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KEYWORDS ABSTRACT

Due to various growing concerns on environmental
damage caused using non-biodegradable mineral oils,
there is a growing awareness globally of the need to
promote the use of renewable materials such as vegetable
oils. Because of their unique features, such as being non-
toxic and biodegradable, vegetable oils have the potential
to replace mineral oils as a lubricant. Lubrication is seen
as important for controlling the wear and friction of the
interacting surfaces as well as in reducing the load
applications during the metal forming process, this

Palm oil research had therefore attempted to study the possibility
Tribology of using palm oil (RBD palm stearin and RBD palm kernel)
Cold forward extrusion as a bio-lubricant by benchmarking their performances
FEM simulation against those of the additive-free paraffinic mineral oil
Friction VG460. This experiment had utilised a cold work plane

strain extrusion apparatus with a pair of taper die and a
symmetrical work piece (billet) that was constructed from
the A1100 annealed pure aluminium with a 5mm radius
of deformed area. By comparing the friction behaviours at
certain stroke levels and the effects from the billet’s
effective stresses experiment with the simulated FEM
results of high extrusion loads, the palm kernel and palm
stearin were found to have not resulted in any severe wear
on the product surface hence, indicating their potential to
be used as a mineral oil replacement.
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1.0 INTRODUCTION

The research and development of alternative renewable lubricant that was prompted by the
depleting trend of conventional and non-renewable petroleum-based products had led to the
discovery of vegetable oils as being one of the most promising alternative and renewable sources
as study by Rasep et al,, (2021) that use vegetable oils (soybean oil) as a bio-lubricant in U.S,
besides that, Golshokouh et al,, (2014) also has study the biodegradable material that using the
Jatropha oil as a renewable source of lubricant, from both of the result obtain it show that
vegetable oil has a possibility to perform well when comparing with the mineral based oil. For
this reason, the superior biodegradability level of the vegetable oils had not only given rise to the
increased interest of using them as fuel and industrial lubricants, but its natural oil and fat
contents had also rendered it to be part of an important food product. According to Lathi &
Mattiasson, (2007), reported earlier those unsaturated fatty acids in vegetable oils can be used as
metal working fluids and lubricating additives to eliminate corrosion from chlorine containing
compounds. Sapawe et al,, (2016) also has agree the unique chemical properties of the vegetable
oil that absent in mineral oil has a great potential for vegetable oil to lubricate at higher viscosities
indexes.

Of all the vegetable oils, the palm oil had been one of the most popularly studied raw material
as shown by the investigations conducted on their usage as test lubricants Masjuki and Maleque
(1997) investigated the anti-wear properties of palm oil methyl ester (POME), finding that POME
functioned as an additive and enhanced anti-wear properties. However, Maleque et al., (2000)
state that it only valid at lower loads (up to 500 N) and temperatures (up to 100°C), the wear rates
under 5% POME lubricant are lower, whereas at higher loads and temperatures, the wear rates
are higher. Farhanah & Syahrullail (2016) investigated the impact of mechanical parameters on
the tribological performance of refined, bleached, and deodorised palm stearin. Based on their
findings, RBD PS has a superior friction constraint reduction than additive-free paraffinic mineral
oil.

Extrusion is one of the most important elements of metal part manufacture. Since excessive
friction not only leads to heat generation, wear and the galling of tool surface that will
subsequently result in the tools’ premature failure, but also the consequence of defective finished
products from its increased deformation inhomogeneity, most of the metal forming processes had
therefore attempted to mitigate these issues by incorporating the use of lubricants as a way of
prolonging the respective tool’s life and improving the quality of the finished product (Hafis et al.,
2013; Syahrullail et al.,, 2013). According to Akchurin et al., (2017), the type of lubrication regime
used in a metal forming operation has a significant impact on frictional conditions as well as other
critical parameters including tooling wear rate and product surface finish.

