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ABSTRACT

A ssignificant historical enabler for the improvement of industrial goods has been the characterization of novel
materials. For example, a large variety of polymeric materials are readily accessible to manufacture the
appropriate items depending on the production method. Due to its capacity to produce components with
complicated geometries without the need for tools or a human interface, fused filament fabrication (FFF) is
acquiring a unigue edge in the industrial sector. By adjusting process parameters at the right values, the
qualities of FFF-built items may be enhanced since they rely heavily on these factors. Increasing the service
life of functioning components requires taking wear resistance into account. Because of this, the current work
concentrates on a thorough investigation to comprehend the impact of 3 crucial elements, including layer
thickness, printing speed, also infill density, infill density, and the sliding wear of test specimens. A
mechanism of wear is explained by utilizing microphotographs.
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1. Introduction

Using a basic software program also polymeric materials with appropriate mechanical and thermal
characteristics, Any object, from a basic to very complex shape, has been constructed utilizing fused filament
fabrication (FFF) technology. Since this technique can rapidly produce complex structures, It has sparked
considerable interest in both the academic and corporate realms. Moreover, it has become common in small-
scale industrial settings. [1]. Studies on the qualities of materials made utilizing FFF have increased recently,
especially those pertaining to their wear resistance, which is important when a 3D-printed material must slide
over the surface of another material while being utilized [2]. ABS 3-Dimensional Printing requires polymers to
be as flexible and as mechanically strong as is reasonably conceivable while yet having sufficient stickiness.
The fused filament fabrication (FFF) method is an example of an additive manufacturing approach. It is a kind
of additive manufacturing, like stereolithography and selective laser sintering, to mention just a few of the other
processes that fall into this category. Each FFF technique makes it possible to create a virtual solid model by
first slicing the model data into a number of cross-sections in two dimensions (2D). Subsequently, by feeding
this fragmented information into an additive manufacturing (AM) machine, it is possible to create the actual
physical component. stacked on top of one another [3]. The FFF method is a melt extrusion additive
manufacturing (AM) approach in which the heated extruder melts the filament. This is because the temperature
of the extruder is always adjusted above the melting point of the polymer that is utilised, and this adjustment is
dependent on the viscosity of the polymer. The printing head assembly of a 3D printer may be moved around
on a platform thanks to stepper motors (Figure 1). After being compressed and pushed through the extruder, the
molten polymer is expelled from the nozzle and onto the platform that is located in the XY plane. After a cross-
deposition segment has been successfully completed, the platform or the 3D printing head will accurately shift
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one layer's thickness in the Z direction.. [4]. The 3-dimensional (3D) structure is built in line with this concept
layer by layer. Up until the component is built, this process is repeated. The solidification time in the FFF
process controls the melting mechanism [5].
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Figure 1. The diagram illustration of FFF process [3]

Following these stages, the Fused Deposition Modelling (FDM) operation procedure is carried out. [6]:

The design or pattern for the required item is created utilizing computer-aided design (CAD) software. The
CAD file is loaded by the 3D printer's software. The stereo lithography (STL) file format is used to save all
printer and trial settings, as well as the design. The SLT file is loaded into the 3D printing machine, and layer-
by-layer manufacturing begins. The polymeric material is extruded in order to carry out the printing. In fact, the
heated nozzle of the 3D printer is where the thermoplastic polymer passes before it reaches the heated platform
or bed. After the trial is over, the item may be taken out and polished, for example, to enhance its appearance.
La Kamaljit and (2016)[7] Under dry sliding circumstances, We investigated and compared the wear parameters
of fused deposition modeling (FDM) components made from composite material and ABS feedstock filament..
The tests were carried out for five and ten minutes at room temperature with weights of five, ten, fifteen, and
twenty Newtons at a sliding velocity of sixty-three millimeters per second. Both the applied load and the time
length had an effect on the amount of wear that occurred, as well as the friction force, the friction coefficient,
and the temperature. Priyank (2018) [8] The effect that many aspects of the FDM manufacturing process have
on compressive strength was studied. These aspects included layer’s thickness, filling, pattern, number of shells,
and infill density. A Taguchi orthogonal array served as the basis for the experimental study's design (L8). We
conducted two DOEs, each with a different kind of material and equipment, in order to establish which
combination of process parameter variables produced the greatest results. PLA and PETG were utilized,
respectively, in the Makerbot Replicator 2X and Open Edge HDE machines throughout the printing process,
which resulted in the creation of the specimens. The following criteria make up the ideal combination, as
determined by the findings of the ANOVA and the S/N ratio: a layer’s thickness of 0.2 millimeters, a number
of shells equal to four, a diamond infill pattern, and an infill percentage of seventy percent. It was determined
that the percentage of infill was the parameter that was the most useful. Keshavamurthy et la. (2020) [9] The
goal of this inquiry was to produce results, therefore that's what it accomplished. The purpose of this study is to
examine and explain the friction & wear behavior of copper-filled Acrylonitrile Butadiene Styrene (ABS)
composites using a method called fused deposition modeling. The fused deposition modeling approach will be
used to achieve this (FDM). The filament used in the manufacture of the copper-ABS composite was
successfully removed using a procedure known as twin screw extrusion. The friction & wear properties of ABS
and ABS-copper composites were investigated under a range of loads and sliding velocities. The weights ranged
from very light to very heavy. Copper powder has been included into the composites, which has led to a
significant improvement in both the friction & wear properties of the materials. Materials and Fabrication.
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2.  Methods

