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In this paper, a methodology is proposed which can be used to predict the crack growth and fatigue life of a cantilever
beam made of Acrylonitrile Butadiene Styrene (ABS) manufactured with fused deposition modeling Three beam
configurations based on length (L=110 mm, L. =130 mm, and L=150 mm) are considered. Empirical relationships are
formulated between the natural frequency and the crack growth. The analytical and experimental results are found in good
agreement for all configurations. Using the experimental data, global relation is formulated for the crack depth prediction.
This global relation is useful for an in-situ crack depth prediction with an error of less than10%. Later a residual fatigue
life of these specimens is compared with metallic structure (Aluminum 1050) of similar configuration available in the
literature. It is found out that the ABS material has more residual fatigue life compared to the metallic structure at the same
frequency drop. Based on remaining fatigue life, ABS material can be a potential material to manufacture machine
components under cyclic loads.
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1. Introduction

Ever growing product requirements of the consumers have compelled the industries to find an inexpensive and quick
solution to cater to their needs. This has led to modern technologies like rapid prototyping (RP) for part fabrication. Ability
to develop complex Computer Aided Design (CAD) models with minimum human intervention has revolutionized the
market’s approach to product fabrication [1]. Therefore, fused deposition modeling (FDM) process has gained popularity
amongst the RP techniques in recent time. It is an extrusion-based process that provides a physical form to a designed
model via layer-by-layer deposition of the heated plastic filament [2-3]. Acrylonitrile Butadiene Styrene (ABS) material is
the most common plastic filament. ABS has revolutionized the industry by providing excellent impact strength, toughness
and heat resistance [4]. Moreover, qualities like appearance diversity, lightweight and cost-effectiveness make it more
useful for industrial usage [5-6].

FDM was initially introduced as a mean for rapid prototyping. Now it is prominently being used for manufacturing
functional components. Advantages like the ease of operation, inexpensive tooling and the flexibility of producing quick
and cost-effective durable parts have escalated its use to manufacture functional components in industries such as
automotive, agriculture, medical and aerospace [7-8]. FDM is useful for making patterns, molds, mandrels and even tools
such as trim and drill [9]. This clear increase of usage in the modern industry stresses the need to investigate the mechanical
properties of the parts produced by FDM. This will ensure that they adequately meet in-service loading and operational
requirements, thus, can be an effective alternative to traditionally manufactured products. Extensive studies have been
conducted which focus on the static properties and the effect of varying the FDM build parameters on these properties.
Omer and Bhowmik [10] experimentally examined the time-dependent properties of ABS material by varying the process
parameters. Other researchers, Garg et al. [11], Rodriguez et al. [12] and Arivazhagan et al. [13] discussed the anisotropic
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behavior of the material by varying raster width, angle, orientation, layer thickness and build temperature’s effect on the
mechanical properties.

Most of the research investigates the static mechanical properties, and there has been little focus on FDM material under
cyclic loads. The fatigue characteristics of FDM material are very important especially for cyclic load and vibration bearing
components [14]. Zhang et al. [15] explored fatigue, creep and tensile properties of printed ABS materials. More
experiments on FDM specimens have been performed to determine their fatigue behavior [16-17]. They found that the
process parameter variation has a significant effect on the part reliability of fatigue failure. Zwick [18] successfully
determined the effect of orientation on fatigue life. A systematic approach was designed by Ziemian [19] to find the
accumulated damage caused by repetitive loading and comparing it with the model predictions within a reasonable error
agreement. Fang et al. [20] used scanning electron microscopes (SEM) to observe fatigue crack propagation behavior of
ABS alloys. Relationships between crack length, fatigue cycles, crack growth rate and strength intensity factor range was
also observed. Fischer and Schoppner [21] experimentally determined the fatigue behavior of the FDM material using UTS
machines in different build orientations.

Fatigue failure is caused because of the formation of subsurface damages that initiates a crack when a material is exposed
to repetitive loading. Fatigue failure is the most common type of mechanical failure. Being highly unpredictable, it has
resulted in many disastrous accidents thus, compelling the researchers to find a solution to predict the crack growth rate
and estimate the remaining fatigue life. It can be fairly concluded from the literature that a crack influences the natural
frequency, stiffness, amplitude, strain energy and mode shapes of the material [22-24].