According to Groche, P. et al. (2018), numerical simulations are essential for an efficient design
of modern process chains, where the quality of the gained results is influenced by the input
parameters of the numerical model. The friction measurement on the contact interface is directly
related to the internal stresses during plastic deformation. The accuracy of the load-displacement
experimental findings depends on the performance of the cold extrusion processes in
understanding the friction activity at the die-billet wall in which it has to be related primarily to
material characteristics (Hafis et al., 2013; Rasep et al.,, 2021). A friction model is one of the
fundamental input boundary conditions in finite element simulations, according to Tan, X. (2002).
The friction model is said to be crucial in managing the accuracy of required output outputs
projected. For this reason, the Finite Element method that were used by Nagaraj et al. (2019) and
Kiu et al,, (2018) in their respective studies were found to have accurately predicted the cold
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forging die life as well as the simulation of the 3C micro-pin forward extrusion and forging
processes.

This research had not only successfully simulated the forward micro-extrusion of a work piece
from its input parameters such as material description and frictional behaviour and highlighting
the differences between the simulated and the experimental processes but was also able to
determine the effective stress-strain and material flow properties after the extrusion as well as
the upper punch reaction of the formed material. Therefore, by using the Finite Element Method
(FEM), this paper had aimed to assess the metal forming lubricant ability of the different type of
palm oil and mineral oils through a comparison of their respective extrusion load, surface
roughness and viscosity levels.

2.0 MATERIALS AND METHODS

2.1 Test Material

Figure 1 shows the material tensile test for before and after annealing the pure aluminium, the
tensile strength is decreasing from149.27228 MPa to 138.77036MPa, but the modulus of
elasticity is remaining the same at 61.785GPa. Table 1 shows the mechanical properties of the
billet and taper die. The billet material, which had been milled to 4.5 mm of thickness with a
corresponding width and length of 15 mm and 80 mm, is made up of pure aluminium (JIS-A1100)
that had been cut from the A1100 pure aluminium (size 30mm x 20mm x 5mm) plate via the CNC-
Wire cut EDM machine. Besides adapting well to the cold extrusion process, where the control of
extruded aluminium grain structures is driven by the many applications of various industries,
aluminium is also known to possess great machinability, excellent thermal and electrical
conductivity as well as being resistant to erosion as stated by Misirli, (2010) and Kumar et al.,
(2021).
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Figure 1: Tensile test for pure aluminium and annealed pure aluminium.

A die with a T45 half angle was chosen to simulate the high frictional condition between the
contacting surface of the taper die and billet as a way of preventing the occurrence of a dead metal
zone. Since a bigger angle can result in the possibility of even lower frictions, the evaluation on
the lubricant’s performance would therefore be meaningless if a smaller level of friction is used.
Figure 2 shows the schematic geometry of the experiment setup.
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Table 1: Die and billet detail

Part Material Hardness Tensile strength (MPa)
Extrusion taper SKD11 tool steel Before heated=40.0 HRC ~ Before heated=308.0
die After heated=63.5 HRC After heated=488.9
. A1100 pure Not annealed=149.2723
Billet aluminium 4.6 Hv Annealed=138.77036
el Grid line billet
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Figure 2: Schematic geometry billet and extrusion die and the stacked billet.

2.2 Sample Lubricant

Palm oil can be divided into two main fractions: one liquid oil (65-70%) olein and one solid
fraction (30-35%) stearin (Kellens et al., 2007). Palm oil is rich in C16:0 and C18:1 fatty acid while
palm kernel oil has a high concentration of C12:0 fatty acids; this compound is followed by large
amounts of other short and medium chain acids (C8:0, C10:0, and C14:0) but small levels of C16:0
and C18 fatty acids (€C18:0, C18:1, C18:2) (Gibon, 2012). Palm Kkernel oil is also heavily saturated
relative to palm oil; the saturated fatty acid content of palm kernel oil is typically above 80
percent, while in palm oil it is just ~50 percent. Mono-unsaturated fatty acids count in palm (high
IV) and palm kernel oils (Low IV) for ~40% and ~15% and poly-unsaturated for ~10% and ~3%
respectively (See Table 2).

