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Abstract

Fused filament fabrication (FFF) is widely used in the domain of artificial tissue/bone engineering applications because of
its capability of printing complex shapes with high efficiency. However, the mechanical properties of the 3D printed poly-
lactic acid (PLA) parts are not sufficiently studied. Infill density (ID) and print orientations were the key parameters that
influenced the mechanical properties of the 3D printed parts. In this research, detailed orientation studies with various ID
were carried out to study the reason behind the mechanical failure of the printed materials subjected to various loads. PLA
filament was used to print the 3D parts by fused depositing modelling (FDM). Three types of orientations such as horizontal
(0°), inclined (45°) and vertical orientation (90°) and three types of ID percentage (60%, 80%, 100%) were considered for
printing the 3D parts. The remaining input process parameters such as layer thickness, bed temperature, printing speed and
infill pattern were kept constant. The 3D printed parts were carried out for mechanical evaluation such as tensile, hardness,
flexural, impact and wear tests. Scanning electron microscope (SEM) was used to analyze the fractured and worn-out sur-
faces of the tensile, impact and wear specimens. From the mechanical testing, it was concluded that the maximum tensile
strength (59 MPa), hardness (88 HRC) and flexural strength (108 MPa) was observed in the vertically oriented specimen with
100% ID and more impact strength (26 J/m) with less wear rate (9.4 X 10~ mm?/Nm) was evident in horizontally oriented
specimens with 100% ID.

Keywords Thermoplastic - Additive manufacturing - Infill density - Tensile - Impact

1 Introduction

The additive manufacturing (AM) technology has been
adopted for the manufacturing of various aerospace and
biomedical applications in recent years [1]. There are vari-
ous additive manufacturing processes, one of the widely
used AM processes is the fused filament fabrication (FFF).
Because of its easier way of printing the parts and it is
cheaper. It gives low wastage of materials with higher effi-
ciency of printing and also it can print complex shapes with
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the support structure [2]. Many filament materials were used
in the fused deposition modelling (FDM) 3D printing such
as poly-lactic acid (PLA), nylon, acrylonitrile butadiene sty-
rene (ABS) and poly-ethylene terephthalate glycol (PETG).
The thermoplastic PLA is a commonly used 3D printing
material because it is a bio-degradable polymer that is suit-
able for tissue/bone engineering applications [3]. It also pos-
sesses good mechanical properties [4].

However, 3D printed PLA parts have several defects due
to the improper print orientation and the infill density which
attributes to the poor bonding between the adjacent layers.
So, it was highly essential to understand the consequence of
improper print orientation by evaluating the fracture mor-
phology after the mechanical and tribological testing. The
correlation between infill density and the print orientation
needs to be examined to overcome the defects faced by 3D
printed PLA parts.

To extend the engineering application of 3D printing
technology, some studies were carried out to evaluate the
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mechanical properties of the 3D printed parts [6]. Further,
many surface properties of biopolymers can be improved
by functionalization and surface modification of these sub-
strates, including deposition of multi-functional coatings [5].
Liu et al. investigated the tensile performance of cellulose
fiber reinforced composites which were fabricated by FDM.
They have found that fiber orientation has a significant effect
on fracture morphology [7]. Similarly, bronze particles were
also infused into the PLA filament and evaluated its tribo-
logical properties. The presence of reinforced particles in the
on-edge printed parts possesses high resistance to wear rate
[8] and also enhances its biodegradability [9]. Heidari et al.
found out that incorporating of continuous carbon fiber into
the PLA material using the FDM shows good tensile and
bending properties [10]. The high contribution of printing
temperature was noted during the incorporation of nano-clay
particles on the PLA filaments and the test results confirmed
the enhancement of thermal stability [11]. The heat treat-
ment was also influences the porosity [12] and the crystal-
line and the problem of the anisotropy of the 3D printed
PLA material was overcome by optimizing the crystallinity
[13]. The recycling of 3D printed materials also has a major
contribution to reducing environmental problems. Research
has been done to evaluate the properties of the waste PLA
which was compared with the PLA with the normal grade.
Even though the normal grade PLA shows good properties,
the recycled PLA has a lower viscosity, higher crystallinity
and less transparency [14].