The materials employed in the FFF approach are separated between regularly utilized materials, such as
polymers and composites (including nanocomposites), and “sustainable materials," a term coined by the authors
and comprised of natural and recycled substances [10, 11]. ABS is a 3D printing material for FFF (also known
as FDM) technology. ABS is a thermoplastic amorphous polymer manufactured from petroleum. It is not
biodegradable and is extruded at high temperatures (between 220 and 280 degrees Celsius). Due of its impact
resistance and durability, ABS is extensively utilized in industry, such as for prototyping, toy manufacture, and
components for boats and automobiles [12].
Table 1 . ABS mechanical characteristics [13]

Elongation at Break 10 -50%
Elongation at Yield 17-6%
Flexibility (Flexural Modulus) 1.6-2.4GPa
Hardness Shore D 100

Strength at Break (Tensile) 22.1 - 74 MPa
Strength at Yield (Tensile) 13 — 65 MPa
Toughness (Notched-Izod Impact at Room | 8 - 48 KJ/m2
Temperature)

Durability at Low Temperatures (Notched- | 7 - 22 KJ/m2
Izod Impact at Low Temperature)

Young's Modulus 1.79- 3.2 GPa

A variety of process parameters and their levels were employed to explore and assess process performance.
They are the mm/h of printing (50, 75, and 100), the layer’s height (0.15, 0.25, and 0.35 mm), and the infill
density (0.1, 0.2, and 0.3 mm) (30, 60, and 90 percent). The Futilized Deposition Modelling was utilized to
manufacture 9 specimens based on Taguchi method L9 according to design of experiment with suitable
dimensions for the required tests. The specimens were designed with UG NX software and then sliced utilizing
Cura software, the process parameters must be specified. Specimens were tested for wear resistance. The
printing machine that utilized for the fabricated specimens is known as Ultimaker 2+. It supports a wide range
of materials, the material that utilized in this work is ABS. The first stage in the work plan of the experimental

work was executed according to the work illustrated in Fig. 2

0 : FDM specimence
e Specimence mwachine Printing
STL Slicing (Ultimaker 2+)
spe?:imenflLE

Design

Figure 2. The First Step in Work Plan of Experimental Work
2.1. Specimens Design/ CAD Modelling and UG NX Software

Standard specifications for wear testing were used in the creation of specimens in the CAD application
Unigraphics NX, which was then saved as an STL file. One of the forms STL's many uses is that it is supported
by computer-aided design software [14] Figure 3 depicts the size (in millimeters) of the standard test samples
that must be modeled in accordance with specified criteria. [15] Utilizing Cura, a slicing program, an STL file
is exported and opened. In order to achieve this, the slicing program will divide the specimen into the specified
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number of thin slices. The process parameters can be set in the slicing program. This program transmits the code
to the printer and controls the temperature of the extruder's nozzle. [16].

