graph. This rise in deformation is due to a decrease in the area of the specimen at
the notch.

Table 4
Shows the result of total deformation produced by impact force with the help of ANSYS
simulations

Time (s) | Minimum (m) | Maximum (m)

1.18 E-38 0

5.00 E-04 1.82 E-03

1.00 E-03 0 3.64 E-03

1.50 E-03 5.46 E-03

2.00 E-03 7.30 E-03

2.39 E-03 9.25 E-03
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Total Deformation vs Length
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Fig. 5 a Shows the graphical representation of total deformation produced in the specimen and the
time in which it is produced, and b graph represents the total deformation produced along the
length of the specimen, from stating the length of 0.00 mm to the notch at 0.035 mm.

3.4 Equivalent Elastic Strain

Fig. 6 represents the strain produced in the specimen under impact loading and it is
maximum at the notch due to an increase in stress concentration. The breakage of
the specimen is from the notch in a numerical analysis similar to experimental
observation. Fig. 7a represents the linear trend of time (short impact time) with the
elastic strain. Elastic strain at the top and bottom of the specimen is zero and
maximum at the centre. Fig. 7b shows the elastic strain along the length of the
specimen which is being impacted from top to the center of the specimen. It can be
observed that no strain was produced at the top and the strain increases are also
small along the length. Whereas at the notch, there is a sudden increase in the graph
which shows the maximum elastic strain occurs at the notch, which is the fracture
point of the specimen. The tabular results are obtained using explicit dynamics
analysis shown in Table 5.

-
[T] [173]

Fig. 6 Represents the result of explicitly dynamic analysis, showing equivalent elastic strain
produced in the specimen as a result of impact produced by a striking hammer, having a speed of
3.43 ms™,
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Fig. 7 a Shows the graphical representation of the tabular data presented in table 5, showing the
values of maximum and minimum equivalent elastic strain. b Graph represents the equivalent
elastic strain produced along the length of the specimen.

Table 5
Represents the result obtained by numerical analysis and also shows the values of maximum
and minimum strain produced in the body

Time (s) | Minimum (m/m) | Maximum (m/m)
1.18 E-38 0 0

5.00 E-04 1.16 E-07
1.00 E-03 3.80 E-08 2.92 E-02
1.50 E-03 1.99 E -08 6.39 E-02
2.00 E-03 5.87 E-08 9.85 E-02
2.39 E-03 1.15 E-07 1.04 E-01

3.5 Equivalent Stress

As the pendulum striker hits the specimen, it produces strain in it due to the
impact. According to Hook’s law, stress is directly proportional to strain within the
elastic limit and here the stress induced in the specimen is the reaction of applied
impact force. The values of the stresses observed are presented in both tabular and
graphical forms. Fig. 8 is the pictorial view of the stress produced in the specimen
and it is maximum at the center due to stress concentration at the notched area. Fig.
9a represents the trend of time (short impact time) with the elastic stress. Fig. 9b
shows the equivalent stress along the length of the specimen (from top to notch)
which is being impacted via pendulum striker. From the top to the center of the
specimen, it can be seen that no stress is generated at the top and that it gradually
increases along the length until the notch. At the notch area, a sudden rise in stress
can be observed and maximum stress is obtained at the fracture point of the
specimen. The tabular results are obtained using explicit dynamics analysis shown
in Table 6.
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=
Fig. 8 Shows fracture occurring from the area of the notch, similar to the experimental results
obtained in the first part of our study.
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Fig. 9 a Graphical representation of the tabular data presented in table 6 and b Depicts the
graphical representation of the equivalent stress produced along the length of the specimen.

Table 6
Shows the values of maximum and minimum stresses (Pa) produced internally

Time (s) | Minimum (Pa) | Maximum(Pa)
1.18 E-38 0 0

5.00 E-04 344.41
1.00 E-03 3002.8 8.66 E+07
1.50 E-03 1552.2 1.89 E+08
2.00 E-03 3901.8 2.92 E+08
2.39 E-03 14802.0 2.86 E+08

4. Conclusion

Analysis and testing are considered a vital task for performing the impact fracture
testing of material. The impact testing, FEA, and dynamic analysis on Plexiglass
material were performed in this study. The impact testing was performed on
indigenously designed equipment. The equipment and specimens were designed as
per the standard of ASTM D256. The specimen had fixed dimensions other than
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the width that could be varied as per the standard. The base, column, pendulum, and
striker were also designed as per the standard. All the testing was performed on
Plexiglass material for 10 specimens. The impact testing for all the specimens was
performed successfully and with complete breakage. The impact energy was
calculated using the angles observed and taking an average of 10 specimens. The
average impact energy value was found to be 30.1 J/m with a standard deviation of
1.7 J/m. The small deviation was obtained which proved the accuracy of the
performed experiment. FEA and dynamic analysis were also performed. The results
of the analysis indicate a successful impact fracture of the specimen. The intensity
diagram, table, and graphs for deformation show that the maximum deformation
was found at the top of the specimen and zero below the notch due to fixed in the
vise. For stress and strain analysis, the results indicate that both the stress and strain
are maximum at the notch since the stress concentration is increased due to the
presence of the notch, which resulted in the fracture of the specimen.
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