The print orientation and the layer thickness have a con-
siderable effect in enhancing the electron transfer kinetics
as well as the resistivity of the conducting materials and it
was proved by Abdalla et al. [15]. The tensile performance
of the 3D printed PLA and the heat treated PLA materials
were affected by the variation in the infill density and it
was also found that the heat treated PLA materials have the
maximum tensile performance with maximum infill den-
sity [16]. Similarly, varying the infill pattern such as grid,
zig-zag, and concrete patterns also has a considerable effect
on the tensile properties of the fabricated 3D printed PLA
materials. In which zig-zag pattern depicts enhanced tensile
properties [17]. But Rismalia et al. found out that the con-
crete pattern displays enhanced tensile properties compared
with the grid and tri hexagon [18]. Gonabadi et al. proved
that the increase in tensile strength and the Young’s modu-
lus was due to the increase in the infill density and also the
anisotropy to the tension of the 3D printed materials were
substantiated by the shear tests, shear modulus and shear
rate [19]. On the comparison of 3D printed PLA and PETG
material, it was verified that the 3D printed PETG materials
showed improved mechanical properties but in contradic-
tion, horizontally printed PLA materials indicate improved
tribological properties when compared to 3D printed PETG
materials [20]. The correlation between layer thickness and
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the print orientation on the surface roughness was exam-
ined by Kovan et al. [21]. They have found that the edge-
oriented parts with lower layer thickness and the flat oriented
3D printed PLA parts with higher layer thickness provide
enhanced bonding strength. Wickramasinghe et al. experi-
enced that the 60% infill density with the combination of
annealing effects has exhibited good wear resistance [22].

The support structure was one of the important constrain
in building the 3D printed parts. Few works have been car-
ried out to evaluate the suitable print support structure based
on the orientation. Shen et al. proposed multi-objective par-
ticle swarm optimization to reduce the materials require for
the support structure which can reduce the material cost
and also improve the work efficiency [23]. Based on the
print direction, the vibrational characteristics such as natu-
ral frequency and damping of the support structure were
also examined by Singh et al. using the dynamic mechanical
analyzer. From the evaluation results, it was concluded that
the structure printed vertically was stiffer than the structure
printed horizontally [24].

From the literature survey, it was evident that there was a
lack of fracture studies based on the print orientation and the
infill density. So, in this research, mechanical and tribologi-
cal properties of the 3D printed PLA parts were examined
based on the three types of print orientations horizontal (0°),
inclined (45°) and vertical orientation (90°) and also based
on the three types of infill density percentage (60%, 80%
and 100%). The mechanical characterization such as ten-
sile, harness, flexural, impact and wear test was performed.
Fractured morphology (dimples, delamination, ductile and
brittle fracture) and worn-out surface morphology (abrasion,
plowing action, wear debris) and the bonding strength were
evaluated from the results of the mechanical testing. Further,
the correlation between printing direction and the loading
direction was examined to evaluate the bonding strength of
the printed PLA parts. This research proves that the effec-
tive print orientation and infill density enhance the mechan-
ical and tribological properties of the printed PLA parts.
These effective parameters can be adapted to the biomedical
implants to enhance their mechanical strength.

2 Materials and methods

In this research, PLA (polylactic acid) material was used to
print the specimen with various orientations. PLA is a bio-
based biodegradable biopolymer and it is a thermoplastic
polyester that was obtained from the fermentation of natural
and renewable resources such as corn, cassava and sugarcane
[25]. In the additive manufacturing process, the modeling of
the specimen was the first step that we needed to do before
starting the 3D printing [26]. The modeling of all the test
specimens was done in SolidWorks 2019. The modeling
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of the test specimen was based on the ASTM standards.
The tensile test specimen was modeled based on the ASTM
D638 Standards. The hardness specimen was modeled based
on the ASTM D785 standards. The flexural strength speci-
men was modeled based on the ASTM D5943 standards.
The Impact specimen was designed based on the ASTM
D256 standards and finally, the wear specimen was mod-
eled based on the ASTM G99 standards. Ultimaker Cura
15.04.3 software was adopted for the slicing of the mod-
eled specimens. The designed ASTM standard specimens
were converted into.STL files and then the.STL files need
to be imported into the Ultimaker Cura 15.04.3 software.
All the printing parameters were given as the input to the
software. In this research, the adopted 3D printing param-
eters for building the specimens are layer height of 0.1 mm,
Shell thickness of 0.8 mm, bottom/top thickness of 0.6 mm
with various ID such as 60%, 80% and 100%. The print-
ing speed of 50 mm/s, extrusion temperature of 210 °C and
bed temperature of 70 °C were adopted as the speed and
temperature parameters. PLA filament diameter was set
as 2.85 mm with 100% flow. The nozzle size was 0.4 mm.
After assigning the 3D printing process parameters, then
the various orientation such as vertical (90°), inclined (45°)
and horizontal (0°) orientation, need to be specified. After
that, the slicing of the various orientation of specimens was
examined and also ensured the support structure for the
inclined oriented specimens. The G-code will be generated
and then the generated G-code will be given as the input
to the 3D printer [27]. So, based on the specified process
parameters and G-code, the layer-by-layer printing operation
was performed in the 3D printer. Drona C300 3D printer was
used in this research (Fig. 1). The PLA wire filaments are
inserted into the extruder setup. Initially, the heating will
occur at the extruder and the printing bed until it reaches the