Figure 3. Schematic of Testing Specimen
2.2. Parameter of FFF

Layer’s height, or the height of the extruded filaments, is shown in Figure 4 to be the determining factor in how
far up the vertical axis a new layer must be added. The layer’s height is a crucial parameter in printing;
decreasing the layer’s height would result in denser voids[17]. As a cost, decreasing the layer’s height increases
the printing time. In this investigation, the following layer’s thicknesses were used: (0.15, 0.25 and 0.35 mm).

Layer height

Figure 4. Deposited filaments

fill density: As illustrated in Figure 5, this parameter influences the distance between the lines of the interior
filling, which in turn defines the inner piece's solidity percentage. This parameter's percentages may have a

considerable effect on the mechanical quality of the components and are crucial in determining overall material
usage and cost. [18].

30% 60% 90%

Figure 5. Filling percentages

Infill pattern: In this case, the infill pattern used was gyroid. The gyroid infill is the most interesting design
element. Mathematics curves that are computed again and over again are used in an erratic layering pattern. The
power of the design comes from the three-level overlap of the curves [19].
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Figure 6. Gyroidal forms within the sample

Print speed: An extruder head's linear speed aside it moves across the build platform's XY plane is determined
by the printing speed. [20] While changing the printing speed may change the extruded wire's width or diameter,
it might be fascinating to investigate how this can affect the mechanical characteristics of the printed objects
[21]. This work has employed 3 levels: 50, 75, and 100 mm/s.

2.3. Design of experiments

In the current work, the objective is to investigate the influence of parameters of printing which are (layer’s
thicknesses, printing speed, infill pattern) on the wear resistance of the parts. These parameters have a major
effect on the wear resistance of the model [22]. So, these parameters are chosen for the current work. The range
of process parameters and their levels are summarized in Table 2.

Table 2. Main factors and their respective significance

Fixed Factors Control Factors
Factors Amount | Unit Factors Levels Unit
1 2 3
Infill Pattern gyroid - Printing 50 | 75 | 100 | mm/s
velocity
Shell thickness 0.2 mm Layer’s 0.15(0.25 | 0.35 | mm
thickness
part Orientation 0 degree | Filling density | 30 | 60 | 90 %
Size of the Nozzle's Diameter 0.6 mm
printing temperature 200 C
levels of Build plate 60 T
temperature

When utilizing the Taguchi design, it is imperative that an orthogonal array be selected. This investigation
considers not just the interplay of orientation with the other aspects, but also three distinct elements at three
distinct levels. [23] It is clear that L9 is the appropriate orthogonal array here. A total of 9 different "trial" or
"experiment" conditions can be entered across the rows of this array, and each variable or interaction can be
assigned in the columns. In order to minimize erroneous analysis, inaccurate results, and to reduce the
confounding influence of factors and interactions, variables and their interactions have been allocated according
to Table 3.

Table 3. DOE Utilizing Taguchi Method based on Orthogonal Array L9

Sample no. | Printing velocity mm/s | layer’s thickness mm | Filling density %
1 50 0.25 30
2 50 0.35 60
3 50 0.15 90
4 75 0.25 60
5 75 0.35 90
6 75 0.15 30
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Sample no. | Printing velocity mm/s | layer’s thickness mm | Filling density %
7 100 0.25 90
8 100 0.35 30
9 100 0.15 60
Sample No. 1 Sample No. 2 Sample No. 3

Sample No. 4 Sample No. 5 Sample No. 6

Sample No. 7 Sample No. 8 Sample No. 9

Figure 7. Samples based on Orthogonal Array L9
2.4.  Wear testing

Following specimen printing, the wear resistance would be evaluated, and the printing time would be recorded
[24]. A sliding wear test was carried out utilizing pin-on-disk equipment in accordance with ASTM G99-04,
the Standard Test Procedure for Wear Testing with Pin-on-Disk Equipment. The test was conducted in
accordance with the requirements. The findings of this test (Ducom, TR-20LE-M5) are shown in Figure 3.
Figure 8 depicts a typical wear testing specimen. It is perpendicular to the circular disc that is flat, and the end
contact shape of this component is flat (EN 31 hardened steel) [25].