Table 2: Fatty Acid Composition (FAC) of Palm stearin, palm kernel oils and palm mid-olein.
FAC

(% by
gas C8: c1 c1 c1 c1 c1 c1 c1 c1 c1 c2 cz cz cz SF MU PU v
chrom 0 0:0 2:0 4:0 6:0 8:0 6:1 8:1 8:2 8:3 0:0 0:1 2:0 4:0 A FA FA
atogra
phy)
0.1 1.1 54, 4.7 32. 6.6 0.3 60. 32. 6.9
PS ND ND 6 6 31 1 N.D 31 8 0.3 7 ND ND ND 71 31 8 33
47. 16. 15. 82. 15. 17.
PKO 3.6 3.5 8 3 8.5 2.6 N.D 3 24 ND ND ND ND ND 3 3 2.4 8

*N.D=Not detected: SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA:polyunsaturated fatty acids; IV :lodine Value
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The evaluation on the possibility of oil palm being used as a metal forming lubricant substitute
in the extrusion process was performed by investigating the lubricity performance of both the
RBD palm kernel and RBD palm stearin. In order to observe the potential of the palm oil as
extrusion oil 2 types of mineral oil-based lubricant is used as a benchmark, that is commercial
extrusion oil (CEO) and high viscosity grade of free paraffinic mineral oil (PMO) VG460. The
physicochemical properties of the respective lubricant samples are shown in Table 2. To study
the effect of the viscosity on extrusion test VG460 is used as the viscosity grade of the mineral oil-
based is very high that act as a benchmark lubricant.

Table 3: Physicochemical properties of sample lubricant.

. Viscosity Grade (mm?/s) Density
Properties 27°C 40°C 100°C (g/cm3)
RBD Palm kernel 46.14 31.32 8.00 860
RBD Palm sterin 48.29 38.01 8.56 870
CEO 107.71 42.05 11.20 900
VG460 1374.60 411.25 28.10 860

2.3 Experiment Set Up

The set-up of the experimental forward extrusion, which had consisted of the workpiece
(billet) main components, taper die and container wall as illustrated in Figure. 3 and was
performed with a hydraulic press machine at a room temperature level and the respective palm
kernel, palm stearin and VG460’s. Once the fully assembled plain extrusion apparatus had been
placed on the load cell, the readings on the load extrusion (Y-axis) that had occurred along with
the puncher movement of each test as well as the ram stroke (X-axis) displacement values from
the attached displacement sensor at the plain extrusion apparatus holder were then recorded
down before the test was terminated at a piston stroke of 40 mm with an expected steady state
condition of the extrusion process as shown in Figure 2.
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Extrusion
Die

Figure 3: Hydraulic machine and schematic diagram for cold forward extrusion test.
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2.4 Finite Element Method

The billet and the actual dimension of the die model that had been created by the CAD software
and were exported into the FEM simulator as a way of gauging a more realistic friction condition
that had occurred between the surface and the billet. While the billet had been grounded into a
fine mesh to ensure a more accurate FE analysis as tabulated in Table 4, the puncher and die on
the other hand, were set as a rigid surface without any deformed circumstances during the
extrusion process. Figure 4 shows the effects from before and after the cold forward extrusion

process.

Table 4: Simulation parameter.

Scientific Forming Technologies
FEA Program Corporation (SFTC)
Compiler for User DEFORM-3D Ver-10.2
Subroutines
[ Material Plasticity . . .
% Method Elastic-Plastic formation
E Analysis Die Material Type Rigid
Eé . Punch Velocity 1lmm/s
Options
T Number of steps 350
5 Iteration Method Newton-Raphson
e ) Global remeshing, overlay quad type,
E Remeshing depends on element distortion,
<Zt Number of meshing 32000
a Deformation Active in FEM + meshing
= Temperature 20°C
< ) .
% Inter (?'b].e.ct bata Shear friction model
= Contact Definition
< Relative Sliding Velocity Default (=0)
Tolerance 0.0255
Model
Material Young’s Modulus AA1100=61.785 GPa
Poisson’s Ratio AA6061=0.33