Khan et. al. [25] presented the changes in the dynamic behavior because of a crack, i.e., the natural frequency, the
stiffness of the beam and the dynamic stability. They have also studied crack initiation and propagation with numerical and
experimental approaches. The relation in between the relative length (i.e., crack distance from the fixed end with respect
to the length of the specimen) to the depth ratio (i.e., crack depth with respect to the thickness of the specimen) was
discussed in detail [26-29]. Tommy J. George’s [30] presented a method using a base exited plate resonating at high
frequency. The experiment resulted in producing successful cyclic fatigue under variable amplitude loading. Many other
researchers adopted a common method using Eigen frequency in determining the depth and location of the crack [31-34].

Khalkar & Ramachandran [35-38] studied the dynamic behavior of a cracked beam. They covered many aspects
including the effect of crack geometry and crack location on dynamic behavior. They also studied the implementation of
available mathematical models on various crack geometries. Their research is an excellent contribution to existing literature
related to damage quantification. Many other researchers studied the potential for energy absorption in ABS material [39-
41].

Literature has shown various methodologies in finding the effects of crack propagation and fatigue life. However, there
is still a room in devising a novel technique that can show the crack propagation and conclusively estimate the life of the
material. Past research has emphasized the dynamic responses of the structure. However, instant values of the dynamic
response of a structure are still difficult to use in the analysis and prediction of the crack growth. This paper investigates
the interdependencies of the structure’s modal behavior, its dynamic response and crack growth in a quantitative manner
based on analytical formulation, experimental data, and empirical relations. For validation experimentation, predicted crack
growth is compared with the actual observations. A comparative study is also presented to estimate the fatigue life of ABS
and a metallic cantilever beam. The obtained results show the possibility to diagnose the crack growth and fatigue life for
FDM manufactured beams within the operational conditions.

2. Experimental procedure

2.1 Geometry and manufacturing

Figure 1 shows the dimensions of the particular shaped cantilever beam. Similar dimensions were used in our previous
study for metallic beams [42]. The mounting mechanism of the specimen on shaker is via a shaft as shown in the
experimental setup. A 5 mm hole is required at the fixed end to mount the specimen on a shaker. Maximum bending
moment/stress will occur at this end; therefore, a crack can initiate from this hole if 18 mm width is considered throughout
the specimen. To avoid the possibility of crack initiation from fixing location, the specimen was designed to have more
ineffective width (30 mm) and a fillet at the interface of ineffective and effective width. This will ensure to achieve
maximum stress concentration in the vicinity of the crack. Consequently, the crack will propagate from the point of concern.



In order to avoid wrapping during additive manufacture (3D Printing), the thickness of the specimen is set to 5 mm.
Three different configurations with the length of 110 mm, 130 mm and 150 mm are selected to produce different
fundamental frequencies. Three different samples of the same length are used to reduce experimental errors.

The specimens are manufactured by fused deposition molding (FDM). In FDM printers, the melted thermoplastic is
deposited in layer-by-layer format to create 3D objects. After the deposition of the first layer (one 2D cross-section along
build direction of the 3D object), the build platform of the printer moves downwards by a distance equal to layer thickness
to allow deposition of the subsequent layer. This process is repeated until the printing of the 3D object is completed [25 &
43]. A 3D Systems CubePro Trio is used to manufacture the specimens. All the parameters set in CubePro to manufacture
the specimens are summarized in table 1. Figure 2 shows all the major steps to manufacture the specimens. Multiple
specimens of the same length are printed by placing them in reverse orientation, which resulted in the auto raster angle of
45°. The standard procedure is applied for manufacturing, which includes applying 3D Systems Cube glue on the platform
and placing the platform in water overnight to remove specimens stick on the printer platform. Later, the sidewalks are
removed manually as shown in figure 2.
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Figure 1: A schematic diagram of a cracked cantilever beam

Figure 2: (a) CubePro Printer (b) applying glue on the platform (c) close view of the printed specimens (d) specimens
after removal from the platform (e) removal of sidewalk and (f) ready specimen

Table 1: Parameters set in CubePro for manufacturing the specimens.

Parameter Value
Layer resolution 200 um
Print strength Solid

Pattern Cross
Fill spacing Imm

Top surface layer

Bottom surface later
Outer wall 1




Support borders Disable
Sidewalk distance 4mm
Sidewalk layers 2
Sidewalk offset 0.25mm
Sidewalk perforation Yes
Sidewalk material ABS
Draw fine features Disable
Nozzle diameter 0.4mm

A rectangular open-edged seeded crack is induced in each specimen to initialize crack propagation. This crack is not
included in the CAD model for 3D printing to avoid complexities. A jig is designed to apply a precise crack/notch on
multiple specimens using a conventional hacksaw as shown in figure 3. The jig is fabricated using mild steel having
dimensions conforming to the dimensions of the specimen. A slot in the jig is made to control the hacksaw motion while
applying the notch. These slots are made using electric arc cutting method to ensure the dimensional accuracy during notch
formation.