specified bed temperature and extrusion temperature. The
printing of PLA filaments begins as soon as it reaches the
required extrusion and bed temperature. The layer-by-layer
printing was performed based on the specified slicing. All
the test specimens were printed with various IDs and orien-
tations. The test specimen that was printed along horizontal
orientation does not require a support structure and also the
build specimen was parallel to the bed. Similarly, the verti-
cally oriented specimen also does not require any support
structure and also the build specimen was perpendicular to
the bed [28]. But, in the inclined oriented specimen, the
support structure was required. The same zig-zag infill pat-
tern was specified for all the orientations. The printed fila-
ments were carried out to mechanical testing. The Universal
Tensile Machine was used to test the tensile strength of the
3D printed materials [6]. So, based on the load and the dis-
placement curve obtained from the test, the tensile strength
and elongation percentage were evaluated [29]. Rockwell
hardness tester machine was used to analyze the hardness
of the oriented samples. Five readings were taken for each
specimen and the average hardness values were considered
for the evaluation. Flexural testing apparatus was used to
analyze the flexural strength of the printed specimen based
on the 5% deflection of the printed specimen. Pendulum-
type Izod impact apparatus was used for the evaluation of
the impact strength of the printed specimen. The pin-on-
disc tribometer was used to analyze the wear performance
of the printed specimens. Various sliding distance such as
1000 m, 1250 m and 1500 m was adopted to evaluate the
wear mechanism. The sliding velocity and running speed
were kept constant and also the constant load of 10 N was
applied to all the printed specimens. Three tests were taken
for each printed specimen under each condition from which
the average was considered for the evaluation. So, the wear

ASTM D256
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Fig.1 Pictorial representation of Drona C300 3D printer with the printed PLA specimens
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rate was measured for all the printed specimens with various
orientations and various IDs. Figure 2 shows the fractured
specimens with various ID and print orientations.

3 Result and discussion
3.1 Tensile strength

From the results of the tensile strength (Fig. 3a), it was
evident that the maximum tensile strength of 59 MPa was
observed in the vertical (90°) oriented specimen with 100%
ID which was perpendicular to the printing bed. The ver-
tically oriented specimen shows 16.94% higher tensile
strength when compared with the horizontal (0°) oriented
specimen with 100% ID. Similarly, the maximum tensile
strength of 56 MPa, 54 MPa was observed in the Vertical
(90°) oriented specimen with 80% ID and 60% ID and also

the lower tensile strength of 49 MPa, 45 MPa and 43 MPa
was observed in the horizontal (0°) oriented specimen with
100%, 80% and 60% ID. In the case of inclined (45°) speci-
men, the tensile strength values range in-between the hori-
zontal and vertical oriented specimen. Figure 4 shows the
slicing of the tensile specimen printed along with the various
orientation. The materials are printed layer-by-layer in 3D
printing. So, we can consider the object as transverse iso-
tropic materials [30]. Inter-layer fracture refers to the propa-
gation of cracks between the printed layers and In-layer frac-
ture refers to the propagation of cracks through the printed
layers and the materials layer was still intact after a fracture.
Mostly, in-layer fractures occur when the printing thick-
ness of the printed specimen is small and also occur for the
homogenous material. Similarly, inter-layer fractures occur
at a thicker layer and in non-homogenous materials [31].
The deviation in the tensile strength was mainly due to the
in-layer and inter-layer fracture. The printing direction was