Adjustable weights

Wear rack To am pivot and
displacement motor

\ radius adjustment)
Strain gauge (for lateral
- force measurement)

Torotative motor

Figure 8. Sliding wear test apparatus
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5 KN o 10 KN

15 KN

Figure 9. Wear samples
When applying several acceptable loads parallel to the specimen's axis, contact between the disc and the
specimen must be created completely, and virgin material must be exposed to the disc, in order to get accurate
and reproducible wear data. Table 4 lists the typical test parameters.

Table 4. Wear Test Conditions

Test parameter Value Unit
Load 5,10,15 N
Speed m/s
Contact path diameter mm
Test duration 10 Minutes
Lubricate Dry -

Room temperature 232 °C
Humidity of the relative 50+ 5 %

The envelope of gases | Air of the laboratory | -
surrounding the earth.

The volume of wear (in cubic millimeters) is calculated by multiplying the cross sectional area by the height
decrease, and the sliding distance (in meters) is calculated by dividing the time by the rotation speed. As a
function of wear volume and sliding distance, wear statistics are presented.

Rate of wear = AW/DS ............ (D)
AW :- test sites where large numbers of people were surveyed before and after an intervention (gm)
AW=WI-W2........... (2)
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3. Results and discussion

Utilizing design of experiment, Taguchi method converts the response values into S/N ratio. Along with an
assistance of (S/N) ratio, The best design with a fewest variations is possible. The current investigation's goal
is to increase the specimens' mechanical characteristics. Therefore, greater was better when it came to qualities.
The experimental results of the optimum levels for mechanical properties in S/N ratio are given shown in Tables
5, 6, and 7. The effect of printing speed has a rank (1) this mean have high effect between other processes. The
print speed decreases with sufficient limit can improve the mechanical properties in general. Decreases printing
speed at 50 mm/s will increases the wear properties. The results obtained indicate that increasing in printing
speed reduces the impact strength. Low speed has been utilized, so that the material sticks well to the building
plate on the first layer and this is one of the problems facing the work when utilizing printing speed at 100 mm/s.
As the layer’s thickness lowers, more layers become necessary, the distortion effect is reduced, and strength
improves as a result. The layer’s height also has a significant impact on the length of time needed for printing
and the outcome of a smoother surface. The amount of layers needed to build an item impacts how quickly it
can be printed and how long it will take to print. A 3D printed item of a given height takes longer to create the
thinner the layer is. The number of cuts an item will get depends on the layer’s thickness. Figures below
demonstrate this (12 and 13), Decrease the layer’s thickness to improve the layer's wear resistance. According
to the results of wear tests, the optimal layer’s thickness was 0.15 mm, while the 0.35 mm layer’s thickness of
specimens was not significant in specimens studied.Infill density included testing at 3 levels (30%, 60% and
90%). There is a great difference between 90% and 30% infill density for specimens. Thus, the ABS specimens
are a stronger at 90% infill density. When the infill density of the specimens is high, around 90%, the mechanical
characteristics are at their finest.

Table 5. Reaction Table of S/N ratios of wear rate at 5N

No. of Printing Speed The layer’s Density of the
Level thickness Infill
L-1 0.00041 0.002574 0.000395
L-2 0.000456 0.000846 0.000764
L-3 0.002923 0.000846 0.002631
Deltas 0.002513 0.002205 0.002236
Ranking One Three Two

Table 6. Reaction Table of S/N ratios of wear rate at 10N

No. of Printing Speed The layer’s Density of the
Level thickness Infill
L-1 0.000549 0.001123 0.000544
L-2 0.000533 0.000738 0.000682
L-3 0.001226 0.000446 0.001082
Deltas 0.000292 0.000103 0.000390
Ranking Two Three One

Table 7. Reaction Table of S/N ratios of wear rate at 15N

No. of Printing Speed The layer’s Density of the
Level thickness Infill
L-1 0.000821 0.000774 0.000497
L-2 0.000805 0.000708 0.000769
L-3 0.000528 0.000672 0.000887
Deltas 0.000692 0.000677 0.000538
Ranking One Two Three
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In Tables 5, 6, and 7, the results obtained utilizing Taguchi method, as the following figures (10, 11, and 12) :