In the current simulation, the coordinates system was perpendicular to the y-axis, and the
other two were x-axis and z-axis, respectively. For the extrusion process, the puncher, which was
the primary part, is set to a movement speed along the negative y-axis, while the billet is put at
the bottom of the puncher as shown in Figure 4. The step is set up to 40mm stroke to merge with
experimental stroke, with a single step view to study every move, damage, velocity and also stress
effective of the billet. A few seconds passed between the billet touching the lower anvil and the
start of forging, and this time-interval had to be taken into account, since it would have an impact
on the billet's temperature distribution.
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Figure 4: The mechanic of cold forward extrusion process of undeformed and deformed shape.
3.0 RESULTS AND DISCUSSION

3.1 Experimental Result and Friction Coefficient

By observing the effects from the extrusion load experienced by all the sample lubricants in
Figure 5, it could be seen that the VG460’s piston stroke had reached the steady state condition at
15 mm, where its steady extrusion load towards the 40 mm piston stroke had been between those
of 40 kN to 50.51 kN. As for the palm kernel and palm stearin however, they were found to not
only reach the steady state conditions after passing the 30 mm piston stroke mark, but the palm
kernel and the palm stearin had also experienced a respective higher and lower extrusion load
after reaching the 27 mm piston and the 30 mm piston stroke levels.

100
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Load (kN)
3

40

20 Steady-state attained

0 5 10 15 20 25 30 35 a0
Stroke (mm)

Figure 5: Experimental Graph of load against stroke with friction coefficient.
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Based on the simulated friction that was conducted on all the sample lubricants in Figure. 6,
VG460 experimental test has the friction behaviour occurring close to m=0.4. The results that
were obtained from the palm stearin however, had indicated a massive fluctuation from those of
the VG460 with stable loads. As indicated by the results of the FEM simulation test in Figure. 7,
the commercial extrusion oil (CEO) and palm stearin was found to have exhibited a friction
behaviour m=0.45 at 0-6mm die stroke, and the friction is increase to 0.55 as the die stroke from
6-15mm. However, after 15mm we can see that the CEO has start to increase the friction at m=0.60
until the die stroke 34mm. Palm stearin shows a late fluctuation where the friction is increase at
21mm die stroke until 34mm. In addition, the friction is keep decreasing after the 34mm. From
overall observation we can see that the palm stearin has a lower load that generates a slightly
lower friction when compared to the CEO. The high force extrusion top die of the palm kernel was
also observed from Figure.8, where its initial friction stage that had occurred at m=0.5, was
discovered to have increased until m=0.65 at the 26-32mm stroke until an extrusion stability with
a friction of 0.6 was reached after the 36mm stroke. It is also important to note that these
fluctuations had been mainly due to the squeezing of the lubricant that was generated by the
sharp edges of the T45 half angle from the taper die.
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Figure 6: Comparison of simulation for VG460.
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Figure 7: Comparison of simulation for palm sterin and CEO.
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Figure 8: Comparison of simulation for palm kernel

Although the oleic acid and the absorption of free fatty acid (FFA) from the palm oil could help
in reducing the sliding friction as discussed by Aiman & Syahrullail, (2017) and Yahaya et al,,
(2020) as well as maintaining a thin lubrication layer between the taper die and billets, but when
compared to the mineral oil, it would still bear the brunt of a higher load effect from the extrusion
process. The increasing of force for palm kernel oil indicates that the sample lubricant has poor
efficiency in lubricating that will generates a higher friction compared to mineral oil based and
palm stearin. This phenomenon may be due to the fatty acid chain inside PMO and PKO is easily
broken compared to PS that lead to a higher metal-to-metal contact. According to Afifah et al.,
(2019), the fatty acid chain has helped the palm oil-based lubricant to reduce the metal-to-metal
contact, and will reduce the friction during fourball test. These results had been in line with the
findings conducted by Syahrullail et al. (2005; 2011), where they had proven the VG460 as having
a better lubrication performance during the metal forming process. According to Azman et al,,
(2019) and Behrens, (2018), the lower friction level that was experienced by the palm stearin
could have been due to its higher kinematic viscosity, while the palm kernel (PK) that had seemed
to have more contact with the sliding surface, had implied the requirement of additional energy
for shearing the material and ultimately, the increase of its extrusion load. These findings had also
been consistent with the results garnered by Hafis et al. (2012; 2013) where they had found the
surging of extrusion loads to be related to the friction coefficients of the experimental and finite
element (FE) analyses.