Specimen

Jig
Figure 3: Notch formation on ABS specimen fixed in the jig. Inset is showing 3D CAD model of the jig.

2.2 Experimental Setup

The experimental setup consists of a power amplifier (modal LA-200), a signal generator (TENLEE 9200), a data
acquisition card (NI-9174) and a modal exciter (MS-100) as shown in figure 4. Time domain measurements are obtained
on National Instrument® Signal Express. The analysis modules of ‘Power Spectrum’ and ‘Amplitude and Levels’ are
selected in the Signal Express to identify the frequency response and amplitude value respectively.

Specimens with same pre-selected crack depth are mounted on a modal exciter in a fixed-free condition. An
accelerometer is attached at the fixed end on the modal exciter to measure the dynamic response. The exciter and the
specimen are firmly attached so that any measured value can provide a cumulative response of the whole system which is
largely dominated by the specimen displacement at the free end due to resonance. This amplitude is continuously monitored
on Signal Express ‘Power Spectrum Module’ with a data sampling rate of 25.4 kHz. Each experiment is started with a fresh
specimen. The signal generator is used to provide a constant peak to peak value of 5 volts in a sine waveform, which
consequently provides a constant displacement loading of + 5 mm to the specimen using power amplifier.
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Figure 4: Complete experimental setup with ABS specimen

3 Analytical formulation between the natural frequency and the crack depth

Structures demonstrate oscillatory response if an external excitation force interacts with them [24]. The characteristic of
this response in terms of amplitude and frequency is dependent on the stiffness of the structure. This stiffness is a direct
measurement of the elastic properties of the structural material [44].

In this section, analytical modeling is presented which describes the effect of crack depth in terms of stiffness reduction
of a model spring and its possible effect on the overall dynamic response of the structure. Consider the cantilever beam as
shown in figure 5. The crack is modeled as massless torsional spring with stiffness k; as shown in equation (1). The
relationship between the natural frequencies and crack depth is obtained using the Rayleigh quotient and the governing
equations are solved using Newton Raphson method [44].
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Figure 5: Cantilever beam with crack analyzed as massless rotational spring.
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Where:

B = width of the beam

H = height of the beam
t. = crack depth

E = modulus of elasticity

F (;—C) = crack function.

Free bending vibration of a beam is identified by well-known differential equation as shown in equation (3). Applying
boundary conditions y(0) =0, ¥'|@x=0 =0 and y"|@x=; = 0 to find mode shape and bending moment as shown in
equation (4) - (6),
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Where:

p = density of the beam material

I = moment of inertia

x = longitudinal location of the crack on the beam from fixed end
Yo = initially assumed displacement of mode shape.

The curvature of the beam is the second derivative of the beam deflection; therefore, the bending moment can be derived
from beam curvature and flexural rigidity (EI) as shown in equation (7). The total strain energy can be derived from direct
strain and strain energy due to bending as shown in equations (8) - (9). Reduction in strain energy and change in natural
frequency due to crack can be found out using equations (10) - (12), presented by Majid et. Al [45].
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Where:

M = bending moment

u = strain energy

Au = change in strain energy

wy .= natural frequency of a cracked beam

Aw, = difference between the natural frequencies of the uncracked and cracked beam.

Equation (12) can be used to analytically calculate the natural frequencies of the cracked beam for various crack depths.
These equations can be merged to be written in a generalized form as shown in equation (13). It is a proposed modified
equation which summarizes all the variables used in the referred models. It can be noted that the natural frequency of
cracked beam is independent of the initially assumed value of mode shape and material properties. However, it depends on
the natural frequency of the uncracked beam (or at the previous crack depth), crack location and geometrical parameters

of the specimen.
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4 Results and discussion

4.1 Crack depth prediction and its validation

The proposed methodology consists of an empirical relationship between the crack depth, length, and the natural
frequency of the selected beam. A significant number of experiments are required to form an empirical relation. This
empirical relation is expected to predict the crack depth using natural frequency and length of the specimen. A criterion
known as percentage replication (PR) is commonly used to define the percentage of reliability of the results based on
experimental results as shown in equation (14) [46].