%

o T

B0 ID

Fig.2 Macro images of the fractured specimens a—c tensile specimens, d—f impact specimens and g—i wear specimens
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Fig.4 Slicing diagram of tensile specimen for vertical, inclined and
horizontal oriented specimens

perpendicular to the load-bearing direction in the vertically
oriented specimen. So, the maximum load was required to
break the bonds and also the interlayer fracture was observed
in the vertically oriented specimen because the cracks prop-
agated in between the fused layer which was the weaker
bond in the vertical printed specimen. The brittle fracture
was evident in the vertically oriented specimen which was
shown in (Fig. 5g—i). In the case of the horizontally ori-
ented specimen, the direction of the fusion of the materials
was parallel to the load-bearing direction. So, the minimum
amount of tensile force was required to break the bonds.
The ductile fracture was evident in the vertically oriented
specimen which was shown in (Fig. Sa—c). In-layer fracture
was observed in the horizontally oriented components. Simi-
larly, the same in-layer fracture was observed in the inclined
oriented specimen because the load-bearing direction was
45° to the printing direction but the force required to break

the bonds was comparatively low when compared with the
vertically oriented specimen and high when compared with
the horizontally oriented component. A combination of both
ductile and brittle fracture was evident in the inclined ori-
ented specimen which was shown in (Fig. 5d—f). Based on
the infill density (ID), the tensile strength increases with
an increase in the ID values, this was due to the creation of
stronger bonds which require more tensile load to break the
bonds [32]. Hence, this was the reason for the higher tensile
strength in the 100% ID compared with the 80% ID and 60%
ID. The high strength in 100% ID was mainly due to the
closely printed layers, which increased the bonding between
the printed layers [24]. The maximum elongation of 11%
was observed in the horizontally oriented specimen with the
60% ID and the minimum elongation of 7% was observed in
the vertically oriented specimen with the 100% ID (Fig. 3b).
So, the ID plays a significant role in the elongation % of the
printed specimen. It was evident that, if the ID increases,
then the elongation increases which considerably affects the
tensile property of the printed specimen.

3.2 Hardness strength

From the hardness test results, the maximum hardness value
of 88 HRC was observed in the vertically oriented speci-
men with 100% ID which was 18.18% higher than the verti-
cally oriented specimen with 60% ID. Figure 6a shows the
contour plot for hardness values (HRC) and Fig. 6b shows
the bar chart representing the hardness values (HRC) based
on print orientation and infill density. It was observed that
the maximum harness value in the vertically oriented sam-
ples was due to the resistance to the indentation effect. The
printing direction was perpendicular to the direction of the
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indentation effect. The indentation was restricted by the 65 HRC was observed in the horizontally oriented sample
fusion of materials along the surface which has a strong  with 60% ID which was 20.73% lower than the horizontally
bond compared to the other orientation. So the maximum  oriented specimen with 100% ID. In the case of the hori-
hardness values were obtained on the building surface i.e. zontally oriented component, the lower hardness was due
top surface [33]. Similarly, the minimum hardness value of  to the weaker bonds between the layers. Figure 7 shows the
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orientation of the hardness specimen. Tiny lines of grooves
were observed in-between the printed layers which affects
the hardness values along the side surface of the build speci-
men and also the lower hardness on the side surface was
due to the indentation load which was parallel to the direc-
tion of the build specimen [34]. In the case of the inclined
specimen, the hardness values were lower when compared
with both the vertical and the horizontal oriented specimens.
A maximum hardness value of 78 HRC was observed in
the inclined oriented samples with 100% ID which was
25.64% higher than the inclined oriented sample with 60%
ID. Similarly, the inclined specimen exhibits a similar effect
but 4.87% and 11.36% lower than the horizontally and verti-
cally oriented specimen. More fluctuation was observed in
the inclined oriented specimens. High hardness values were
obtained in the fused region and lower hardness values were
obtained in between the layers. So, based on the average,
lower hardness value was evident on the inclined surface.
It was evident that the maximum infill density makes the

specimen heavier which leads to solid print and resists the
indentation effect. So, the 100% ID exhibits better hardness.