3.2 Effects of Taper Die’s Patterns and Test Lubricants on Metal Flow Pattern of Extruded
Billet's Surfaces

The deformed metal zone that was observed from the changes of the grid line pattern angles,
which had been described earlier on the billet plane surface was then compared with the vertical
and horizontal flow lines of the tested lubricants by tracing the actual images of the grid lines that
had appeared on the T45 extruded billets as shown in Figure 9. From the comparison of the
experimental vertical grid lines exhibited by the T45 taper die as shown above, the palm kernel
grid lines were found to have situated behind those of the palm stearin and VG460 lubricants,
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while the CEO grid lines had seemed to experience more deformations than the VG95, VG460,
palm stearin and palm kernel.

The experimental result of metal flow is then shown using the finite element method in terms
of total velocity flow (X, Y, and Z-axis) and may be represented as illustrated in Figure 10. From
the analysis, we can see that the velocity of the billet for VG460, has a lower total velocity of metal
flow. Palm kernel oil however shows the highest velocity of metal flow inside the billet. The

increase of friction has increased the load and subsequently increase the velocity of the billet
during the compression.

Commercial extrusion oil (CEQ)

RBD palm kernel (PK) RBD palm stearin (PS)
Figure 9: Experimental metal flow comparison of an extruded billetT45.
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Figure 10: The total maximum velocity inside the billet of all sample.
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As reported by Yan et al,, (2018) a higher fictional force is known to result in a greater
distortion level in extrusion process, the magnitude of the frictional force from the cylinder shape
extrusion process was thus found to have led to the formation of a larger deformed metal layer
between the outer surface and half of the radius level, this statement is supported by Wang et al,,
(2012) that summarize from the previous researcher in extrusion process. For this reason, the
appearance of these wave-like grid line profiles on the billet were revealed to have been caused
by the rapid metal flow of the restricted side billet movement from the frictional force that was
created between the billet and the taper die contact.

As shown in Figure 10, although the greater amount of deformed T45 vertical grid lines from
the palm kernels had indicated the occurrence of a higher friction between the sliding contact
surfaces of the taper die and billet than those of the VG460 and palm stearin, the metal would
however, experience a similar deformation level with the other taper dies and test lubricant
conditions upon the cessation of the extrusion process.

3.3 Stress Effective

Stress in one of the important analysis studies in order to observe the material behaviour
under different sample lubricant (VG460, CEO, PS and PKO) that contribute to a different friction
condition. Some of the stress analysis also help the researcher to predict the fracture or cracking
to the workpiece as mentioned by (Zhan et al., 2020). Figure 11 shows the result of the stress
effective of palm oil based that been compared to the mineral oil based. From the result obtain we
can see that VG460 has a very low stress effective on entire stroke compared to other sample.
Palm stearin however shows a lower stress effective at 46.8 MPa compared to CEO that has
maximum stress of 47.8MPa and PKO with a maximum stress of 58 MPa. The trend of the graph
effective shows that the stress is decreasing after 32mm die stroke. At 0-15mm die stroke PKO
shows a high stress effective under compression and the stress is due to the high friction inside
the tools compare to PS that has a lower friction and generate slightly lower stress.
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Figure 11: Average stress effective inside the billet.
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Figure 12: Stress effective at different stroke and friction.

Figure 12 shows the stress effective distribution depicted by the 4 different strokes at different
sample lubricant and be taken at different friction condition. From the result obtain it was
observed that a more inconsistent stress distribution had existed at the output die of the cold
forward extrusion process during the deformation stage with the highest FEM stress value
reading of 119 MPa highlighted in the red region. The stress distribution is shows that as the die
stroke is higher, the stress distribution is getting bigger and effect high area to all to the billet part.
When observing into the lubricant sample, VG460 has a less stress distrbution compared to the
palm oil based lubricant. PKO has shown the highes effect of the surface stress on the billet where
at the 38mm die stroke the stress distribution became larger due to the higher friction as the PKO
is less effective in lubricating under the extrusion process compre to the PS.