PR= 100 [1 — (14)

Where:
L= number of varying parameters
n = total number of experiments

In this work total three lengths are considered and for each length, three specimens are tested. This will make the
reliability of the data set of 67%. It suggests that the predicted results based on these empirical correlations will have an
accuracy of 67%. In the start of each experiment, three fresh specimens of each length with pre-defined crack depth are
mounted one by one on the test rig and the accelerometer was installed at the top of the modal exciter knob. The setup was
capable of analyzing and recording the in-situ dynamic response of the specimen while vibrating at any frequency. An
impact test is carried out to determine the fundamental frequency of a fresh specimen experimentally.

The specimen is set to run at an operating frequency using the signal generator. Initially, this operating frequency is
equal to the fundamental frequency obtained from the impact test. Simultaneously, the root mean square (RMS) value of
the acceleration is also monitored. The drop in this value is used as a sign of change in the natural frequency of the
specimen. The impact test is carried out again with a light wooden mallet to find the new modal frequency. This procedure
is repeated until the catastrophic failure. The failure of the specimen is defined as when it can no longer show amplitude at
the free end. For each specimen modal frequency, fatigue cycles, and crack depth are measured. At every intermediate
stage crack, depths are measured by a digital microscope with a magnification of 200x as shown in figure 6.
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Figure 6: Crack depth measurement from the top surface of the specimen showing the evolution of crack propagation.



Experimental and analytical data with percentage error is presented in table 2 to table 4. For each length, analytical
results are also calculated using equation (13) and compared with experimental results and curve fitting data. Experimental
and analytical results are in good agreement for all configurations. The value of natural frequency at 0.5 mm crack depth
is the first fundamental frequency of the specimen. The crack will propagate under load, this will reduce the stiffness
ultimately causing a decrease in the natural frequency as shown in figure 7 to figure 9. In these figures, experimental results
are plotted with a circular marker. This can also be validated via equation (13), where the corrective function i.e., F(t./H)
increases with the crack depth and consequently causing a decrease in the cracked beam natural frequency.

Table 2: Predicted crack depth via two approaches with percentage error, L= 110 mm

Frequency Crack depth Crack depth % Error
(Experimental) (Analytical)

[Hz] [mm] [mm]

57.60 0.50 0.50 -
54.10 1.36 1.49 9.56
49.50 2.14 2.11 1.40
44.10 2.37 2.54 7.17
38.50 3.05 2.90 5.01
33.00 3.27 3.19 2.39
27.60 3.50 3.47 0.94
22.00 3.85 3.75 2.57
16.50 3.96 4.03 1.87
11.00 4.44 4.34 2.30
9.80 4.57 4.44 2.78
7.90 4.67 4.61 1.31
6.80 4.83 4.70 2.77

Table 3: Predicted crack depth via two approaches with percentage error, L= 130 mm
Frequency Crack depth Crack depth % Error
(Experimental) (Analytical)

44.20 0.50 0.50 -

38.50 1.97 2.16 9.64
33.00 2.86 2.79 2.31
27.50 3.00 3.21 7.18
22.00 3.47 3.61 3.91
16.50 3.88 3.98 2.50
14.00 3.99 4.15 3.96
11.00 4.28 4.40 2.90
9.80 4.39 4.52 2.87
8.60 4.54 4.63 1.92

Table 4: Predicted crack depth via two approaches with percentage error, L= 150 mm

Frequency Crack depth Crack depth %
(Experimental) (Analytical) Error

33.40 0.50 0.50 -
27.50 2.73 2.54 6.86
22.00 2.99 3.23 7.92
16.50 3.87 3.79 2.14
11.00 4.48 4.33 3.33
9.00 4.56 4.57 0.13
8.00 4.62 4.69 1.63
7.00 4.73 4.81 1.65
6.00 4.87 4.93 1.17
5.50 4.92 4.99 1.34
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Analytical modeling can be used to get the crack propagation from initiation to failure. These visually measured crack
depth values are compared with the values obtained from equation (13). Percentage error of less than 10% is obtained in
all three configurations. The empirical relations obtained via cubic fit are presented in equations (15) - (17) for all three
configurations of L = 110 mm, L = 130 mm and L = 150 mm respectively. This will help in a quick and accurate estimation
of crack depth based on the dynamic response for a particular length of the specimen.

tc = —6.2 e 5w, + 0.005 w2 — 0.17 w,, + 5.8 (15)
tc= —17e 5w, 2 + 0.011 w,.2 — 0.29 w,, + 6.4 (16)
tc = —30e 5w, + 0.013 w,.2 — 0.28 w,, + 6.1 (17)

Additionally, a polynomial curve fitting was done on available data to obtain a global empirical relation which can
accommodate a range of frequencies and lengths of the specimen as shown in equations (18) - (19). Crack depth is plotted
as a function of frequency and length as shown in figure 10.
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Figure 10: Comparison of experimental and surface fit data for crack depth
tc = f(wpc,L) (18)
tc = po + ProWnc + P1 L+ PaoWnc® + Priwnc L+ poL? + p3ownc® + paywnc® L+ prapwne L? (19)

Where:

Wy = natural frequency

L =length of the specimen

tc = crack depth

Do, P10 P1, P20 » P11, P2, P30, P21, P12 = coefficient which are calculated based on the selection of natural frequency and
length of the specimen.