3.3 Flexural strength

From the flexural strength results, it was evident that the
maximum flexural strength of 108 MPa was observed in the
horizontally oriented specimen with 100% ID which was
18.5% higher than the specimen printed along with the hori-
zontal orientation with 60% ID. Figure 8a shows the contour
plot for flexural strength (MPa) and Fig. 8b shows the bar
chart representing flexural strength values (MPa) based on
print orientation and infill density. The maximum flexural
strength was required for the 5% deflection of the horizon-
tally oriented specimen, this was because the load-bearing
direction was perpendicular to the building direction. So,
the maximum load was required to deflect the horizontally
oriented specimen. During the applied load, the top surface
of the horizontally oriented specimen exhibits compression
stress and the bottom surface, it exhibits tensile stress. The
build direction of the 3D printed specimen helps to restrict
both the stress which creates the maximum stiffness [27].
Figure 9 shows the slicing diagram of the tensile specimen
printed along with the various orientation. The minimum
flexural strength of 82 MPa was observed in the vertically
oriented component with 60% ID which was 10.8% lower
than the vertically oriented specimen with 100% ID. The
minimum flexural strength was required for the 5% deflec-
tion of the vertically oriented specimen, this was due to the
fusion of particles along the building direction and also
the load-bearing direction was parallel to the direction of
the building of the specimen [35]. So the low resistance to
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Fig.9 Slicing diagram of flexural specimens for vertical, inclined and
horizontal oriented specimens

deformation was provided by the vertically oriented speci-
men. In the case of an inclined oriented specimen, the maxi-
mum flexural strength of 98 MPa was observed in the 100%
ID which was 14.8% higher than the specimen printed with
60% ID. The flexural strength values vary in-between the
horizontal and vertical oriented specimen for the inclined
specimen. This was because the building direction was 45°
inclined to the direction of the load applied. It was observed
that the higher thickness was evident in the inclined oriented
specimen than in the other oriented sample and also the step-
wise structure was observed on the surface. In terms of ID%,
maximum flexural strength was observed in the 100% ID
which was due to the compact printing without any air gap
and that leads to more stiffness and finally, attributes to the
increase in the flexural strength.

@ Springer

3.4 Impact strength

From the results of the impact strength (Fig. 10), it was
evident that the maximum impact strength of 26 J/m was
obtained on the horizontally oriented sample with 100%
ID which was 38.46% higher than the horizontally oriented
specimen with 60% ID. Figure 10a shows the contour plot
for impact strength (J/m) and Fig. 10b shows the bar chart
representing impact strength values (J/m) based on print ori-
entation and infill density. Figure 11 shows the slicing of the
impact specimen along the various orientations. The maxi-
mum impact strength observed in the horizontally oriented
samples was because the direction of the impact load was
perpendicular to the direction of the fusion of the PLA mate-
rials. So, the high resistance was offered by the specimen's
building direction, which restricts the dislocation move-
ments. In-layer fracture was observed in the horizontally
oriented parts. The propagation of the cracks was restricted
by each layer of the printed specimen (Fig. 12g—i). So, this
was the reason behind the maximum impact strength. The
minimum impact strength of 12 J/m was observed on the
vertically oriented specimen with 60% ID which was 33.33%
lower than the vertically oriented sample with 100% ID. In
the case of the vertically oriented specimen, the direction of
the impact load was parallel to the building direction [33].
So, only less impact load was required for the propagation
of the cracks along with the fused layers [36]. Inter-layer
fracture was observed in the vertically oriented parts. The
cracks propagate between the fused layers were due to the
poor bonding of the materials which results in lower impact
strength (Fig. 12a—c). Nominal impact strength of 22 J/m
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was observed on the inclined oriented specimen with 100%
ID which was 36.36% higher than the inclined oriented spec-
imen with 60% ID. In the inclined oriented specimens, the
inter-layer fracture was observed (Fig. 12d—f). The direction
of the impact load was 45° to the specimen's build direc-
tion, which was the reason for the nominal impact strength.
So, the required load for the impact failure was lower when
compared to the horizontally oriented specimen and higher
when compared to the vertically oriented specimen. It was
also observed that the infill density plays a significant effect
on the impact strength of the 3D printed specimens. It
was evident that the increase in the ID value increases the
impact strength of the specimens which was confirmed by
the constant improvement in the impact strength in all the
orientations.