According to Tiong et al., (2012), at room temperature, RBD palm stearin is semi-solid, but
once it hits 40°C, it will fully liquidise. and it may exhibit slow motion during the extrusion
process. This physical state results in less friction during the process and less compression load.
Less metal-to-metal interaction between the work piece and the die was then reported. Dong et
al,, (2018), also shared the importance of lubricity for reducing the stress effective distribution at
the billet where he had described the difference of the metal flow patterns during the extrusion
process as being attributed to its dominant friction during the extrusion process. According to
Maeno et al,, (2017) the new material flow characteristic that was yielded from the backward
extrusion process was also discovered to be affected by the unexpected constellation of individual
grains and the consequent inhomogeneous local deformation, as a result, the distribution of
process parameters and its pressure characteristic increases.
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3.4 Surface Roughness and Observation on Experimental Surfaces of Extruded Billet

Since the product area of the end product quality is regarded as an important aspect for actual
industries, a comparison on the roughness value of the extruded billet’s product area was thus
conducted as shown in Figure. 13, where the product area, which is the billet’s region that had
been extruded from the taper die bearing, was measured from the direction that had been
perpendicular to the extrusion direction.

0.25

0.2

0.15

0.1

0.05

Surface Roughness, Ra (um)

VG460 PS PKO CEO
Billet sample
Figure 13: Surface roughness of an extruded billet on the product area.

The product, deformed area, and un-deformed areas were classified into three sections in the
contiguous or observation area between the billets and taper dies. The results from this
comparison study had not only shown the palm stearin as demonstrating a better surface
roughness performance than those of the VG460 oil sample, because of the fatty acid that had
helped maintained the layer between the taper die and billets as proposed by Quinchia et al.,
(2010), but also its higher viscosity level that was reflected from the finer surface roughness of
the T45 taper die than those of the palm kernel’s. For this reason, since the RBD palm kernel (PK)
and the commercial extrusion oil (VG460) are considered as lower viscosity lubricants, they are
seen as having a high inclination for supplying lubricants from an un-deformed area to the
product area, while those of the palm stearin had remained on the sliding contact area surface
because of their highly physical characteristic with a high concentration. As a result, the reduced
roughness value at the sample part could have been caused by the section's higher contact
pressureHigh values of the frictional coefficient, according to Alamer et al., (2018), resulted in
larger form deviations in the extruded component due to higher compression load at the die work
piece.

The image of the experimental extruded billet from the T45 taper die as depicted in Figure 14
had indicated the high metal-to-metal contact surfaces of most viscous lubricants as leading to
the higher friction and wear levels. As such, it can be surmised that the increment of real contact
area would enhance the creation of smoother surfaces, while the rougher surfaces are caused by
the smaller contact area of the interlocked asperities.
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Figure 14: Experimental surfaces of an extruded billets for T45 taper die.

4.0 CONCLUSION

Finite element method (FEM) is used to present an analysis of the friction, metal flow and
effective stress on the workpiece. From the analysis it shows that the deformation of the
simulation data has been validated to the experiment so that the value of the friction for each
sample can be recorded. The palm stearin shows lowest friction value and have improve the
lubrication performance by reducing the friction up to 23.1% when compared to the other sample,
and it shows that PS has a lower force that may generate a lower friction compared to other palm
oil based. The results that were obtained from the entire sample tests also shows that the palm
kernel was not only found to have exhibited the highest top die extrusion test force than those of
the palm stearin and VG460, but the FEM simulation test had also shown a higher friction
behaviour that was caused by the high metal-to-metal contact between those of the billets and
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taper die. Palm kernel oil also has the highest stress effective distribution compared to the other
sample. In the other hand, the palm stearin also is discovered to have the most desired roughness
value as compared to the VG460 and palm kernel samples.
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