Experimental results are plotted with the results obtained via a global empirical equation, and found in good agreement
as shown in figure 11. In this plot crack depths with respect to natural frequencies are plotted for three lengths 110 mm,
130 mm and 150 mm. The discrete points (Circular, square & diamond marker) are the experimental results for each length.
The continuous plots are crack depths obtained using global correlation as shown in equation (19). This function can be
applied to a fixed range of frequency, therefore, it best fits from the minimum first natural frequency (34.5 Hz) in the data
to a fixed lowest frequency (8.6Hz). These values are selected to set a fixed range of frequencies of all three datasets of
each configuration. Any length between 110 mm to 150 mm can be selected for this function. It can be observed from the
result that the longer specimen has faster crack propagation with respect to same frequency drop. It is also found out that
below 15Hz or at higher crack depths, the entire three specimens behave in a similar manner regardless of their lengths.
The global empirical relation can be used to predict around 85% of available date and validation within 10% of error.
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4.2 Estimation of residual fatigue life

This section provides a discussion on residual fatigue life of the specimens. In order to estimate this fatigue life two
parameters fractional frequency drop () and residual fatigue life (Nr) are calculated based on experimental data as shown
in equations (20) - (21). [47].

_ f
r= 1= E] (20)
N

Nr = [1—N—f @21)

Where:

f = fundamental frequency at any instance
f; = initial natural frequency

N = accumulated number of cycles

Ny = total number of cycles till failure

For each configuration of the specimen, three separate tests are performed as shown in figure 12. The results show the
total number of cycles and the relevant first natural frequency drop until fracture of the specimen. Insignificant variations
in the values of natural frequencies and the total number of cycles are observed for specimens of the same length. The
reason for these variations is possibly due to dimensional tolerances in the manufacturing process and minor variation in
boundary condition including tightening force. The results obtained from these samples can be compared with the metallic
beams to investigate the respective fatigue life. The possible change in natural frequency with increasing crack depth can
also be investigated.
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The available data for ABS material is analyzed and compared with the published results of similar metallic structure
(Aluminum 1050) [47]. The results show that the maximum time is taken to achieve the first drop in natural frequency.
The presence of a crack can change the material properties subsequently, causing the drop in its natural frequency till
catastrophic failure. Specimens which are manufactured by FDM are found to have more residual fatigue life compared to
metallic structure (Aluminum 1050) at same frequency drop under cyclic loading for all configurations as shown in figure
13 —figure 15. This shows that the residual fatigue life of a specimen can be determined by using the fractional frequency
drop. Mathematically, an empirical correlation can be obtained from these trends which can be used to estimate the
remaining number of cycles at any instance of operation. Currently, FDM technology is being used to manufacture different
machine components. Therefore, the presented technique can be very effective in order to predict the possible crack in the
component as well as its remaining fatigue life using the dynamic response.



5 Conclusion

A methodology is proposed to predict the crack depth in Acrylonitrile Butadiene Styrene (ABS) beam, operating at a modal
frequency by its dynamic response values. The methodology is based on in-situ operating condition to predict the depth of
a propagating crack. Analytical relations are presented along with empirical correlations. The predicted results are well
within 10% of error using fundamental frequency at an instant for all configurations. A global curve fit is also formulated
which can be used to predict the crack depth for the same range of fundamental frequency and length. The function for
experimental and surface fit data is obtained with a fix range of frequency. Therefore, this function best fits from minimum
first natural frequency (34.5 Hz) in the data to a fixed lowest frequency (8.6Hz) and for lengths between 110 mm to 150
mm. This global function can be used to predict around 85% of the data for validation within 10% of error. Moreover, for
investigating the residual fatigue life, it is found out that the ABS have greater residual life at same frequency drop
compared to metallic (Aluminum 1050) structure. This property of ABS will lead to its efficient use as machine components
under cyclic loading.
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