3.5 Wear strength
The wear test was performed on the specimens with vari-

ous orientations. The progressive damage was observed due
to the sliding contact between the two parts. The material

loss was evaluated and the wear rate was analyzed. The
material loss was due to the rubbing of parts concerning a
certain relative motion. The 10 N load was applied to the
wear specimen which was kept constant for all the orienta-
tions. Various sliding distance was adopted such as 1000 m,
1250 m, and 1500 m. From Fig. 13b—d, it was observed that
the wear rate of the printed specimen increases with the
increase in the sliding distance. This was mainly due to the
increase in the contact time between the specimen and the
counterpart surface. From the wear rate analysis (Fig. 13a),
it was observed that the specimen printed along the hori-
zontal orientation had a less wear rate of 9.4x 10™> mm?/
Nm when compared with the other oriented specimens.
Figure 14 shows the splicing diagram of the wear speci-
men along with the various orientation. In the horizontally
oriented specimen, the sliding slide was perpendicular to
the building direction. So, the rear rate was restricted by the
multiple layers along the sliding surface (Fig. 15g—i). More
abrasion was evident in the horizontally oriented specimen
which was due to the perpendicular building direction which
refers to the proper bonding between the printed layers [37].
More wear rate was observed in the specimen with 60% 1D
and less wear rate was observed in the specimen with 100%
ID. So, the infill density has a considerable effect in decreas-
ing the wear rate of the printed specimen. A more wear rate
of 14.9 x 107> mm?/Nm was observed on the vertically ori-
ented specimen with 60% ID which was 6.04% higher than
the vertically oriented specimen with 100% ID. This proves
that the wear rate increases with the decrease in the infill
density (Fig. 15a—c). More wear debris was evident in the
vertically oriented specimen which led to the plowing of
the materials [37]. So the wear debris will act as the second
body abrasion which consecutively leads to a more wear
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Fig. 12 SEM image of the fractured surface of the impact specimen at a—c vertical, d—f inclined and g-i horizontal orientation

rate. The sliding side was parallel to the building direction in
the vertically oriented specimen. So, the maximum wear rate
was observed in this orientation. For the inclined oriented
specimen, the wear rate was higher when compared to the
horizontally oriented specimen and lower when compared
to the vertically oriented samples. In the inclined oriented

@ Springer

specimen, the sliding side was 45° to the building direc-
tion. Even though the multiple layers restricted the wear rate
(Fig. 15g—i), wear debris formed during the sliding will form
as the second body abrasion which increases the wear rate
of the inclined specimen.
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Fig. 14 Slicing diagram for the wear specimens for vertical, inclined
and horizontal orientations

The 3D printed PLA parts were tested for their tensile,

/ Inclined (45°) Sliding surface .

< / - hardness, flexural, impact and wear strength based on the
@ horizontal, inclined and vertical orientation with various ID.

Based on the results, the following conclusions were made.

e The vertically oriented specimens with 100% ID exhibit

16.94% higher tensile strength and that represents the
strong bonding between the layers which resists the
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deformation moment along the vertical direction. More-
over, the brittle fracture was observed in the vertically
oriented parts and the ductile fracture was observed in
the horizontally oriented parts.

The indentation effect was highly restricted by the verti-
cally oriented PLA parts with 100% ID. But, horizon-
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Fig. 15 SEM image of the worn-out surface of the wear specimen at a—c vertical, d—f inclined and g—i horizontal orientation

tally oriented parts with 60% ID shows 20.73% reduced
resistance towards penetration effect due to the maximum
porosity.

The maximum flexural strength of 108 MPa was observed
in the horizontally oriented specimen with 100% ID. This
was due to the strong bonding force by each binding layer



Experimental investigation on mechanical and tribological properties of the fused filament...

Page 130f 14 428

that resists the bending force exerted to the printed parts.
But in contradiction, vertically oriented components with
60% ID exhibits poor resistance towards the bending
moment.

The maximum impact strength of 26 J/m was obtained
on the horizontally oriented sample with 100% ID and
that proves the ability of the PLA material to resist the
propagation cracks on the horizontally oriented parts.
But vertically oriented parts influence the crack propaga-
tions and that attributes to the minimum impact strength
of 12 J/m.

The specimen printed along the horizontal orientation
exhibits high resistance towards plowing action and
that leads to the lower wear rate of 9.4 x 10~ mm*/Nm.
Similarly, more wear rate was observed in the specimen
having 60% ID and less wear rate was observed in the
specimen having 100% ID.
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