0.003 0.003
0.0025 0.0025
0002 0.002
-4
; 0.0015 = 00015
0,001 0.001
0.0005 0.0005
0 0
015 0.25 035 30 60 90
Layer Thichness cm infill density %
0.0035
0.003
0.0025
0.002
o
= 0.0015
0.001
0.0005
0
50 75 100

SPEED m/s

Figure 10. influence processing parameter on wear rate at 5N
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0.001 0.001
0.0008 0.0008
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Layer Thichness mm

0.0014

0.0012
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Figure 11. The influence processing parameter on wear rate at 10N
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Figure 12. The influence processing parameter on wear rate at 15N

Abrasion and adhesion mechanisms cause the wear of polymers, which often begins with abrasion. By adjusting
the applied stress for 5 minutes, the ABS material specimen shown extremely little material loss, as illustrated
in Figure 10.

loss material at 5 N loss material at 10 N

25 25
-
2 2
15 —e—Wi1 15 —a—Ww1

05

loss material at 15 N

——Wi

—a—W2

1 2 3 4 5 6 7 8 9

Figure 13. loss of material

The applied load determines the wear rate. Less wear loss occurs at lower applied load levels, whereas reinforced
material breaks at higher applied loads. Significant material loss results from the separation of the material from
the binder substance. As illustrated in Figures 14, 15, and 16, where the agglomeration rises with the load for
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all the samples that were studied, some samples developed clumps and agglomerations as a result of the
repetitive sliding movements of the sample on the abrasive surface.

SEMMAG: 100k« SEM HV: 30.00 KV

Name: WO: 16.68 m 50 pm 7 Name:
Date(midy): 08118722 nawrcrsor Bl osemayy ounenz

7 4 2

Figure 16. SEM images (50um)
Abrasion is the first step in the wear process, and the specimen was cleaned of any debris left behind by wear
when it was completed. When the load is raised, the ABS material will typically lose less volume than it will
initially lose. Because of the rough, sliding surface that acts as an abrasive, the abrasive wear mechanism for
the ABS material remains active during the entire test. The frictional push at the contact is increased by
increasing the loading and operating duration, which accelerates the rate of wear. According to the calculations
made utilizing Taguchi's method, sample No. 4 when the load is 5N, sample No. 2 when the load is 10N, and
sample No. 4 when the load is 15N were found to be the best samples, and these samples are thought to be the
best samples among the nine samples examined for each group. The reason for the appearance of lumps on the
surface of the second sample is due to the the layer’s thickness (0.35 mm), and the density of the filler was (60
percent) for the sample as it takes longer to build the sample as well as a longer time until the layers cooled and
hardened, and this resulted in the appearance of lumps on the surface of the sample. This agglomeration may be
due to the manufacturing conditions or factors utilized. The seventh sample's high filling density is the reason

VI 1677 mm
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why bumps started to appear on its surface. Figures 14, 15, and 16 show that adhesion and abrasion are the main
wear mechanisms for plastic materials. The infill material wear tracks from the ABS material show that wear is
cautilized through the transfer of a very thin layer of material at the point where two sliding surfaces come into
touch with one another. A surface seems to be generally abrasion-free, clean, and lustrous. The specimen's
defining characteristic, in addition to the evidence of abrasive wear, is that there seems to be very little surface
delamination and plastic deformation.

4, Conclusions

Table displays the wear results of ABS samples created utilizing FDM. Utilizing a pin on the disk device, the
impact of contact load (5N, 10N, and 15N) at constant rotation speed (950 rpm) and constant duration of 5 min
at room temperature was studied. The ideal parameters for the ABS specimens in terms of wear rate were a
speed of printing of 50 mm/s, the the layer’s thickness of 0.25 mm, and a density of the infill material that was
60 percent of the total volume. Speed of the printing, the layer’s thickness, and density of the infill are the three
elements that are cited as having the most significant impact on wear rate. It should be noted that the wear
characteristics of components created utilizing FDM are highly dependent on the process factors, and that these
characteristics can be improved by carefully modifying the FDM parameter values. The crucial FDM parameters
in the current study, including shell thickness (0.2mm), component orientation (0), infill pattern (gyroid), and
nozzle diameter (0.6mm), were maintained throughout the project. Future research may concentrate on
improving the aforementioned metrics on the test specimens’ sliding wear.
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